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CORROSION CONSEQUENCES OF MOLTEN SALT DEPOSITS IN 
COMBUSTION TURBINES BURNING VANADIUM CONTAMINATED 

LIQUID FUEL 

*Dasara V. Rathnamma 
N--a! Surface Warfare Center.Carderock Division 

code 642,3A Leggett Circle 
Annapolis, MD 21402-5067 

R. Nagarajan 
IBM Corporation,5600 Cottle Road.San Jose, CA 95193-0001 

ABSTRACT 

Molten salts condensing on marine turbine blades can dissolve the 
protective oxide coating and catastrophically attack the exposed alloy 
surface beneath- a process known as hot corrosion. We present here the 
implications of a theoretical model of hot corrosion rate that is limited by 
diffusional dissolution of oxide species into the melt for the design of burner- 
rigs to test the corrosion-resistance of superalloy materials. Parameters 
expected to govern the dissolution rate of a given oxide are the rate of 
deposition of the multicomponent(sulfate-vanadate-oxide)'solvent'- 
iiquidjiquid-layerthickness.and composition-dependent physical properties 
of the deposit, such as density and viscosity. The solid portion of deposit 
mass, being relatively inert with respect to hot corrosion, will not correlate 
well with experimental corrosion rates. These hypotheses are tested by 
comparing our model-predictions with one set of burner-rig corrosion rate 
measurements made during the combustion of vanadium-containing liquid 
fuel seeded with the same concentration of various metallic additives. Our 
findings indicate that the total weight (solids + liquid) of the deposit has no 
direct correspondence with its corrosive potential. However, additives that 
are effective in suppressing liquid phase formation will, in general, reduce 
the corrosion rate equally effectively.   Liquid mass arrival rate and oxide 
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solubility in the liquid are quantities ef relevanqe to the problem, but the best 
co relaton of experimental data with theory is obtained for the oxide 
d°ssq uton rate (which is approximately inversely proportional to the liquid 
fave° h ckness). Thus, burner-rigs designed to simulate either o these two 
parameters will reproduce the hot-corrosion charactens.ics of the eng.ne 

with reasonable accuracy. 

1. INTRODUCTION 

1 1 Molten Salt Deposition and Its Corrosion Consequences: 

Nickel-base superalloys, used extensively for gas turbine (GT) engine 
components because of their superior high temperature mechanical 
properties are susceptible to a form of environmental attack known as hot 
corrosion Hot corrosion is encountered when molten salts, e.g., sodium 
sulfates and vanadates, are deposited (as pure liquids or in solution) from 
the product gases of combustion onto turbine blades and guide-vanes. The 
adverse effects of molten alkali salt condensation have paralleled the growth 
of high-temperature energy technologies. Among such techn°'°9fs ^ 
coal gasification, direct coal-fired turbines, magneto hydrodynamic(MHD), 
molten salt fuel cells and of primary interest here, marine engines operating 
on vanadium-contaminated liquid fuels. 

Blade surfaces are usually coated with metal alloys that form an 
adherent refractory and corrosion-resistant oxide-layer on the gas-side of 
the coating The following mechanism has been proposed[1] fo. the initiation 
and propagation of hot corrosion: At locations where the protective oxide 
scale is partially leached or completely dissolved by the condensed molten 
salt-'solvent', the metal substrate is more accessible, hence vulnerable to 
catastrophic corrosion. Local saturation of the liquid layer is prevented by 
dynamic fluxing due to aerodynamic- and centrifugal-shear forces which 
convey dissolved oxide from the site of dissolution to the tip and trail.ng- 
edqe regions of the blade. The oxide dissolution rate is taken to be limited 
by high-Schmidt number Brownian diffusion of the oxide species in the melt 
(as well as by salt/oxide interfacial detachment kinetics). Thus (composition- 
dependent) deposit physicochemical properties such as density, viscosity, 
oxide diffusivity and solubility, and thickness will influence the oxide 
dissolution rate. Other parameters that will play a role include aerodynamic 
variables such as the convective flux of the gas phase alkali contaminants, 
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and material integrity characteristics of the blade alloy surface. 

1.2 Burner-Rig Testing: An Assessment of Hot Corrosion Simulation Criteria 

At present no standard testing procedure exists for determining the hot 
corrosion resistance for alloys of construction. Time and economy 
considerations have led to the development of two general types of 
laboratory hot salt corrosion test procedures, one involving burner rigs, the 
other involving furnaces. Comparison of the morphology of the corrosion 
product with that found on GT blades and other hot-section components 
indicates that burner-rig testing gives the most realistic simulation of service 
behavior[2]. However, even if dynamic testing under tightly-controlled 
condition were to be performed in burner rigs, the success of the simulation 
effort would necessarily be judged on the basis of acquired ability to interpret 
and properly extrapolate test results to the real engine. This classical 'scale- 
up' problem demands an understanding of the mechanism of hot corrosion. 
We need to know what initiates it, what sustains it, at what rate it proceeds, 
and how the rate is related to the rate of deposition of the corrosive liquid. 

Given the abundance of key variables in this hot-corrosive environment, 
(cf. Section 1.1) it is not surprising that a review of simulation criteria 
reported in literature reveals a wide spectrum of views regarding the crucial 
parameter on which to base the design of the test-rig. It has been 
reported[3,4,5]. that hot corrosion (sulfidation) in gas turbines occurred only 
in places where alkali sulfates formed a mol; in deposit. Therefore, they 
suggest that the melting-point temperature, Tmp- the 'threshold' temperature 
for initiation of the sulfidation attack-- and the dewpoint temperature, Tdp- 
the 'terminal' temperature above which no sulfidation can occur- be 
reproduced in the rig[6]. It has been studied that the chemical behavior of 
deposit forming components (sodium, vanadium, chlorine, sulfur) of GT flue 
gases, and concluded that the multicomponent salt physical chemistry needs 
to be reproduced in the low-pressure burner rig by appropriate elemental 
additions to the fuel. Studies[7] suggest on the basis of laboratory results 
that rig and engine tests should be compared in terms of the amount of 
contaminant passing through unit area in unit time. Studies advocate[8] that 
the partial pressure of the alkali vapor precursor be kept equal in the low- 
and high-pressure combintors. It has been identified[9] that deposition rate 
of alkali salt from the vapor phase as the single most important factor in 
determining corrosion rates. The amount of total deposit which collects on 
the blade surface dictates the rate of corrosive attack[10]. It has been 
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oointed out[11] that the thickness of the salt deposit is a key variable, often 
overlooked in mechanistic studies, in determining the transport of ox.dant 
from the gas phase to the corrosion site. Some researchers[12] have 
proposed salt-'fluxing' of the underlying oxide layer as the rate-limiting step 
in the corrosion process. Computed relative oxide dissolution rate profiles 
would then be closely linked to corrosion 'maps' obtained expenmen ally[4]. 
The implication here is that these dissolution rate characteristics would have 
to be reproduced in a well-designed test-rig. 

Comparison of these different simulation strategies for the same burner-rig 
(Figure 1) shows that each would result in a unique set of operating 
conditions chosen for the burner-rig. For instance, in order to reproduce the 
contaminant flux-rate characteristics of a 10 atmosphere turbine in an 
atmospheric pressure burner-rig, the Mach number (Ma ) of combustion gas 
flow would have to be increased by a factor of about 8 over its engine value, 
and by a factor of more than 10 to simulate the engine deposition/oxide 
dissolution rates; whereas, in order to obtain an equivalent thickness of 
condensed salt, the rig Mach number would actually have to be lower than 
the engine Mach number. Thus, the choice of operating conditions for the 
burner-rig depends on the sensitivity of the parameter to be simulated. 
However   no firm conclusions were drawn, which of these simulation- 
strategies would give the best results. In this paper, we carry the analysis 
further and demonstrate that a rig designed on the basis of equivalent 
oxide-dissolution rate will best simulate the corrosion characteristics of an 
operational turbine engine.   This is done by means of comparisons of 
predicted deposition-related quantities, such as the deposition rate, the 
liquid layer thickness and oxide dissolution rate, with experimental hot 
corrosir n (metal weight loss) data obtained on a burner rig. The effect of 
introducing the same level of various fuel-additives on observed hot 
corrosion rates is found to correlate best with the corresponding effect on 
computed oxide dissolution rate. 

2.  EXPERIMENTAL PROCEDURE 

Corrosion rate-data used here for illustrative purposes were obtained 
from tests conducted in a battery of small atmospheric pressure combustion 
test rigs at David Taylor Naval Ship Research and Development Center 
(NSRDC). The fuel used in this investigation conforms to Specification MIL- 
F-859A Burner Fuel Oil, Navy Special Grade. A listing of the properties of 
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this fuel may be found in the report[13 ]. AISI 310 alloy was chosen as the 
test material due to its widespread use; it is composed of 0.25% C, 24-26% 
Cr, 19-22% Ni, 1.5% Si and the balance Fe. Metallic additives tested with 
respect to their corrosion-inhibition capability were mostly metal-organic 
compounds in the form of oil-soluble naphthenates. Tests were conducted 
for a duration of 100 hours, mostly at a metal temperature of 1600 F. Upon 
completion of the tests, the specimens were photographed, weighed, and 
prepared for further analysis by removing the deposits in a molten bait bath. 
Specimen corrosion was measured as the difference in weight before test 
and after cleaning. Deposit weight was the weight difference between the 
untested specimen and the specimen after test exposure. 

Data on weight change rate of the specimens from tests using an atomic 
ratio of six atoms of metal additive to one atom of vanadium in the fuel are 
plotted in bar diagram form in Figure 2. The amount indicated below the 
base line represents the weight loss, before and after descaling.   The 
amount above the line indicates deposition of material from the gas stream 
plus the weight gain attributable to oxidation of the base material.   The 
calculated weight gain due to the oxides is represented by the shaded 
portions of the total deposit bars. Figure 2 shows that lanthanum, iron and 
antimony are the most beneficial additives from the standpoint of both 
deposition and corrosion. Other metals seemingly worthy of consideration 
include magnesium, calcium, silicon, sodium, and rare earths such as cerium 
and neodymium.  These favorable test data were, however, not exploited 
fully owing to a lack of fundamental understanding of the interdependency 
between the deposition and corrosion processes. Since additives influence 
corrosion primarily by modifying the deposition characteristics of the system, 
this proved to be a maior obstacle. We have recently[14] analyzed the use 
of fuel additives to minimize corrosion of GT blade material in the following 
series of steps: first, a free-energy minimization computer program was 
employed for an equilibrium-thermodynamic prediction of condensed (ideal) 
solution composition; relevant physico-chemical properties of the molten 
solution were then estimated based on predicted equilibrium composition- 
oxide solubility and dissolution rate were then calculated for this solution in 
contact with various solid oxides. In this work, we will attempt to verify the 
model for the rate-determining process-- i.e., oxide dissolution- in hot 
corrosion by comparison with appropriate hot corrosion test data and by a 
process of elimination of other feasible parameters. 

3. THEORETICAL MODEL TO PREDICT OXIDE DISSOLUTION RATE 
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The present model of hot-corrosion controlled by diffusion-limited 
dissolution of oxide species into the molten salt layer has been described 
fullv[15 12] and also discussed[14,16]. The Brownian high-Schmidt number 
diffusional flux of oxide into the liquid may be represented as a product of a 
mass transfer coefficient and a concentration gradient: 

y"o.w- Km- KV <»oj) (1) 

where o) is the oxide mass fraction at the melt/oxide interface (w) or in bulk 
liquid solution (b), and km, the convective diffusion mass transfer coefficient 
is estimated[17]. It incorporates liquid density and viscosity, oxide diffusivity 
in liquid local liquid layer thickness, upstream and local vapor deposition 
rates and the total shear force exerted on the flowing liquid layer by the 
adjacent gas layer and the turbomachinery. For the sake of simplicity the 
dissolution rate is estimated here for a stagnation line configuration, which 
is representative of the leading edge (LE) of a turbine blade and of the 
burner-rig geometry. In this limit of negligible liquid streamline flow, the local 
liquid layer thickness is calculated to be its 'stator-value': 

5r [2M/£M)   (:
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with the inclusion of the dissolved oxide contribution to the total liquid mass. 
Here, u, is the liquid viscosity, ^JdxU the shear stress gradient at the LE 
-m" the local deposition rate of total liquid, and p, the liquid density. 

Individual liquid constituent properties, e.g., viscosity, freezing point, etc., 
and their temperature and/or composition dependencies are extracted from 
available literature and phase diagrams[18,19], and used as the basis for 
approximating the properties of multicomponent ideal solutions of these as 
arithmetic (weighted) means. The effect of nonideality, neglected here, can 
be incorporated as correction factor that is related closely to the heat of 

mixing[20] 

In the present theory, single species diffusional fluxes to the surface are 
taken to be by single vapor precursor (e.g., Na2S04(g)) concentration 
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diffusion through a chemically frozen boundary layer. In the multicomponent 
case individual constituents still deposit by single vapor species diffusion, 
but their molar fluxes are constrained to be in the same ratio as their steady- 
state mole fractions in the condensed phase. A more detailed discussion of 
these aspects, and other capabilities and limitations of the present theory is 
available elsewhere[21,22,1]. 

4. RESULTS AND DISCUSSION 

The Complex Chemical Equilibrium Calculation (CEC) computer program, 
originally developed at NASA Lewis Research Center[23] and recently 
modified to include multiple ideal solutions in the condensed phase, predicts 
that for the vanadium-contaminated fuel under consideration, the likely 
condensed species are: Na2S04(1), NaV03(1) and V205(1), in varying 
fractions depending on the relative levels of sea-salt and vanadium ingested, 
and the local pressure and temperature.   Thermodynamic calculations 
indicate that most metallic additives tend to enrich Na2S04 in the liquid 
phase by preferentially forming gaseous and solid compounds with the 
vanadium present. All additives (except sodium) also tend to decrease the 
total fraction of condensed liquid in the product mixture,  implying a 
corresponding reduction in the extent of liquid-'catalyzed' corrosion. This 
system was investigated (with no additives)[24] thermodynamically to 
determine the effects of varying turbine operating conditions on the limiting 
fuel impurity levels that will lead to condensation, and to compute the 
compositions and amounts of deposits for varying levels of sodium and 
vanadium. They also report that the species listed above comprise most of 
the condensate, with minimal amounts of higher order vanadates (Na4V207, 
Na3V04).   They have treated NaV03 as Na2V206 and assumed that the 
Na2S04-Na2V206 mixture can be treated as an ideal solution.  While their 
thermochemical analysis, which is extended over a wide composition range, 
necessarily deals with ternary Na2S04-Na2V206-V205 solutions, at the 
vanadium concentrations we are interested in, a simplified binary analysis 
(Na2S04-Na2V206) is generally adequate.   The treatment in literature[24] 
contains no vapor-phase transport calculations of deposition rates, and no 
references to the subsequent corrosion process. These are the issues we 
will specifically address in the remainder of this paper. 

The oxide dissolution rate responds to liquid phase composition and total 
changes acting in concert.  According to the present model, magnesium, 
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solid part of the deposit is inert with respect to corrosion. Indeed, any 
additive (e.g., zinc) that tends to increase the solids fraction in the deposit 
will prove to be an effective suppressant of hot corrosion, whereas trace 
impurities that result in the formation of low-melting eutectics (e.g., sodium, 
potassium, iron) invariably exacerbate the corrosion problem. Figure 4 is a 
log-log plot of the corrosion rate (nondimensionalized) versus condensed 
liquid mole fraction in the combustion gases (nondimensionalized against its 
no-additive value). Again, no direct correspondence is detected between 
these quantities, although one qualitative trend may be detected: in general, 
smaller condensed liquid inventories correspond to reduced corrosion rates. 
Thus, additives that suppress liquid phase formation via, e.g., homogeneous 
vapor rhase chemical reactions that 'trap' condensible elements in ^seous 
compound' can prove beneficial in mitigating hot corrosion. This possibility 
was explored in our previous work on the use of fuel additives[14] to combat 
corrosion. 

From Figure 5, it may be inferred that the oxide 'solubility' (here taken to 
be the saturation mass fraction of the oxide in the melt estimated at the 
temperature of the melt/oxide interface) does not directly correlate with 
measured corrosion rates either, although it does play a significant role in 
determining the oxide dissolution flux into the bulk liquid. Equilibrium- 
thermodynamic phase diagram analyses often employed to characterize the 
hot corrosion process on the basis of equilibrium-solubility of oxide species 
into molten-salt solvents are thus not complete representations of the 
corrosion situation. Corrosion rates are expected to be limited by mass- 
transport rates of the interfacial oxide from the solid phase into the liquid, 
and perhaps also by the kinetics of this interfacial-detachment process. The 
calculations shown in Figures 6 and 7, based on Fickian- and Brownian- 
rates of diffusion (of vapor to the wall, and of oxide into liquid, respectively), 
are thus likely to be more relevant to the liquid-induced corrosion problem 
than the previous analyses. 

Figure 6 indicates that the deposition rate is a useful quantity to keep 
track of, since it obviously has an influence on the observed rate of hot 
corrosion. However, the coupling between the two may not be as close as 
previously suspected. As with the condensed liquid phase fraction, while the 
extremes match-- i.e., the additive that results in minimum deposition also 
brings about a minimum in corrosion rate, and the maxima coincide as well- 
no systematic, physically-meaningful relationship between these two 
quantities emerges from our investigation (given the limitations of presently 
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available data). In Figure 7, we present results of correlating the corrosion 
rate data with other calculable deposition-related parameters-- viz., the liquid 
deposit weight, the liquid layer thickness and the rate of oxide dissolution 
into the liquid. An examination of this semi-logarithmic plot leads to the 
following important observations: 

o   The corrosion rate is inversely proportional to the liquid layer 

thickness. 

o  The corrosion rate is (approximately) inversely proportional to the 
weight of the liquid portion of the deposit. 

o The corrosion rate varies approximately linearly with predicted oxide 
dissolution rate. 

The first two observations are understandable in light of the third. If the 
corrosion rate is limited by oxide diffusion across the liquid layer, the 
dissolution velocity, hence corrosion rate, of the oxide into the liquid may be 
approximated to be (at steady-state): 

J'oJP, D0j /5, (3) 

(Where D0, represents the oxide diffusivity in liquid.) 

Thus, a direct linear dependence of the corrosion rate on oxide 
dissoh ition rate implies an inverse dependence on the liquid layer thickness. 
Both these trends are clearly visible from a comparison of our predictions 
with measured laboratory burner-rig corrosion rates, lending credence to our 
proposed fundamental mechanism of hot corrosion initiation. While we are 
constantly on the lookout for other data with which to verify our claim that the 
diffusional process of oxide dissolving into the condensed salt-solvent limits 
the rate at which the subsequent corrosion process proceeds, we are 
necessarily restricted at present to using Schab's data[13] as 'testing- 
ground' for our hypothesis. Readers with knowledge or data that will 
reinforce (or contradict) our basic theoretical concepts are urged to 
communicate these to the authors, so that progress may be sustained 
toward developing an 'international-standard' rig-testing procedure. 



5. CONCLUSIONS 

Our approach to the prediction of corrosion rates based on oxide 
dissolution into the condensed liquid has been found to be reasonably 
successful in explaining the effect of varying levels of any fuel additive, as 
well as the relative effect of the same level of various additives, on observed 
hot corrosion rates due to fuel impurities. We thus have a predictive tool that 
may be used to assist in the process of designing low-pressure corrosion 
simulation rigs, and in devising additive/fuel cleaning techniques to minimize 
corrosion of hot section components in marine gas turbines. 

A critical re-examination of several elements of preliminary mechanistic 
theor; presented in this paper indicates the following points: 

1. While the 'chemically frozen' model of gas-phase chemistry is one 
tractable kinetic 'asymptote', the other would be one in which the gas-phase 
is in local thermochemical equilibrium (LTCE) everywhere. Deposition rates 
(and accompanying dissolution rates) computed in these two extremes of 
homogeneous kinetics are likely to be quite different in the high-temperature, 
dissociative environment of a combustor. Efforts were underway[1 ] to obtain 
the two limits within which observed deposition rates and dewpoints may be 
expected to lie for a given system. 

2. Our model of non-reactive dissolution of oxide species into the molten 
salt liquid is of limited validity. The role of solvent/oxide interfacial kinetics 
and solvent/gas interfacial processes (e.g., gas-phase supersaturations, 
effect of vapor pressures on condensed phase electrochemistry, etc.) must 
be accounted for in a progressively more realistic model. 

By the application of approximately the same principles, a model for 
molten salt corrosion of ceramics was developed[25] for GT model fuels. 

A more advanced theoretical hot corrosion predictive model was 
developed[26]. 
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Detection   and  Thickness   Characterization   by   X-Ray   Backscatter 
of  Second-Layer   Corrosion   in   Aircraft   Structures 

Dr. L.R. Lawson, Mr.  N.Kim and Prof.  J.D.  Achenbach* 

Center   for   Quality   Engineering   and   Failure   Prevention 
Northwestern    University 
Evanston,   IL  60208-3020 

SUMMARY 

This  paper  briefly   describes   the  Concept,   the  Equipment   and   the 
Preliminary   Validation   of   an   X-Ray   Backscattering   Technique   to   obtain 
quantitative   thickness   profiles   of   layered   aircraft   structures   for   the 
purpose   of   detecting   and   characterizing   second-layer   corrosion. 

The features of the system may be summarized as  follows 
Gives  a cross-sectional  view  of aircraft  sheet metal joints. 
Allows   dimensional   measurement   and   material   identifi- 
cation   of   sub-surface   layers. 
Only  one-sided  access  needed.     Not  a transmission  (shadow 
casting)    technique. 
1/1000   inch   measurement   accuracy. 
No  evacuations.     Does   not  interfere  with  hangar   activity. 
Self-propelled.     Scaffolding  and  stands  are  not  needed. 
Data are digital  files.    Easily stored  and transmitted via 
Internet. 

INTRODUCTION 

Until   now,   Compton   backscatter  imaging  has   had   little 
commercial   application   to   the   detection   of   aircraft   corrosion,   even 
though   its   ability   to   image   structures   without  requiring   access   to   both 
sides is  a valuable  asset and  in  spite of the presence  of commercially 
available  equipment   [1]   .     Until   recently,   the  highest  reported 
resolution  in  a  Compton  backscatter  imaging   system  was  only   about 
1.5 lp/mm [2]  .    This is not sufficient to resolve metal loss sufficiently 
for  aircraft  applications.     The  flux  and  noise  considerations  of Compton 
backscatter   imaging   have   been   reviewed   elsewhere   with   reference   to 
nondestructive  testing   [3]   .     Several   designs   for  Compton  backscatter 
imaging  devices  have  been  reported   [1,2,4,5]   . 

Extensive  technical   details   have  been  given   elsewhere   [6]   . 
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WHAT IS X-RAY BACKSCATTER DEPTH PROFILOMETRY? 

Compton x-ray backscatter depth profilometry , abbreviated X-Ray BDP, is a digital 

imaging technique for examining cross-sections of layered structures. It is based on the 

backscattering of x-ray photons toward a detector. The technique was developed specifically for 

the inspection of aircraft structures for corrosion as seen in the cover illustration. Unlike 
conventional radiographic techniques and CAT scanning, it is not a shadow-casting techmque. The 

important difference is that X-Ray BDP gives a true cross-sectional view of the object being 
examined while in conventional (transmission) radiography, all information on structural features 

within the beam is superimposed in a single recording. The other major difference is that, unlike 

conventional radiography, X-Ray BDP does not require access to both sides of the object being 

examined It can perform inspec ions of aircraft structures from the outside of the plane. 
X-Ray BDP is designed to provide a highly accurate depth profile in locations of interest. It 

eliminates the costly down time needed for rivet removal required for direct measurement with 

calipers. It also eliminates the potential for fatigue crack initiation caused by bending the sheet 

metal in order to get the calipers in place or make a visual inspection. A point measurement 

technique such as X-Rav BDP is needed when there is an indication of corrosion by pillowing or_ 

some other broad-area inspection method such as eddy current scanning, ultrasonic scanning or 

possibly thermal wave imaging. These methods give a 2-D map of the near sub-surface region 

quickly, but they have not been able to generate cross-sectional views of much accuracy nor depth 

profiles. X-Ray BDP gives that additional information about thickness which is needed to make the 

decision of whether or not repairs are needed -- and how soon. 
To collect backscatter data, the special depth-profiling camera shown in figure 1 was 

developed. The camera, which includes the x-ray tube, consists of a radiation doctor and a 

precision amsotropic collimaüon system for both the source and the detector. Four ap...ures define 

collimation, as shown in figure 1. The first two form the beam into a pencil with a narrow 

rectangular cross-section. The second two apertures select a Umited-thickness region from which 

backscattered photons reach the detector. The selected backscattered beam falls upon a thallium- 

doped Sodium iodide scintillation detector placed outside aperture 4. The intersection of the incident 

and backscattered beam paths forms a scattering zone. Sweeping this scattering zone through the 

structure to be examined allows visualization along the path of the electron density of the material, 

which for aluminum and lighter element: is proportional to their mass density . The camera is 

mounted on a positioner which scans it in a direction perpendicular to the surface of the structure. 
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scattering zone 
aperture 2 f „   aperture 3 

TiT 

Fig. 1      Schematic representation of the backscatter camera 

Like in other backscattering methods, the X-Ray BDP equipment could be used to generate 

3-D images of entire volumes of material. Such an approach would, however, be very slow. In 

order to maximize the utility of backscatter data for aircraft inspection, X-Ray BDP reduces the 

image to one dimension. This makes the acquisition time on the order of 10 minutes per image~a 

practicable amount of time. The resulting image may be thought of as that of a core-drilled sample 

taken through the structure. The term "virtual core drill" has been coined to describe the X-Ray 

BDP machine for this reason. The design of the X-Ray 3DP apparatus takes advantage of this 

limited dimensionality to obtain higher flux for a given resolution than could be obtained with a 

conventionally-designed backscatter imaging system. The shape of the scattering zone is made 

anisotropic and the beam angles are correspondingly chosen to maximize the flux. 
The resolution of the X-Ray BDP system has been chosen to measure the thickness of the 

layers of aircraft skin with an accuracy of ± 0.001" which is about that of a common grade of dial 

caliper. This is near to the best accuracy obtainable when measuring metal which has not been 

polished smooth. Manufacturing tolerances, and of course corrosion, both limit the smoothness of 

real surfaces. Furthermore, measurement errors typically add quadratically on the average. Thus if 

a micrometer having a ± 0.001 inch accuracy were used to measure a surface having 0.001" 
roughness, than the average measurement error would be ± 0.0014". This is not the best accuracy 

possible with thj X-Ray BDP technique but is close to the best meaningful accuracy possible since 

surface roughness less than ± 0.001" is not typical for most surfaces on aging aircraft structures. 
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Depth in decimal fractions of an inch 
o o o o 

4000 

3500 r 

Aluminum skin 

Corrosion product 
Polymer sheet---'55"" 

Stringer with 
exfoliative corrosion 

Air gap 
-Air gap with corrosion 
debris (backfilled with 
potting compound for 

'Heavy paint SEM examination) 
Fig. 2 Comparison of an X-Ray BDP scan, above, with an electron mucrograph, below, 
of a cross section of an aircraft sheet metal joint. 

X-Ray BDP reveals the details of layered aircraft structures. Figure 2 shows a 

comparison of an X-Ray BDP scan with an electron micrograph of a core sample drilled 

from the same location on a fuselage. The vertical axis on the scan represents the relative 

density of the material. The horizontal axis represents the depth into the fuselage measured 

from a point slightly above the surface at which the scan began. The electron micrograph 

displays the region between the outer skin and a stringer. In the scan, the outer layer, of 

aluminum, appears as a boxcar starting near 0.01". There follows a low-density region a 

couple thousandths of an inch in thick followed by a piece of plastic sheet, a faying strip, 

nearly 0.012" thick. Following that strip, there is an air gap. Beyond that gap, is a 
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stainless steel tear strip. The tear strip has a higher density than the aluminum. The back side of 

the tear strip is painted. Beyond the tear strip is a large air gap containing corrosion debris. Then 

follows the the stringer. The paint on the back side of the tear strip is discernible. The stringer 

appears to be less dense than the skin, which is the result of iron in the tear strip exerting a 

shielding effect on layers beneath it. The presence of the heavy element, iron, in the tear strip can 

be deduced from the tilting down to the right of the top of the tear strip's boxcar while those of 

aluminum are flat. 
Indications in a scan of unexpected low-density material, air gaps and thinning of metal 

are the hamnarks of corrosion in an aircraft structure.The presence of loose low density material 

signals active or untreated corrosion. Air gaps alone, unless greater than a few mils   1 width, do 

not by themselves indicate corrosion. Within the present field experience with X-Ray BDP, air • 

gaps seem to be present in all joints in older aircraft. On one hand this is a benefit since it makes 

possible accurate determination of metal thicknesses while using larger data collection step sizes 

than would be otherwise allowable. But, it is the presence of these gaps which give rise to water 

trapping and corrosion in the first place. Corrosion products, when compacted, often appear as 

material having about half the density of their parent aluminum. Loose corrosion products often 

have still lower densities. 
The corrosion process itself appears to determine the relatively low density of corrosion 

products as seen in X-Ray BDP. Water typically collects in small gaps between metal layers. Salts 

or other ionizable species from waste products, air pollution, ocean spray etc. find their way into 

the water. Chlorides appear to be especially detrimental. Sometimes ions of more noble metals 

such as copper also get into the joint. These can set up local electric currents which dissolve the 

aluminum much as the anode of a battery. More often the water and the thinness of the gap 

prevent air from entering uniformly. The parts of the gap that are deep inside become anodic due 

to the relative lack of oxygen and this sets of electric currents which dissolve the aluminum in 

these recesses. This process is called crevice corrosion. In all cases, ions must move through the 

corrosion product layer to support the electric current. This means that all corrosion products must 

be porous in order to grow. Their pores are the primary reason that corrosion products are less 

dense than aluminum itself. Figure 3 shows an electron micrograph of undisturbed corrosion 

product on the surface of a second-layer of skin. The relative volume of pores is 40%. The pores 

are the channels for the corrosion current to flo\ \ Without pores, the corrosion product would be 

protective films since oxides and hydroxides are, by nature, insulators and ions cannot diffuse 

through them directly at temperatures below about 1000°C. 
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Fig. 3 Corrosion product on the surface of a second-layer of fuselage skin 

HOW DO YOU USE X-RAY BDP? 

The cover illustration shows X-Ray BDP being used to inspect a station along a lap splice 

on the Boeing 737 located at the FAA/AANC facility in Albuquerque, NM. The X-Ray BDP unit 

moves around under its own battery power. The unit is positioned at the point where the scan is to 

take place, and the scan head is guided to the exact location by an operator (typically on a ladder). 

The operator controls the boom and can pivot the scan head. When the scan head is in place, four 

feet rest against the planes surface. Then by operating the boom, the scan head is pressed against 

the plane. Friction of the feet against the surface holds the scan head in place, i ue boom itself is a 

giant spring which is constructed so as to have compliance in the axial as well as lateral 

directions. The boom supports the scan head and simultaneously applies pressure normal to the 

bottom surface of the scan head's feet in whatever position the head may be placed. The cover 

shows the scan head being pressed against the side of the plane. Figure 4 shows the scan head 

lifted into position for inspection of the belly section of an aircraft. The scan head when in use is 

thus aligned with the surface of the plane but is sufficiently independent of the motorized 

carriage, which transports it. 
Once in place, the scan head is precisely re-aligned by computer-controlled stepper motors 

using position sensors which contact the plane; and, then the scan begins. Figure 5 shows the scan 

head. One of the motors is visible in the lower foreground; two of the four feet are seen at the 

62 



HÄH K4C. r"2nP£: 

iiii 

Fig. 4 X-Ray BDP Scan in place underneath an aircraft for scanning the belly section. 

Fig. 5 Scan head. One of the stepper motors and two of the feet are visible. 
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right. The computer performs the scan, advancing the motors and stopping at intervals to collect 

data. These intervals are steps of usually 0.001" or 0.002". Because an edge appears as a slope in 

the unprocessed data, the edge can be precisely located so long as two data points are taken along 

the slope. Thus, for example, in principle, a 0.002" step will precisely locate an edge(within say 

0.0001") provided that there is a gap of 0.004 or more inches between that edge and the next 

one. Of course, noise degrades this precision and the main source of noise is the statistical nature 

of photon counting. As a rule of thumb, 1000 counts are needed to locate the edge in the example 

to within 0.001". Increasing the number of counts increases the precision. While the scan is being 

made, the x-ray tube is operated typically at 150 KV and 15 mA. This means that, within the 

tube, a great deal of radiation is being generated, but very little of this radiation escapes. Only a 
6000 t     6000 
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1000 
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4000 

3000 

2000 - 

1000 
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o 

Figs. 6a,b Raw(a) and reconstructed(b) data for a scan through a single layer 
The x-axis is depth in decimal inches, the y-axis is relative density. 

6000 6000 

Figs. 6c,d Deconvolved(c) and blocked(d) data. 
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very tiny beam is actually used. Heavy shielding near the x-ray tube is needed to confine the 

beam. Consequently, very little radiation escapes into the environment. During scanning, the 

radiation level is low enough that, by the standards of most States, workers who are not 

designated radiation workers may safely approach within as little as three feet from the operating 

x-ray tube. Greater than ten feet from the operating tube, the radiation level is extremely low. 

Mechanics may thus work on the outside of the plane in the vicinity of X-Ray BDP scanning. 

Because some of the beam becomes trapped inside, working inside the plane during scanning 

might be inadvisable. But the worst dose of radiation measured on the inside of a plane, directly 

on the other side of a fuselage skin at the point of irradiation, still amounted to only the 

equivalent of one chest x-ray per hour. During the scanning, the computer rechecks iux6nment 

and realigns the scan head as needed. If the count rate drops to too i^ w a value, the computer 
interrupts the scan and queries the operator for instructions. 

When the scan is completed, the computer displays the result as a graph similar to that in 
figure 2. Several processing steps are involved. These are illustrated in figures 6a-d. Figure 6a 

shows the raw data for a scan through a single piece of metal. The effect of reconstruction is 

shown in figure 6b. Reconstruction mathematically removes the shadows of upper layers on 

lower ones. In the case of a single layer it converts a boxcar with an exponential top, figure 6a, 

into one with a flat top, figure 6b. The next step removes the blurring effect of the aperture upon 
edges. This blurring effect gives sloping sides to the boxcars in figures 6a and 6b. Figure 6c 

shows the sides squared through deconvolution. A still more idealized form is obtained by 

further processing called "boxing" or "blocking". Blocking applies a slope threshold method of 

edge finding to the deconvolved data. A table of layer thicknesses is an important byproduct of 

the process. Unfortunately, this type of processing slightly degrades the accuracy of the 

measurement. A less-speedy approach based on using the deconvolved or blocked image as a 
guide to finding the actual edges in the raw data gives superior results. 

EXAMPLES OF X-RAY BDP 

The two examples which follow were taken from scans made at the FAA/AANC 
Validation Center, as part of the preliminary validation process of X-Ray BDP. 

Figure 7 shows a scan of the Boeing 737 at the FAA/AANC facility. The scan is taken 

through a lap joint along the middle row of rivets. The scan has been processed through the 

deconvolution step shown in iigure 6c. Large air gaps and loose material suggest the presence of 
corrosion. The front layer of skin measured 0.0375" using the deconvolved plot. The expected 
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accuracy under these circumstances is an average absolute error of 0.0015". Better accuracy 

could have been obtained by fitting the raw data, as mentioned above, but this is not yet routine. 

p p 

Fig. 7 Scan through a lap joint. Three metal layers are shown. 
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In what follows, the thicknesses will be quoted to the apparent accuracy on the scan, three or four 

decimal places, in order to avoid inviting cumulative rounding errors, since the accuracy of two 

layer thicknesses added together is still the same as that for each layer. Beneath the front layer 

was a f /ing strip of possibly scrim cloth and sealant. It resembles the layer of polymer seen in 

figure 2. The scan suggests that this layer has become detached from the front layer leaving a 

0.001" gap. The low-density faying layer measured 0.0175". Below the faying layer was another 

air gap, 0.0097" wide. The second layer of skin, which begins below this gap, measured 0.0403". 

Its rear'surface looks rough as indicated by the sloping of its front surface being asymmetrical to 

that of its back surface. It may also have been painted with pnmer. A small-step long-count-time 

scan of just the interface could be used to resolve this issue were it important. Beneath this layer 

of skin are the remains of another faying strip, probably reduced to an aggregate of sealant and 

corrosion product. It measured 0.0212". Its unusually-low density and loosener are strong 

indicators of corrosion. Beneath this is yet another air gap 0.0138" wide. The last layer is the 
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stringer itself. It measures only 0.0355". Micrometer examination within the plane showed that 

the stringer was indeed about this thickness. 

Figure 8 shows a scan of a boron epoxy patch applied to a cold-bonded skin on the same 

plane. Although boron has a low atomic number, the density appears as if it were higher than that 

of aluminum. This is partially the result of the very low x-ray absorption coefficient of this 

material. The patch measured 0.0245" thick and appears to be composed of two layers of boron 

fiber separated by a layer of epoxy. The outer layer measured 0.013" while the second Jayer of 

patch measured 0.0105". Between the two layers was a layer of epoxy, about one mil thick. 

Beneath the patch at the point where the scan was made there appears to be a disbond w;th a gap 

0.0035" wide. 'Hiere also appears to be some warpage since the pi ines of rv° aluminum and the 

patch are not parallel at the interface. Underneath the patch is a bonded skin composed of two 

layers of aluminum. The first layer measured 0.038" thick while the second measured 0.0343" 

thick. The resin bond between the two layers measured about 0.003". 
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Fig. 8 Scan through a boron-epoxy patch applied to a cold-bonded skin. 

67 



Mobile X-Ray BDP u: t in place for a scan of a lap joint of a B737 
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ABSTRACT 

Military and commercial power-generating facilities often have failures to 
tubing and piping systems. In addition, marine tubing and piping systems 
are subject to increasing demands for better performance and longer 
service life. Primarily, the systems are degraded by fouling and corrosion. 
These can affect flow, heat transfer rates or structural integrity. This paper 
will discuss the failure modes, such as fouling and corrosion, particularly 
microbiologically influenced corrosion (MIC). MIC is the term for 
deterioration of metal by corrosion processes that occur either directly or 
indirectly as a result of the activity of organisms or their metabolites. 
Inspection methods for these degradation mechanisms are discussed. In 
addition, an advanced inspection system which integrates laser profilometry 
and fluorescence spectroscopy in a single probe is discussed. The probe 
scans the internal length of tube or pipe and generates a topographic map 
of the surface and characterizes the corrosion deposits to assess the 
severity of wall loss or pitting and the presence of deposits. 
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INTRODUCTION 

Microorganisms have the capability to adhere to surfaces grovv> and 
produce biofilms. Often biofilms create difficulties when they form such as 
when slimes are produced on heat exchanger tubes and heat transfer 
c^oabniTs are reduced. Sometimes corrosion occurs beneath the b.of.lm 
S SSl^luenced corrosion (MIC) is the term for the .nitiation or 
accderatbn of corrosion by microorganisms or their metabolites, usually on 

metal surfaces.1 

Biofilms are usually made up of extracellular P°>V™[«°'y™S) ^ 
a consortium of sessile organisms, debris and organic matter. i ne 
LraceMar pol mers are sections that form a ma* of fibers; and ofte 
envelop the organisms and contribute to collecting other material 
Btofoulfiag is the biological growth on surfaces in contact with natural water, 
itofoüling often leads to corrosion underneath the deposits formed on 

metal surfaces. 

The study of MIC and the need for better monitoring and inspection 
methods are relatively recent events. MIC monitoring and inspection is 
more compL than "normal" corrosion- First, more than one corrosion 
mechanTm may be involved. Second, MIC is associated with extreme y 
Sverse m^robiological environments. Inspection methods need to be able 
to dSert diverse corrosion mechanisms on a wide variety of materials and 

components.67 

BACKGROUND 

Several types of corosion mechanisms are associated with military and 
comme-al power-generating facilities.  These include general corrosion 
StTng   underdeposit or crevice corrosion, and MIC.    Less commonly 
Sr'ing  problems  include  corrosion-assisted  cracking  and  velocity- 

assisted corrosion. 

Classifying corrosion can often be difficult. General corrosion is a 
general uniform loss of metal: usually a small amount over a large area 
This L the form of corrosion ?n almost every case) for which corrosion 
rates are tabulateo. In contrast, localized corrosion is selective attack, such 
as pitting. For example, a large portion of the surface area of a pipe* may 
be unaffected, and rapid corrosion occur at the weldments. Failures of this 
type may result in costly problems and may be difficult to monitor and 
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inspect. Lack of understanding the distinction between corrosion rate 
measurements, resulting from general corrosion, and localized corrosion 
may also lead to expensive problems and possible failures. 

Crevice corrosion is another localized form of pitting corrosion. Crevice 
corrosion typically occurs under deposits or in crevices between mating 
surfaces, such as gasketed flanged connections. Often it occurs on film- 
protected (passive) metal surfaces, such as austenitic stainless steels. 
Some instances of MIC may be considered a form of crevice corrosion 
when the exopolymer film formed by the microorganisms creates a "living 
crevice", as shown in Figure 1. The role of organisms relates to the 
influence of differential aeration cells forming under a biologi al deposit 
where a pit initiates and tubercle forms.1 

DISCUSSION 

Difficulties arise with characterizing MIC and biofouling on metal surfaces. 
To what extent are organisms involved and is the microbiological species 
important? Is the microbial ecology important or relevant? How much are 
the organisms involved and how do they influence the surfaces? What 
corrosion mechanisms are involved and are there any differences than in 
underdeposit corrosion without microorganisms involved? The following 
discussion highlights these three aspects of MIC as they relate to 
monitoring and inspection of biofouled surfaces. 

Monitoring and Inspection Techniques 
Microbiological analysis has frequently been done in conjunction with 

monitoring MIC of metals, particularly in problems of corrosion associated 
with the oil and gas industries. Sulfate reducing bacteria (SRB) and their 
action upon metals was the basis of a theory by von Wolzogen Kuhr and 
van der Vulgt.8 They theorized that the corrosion of iron buried in an 
aerobic soil was the result of activity by SRB. Since then Little and Wagner9 

note, in addition to the SRB, the iron-oxidizing, sulfur-oxidizing bacteria and 
many other organisms have been shown to influence corrosion of metals. 
Borenstein and Licina5 discuss microbiological analysis methods. 

It must be clarified that the presence of microorganisms in a fluid or in 
a deposit does not indicate how oi how much those organisms may have 
influenced corrosion if they influenced it at all. Surfaces exposed to 
environments with biological activity would always be expected to have 
organisms present on the surfaces, often in very high numbers.    The 
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organisms may or may not have been involved in or even a primary factor 
in corrosion. Examination of surfaces for chemical species produced by the 
microorganisms which interact with the metal surface to produce corrosion, 
or mineralogical "fingerprints" can be useful in determining the 
microbiological influence.10 McNeil and Little have found that certain types 
of corrosion products can be formed only in environments by biological 
processes. A fingerprint indicator occurs when minerals form that are not 
consistent with those able to form in normal environmental conditions. The 
direct cause-and-effect relationship between microbiology or 
microorganisms adhering to surfaces and corrosion occurring underneath 
is often difficult to establish. 

The importance of inspection and the ability to decrease operation and 
maintenance costs by inspection prompted changes in inspection routines 
in the 1980's. A variety of established techniques were used and improved 
upon and innovative techniques are being developed that apply to 
inspections for MIC and other forms of corrosion. These include: 

• performance monitoring 
• nondestructive testing 
• advanced techniques 

Performance Monitoring 
The performance of a system often gives an indication that problems are 

developing. Changes in temperature, pressure, and flow rates may indicate 
early signs of fouling in a heat exchanger, for example. Unfortunately, 
performance monitoring is not specific. The root cause of the problem is 
often not; oparent from indirect records, so attempts to resolve a problem 
are often limited. Performar.ee monitoring is not a corrosion monitoring 
technique, but is sometimes perceived to be. 

Nondestructive Testing 
Inspections normally begin with nondestructive examination to evaluate 

the condition of a system or component. Some combination or 
coordination of techniques is also common. Common inspection methods 
include: 

• Visual Testing (VT) 
• Ultrasonics Testing (UT) 
• Magnetic Particle Testing (MT) 
• Liquid Penetrant Testing (PT) 
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• Eddy Current Testing (ET) 
• Radiographic Testing (RT) 

Visual examination is used extensively. Based on what can be seen with 
the naked eye or with low powered optical lenses it is often the least 
expensive inspection method. Conditions of MIC, as well as biofoul.ng, and 
various corrosion problems may be documented using a 35mm camera 
and closeup lenses. Pipe crawlers, et al., can perform remote visual 
inspections of interior surfaces. 

Ultrasonic inspections use high frequency sound waves to detect both 
surface and subsurface flaws. The sound waves travel througn the material 
and are reflected from interfaces. Flaws are detected by ana, zing the 
reflected beam. Ultrasonic testing is sometimes unsuitable for MIC and 
corrosion problems because the rough or irregular surface gives difficult to 

interpret signals. 

Liquid penetrant inspection reveals discontinuities that are open to the 
surface such as pits or cracks. After liquid penetrant is applied to the 
surface the penetrant dye seeps into the discontinuity. Excess penetrant 
is cleaned away and a development powder is applied to the surface to 
draw out the dye from the discontinuity. It is sometimes suitable for 
corrosion and biofouling related problems. Not suited to field inspection of 

tubes or pipes. 

Magnetic particle inspection is useful for inspecting ferromagnetic 
materials with surface or near surface discontinuities or flaws. The principle 
of operation relies on the nature of the material and the fact that when a 
metal is magnetized, the magnetic field formed is very sensitive to flux 
leakage at cracks or discontinuities. Although it is usually useful for surface 
flaws, it is sometimes suitable for MIC, corrosion, and biofouling-related 

problems. 

Eddy current inspection is based on the principles of electromagnetic 
induction and may be used for ferrous and nonferrous alloys - although 
eddy current examination of ferrouc alloys is much more limited. For 
example plants often use eddy current testing for examining tubing for 
internal corrosion or damage. The induction coils are inserted into the 
tubing and indications can be determined by the change in flux of the 
induced current through the coil. From these effects, an estimate of defect 
thickness can be made. The accuracy and reliability is sometimes poor. 

mm 
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Radiographic testing uses either x-ray or gamma rays. When an object 
is exposed to radiation, the radiation will, in various measures, be»absorbed 
scattered or transmitted. The transmitted .mage is recorded on 
photographic film. Differences in film density are related to the th.ckness, 
Sg the flaws. For example, a pit would appear as an indication on 
he film Radiography can be very useful for MIC or corrosion related 
problems. It is particularly useful for determining the extent of pitting of 

weldments. 

^Slnip^in techniques vary in complexity maturty and 
capability. Selection of a method for inspection of flaws depends on a 

number of variables including: 

Nature of the flaw 
Accessibility of the flaw (such as at a weldment) 
Type of material 
Part geometry 
Number of items to be inspected 
Capabilities of the inspection method 
Level of inspection quality desired 
Economic considerations 

Laser profilometry, such as the LOTIS™ technique developed by Quest 
Integrated, Inc., of Kent, Washington, uses a laser source optic, and a 
photodetector in the front section of the probe for internal inspection of 
tubinq 11 Doyle discusses how this is useful for inspection systems that can 
rapidly scan the full length of a marine boiler tube, generate a quantrtatve 
topographic map of the tube surface, and tabulate a summary of the results 
(Figure 2). Internal corrosion and pitting are the primary mechanisms of 
degradation the system was designed to examine. It provides a high 
degree of precision and accuracy and distinguishes between cracks, pits 
and other defects. LOTIS is now being used to inspect heat exchanger and 
condenser tubes in both military and civilian applications. 

An advanced inspection system is currently under development to 
identify and characterize MIC-affected tubing and piping through the use of 
advanced, cost-effective NDE methods. The system employs a 
noncontacting, laser-based sensor assembly that is capable of fusing 
laser-based profilometry and fluorescence spectroscopy data obtained 
using a single probe.  The resulting inspection system will be capable of 
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rapidly and accurately scanning the length of a tube or pipe and generating 
a detailed topographic map of the internal surface. Superimposed on this 
image will be a false-color map that identifies the presence of MIC. The 
results will be displayed in a number of computer-graphic formats that will 
allow operators to quantitatively assess the level and severity of wall loss 
due to pitting and determine the presence and extent of MIC-affected 
surfaces. 

FATS (Focused Array Transducer System) developed by Infometrics of 
Silver Sühng, MD, is a UT system that improves the performance of 
ultrasonic examinations. Conventional UT techniques can be imoroved by 
using a focused transducer, made up of phased arrays of transoucers and 
sophisticated electronics (Figure 3). In addition, the technique can be 
partnered with TestPro, also developed by Infometrics. TestPro is a data 
acquisition system with enhancement features. 

CONCLUSIONS 

Selection of inspection tools must focus on: 
• resolution capabilities 
• speed of inspection 
• compatibility with operations and maintenance activities 

New techniques, such as laser profilometry and the focused array 
transducer system, may provide greater resolution and specificity for unique 
problems. 
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ABSTRACT 

A Government Industry Data Exchange Program alert has been 
issued that states that the fuel system icing inhibitor (FSII) in JP-10 fuel is 
corroding aluminum components in missile fuel systems during long-term 
storage under an anhydrous nitrogen atmosphere.  Previous 
investigations into fuel-system corrosion have used extreme conditions 
such as high FSII concentration or temperature to accelerate corrosion. 
To better understand the effects of fuel additives on corrosion of 
aluminum alloy components, electrochemical impedance spectroscopy 
(EIS) was used to determine the corrosion rate as a function of additive 
type and concentration under conditions similar to those found in actual 
use. This paper presents the EIS resits of corrosion studies conducted 
on Al 2024, Al 6061, Al A357, and Al 7075.  The effects of concentration 
of the FSII, presence and absence of butylated hydroxytoluene, effect of 
water concentration, effect of temperature, and effects of coating on 
corrosion rates of these alloys will be presented and discussed in detail. 
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INTRODUCTION 

Üt 

Corrosion of the aluminum alloy fuel system components has 
been discovered in missiles fueled with JP-10.  Missiles in which 
corrosion was discovered have been stored for long periods of time in 
temperature environments ranging from approximately -8 °C to 30 °C. 
An anhydrous nitrogen pad was placed in the fuel tank and exposed 
surfaces were coated to inhibit corrosion. The corrosion of the fuel 
system components was found to be localized pitting corrosion. 

The Military Specification JP-10 is a synthetic hi-density fuel, the 
base component of which is Exo-Tetrahydrodi (cyclopentadiene), also 
known as C-10. The primary additives are an antioxidant, approximately 
100 ppm of butylated hydroxytoluene (BHT), and a fuel system icing 
inhibitor (FSII). Typically the fuel will contain small traces of water (20- 
50 ppm).  The FSII, as specified, is approximately 0.1 percent of either 
ethylene glycol monomet'iyl ether (EGME) or diethylene glycol 
monomethyl ether (DiEGME).  It has been proposed that the FSII 
additives are responsible for the corrosion of the Al alloys. 

Corrosion studies using immersion test methods similar to ASTM 
[1] have been shown to provide decisive results; however, conventional 
immersion testing is a lengthy process and is inconvenient for studies 
involving many variables the interaction of which is unknown.  Because 
of these drawbacks, both DC and AC electrochemical methods have 
been developed to provide accelerated corrosion results which can be 
compared with long-term immersion experiments.  Of the two 
electrochemical test methods, AC electrochemical impedance 
spectroscopy (EIS) is finding increased usage in the investigation of 
corrosion of bare metals [2-4] and also of coated systems [?-9].  In 
particular, EIS has been found to be very sensitive in the determination of 
pittiny corrosion of aluminum [10].  One of the difficulties encountered in 
the application of electrochemical techniques is in the study of low 
conductivity media such as JP-10 fuel. 

EIS has been used to investigate corrosion in nonaqueous low- 
conductivity media.  Lawton et. al. [11], used EIS to study the corrosion 
of stainless steels AM 350 and AM 355 in nonaqueous media where very 
small differences in corrosion rates of these alloys in hydrazine were 
determined.  Ontiveros et. al. [12], used EIS to study the corrosion 
behavior of mild steel coated with low conductivity inorganic zinc-rich 
primers in aqueous and nonaqueous solutions.  Based on this previous 
research it was felt that EIS could be successfully applied to the 
investigation of corrosion of aluminum alloys in JP-10. 
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This paper describes the method used and the results of testing to 
determine the effect on corrosion current of concentration of FSII, 
presence and absence of BHT, temperature, and coating for several 
aluminum alloys. 

EXPERIMENTAL 

A Schlumberger potentiostat 1286 in conjunction with a 
1260 impedance gain phase analyzer were used for the impedance 
measurements. The data were recorded between 1000 KHz and 1 Hz. 
An AC amplitude of 100 mV was used to collect data in the freq ency 
range. 

The electrochemical glass cell (Figure 1) was 7.04-cm-diameter 
and 2.05-cm long. The cell had an inlet and outlet for nitrogen purge 
which was also used for filling the cell with the fuel mixture. An aluminum 

F,G.   1   ELECTROCHEMICAL CELL  FOR 
'MPEDANCt  UEASURWEMf 

Figure 1 
Schematic of Electrochemical Cell 
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test specimen and a viton gasket were placed on each end of the glass 
cell. The viton gasket had a 6.4-cm-diameter hole exposing the Al plates 
to the electrolyte (fuel mixture). The electrochemical cell for lower 
temperature studies was a double jacketed cylindrical cell. Temperature 
was maintained by circulating a water/antifreeze mixture from a 
controlled temperature bath through the outer jacket. The temperature of 
the electrolyte was monitored by a thermocouple. 

The experiments reported here were conducted after purging 
nitrogen through the electrolyte and a nitrogen atmosphere was 
maintained in the cell. The aluminum plates served as the working 
electrode and the counter electrode. The working electrode was 
attached to the reference lead of the instrument making it the reference 
electrode. 

Alloys tested were Al 2024, Al A357, Al 7075 and Al 6061. The 
EGME and DiEGME concentration was varied between 0.1 and 
100 percent.  The concentration of BHT was either 0 or 100 ppm.  Water 
concentration was maintained at 22 ppm for the results reported here. 
Experiments were conducted at ambient temperature (23 ± 3 °C) 
except in controlled temperature experiments. The controlled 
temperature experiments were conducted at 0, 8 and 25 °C.  For 
experiments with uncoated alloys the samples were polished with 600 grit 
AI2Oo powder to a consistent surface finish. Three coating systems 
were investigated, chromic acid anodization, Scotchweld EC 1290® which 
is an epoxy polyamide coating, and a chemical conversion coating. The 
coating systems were tested both individually and in combination (if 
applicable to the missile system). 

RESULTS Al\n DISCUSSION 

Effect Of Fuel Additives 

Figure 2 is a plot of the corrosion current for uncoated Al 2024 
measured after 22 days of exposure to C-10 with varying concentrations 
of EGME with and without BHT.  The corrosion current is shown to 
increase over six orders of magnitude as the concentration of EGME 
increases in the C-10 fuel; however, the magnitude of the increase is less 
for C-10 solutions with BHT added.   The corrosion current inO.i percent 
EGME in the absence of BHT was observed to be 1.955x10    /;A which 
increased to 4814 JJA in 100 percent EGME. The change in EGME 
concentration from 0.1 percent to 100 percent in the presence of BHT 
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changed the corrosion rate from 1.648x10"2 M to 883 //A.  Similar 
trends were observed for solutions with DiEGME added. These results 
indicate that the corrosion of Al 2024 increases as a function of FSII 
concentration and that BHT has an inhibiting effect on corrosion. 

10 n i  
o With  BHT 

* Without  BHT 

< 
3. 

40      60 
%EGME 

80     100 

Figure 2 
Variation of Corrosion Current Versus Percent EGME 
in C-10 for AL 2024 (Room Temperature After 22 
Days) 

The corrosion reactions of Al with EGME/DiEGME could be 
attributed to the fact that EGME and DiEGME have weak acidic alcoholic 
hydrogens similar to methanol which react with aluminum forming Al- 
EGME complex liberating hydrogen ions in the solution.  This is 
consistent with the reaction of methanol with polycrystalline Al in 
temperatures ranging from 198 K to 500 K reported by Rogers et al 
[13], which indicate the formation of methoxide species on the Al surface 
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„i,h the formation of hydrogen ions. The reactions suggested are as 

follows: 

2 A,  > 2 Al3+   +  6 e"        Anodic Reaction 

2A,3+   +   6CH30(CH2)2OH-->2AI-[-0(CH2)2OCH3]3 + 6H + 

6 H+   + 6 e- . > 3H2 Cathodic Reaction 

hydrogen ions can also react with Al ions making aluminum hydride: 

As the concentration of EGME *^**^^ in turn 
increases which reacts more vigorously with the Al surface wnicn 

ASS 
^hJr^o^roSn^Ä 
°he cor osion current remains fairly constan untrt at higher 

— -SEd^S-= as the 

^wSedTuÄ^^ 
k^riXgSSÄ 
4.5 percent EGME   Investigations are cont.nuing into this result. 

Effect of Temperature on Corrosion Current 
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This decrease as a function of temperature is shown in Figure 4 and is 
unexpected.  Figure 4 indicates that the corrosion rate increases as the 
temperature is decreased from 25 to 0 °C but starts decreasing as the 
temperature drops below zero. The results can be explained by the fact 
that the FSII precipitates out of solution at approximately 0 °C and 
covers the surface of the Al electrode.  Further decrease in temperature 
does not substantially increase the FSII concentration on the eleutrode 
but slows the corrosion rate as normally expected.  A separate solubility 
experiment of EGME in C-10 fuel as a function of temperature was 
conducted.  It was observed that EGME does come out of the .. Jution 
and adheres as small drops on the walls of the mt asuring flask. The 
precipitation of EGME on the electrode in the form of drops increases the 
concentration at those locations resulting in pit formation. 
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Figure 3 
Variation of Corrosion Current With Time at O, 8, and 
25 °C for Al 2024 Exposed to C-10 Plus 0.1 Percent 
EGME 
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Corrosion Studies 
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Figure 4 
Variation of Corrosion Current with Temperature for 
Al 2024 Exposed to C-10 Plus 0.1 Percent EGME 

Effect of Metals on Corrosion Current 

Corrosion current of different alloys in the presence of 0.1 percent 
and 7 0   ercent EGME war- determined as a function of time.   Figure 5 
shows the corrosion current as a function of time in 7 percent FGME for 
the alloys at 25 °C.  The order of corrosion resistance in 7 percent 
EGME is Al A357 > Al 6061 > Al 2024 > Al 7075.   In 0.1 percent EGME 
the corrosion resistance was reversed for Al 2024 and Al 7075.  In all 
cases the corrosion current was lowest (greatest corrosion resistance) 

for Al A357. ^     „    . 
The results can be explained by taking into account the alloying 

chemistry   The presence of chromium and silicon as alloying elements 
has been shown to increase the resistance of Al alloys to corrosion [15]. 
Al A357 has 7 percent Si and Al 6061 has 0.4 to 0.8 percent Si. These 
alloys have shown higher corrosion resistance than Al 2024 and Al 7075. 
The higher corrosion resistance of Al 7075 relative to Al 2024 at lower 



FSII concentration is probably due to the presence of 0.18 to 
0.28 percent Cr in Al 7075. 

0 5        10       15      20 
Time  (Days) 

Figure 5 
Variation of Corrosion Current with Time for 
Aluminum Alloys Exposed to C-10 Plus 7 Percent 
EGME 

Effect of Coatings 

The corrosion current for Al alloys with different coatings was 
measured in 0.1 percent and 7 percent EGME to evaluate the coatings' 
resistance to corrosion.  Figure 6 shows the plot of corrosion current as 
a function time for Al 2024 exposed to C-10 with 7 percent EGME for 
three coating systems chromic acid anodized, Scotchweld EC 1290® 
primer coat, and a combination coating of chromic acid anodized and 
Scotchweld EC 1290® primer coat (topcoat).  Initially on day 1, the 
corrosion current for all coated Al 2024 in 7 percent EGME was higher 
compared to that of uncoated Al 2024. The corrosion current decreased 
substantially in 5 days and remained stable for the 50 days of exposure 
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shown in Figure 6 (these tests are continuing to determine when and if 
the coating breaks down).  Similar results were observed at other 
concentrations of EGME. These results clearly indicate that anodization 
and EC 1290 coating protects the Al alloys against corrosion. Additional 
tests of chemical conversion coating for Al 6061 have also shown similar 
corrosion resistance in 0.1 percent and 7 percent EGME solutions. 
Other testing is being conducted, on the coating systems, at lower 
temperatures to examine the effect of temperature on corrosion 
resistance. 

That the corrosion current for coated samples are orders of 
magnitude higher initially but drop down considerably in 5 days is not 
fully understood at this time.  However, it is known that the surface 
contamination by trace metals such as Cr, Zn, etc., (which is normally 
used during anodization and in primers) could contribute to higher 
corrosion current.  It is postulated that contaminants are leached from 
the surface initially and reacted. This process cleans the surface and 
further corrosion reactions are inhibited by the coating system. 

10      20      30      40      50 
Time  (Days) 

Figure 6 
Variation of Corrosion Current with Time for Coated 
and Uncoated AL 2024 in C-10 Plus 7 Percent EGME 
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SUMMARY 

An accelerated test method using AC Electrochemical Impedance 
Spectroscopy has been developed and used to measure the corrosion 
current in JP-10 missile fuel, a low conductivity, nonpolar solution. There 
is a general agreement in the trend between the experimentally observed 
values of corrosion current and corrosion resistance behavior of alloys. 
The corrosion current increases as a function of FSII concentration 
confirming the hypothesis that it is this additive that is responsible for the 
corrosion of aluminum fuel system components. Addition of BHT in a 
mixture of C-10 and EGME inhibits the corrosion of Al alloys. A decrease 
in temperature results in an increase in the corrosion current, due to the 
precipitatioi  of FSII onto the aluminum surface, until a maximum 
corrosion current is reached between 0 and -3 °C.  Of the four alloys 
tested Al A357 shows the highest corrosion resistance due to the 
presence of Si as an alloying element.  Lower corrosion resistance was 
observed for Al 2024 and Al 7075 due to the absence of Si or Cr. 
Results to date of experiments involving anodization, Scotchweld EC 
1290® epoxy primer, and chem film coating systems indicate that these 
coatings protect the aluminum surface against corrosion.  It is clear from 
these results that EIS can be used as a technique to detect very small 
amounts of corrosion in low conductivity media and be used to evaluate 
solution chemistry, alloy corrosion resistance, and protective coatings. 
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Introduction 
_ The Montreal Protocol of 1987 identified a number of halogenated 

chemicals which possess sufficient stratospheric ozone depletion potentials 
to warrant limitations on their production and use. Included on this list was 
Halon 1301 (CF3Br), the fire suppression agent of choice for aircraft engine 
nacelles and dry bays (1). As a result, the relative performance of different 
chemical compounds with low ozone depletion potentials were evaluated as 
a CF3Br fire suppressant replacement. Since corrosion of fire suppressant 
containers by the agent could affect the reliability of these vessels, the 
corrosion behavior of typical alloys used in 'hese containers needed to be 
evaluated. Mass change tests were performed for 1 month in different 
agents at 150 °C. Electrochemical tests were desired to supplement and 
possibly replace the current mass change experiments. A major advantage 
ot electrochemical testing is the significant reduction in time required to 
estimate corrosion rates and the effect that pollutants (HF, HCI, and H20) in 
various agents, compositional changes, and the temperature have on the 
corrosion rate. 

The goal of this study is to 1) determine which alternative fire 
suppressants are most compatible with the metals used in storage vessels 
and 2) to determine which storage container metals have the highest corrosion 
resistance when exposed to alternative fire suppressants. Since no test 
methodology existed at the start of this phase of the work, mass change 
tests were used to evaluate the field of possible fire suppressant agents and 
container alloys in terms of corrosivity and corrosion resistance, respectively 
simultaneously, an electrochemical test was developed in order to perform 
accelerated testing of the corrosion resistance of storage container alloys in 
naion fire suppression alternatives. 

presenting author 
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Experimental Details 
Mass change exposures , ,    t  lL. 

Experiments were designed and conducted to evaluate the corrosivity 
of the different potential fire suppressants during normal service in aircraft 
storaqe containers. These experiments had to consist of exposures that 
emulate the conditions under which corrosion is expected to occur followed 
bv careful examination and evaluation of the resulting corrosion damage. 
Smooth coupon exposure tests, were conducted to evaluate changes in 
mass during exposure thereby yielding a measurement of the rate of 
formation of corrosion scales or removal of metallic species. The coupons 
were examined visually and by optical microscopy to assess the occurrence 
of Dittinq, intergranular corrosion and deploying. From the mass change and 
the exposure time, the average mass change rate can be estimated allowing 
comparison between the agents and alloys. Tests to study localized 
corrosion and environmentally induced fracture were alsc conducted and the 
results are described elsewhere (2). . M,B.. 

The materials chosen for this study were: 304 stainless steel, 13-8 Mo 
stainless steel, AM 355 stainless steel, stainless steel alloy 21-6-9 (Nitronic 
40) 4130 alloy steel, Inconel alloy 625, CDA-172 copper/beryllium alloy 
and 6061-T6 aluminum alloy. The compositions of these alloys are given in 
Table 1   These alloys were selected for these experiments based on 
discussions with the Air Force on the materials typically used for aircraft 
storage container components. . 

The samples used for the mass change experiments were flat smooth 
surface coupons; width = 25.4 mm, length = 50.8 mm, and thickness = 1.6 
mm   A 6 7 mm diameter hole was drilled in the center of the coupons. After 
machining, the surfaces were glass bead blasted to remove any remaining 
surface oxides or scale and to provide a consistent smooth surface finish (120 
grit nominal). Each sample was then ultrasonically cleaned, first in acetone and 
then in alcohol, dried with warm air and immediately weighed. Three separate 
weighings were taken at approximately 30 second intervals and averaged. 
This average value was then referred to as the initial weight of the coupon. 
The balance used for these weight measurements was self calibrating on 
start-up to maintain an accuracy to within ±10 x 10-6 g with a reproducibility of 
no less ti .an ±1.51 x 10-8 g. Representative photographs of the surface of 
each alloy were also taken prior to the start of testing. 

At the start of each exposure test, three coupons of each of the eight 
alloys were mounted on a polytetrafluoroethylene (PTFE) rod with PTFE 
spacers between the samples as shown in Figure 1a. This was done to 
separate and electrically isolate the samples thereby eliminating the 
possibility of galvanic coupling. Three samples of each type of alloy were 
used and PTFE shields were placed between the different types of alloys to 
protect the samples from contact with any corrosion products that may form. 
The samples were next placed in a PTFE lined, two liter pressure vessel for 
testing. The vessel was then attached to a mechanical vacuum pump and 
evacuated for a minimum of 30 minutes. 
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Table i 
The Composition of the alloys listed in weight percent. 

Nit Al In 304 CDA 13-8 SS AISI    . 
Element 40 6061-T6 625 SS 172 Steel Am355 4130 

Ni 7.1 61.39 8.26 0.06 8.4 423 0.08 
Cr 19.75 0.04 21.71 18.11 0.01 12.65 15.28 0.98 
Mn 9.4 0.15 0.08 1.41 0.02 0.8 0.51 
Mg 1 .. .   . 
Si 0.5 0.4 0.09 0.49 0.08 0.04 0.16 0.23 Mo 8.82 0.17 2.18 2.6 0.16 
Nb 3.41 . . .   . 
N 0.29 0.03 . . 0 0.12 
C 0.02 0.02 0.06 0.03 0.12 0.32 Be 1.9 -   - . . 
Co 0.11 0.2 .   . 
Zn 0.25 .. -   . _   m 
Cu 0.15 - . 97.9 .   _ 
Fe bal 0.7 3.97 bal 0.06 bal bal bal Al bal 0.23 0.04 1.11 0.04 
G/crry^* 7.83 2.7 8.44 7.94 8.23 7.76 7.91 7.85 

* Nominal Density 

The mass of agent required to produce a pressure of approximately 
5.86 MPa at 150 °C was determined from a computer program based on 
the available thermodynamic data, and the gas laws. To facilitate charging of 
the agents, the test vessels were chilled in a bath of either ice and water or 
dry ice and alcohol, depending on the temperature necessary to maintain the 
liquid phase. The vessels were then placed on a balance that allowed 
weighing of the entire vessel and determination of the mass of the agent 
added continuously during filling. Upon completion of the charging step the 
vessels were placed in proportionally controlled, calrod-type heaters that 
kept the temperature constant at 150 ±1 °C for the 25 day exposure period 

At the conclusion of the testing period, the heaters were turned off and 
the vessels were allowed to cool naturally to ambient temperature  After the 
agent was released, the coupons were extracted and immediately 
reweighed using the same procedure that was used for the initial weight 
measurements. The average of those three measurements was then 
referred to as the final weight of the coupon. Representative photographs of 
the surfaces were again taken and compared to those of the initial condition. 

Electrochemical Measurements 
Electrochemical testing offers the possibility of more rapid evaluation 

of the corrosion rate and the effect of contaminants, material composition and 
temperature. Furthermore, numerous analytical electrochemical methods may 
be used to investigate the mechanisms of corrosion (3). However the rrgh 
resistivity of the aliphatic hydrocarbon solvents makes the implementation of 
such measurements extremely difficult, e.g. Halon 124, CF3CHCIF has a 
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General Corrosion Samples 

Teflon insert 

PTFE Gasket 

Teflon devider 

Teflon spacer 

1 = Al Alloy AA 6061-T6 

2 = Cu/MloyCDA-172 

3 = AM 355 
4= 13-8 Mo Steel 

5 = In 625 
6 = 304 Stainless Steel 

7 = AISI 4130 Steel 

8 = Nitronic 40 

Fig. 1a: Immersion testing chamber for smooth coupon 
weight loss measurements. 

Thermocouple well 

Pt working electrode ^ [\ 

304 or CuBe electode 

Teflon liner 

Pt reference electrode 

Pt-Rh counter electrode 

316 SS vessel 

Fig. 1b: Electrochemical cell. 
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resistivity of ~ 1.5 x 109 ohm • cm. This value is similar to that observed for 
other non-aqueous solvents, i.e. acetonitrile, CH3CN (4). In order to perform 
electrochemical measurements in such media a supporting electrolyte is 
required (4). Unfortunately, simple inorganic salts like NaCI or Na2S04 are 
essentially insoluble in aliphatic solvents due to the low dielectric constant of 
the solvent, i.e. CF3CHCIF, e ~ 6.73. However, quaternary ammonium salts 
are known to be soluble in low dielectric constant media such as 
dichloromethane and chloroform, e = 8.93 and 4.81 respectively (5).   Thus, 
we have investigated tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
as a potential supporting electrolyte. In order to demonstrate the ability to 
perform well defined electrochemical measurements in the halon alternatives, 
the electrochemistry of a simple outer-sphere redox couple, 
ferrocene/fe..wCenium (Cp2Feo/+) was investigated by cyclic voltammetry 
(CV) at a platinum electrode. Because of its nonpolar character, ferrocene 
readily dissolves in aliphatic hydrocarbons like CF3CHCIF. This redox 
couple was also used to establish a reference potential (5). 

A multipurpose high-pressure cell was designed for making 
electrochemical measurements in the halon alternative environments 
(manufactured by PARR Moline, III.). The vessel is made of 0.635 cm thick 
316 stainless steel and is rated to - 6.9 MPa of pressure. The head of the 
cell was outfitted with four electrical feed throughs for performing two, three or 
four electrode electrochemical experiments. The vapor pressure in the cell 
was monitored by a pressure gauge mounted on the head of the cell. At 
higher temperatures, most of the alternative fire suppressants reach very high 
vapor pressures so a pressure release valve is incorporated in case of 
accidental over pressurization. Temperature was monitored with a 
thermocouple mounted in a well in the cell top. A teflon insert was used to 
prevent accidental electrical contact between the electrodes and the stainless 
steel cell. The insert also helped to minimize interactions between the 
electrolyte and the 316 cell wall. A schematic of the three electrode cell 
configuration is shown in Fig 1b. Measurements were made using an EG&G 
PAR 273 potentiostat / galvanostat in potentiostatic mode and M270 
software. 

All of the electrochemical tests were conducted in HCFC 124 
CF3CHCIF, which has a vapor pressure of 3.393 x 105 Pa at 20 °C   The 
conductivity was increased by adding 5x10-2 moles/ liter Bu4NPF6 (Aldrich) 
The cell top was left slightly opened and argon was flowed into the cell in 
order to remove water vapor. The head of the cell was then bolted down 
and the entire cell was chilled in dry ice. Chilling helped expedite filling of the 
cell with agent. After chilling, approximately 352 grams of CF3CHCIF were 
transferred into the cell. This resulted in about 3 cm, or 250 ml, of CF3CHCIF 
in the liquid phase in me bottom of the cell at room temperature  A large 
p atinum rhodium electrode was used as a counter electrode and a separate 
platinum wire was used as a quasi-reference electrode. The quasi-reference 
electrode was placed between the counter and the working electrode   Heat 
shrmkable teflon tape was used to connect the electrodes to the electrical 
feed throughs and clips were used to make electrical contact. 
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In the first experiments 0, 5 x 10-4, or 1 x 10-3 moles/ liter ferrocene 
(98% Aldrich) was added to the electrolyte. The tests were run at room 
temperature, 20 °C. A platinum disk working electrode (area = 0.00317 cm2) 
was prepared by encapsulating a platinum wire in glass followed by 
polishing to a 1 um finish. The potential scale of each experiment was 
referenced to a platinum quasi-reference electrode and then normalized 
afterwards to the half-wave potential of Cp2Fe0/+. 

In subsequent experiments the slow sweep rate voltammetric or 
potentiodynamic characteristics of 304 stainless steel (area = 0.00785 
cm2)(Goodfellow) and Cu-1.9 wt%Be (area = 0.00196 cm2)(Goodfellow) 
were investigated in 5 x 10-2 moles/ liter Bu4NPF6 in CF3CHCIF. These 
electrodes were encapsulated in glass and polished to a 1 u.m finish. 
Voltammetry of a platinum electrode in the same electrolyte helped establish 
the potential scale as revealed by the potential at which reduction of the 
electrolyte occurs. The potential axis of the voltammograms was then 
referenced to the half-wave potential of Cp2Fe0/+. 

Results and Discussion 
Mass change exposures 

The mean mass changes observed from three samples of each of 
the alloys on exposure to each of the agents for 25 days at 150 °C are given 
in Table 2 and the standard deviations determined for these measurements 
are given in Table 3. All of the mass changes are relatively small and most 
represent an increase in mass (positive values in Table 2). The mass change 
rate was estimated from these measurements by the relationship 

R=AM/(At) (1) 

where AM is the mass change, A is the total exposed area of the sample and 
t is the exposure time in days. This relationship estimates the average mass 
change rate over the exposure period and assumes that the mass change 
rate was es sentr'ly constant over the entire exposure period. 

Table 4a gives a numerical value to an absolute mass change rate 
range as well as the equivalent penetration rate for each alloy for mass loss at 
the maximum rate for the range. The absolute value of the mass change rate, 
from Equation 1 and Table 2, for each alloy was compared with Table 4a and 
assigned a numerical rating, Table 4b. It was assumed that a mass increase 
was due to the formation of a surface film which formed as a result of 
exposure to residual gases, decomposition gases, or the agents 
themselves. In any case, the film composition will contain either a fraction of or 
no metal. Also, the corrosion rate for a metal with a surface film tends to 
decrease with time. Thus, the calculated rate of mass increase, and h?nce the 
numerical rating, will be an overestimate of the corrosion damage. 

Taking into account propagation errors in both area and time 
measurements (6), it can be shown, in some instances, that the maximum 
and minimum confidence levels of the mass change rate, at 90% confidence, 
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Table 2 
Mean Mass Change for Each Alloy in Each Agent 

After 25 Day Immersion at 150°C [mg] 

Positive Values = Scaling 
Negative Values = Mass Loss 

Environ- Nil Al In 304 CDA 13-8 AM AIS1 Agent Sid. 
ment 40 6061 625 SS 172 Sted 355 4130 Avg. Dev. 

HCFC-22 0.176 0.458 -0.329 0.168 3.064 -0.033 -0.087 £847 0.783 1.362 
HCFC-124 0.092 0.219 •0.267 -0.037 1.474 -0.086 -0.206 0.319 0.189 0.557 
FC-31-10 0.2*7 0.533 -0.037 0.583 2.663 0.357 0.219 1.102 0.708 0.858 
HFC-227 0.009 0.128 -O.056 0.141 1.973 0.069 0.007 0.297 0.321 0.676 
HFC-12S -0.011 0.199 0.031 0.136 0.89 0.151 0.029 0.673 0.262 0.333 
FC-116 0.006 0.24 0.026 0.147 1.509 0.21 0.139 0.403 0.335 0.491 

HFC-134* 0.013 0.131 -0.103 0.069 0.229 0.088 -0.014 0.262 0.084 0.122 
HFC-236 0.024 2.479 -0.063 0.078 0.866 0.107 0.007 0.343 0.48 0.861 
FC-C318 0.008 1.183 0.018 0.199 0.431 0.169 0.006 0.31 0.29 0.392 
FC-218 0.153 0.373 0.051 0.09 0.768 0.279 0.15 0.381 0.281 0.232 

HFC-32H2! 0.3 0.537 0.146 0.241 2.263 0.492 0.311 0.227 1.96 3.851 
NaHC03 0.396 1.033 0.079 0.262 2.182 0.8 0.259 0.89 0.738 0.677 

AKoy Avg. 0.118 0.631 -0.042 0.173 1.526 0.217 0.063 1.597 
Sid. Dev. 0.137 0.675 0.138 0.152 0.911 0.243 0.15 3.152 

Table 3 
Standard Deviation of mass change measurements 

for each alloy in each environment (mg). 
Environ- Nit Al In 304 CDA 13-8 AM Al SI Agent 

ment 40 6061 625 SS 172 Steel 355 4130 
HCFC-22 0.079 0.113 0.088 0.057 0.331 0.043 0.05 1.28 0.255 

HCFC-124 
FC-31-10 

0.045 0.O91 0.048 0.04 0.294 0.072 0.103 0.099 0.099 
0.04 0.079 0.028 0.035 0.107 0.07 0.046 0.173 0.072 

HFC-227 
HFC-125 
FC-116 

HFC-134a 
HFC-236 
FC-C318 
FC-218 

HFC-32/12! 

0.034 0.043 0.018 0.025 0.159 0.063 0.02 0.047 0.051 
0.121 0.117 0.044 0.013 0.018 0.014 0.007 0.091 0.053 
0.124 0.087 0.025 0.033 0.157 0.012 0.O63 0.013 0.064 
0.021 0.025 0.024 0.002 0.039 0.061 0.048 0.091 0.039 
0.024 1.895 0.03 0.03 0.028 0.015 0.09 0.043 0.269 
0.04 0.602 0.065 0.054 0.072 0.014 0.109 0.035 0.124 

0.083 0.048 0.011 0.05 0.032 0.021 0.044 0.08 0 046 
0.033 0.324 0.022 0.037 0.217 0.14 0.035 0.122 0.116 

_NaHC03 0.297 0.501 0.022 0.047 0.235 0.263 0.042 0.168 0.197 
Alloy Avq. 0.078 0.327 0.035 0.035 0.141 0.066 .0.055 0.187    j 
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Table 4a 
Mass Change Rate Values used in rating alloy/agent behavior 
and equivalent penetration rate based on alloy nominal density 

based on absolute value of mass change rate 
penetration valid only for mass loss 

Equivalent Penetration Rate lor Upper Boundary 
 tinVyear 

CDA 
172 

13-3 
Steel 

0.0066 
0.041 
0.2219 
1.109 
5.547 
26.63 
133.1 
665.7 
3328 

0.007 
0.0434 
0.2353 
1.177 
5.883 
28.24 
141.2 
706 
3530 

AM 
355 

0.0069 
0.0426 
0.2309 
1.154 
5.772 
27.7 
138.5 
692.6 
8463 

AISI 
4130 

0.0069 
0.0429 
0.232S 
1.163 
5.816 
27.92 
139.6 
697.9 
3490 

Table 4b 
Mass Loss Rate Evaluation of Agents and Alloys 

based on 25 day immersion at 150 C 

Score Freq 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

' 6 No evidence of attack (t<0.741, 50% Cl). 
14 Some inconclusive evidence of attack (0.741 (50% Cl) < t < 4.6 (99 /» Cl)). 
47 Conclusive evidence of attack (t>4.6, 99% Cl). 
22 Corrosion of little concern, (less than =1 unVyear, 3u.m for Al alloy). 

7 Corrosion may be a concern 
0 Corrosion rate should be considered in design 
0 Corrosion about 1 to 5 mils per year 
0 Rapid Corrosion 
0 V^ry rapid corrosion 
0 Extremely rapid corrosion 
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Fig. 2: 0.1 Ml s CV scan of ferrocene on a Pt electrode in CF3CHCIF with 5 x 
10-2 moles/ liter Bu4NpF6. 

Fig. 3: 1 mW s anodic polarization scan of Pt, 304 SS, and CuBe in 
CF3HCIF with 5x10-2 moles/ liter Bu4NPF6.  

supported by other experiments which demonstrated that the magnitude of 
the reduction wave scaled with the level of controlled H20 doping of the 
electrolyte. Nonetheless, another reduction process becomes apparent at 
~ -1.79 V (vs. PtQRE) and increases rapidly below ~ - 2.02 V (vs. PtQRE). 
This latter value is similar to that observed for reduction of Bu4N+ in CH3CN 
although reduction of the solvent may also occur in this potential regime (4). 
The position of the background reduction process remained unchanged 
throughout each series of tests, indicating there was no potential drift during 
the tests. Thus, the electrolyte exhibits at least a 2.16 V window where no 
reactions oxur on platinum. 

Penorming the same experiment with 5 x 10-4 moles/ liter ferrocene 
added to electrolyte reveals a well defined quasi-reversible redox wave due 
to ferrocene oxidation and ferrocenium reduction as shown in Fig. 2. For a 
sweep rate of 0.1 V/s the peak potential spitting is 0.18 V. A reversible 
process should exhibit a value of 0.06 V. This deviation from reversibility 
may be due to slow electron transfer kinetics, or alternatively, may be an 
artifact of uncompensated solution resistance. For example, at sweep rates 
above 2 V/s the shape of the voltammogram is severely distorted due to iR 
effects. Nonetheless the peak current at slower sweep rates may be used to 
estimate the diffusion coefficient of ferrocene (3, 5) by assuming that the 
wave is reversible. The Randles-Sevcik equation (3) yields a diffusion 
coefficient of 3.26 x 10-s cm2/s. The anodic and cathodic peaks of Cp2FeQ''+ 
are centered at 0.56 V (vs PtQRE). In another experiment, a doubling of the 
ferrocene concentration to 1 x 10-3 moles/ liter resulted in a doubling of the 
peak oxidation current. These experiments demonstrate the ability to 
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perform quantifiable electrochemical experiments in halon alternative 
solvents. 

Cp2Feo/+ Reference Electrode 
The well defined nature of the Cp2FeO/+ reaction may be used to 

firmly establish the potential scale. The platinum quasi reference scale while 
useful as a working reference, does not have a clear meaning in terms of a 
chemical potential. However, by noting the difference, -2.58 V between the 
onset of electrolyte reduction on a platinum working electrode at -2.02 V (vs 
PtQRE) and the half wave potential for Cp2FeO/+ 0.56 V (vs PtQRE) in the 
same solution, we can calibrate the potential scale of similar experiments 
performed m a ferrocene-free electrolyte by measHng the potential at which 
the onset of electrolyte breakdown occurs on platinum (vs a quasi refe. ance 
electrode) and set the numerical value to -2.58 V vs Cp2FeO/+. Thus, in the 
remaining portion of this manuscript the potential scale is referenced to 
Ei/2(Cp2FeO/+) = o.O V. 

Potentiodynamic curves for Cu- 1.9wt%Be and 304 SS 
The i-E characteristics of Pt, Cu-1.9wt%Be and 304 SS are shown in 

Figure 3. A small anodic background current was observed on Pt probably 
associated with the oxidation of impurities in the electrolyte. The 304 SS 
exhibits polarization characteristics of a spontaneously passive alloy with a 
near potential independent passive current in the range of 1-10 uA/cm2 In 
contrast Cu-1.9wt%Be exhibits a rapid increase in the dissolution rate at 0 4 
V. Analysis of the electrode after removal from the cell revealed substantial 
metal loss. It is important to recall that the long term high temperature mass 
change experiments revealed a measurable mass change from the Cu- 
1.9wt%Be alloy while negligible attack was found for 304 SS. The favorable 
qualitative agreement between the mass change and electrochemical 
measurements clearly indicates that we can differentiate the susceptibility of 
various alloys to corrosion in fire suppressant media via rapid electrochemical 
experimentation. Future work will attempt to determine the affect of 
temperature, pollutant gasses, and water contamination on the corrosivitv of 
metals in halon alternative media. 

Conclusions 
1 on,   A program is underway to find an alternative fire suppressant to halon 
1301. The selection of a replacement agent is, at least in part, dependant 
upon the corrosivity of the replacement agents towards storage container 
materials. Mass change data for flat smooth coupons of several such 
materials in replacement candidates has been presented. A ranking of the 
agents and container materials was evaluated based on this data  It was 
found that Nit 40, AM355, In 625, and 304 SS suffered the least amount 
corrosion damage. Agents that caused, on average, the least amount of 
corrosion damage were HFC-227, FC-C318, HFC-134a, HFC-125 FC- 
116, and HFC-236. It should be noticed, however, that a'complete 
evaluation of the corrosion performance of the agent / alloy system would 
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include tests for localized corrosion and environmentally induced fracture. 
An electrochemical test is being developed as a supplement or 

possible alternative to the mass change tests. It has been shown that 
electrochemical measurements can be made in low conductivity halon 
alternative environments and that it is possible to rank materials based on 
their corrosion current densities. 

'Commercial products and companies mentioned in this paper are not endorsed by 
NIST. 
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Army Research Office Programs In Beam Technology 
and Surface Engineering 

Robert R. Reeber 
Materials Engineer 

Army Research Office 
Research Triangle Park, NC 27709 

The objective here is to provide some idea of needs and 
opportunities for future research with potential for providing new 
capabilities for Army systems.  The technical objectives of the 
program are 1. to discover the atomic, molecular and macroscopic 
processes governing deterioration and adhesion of materials,   2. to 
provide improved materials stability and longer term performance 
capability for Army systems, and 3. to educate the next genera- 
tion of skilled scientists in areas of Army research opportunities 

and needs. 

Two principal thrust areas,(1) Beam Technology and Sur- 
face Modification and (2) Non-Destructive Characterization of 
Materials and Processes, are the templates for fulfilling the techni- 
cal objectives of the program. New directions in nondestructive 
characterization, adhesion, non-equilibrium processing of refrac- 
tory materials, ultrastrong laminates, green processing of corro- 
sion resistant coatings and superhard coatings will be reviewed. 

103 



B£*ü 

Research at tha University of~n^ii— ^Caro- 

lyn Aita); has provided a ^^2^^'°^ These 
phase maps)  for refrartory tnetri "^^™. pla

P
sma character- 

results have depended on ,a eful   P«™P  ^     with x.ray, 
nation and -etemu^n ri th. «V«««'"" V (BI|e|fc)| 
XPS and other methods T,e uven»£    ^.^ project 

Yalisove and Srolovitz)  retracto y diffractometry tech- 
synchrotron topography and do hie crys^^ ^ ^ ^.^ 

r"e:"opeÄ nanlminate materiais. 

A current program ^^*^jt 
urn energy ion b-ms is underw V^    —J* e„y usjng 

Weller). A new form of "ackscattenng   P deve|oped that is 
;S^^!ÄÄs=andXSwm 

S^ÄÄi National Laboratory. 

f   rhomiral/Biolon"-"1 nefense: 

„ „ ,h» University of Connecticut, Koberstein, Previous work at the University or , s ience 

in the mid to late 1980'. ^^"^J^rnent. of poly- 
Foundation and related to surfaceM»n»or^meas , 
mer blends. At the »met.™ «t Carne« K am eg      ^ 
work to measure true diffusion   oefl"='«n*s 0T    ^et       After this 

g,asses with f^^^^^P-^ron annihilation meth- 

and Jamieson). 

B. SurfaceJVlodjficmion^^ 

Although initia.lv;work^palmed «^^U 
properties of beam-treated mate™M9ra«« and the 

104 



second look at what alternates were available. Some directions 
were identified that potentially could reduce the costs of the new 
technology. Lawrence Berkeley Laboratory's Ian Brown, an innova- 
tor in high current sources for implantation, was cofunded with 
the Office of Naval Research to further develop his technology. 
University of Wisconsin-Madison (John Conrad), has been evaluat- 
ing the potential of Plasma Ion Implantation (PSII). The Madison 
group has had continuing transfers of technology to industry 
(Kearfoot-Singer) for space bearings, the auto industry and direct 
interactions with Army organizations ie. Corpus Christi Army 
Depot, Army Materials Technology Laboratory and Rock Island 
Arsenal. Their method permits non-line-of-sight implantation w:th 
relatively uniform doses. 

C. Adhesion and Adhesives: 

The previous sections as they relate to bonding and coating 
technology have already touched on some of the approaches to 
improved adhesion.  A new STM effort addressing ceramic-metal 
bond integrity is ongoing with Arizona State (Ig Tsong). At Cor- 
nell, Ed Kramer is applying fracture mechanics and neutron 
reflectivity measurements to understand polymer/glass inter- 
face/interphase chemistry and improve bonding strengths in 
composites and other systems. Problems relating to effects of 
adhesive tackifiers are being addressed at the University of Akron 
and imaging of adhesive bonds is being attempted with electron 
holographic techniques at Stevens Institute of Technology. 

D. Non-destructive Evaluation: 

The strong subfield emphasis on materials characterization 
as reviewed above (hydrogen analysis, STM, laser diagnostics 
etc.)is included in the non-destructive characterization area. An 
ongoing  program in the area is being carried out at the University 
of Houston (Salama) with the cooperation of the German 
Frauenhofer Institute for Non-Destructive Analysis in Saarbrücken. 
Here metal matrix composite third order elastic constants are 
being measured as a function of temperature. The results are 
useful in formulating mechanical equations of state for these 
materials. Additionally,  several new small business programs have 

1 
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been initiated addressing NDE needs in chemical biological materi- 
als. 

I. New Needs and Directions: 

The Army of the next century will require greater mobility, 
less reliance on logistics, and the ability to project a strong force 
quickly into a potential troublespot. Such requirements can be 
translated into lighter weight systems and increased reliability. 
Higher temperature/pressure operations lead to increased efficien- 
cy but also increased stresses on equipment and munitions. New 
materials including lighter weight ceramic engines, a range of 
composite materials, graded coatings, and new polymers/elas- 
tomers will be required. Novel hard materials such as CVD dia- 
mond and cubic boron nitride are already being considered for 
unusual thermal and wear resistant applications.  Smart coatings 
that provide stealth effects (neural control of color and emissivity), 
decontamination capabilities, self repair etc. are within the realm 
of possibility.   New non-destructive techniques are required both 
to assess remaining system life and to provide in-situ monitoring 
of quality manufacturing.  Additional research will be required to 
improve tribological properties of ceramics.  Coatings and camou- 
flage for polymers and polymer composites will have increasing 
importance. All new materials and systems processing will have to 
respond to increasing requirements for environmentally benign 
processing and recyclability.  Since systems performance can 
often be significantly accelerated by technical breakthroughs, it is 
difficult to say what else to expect. Our ability to construct and 
characterize materials at the nanolevel will certainly reap future 
basic research dividends, many of which are now unforseen. 
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Chemistry, Structure and Morphology of Native and Passive 
Oxide Films on Aluminum Rich Amorphous Al-Fe-Ce Alloys 
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Silver Spring, MD 20903-5000 

Dr. C. A. Melendres 
Argonne National Laboratory 

Materials Science and Chemical Technology Divisions 
Argonne, IL 60439-8111 

Abstract 

Aluminum based metallic glasses are of technological importance due to 
their high strength, low density, and anticipated high resistance to 
corrosion. We report on the corrosion characteristics such as corrosion 
potentials, corrosion currents, and pitting potentials of melt-spun ribbons 
of AI90Fe10 xCex (x = 3,5,7). In addition, we have examined the chemistry, 
structure, and morphology of the native and passive oxide films using X- 
ray Absorption Fine Structure Spectroscopy, X-ray Pho.jelectron 
Spectroscopy, and Scanning Electron Microscopy. Passive ox.de films 
were induced by anodizing below the pitting potential in an aqueous 
solution of 0.9 wt% NaCI for 30 and 60 minutes using potentiodynamic 

polarization techniques. 

Introduction 

Aluminum based metallic glasses with remarkably high Al content 
are relatively new materials that were discovered independently by He 
et al.1 and Tsai et al.2 Typical composition is AI-TM-RE where TM is a 
late transition element such as iron, cobalt, or nickel and RE is a rare 
earth element such as yttrium, gadolinium or cerium. These amorphous 
alloys can be prepared with high aluminum content by rapid solidification 
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from the liquid phase using the melt-spinning method1,2 or by vapor 
quenching using the dc magnetron sputtering method.3 The amorphous 
phase is formed with an Al content as high as 90 atomic percent and are 
truly non-crystalline alloys which combine the properties of a metal with 
the short range order of a glass. They are very homogenous and lack 
the defects such as grain boundaries and dislocations typical of a 
crystalline material. The homogeneity and the lack of grain boundaries 
have led to a number of remarkable mechanical4,5 and magnetic6 

properties. Amorphous ribbons of melt spun materials have high 
strength, ductility, and low density. It is also expected that, due to lack 
of grain boundaries, this material will have high resistance to corrosion. 
Consequently, these materials are potentially important metallic materials 
for many critical engineering applications. 

In this paper, we report on the corrosion characteristics as well as 
the chemistry, structure and morphology of the native and passive oxide 
films of melt-spun AI90Fe10.xCex (x = 3, 5 and 7) using Scanning Electron 
Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), and X-ray 
Absorption Fine Structure Spectroscopy (XAFS). 

Experimental 

Sample Preparation: 

Amorphous samples in the form of 25 micron thick ribbons with 
nominal composition, AI90FexCe10.x (x = 3, 5 and 7), were prepared by 
rapid solidification from the liquid phase using the melt-spinning method. 
For comparison purposes, crystalline AI90Fe3Ce7 was prepared from 
amorphous AI90Fe3Ce7 by heating in an inert atmosphere. 

Corrosion Measurements: 

Corrosion characteristics such as corrosion potentials, corrosion 
currents and pitting potentials of these alloys were determined by means 
of potentiodynamic polarization measurements made on samples 
immersed in an aqueous solution of 0.9 wt% NaCI (0.15M). The 
mecsurements on the alloys were compared with those of pure aluminum 
and iron. Passive films were formed in the 0.9 wt% NaCI solution by 
anodizing below the pitting potential for 30 and 60 minutes. Passivation 
of AI90Fe7Ce3 was also induced in 3.5 Wt% (0.6 M) NaCI by anodizing 
below the pitting potential for 30 minutes. The passivated samples were 
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then pulled from the solution and dried in a stream of nitrogen gas. The 
effect of sample rinsing with copious amounts of deionized H20 on the 
chemistry and structure of passive films was also investigated. 

SEM Measurements: 

An Amray 1000A scanning electron microscope (SEM) was used 
to investigate the morphology of control (no passivation) and passivated 
alloys. An electron beam at a voltage of 20 KeV, current of 0.01 na, 
and a diameter of the order of 100 Ä was employed. Compositional 
analyses were made by means of Energy Dispersive Analysis of X-Rays 
(EDAX). At the conditions of our experiment, the EDAX determined 
composition represents that of the bulk (roughly 2/ym deep). 
Experiments were performed at a system pressure less than 10'6 Torr. 

XPS Measurements: 

XPS spectra were collected using a Perkin-EImer/Physical 
Electronics Division photoelectron spectrometer (model 5400) under 
computer control. All spectra were obtained with monochromatized Al 
x-rays {hv= 1486.6 eV). The anode operated at 15 KV drawing a 
current of 40 mA. The composition and chemistry of the native oxide 
films were investigated using angle resolved XPS. During the XPS 
measurements, the analysis chamber pressure was kept in the range of 
(1-3)x108 Torr. The XPS data were collected from an analysis area of 
1mm x 1mm. All binding energies were referenced to the C 1s 
photoelectron line for adventitious hydrocarbon set at 285.0 eV. 

XAFS Measurements: 

The X-ray absorption experiments were performed on beamline X- 
11A of the National Synchrotron Light Source (NSLS) at Brookhaven 
National Laboratory (BNL) with the electron storage ring operating at an 
electron energy of 2.5 GeV and a stored current in the range of 110 to 
220 mA.7 Data were collected with a variable exit double-crystal 
monochromator using two flat Si(111) crystals. Spectra of the Ce La- 
edge and Fe K-edge data for the alloys were obtained using transmission, 
vluorescence8 and total electron yield9 detection modes. The 
fluorescence and total electron yield data were obtained using a 
specialized fluorescence ion chamber detector10 and total electron yield 
detector,11 respectively.   The X-ray intensities were monitored using 
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ionization chambers filled with nitrogen gas for the incident beam, an 
appropriate mixture of nitrogen and argon gases for the transmitted 
beam and krypton gas for fluorescence signal. The electron yield 
detector had helium gas. The background component due to elastic and 
Compton scattering of the incident X-rays was minimized by using an 
aluminum Soller slit assembly and V and Mn filters, each with an 
effective thickness of three absorption lengths, for the Ce L3-edge and 
Fe K-edge, respectively. Due to surface sensitivity of the electron yield 
data and, hence, enhanced sensitivity to the passive film structure, only 
the electron yield spectra for the passivated alloys will be discussed in 
this paper. The energy calibration for Fe, and Ce was monitored using 
a Fe foil and a Ce02 reference and employing a third ion chamber filled 
with the same gas as that of the transmitted beam ion chamber. 

Reference samples of bulk Fe (5 //m thick foil), Fe203, Ce(N03)3, 
and Ce02 were also investigated to serve as standards for comparison 
and subsequent data analysis. The XAFS measurements for the Fe foil, 
Fe203, Ce(N03)3/ and Ce02 were made in the transmission mode. 
Research grade Fe203; Ce(N03)3, and Ce02 were prepared for the x-ray 
absorption measurements by grinding into a fine powder and selecting 
particles less than 20/vm by sieving through a 20 //m size nylon screen. 
The fine powder was then deposited on Kapton tape and several layers 
were then stacked to give a relatively uniform thickness appropriate for 
XAFS measurements. Two and four layers were used in separate runs 
for Fe203 giving a A//x of 0.53 and 1.00, respectively. Six layers were 
used for Ce(N03)3 giving a A//x of 0.64. Six layers were used for Ce02 

giving a A//x cf O.H. AH spectra were measured at room te, nperature 
(300 K). 

Results 

Potentiodynamic Polarization Studies: 

Figure 1 shows typical anodic dissolution/passivation curves for 
amorphous and recrystallized AI90Fe3Ce7. A summary of corrosion 
potentials, corrosion currents and pitting potentials for the alloys as a 
function of composition and for pure crystalline aluminum and iron foils 
is presented in TaDle I. The corrosion potentials are nearly the same for 
the alloys and pure aluminum while the corrosion currents (hence, 
corrosion rates) for the amorphous alloys are larger than that for pure 
aluminum.The corrosion current for amorphous AI90Fe3Ce7 is significantly 
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Figure 1. Typical anodic dissolution/passivation curves for amorphous 
and recrystallized AI90Fe3Ce7. 

Table I. Corrosion potentials, corrosion currents and pitting potentials for 
liquid-quenched alloys immersed in an aqueous solution of 0.9 wt% 
NaCI. 

Composition Structure '-corrosion   I'l'V 

vs. SCE*) 
corrosion 

(//V/cm2) 
Epining (mV 
vs. SCE") 

AlgoF67Ce3 Amorphous -1075 325 -150 

Ai9ore5Le5 Amorphous -1028 65 -100 

Aigo« e3Le7 Amorphous -1079 20 -90 

Crystallized -1167 851 -675 

Al metal Crystalline -1046 0.15 -700 

Fe metal Crystalline -500 42 -225 

SCE = Saturated Calomel Electrode. 
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smaller than that of crystalline AI90Fe3Ce7 which is probably due to lack 
of grain boundaries in the amorphous state as will be shown later from 
SEM micrographs. The corrosion currents for the amorphous alloys also 
decrease with increase in cerium content. Pitting potentials for the 
amorphous alloys are more positive than that for pure aluminum or 
crystalline AI90Fe3Ce7 alloy indicating that the physical and chemical 
nature of passive films for the amorphous alloys are more resistant to 
pitting than for pure aluminum and crystallized alloys. 

SEM Studies: 

Figure 2 shows a comparison of SEM micrographs for amorphous 
and recrystallized AI90Fe3Ce7 indicating the lack of grain boundaries in the 
amorphous state in contrast to the crystalline state. Figure 3 shows 
SEM micrographs for the control (no passivation) and passivated 
amorphous AI90Fe7Ce3. Again, these micrographs display no grain 
boundaries revealing the amorphous nature of the alloys. EDAX 
elemental analysis confirms that the few crystallites displayed by the 
SEM micrograph on the surface of passivated AI90Fe7Ce3 (Figure 3) 
represent contamination by NaCI crystallites from the solution. 

AI^F^Ce,. (AMORPHOUS) 

AI^F^Ce? (CRYSTALLINE) 

Figure 2 SEM micrographs for 
amorphous and recrystallized 
AI90Fe3Ce7. 

AlgoF&rCea (CONTROL) 

AI^Fe^ (0.9WT% NaCI, 30 MIN PASSIVATION) 

Figure 3 SEM micrographs for 
the control and passivated 
amorphous AI90Fe7Ce3. 
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A summary of elemental concentrations, in atomic percent, as 
determined by EDAX is listed in Table II. 

Table II. Elemental concentrations for amorphous (A) and recrystallized 
(C) alloys in the as received conditions (control) and after passivation by 
anodizing below the pitting potential: a) in 0.9 wt% NaCI for 30 minutes 
(PS #1) and 60 minutes (PS #2) and b) in 3.5 wt% NaCI for 30 minutes 
(PS #3). Concentrations in parentheses correspond to Al, Fe and Ce 
normalized to 100% to allow for comparison with those for the control 
samples. 

Sample Treat. Concentration (atomic Dercent) 

Al Fe Ce Cu \la Cl 

AI90Fe7Ce3 (A) Control 88.5 7.4 3.7 0.4 

PS #1 80.8 
(86.4) 

8.2 
(8.8) 

4.5 
(4.8) 

0.6 3.7 2.3 

PS #2 74.7 
(84.0) 

9.1 
(10.2) 

5.1 
(5.7) 

0.5 9.6 1.0 

PS #3 77.2 
(86.8) 

7.6 
(8.5) 

4.1 
(4.6) 

0.4 8.4 2.3 

AI90Fe5Ce5 (A) Control 88.3 5.1 6.1 0.5 

PS #1 80.7 
(84.9) 

6.6 
(6.9) 

7.7 
(8.1) 

0.5 4.1 0.4 

PS #2 79.7 
(86.6) 

6.0 
(6.5) 

6.3 
(6.8) 

0.6 6.5 0.9 

AI90Fe3Ce7 (A) Control 88.8 3.2 7.9 0.1 

PS #1 82.3 
(85.8) 

3.9 
(4.1) 

9.7 
(10.1) 

0.0 3.3 0.8 

PS #2 76.7 
(85.9) 

3.6 
(4.0) 

9.0 
(10.1) 

0.2 6.8 3.7 

I AI90Fe3Ce7 (C) Control 88.9 3.0 7.9 0.1 
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Sh  control alloys are observed suggesting segrega ion of both 
Fe and Ce from the bulk into the near surface region as a result of 

passivation procedure. 

XPS Studies: 

Survev soectrum, high resolution multiplexes of the C 1s, 0 1s, 
Ai 9n Al 2s Fe 2D and Ce 3d photoelectron lines and the valence band Al 2p, Al 2s, Fe 2p, ana ue      P ve(j xps spectra fQf the 

SV* and 0 1-^^^*.^^^^ 

&ÄnÄW* Ä^' on electron 

'energy component whose intensity decreases with ^«* 

SATS! SUnr The ow bd^g energy exponent 

ine corals« Jan asymmetric peak due to the presence of two sub- 
r,k, which a e not quite resolved from each other but were resolved 
C«Ä™ m analysis procedures. Basecioni cu rvei fit.ma,Y£ 
two components with binding energies of - 531.2 and bJZ.<uev^ 
Solved corresponding to hydroxyl groups and lomc oxygerund£« ng 
that the comoosition and chemistry of the native oxide can be depicted 
as AlO (OH7 Tne 0 ,, spectra show that the intensity ratio of the pe k 
cor^ spending to hydroxy. groups to that of ionic,oxyoen,decreases with 
increase in 6 The observed angle dependencies for both the Al and 01s 
l"nes are consistent with a layered structure in which the AI90Fe7Ce3 alloy 
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Figure 4. Angle resolved XPS spectra of Al 2p for control AI90Fe7Ce; 
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BINDING ENERGY (eV) 

526 

Figure 5. Angle resolved XPS spectra of 0 1s for control AI90Fe7Ce3. 
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,. covered with native oxide of ™.™&J^^^T 
can also be used to determine the film thickness or tne 

XPS spectra of passivated alloys in 0.9 wt% NaClI solution for 60 

minutes andren dried in a stream of ^^^^^3^« 
and Ce concentrations in the near sur™ce reg'°n  . "» R    res 
increased relative to their concentrations in the control atoys^    g 
6 7 and 8 show comparisons spectra of Al 2p, Fe zp ana <-« 
spectra, respectively, taken at f «ron ernission angl , 9 -4^ for 

^Ä^  -SÄ^ Al VedC,AI 
ÄÄys display a ^^^"d'^rtrcrmpone^ 
in contrast to the control spectrum which display tw ^ 
corresponding to oxidized and retail.« Al.    T^eFe 2p spectrum 
contro. AI90Fe7Ce3 displays the sp.ric       doub leU2p^md 2p«,    ^ 
binding energies characteristic of metal he Fe.   The ,e    p   p ^ 
passivated AI90Fe7Ce3 and AI90Fe3Ce7^ show broad Pea 

shifted to higher binding energies rela t.ve to_ ho ****l™san*   their 
Based   on   comparison   of  the   Fe   2p   binding   energies   d 
rharacteristic   shake-up   with   reference   spectra   for   Fe   in   various 
phases,-'15^ include that the Fe chemistry in the passrve f.Im 

BINDING ENERGY (eV) 

Figure 6. XPS spectra of Al 2p for control and passivated alloys. 
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Figure 7. XPS spectra of Fe 2p for control and passivated alloys. 
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Figure 8. XPS spectra of Ce 3d for control and passivated alloys. 
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is similar to that of Fe in Fe304 for AI90Fe7Ce3 and Fe in a-Fe203 or 

FeOOH for AI90Fe3Ce7. 

The Ce 3d spectra of Figure 8 display broad lines for each of the 
3d,,, (high binding energy component) and 3d5/2 (low binding energy 
component) spin orbit doublet. The shoulders on the low binding energy 
side for each component corresponds to the well known shake-down 
structure.19'20'21'22,23 Based on the binding energy of the principal lines, 
the nature of the shake down structure, and the magnitude of the spin 
orbit splitting we conclude that the oxidation state of Ce in the passive 
film for AI90Fe7Ce3 and AI90Fe3Ce7 is mainly + 3, i.e., similar to that of Ce 
in Ce203 or Ce(OH)3. A peak at roughly 916 eV in the Ce 3d spectrum 
for AI90Fe3Ce7 is characteristic of Ce in the +4 oxidation state such as 
that of Ce in Ce02. Hence the chemistry of a fraction of Ce in the 
passive film of AI90Fe3Ce7 is simi,ar to that of Ce in Ce02. 

XAFS Studies: 

Figures 9 and 10 show the Fe K-edge and Ce L3-edge XANES 
spectra, respectively, for control alloys and alloys passivated in 0.9 wt% 
NaCI for 60 minutes and then dried in a stream of dry nitrogen gas. The 
Fe K-edge spectra were compared with the reference spectrum of 
structurally well  defined  a-Fe203.    The  Fe  K-edge spectra for the 
passivated alloys are clearly distinct from those of control alloys but 
resemble more closely the spectrum of a-Fe203.  Note that the XANES 
spectra of Fe304, a-Fe203, K-Fe203, and K-FeOOH are very similar and can 
not be dibiinguished from 2uch other.   In all of these compounds the 
oxidation staic of Fe  +3 except for Fe304 where one-third of Fe is 
present in the +2 and two-thirds of Fe is present in the +3 oxidation 
states.   Hence, the oxidation state of the majority of Fe in the passive 
film is +3.   The Ce L3-edge spectra of Figure 10 were compared with 
reference spectra of structurally well defined Ce(N03)3 and Ce02.   It is 
shown that the spectra of passivated alloys are clearly distinct from 
those of the control alloys.   The Ce L3-edge spectrum for passivated 
AI90Fe7Ce3  resemble  more  closely  that  of  Ce(N03)3  while  that  of 
passivated AI90Fe3Ce7 is identical to that of Ce02.   The spectrum for 
passivated AI90Fe5Ce5 is intermediate between those of Ce(N03)3 and 
Ce02. Based on these results we conclude that :he oxidation state of Ce 
in the passive film of AI90Fe7Ce3 is mainly +3 with only a small amount 
of Ce in +4 state.    The majority of Ce is present in the +3 oxidation 
state with the remainder being present in the +4 oxidation state in the 
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Figure 9. XANES spectra of Fe K-edge for control (C) and passivated 
alloys and a-Fe203 
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Figure 10. XANES spectra of Ce L3-edge for control (C) and 
passivated alloys, Ce(N03)3 and Ce02. 
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passive film for AI90Fe5Ce5. For AI90Fe3Ce7, Ce in the passive film is 
present only in the +4 oxidation state. This indicates that the fraction 
of Ce in the +4 oxidation state increases with increase in the Ce content 
of the alloy. XANES spectra of passivated alloys rinsed with copious 
amounts of deionized H20 (not shown here) show that the fraction of Ce 
in the +3 oxidation state decreased relative to those for samples dried 
in a stream of nitrogen gas. Thus, the effect of H20 rinsing on the 
chemistry of Ce in the passive film region is to oxidize a fraction of Ce 
present in the +3 state to Ce in the +4 state. No change in the 
chemistry of Fe is observed in samples rinsed with copious amounts of 
deionized H20 vis. samples dried in a stream of dry nitrogen gas. 

Acknowledgement 

This work was supported by the Independent Research Program of 
NSWCDD (ANM), and the U. S. Department of Energy, Materials Science 
Division (CAM). We acknowledge the support of the U.S. Department 
of Energy, Division of Materials Sciences, under Contract Number DE- 
AS05-80-ER-10742 for its role in the development and operation of 
beam line X-11A at the National Synchrotron Light Source (NSLS). The 
NSLS is supported by the Department of Energy, Division of Materials 
Sciences and Division of Chemical Sciences, under Contract Number DE- 
AC02-76CH00016. We are also greatful to Professor S. J. Poon, Dr. Y. 
He and Professor G. J. Shiflet of the University of Virginia, 
Charlottesville, VA 22903-2458 for providing the samples used in this 
investigatior The work at UV was supported by the U. S. Army 
Research Office under contract no. DAAH-94-G-0076. In addition, we 
are thankful to Dr. R. A. Brizzolara of NSWC for assistance during the 
XAFS data acquisition at BNL and to Dr. M. K. Norr also of NSWC for 
taking the SEM micrographs and EDAX analysis. 

References 

1. Y. He, S. J. Poon, and G. J. Shiflet, Science 241, 1640 (1988). 

2. A.-P. Tsai, A. Inoue, and T. Masumoto, Metallurgical Transactions 

A 19A, 1369 (1988). 

3. L. T. Kabacoff, C.-P. Wong, N. L. Guthrie, and S. Dallek, Mat. Sc. 
Eng. A134, 1288 (1991). 

142 



4. G. J. Shiflet, Y. He., and S. J. Poon, J. Appl. Phys. 64(12), 6863 

(1988). 

5. A. Inoue, K. Ohtera, and A.-P. Tsai, Jap. J. Appl. Phys. 27(4), 
938, L479 (1988). 

6. J. L. Wagner, K. M. Wong, F. S. Pierce, and S. J. Poon, Phys. 
Rev. B 39(8), 5500 (1989). 

7. D.E. Sayers, S.M. Heald, M.A. Pick, J.I. Budnick, E.A. Stern, and 
J. Wong, Nucl. Instr. and Meth., 208, 631 (1983). 

8. J. Jaklevic, J.A. Kirby, M.P. Klein, A.S. Robertson, G.S. Brown, 
*nd P. Eisenberger, Solid State Communications, 23, 679 (1977). 

9. M. E. Kordesh and R. W. Hoffman, Phys. Rev. B31, 1-9.1 (1984). 

10. F.W. Lytle, R.B. Greegor, D.R. Sandstrom, E.C. Marques, J. 
Wong, C.L. Spiro, G.P. Huffman, and F.E. Huggins, Nucl. Instr. 
and Meth., 226, 542 (1984). 

11. F. W. Lytle, R. B. Greegor, G. H. Via, J. M. Brown, and G. 
Meitzner, J. De Physique, Colloque C8, 47, C8-149 (1986). 

12. A. N. Mansour, S. J. Poon, and Y. He, and G. J. Shiflet, Surface 
Science Spectra 2, 31 (1993). 

13. A. N. Mansour, C. A. Melendres, M. Pankuch, S. J. Poon, Y. He, 
and G. J. Shiflet, Surface Science Spectra, 2, in press, (1994). 

14. H. Konno and M. Nagayama, Passivity of Metals: Proceedings of 
the 4th International Symposium on Passivity, (Princeton, NJ: 
Electrochemical Society, 1978), editors: R. B. Frankental and J. 
Kruger, p. 585. 

15. V. Stambouli, C. Palacio, H. J. Mathieu, and D. Landolt, Appl. 
Surf. See. 70/71, 240 (1993). 

16. K. Assami and K. Hashimoto, Corrosion Science 17, 559 (1077). 

17. G. C. Allen, M. T. Curtis, A. J. Hooper, and P. M. Tücher, J. C. 
S. Dalton, 1525 (1974). 

143 



^^Pir^spppiippppw 

IBM 

18.     T. L. Barr, J. Phys. Chem. 82, 1801 (1978). 

19      P  Burroughs, A. Hamnett, A. F. Orchard,, and G. Thornton,   J. 
Chem. Soc. Dalton 17, 1686 (1976). 

20. T. L. Barr and C. G. Fries, J. Chem. Soc. Dalton Trans., 1825 

(1983). 

21. L. Schlapbach and J. Osterwalder, Solid State Communications 

42, 271 (1982). 

22. D. L. Perry and L. Tsao, J. Mat Sei Lett. 3, 1017 (1984). 

23      D. D. Sarma and C. N. Rao, J. Electron Spectrosc. and Related 
Phenomena 20, 25 (1980). 

144 



Surface Analysis of Anodized Aluminum Panels that have 
been Painted,. Bead Blasted, Cleaned, and Treated 

with a Chemical Conversion Coating. 

Mr. John J. Jusko 
Science and Engineering Laboratory 
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Abstract 

Aluminum panels were prepared to simulate the process an 
aircraft undergoes for repainting. This process consisted of stripping the 
original paint down to the anodized aluminum by bead blasting with 
polymethyl methacrylate (PMMA), cleaning the surface, corrosion 
removal, followed by a chemical conversion coating. The chemical 
conversion coating was applied on panels from 0 to 15 minutes. The 
surface analysis was performed using a Surface Science Instrument 
Model 501 ESCA. The surface analysis has shown several interesting 
phenomena that occurred on the panels. Tl e phenomena includes non 
uniformity of the surfaces, changes in the atomic concentrations, and 
changes in the organic layers. Changes in the chemical states of the 
elements vs the chemical conversion coating times were also detected. 
The non uniformities were present in both the elemental surveys and the 
high resolution scans. The elemental surveys showed that the atomic 
percent of the elements (especially Cr) changed with the chemical 
conversion coating time. The high resolution scan of carbon showed that 
a layer of PMMA was left on the surface after bead blasting. After 
cleaning and applying the chemical conversion coating compound, the 
organic layer consisted of mainly hydrocarbons and alcohols/ethers, 
however, areas with slight amounts of PMMA were also detected. The 
high resolution scans of the aluminum peaks showed that the chemical 
states of aluminum changed with the chemical conversion coating time. 
That is, the surface aluminum changed from an unoxidized aluminum to 
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a mixture of an oxide and a possible complex oxyfluoride surface at 
longer coating times. 

Introduction 

The surface preparations for repainting an aircraft have relied 
heavily on the use of volatile organic compounds such as Methyl Ethyl 
Ketone (MEK). The safety and environmental concerns of these 
compounds are rapidly limiting their use. The elimination of these 
compounds from the repainting process will effect the properties of the 
surface to be painted. These effects will be most notable in the removal 
of the organic contaminates, the quality of the chemical conversion 
coatings, and the adhesion of the environmentally compliant (low VOC) 
primers and topcoat paints. This surface study was undertaken to 
determine some of the possible changes that will occur. 

Experimental   Procedure 

One square foot panels of 2024 T6 chromic acid anodized 
aluminum were used as the base alloy. The panels were primed and 
painted with a FMS 1058 and TTP-2760 primers and a MIL-C-85285 
paint. The primers and paint were allowed to cure. The painting of the 
panels was preformed to simulate the aircraft skin prior to arrival at 00- 
ALC. 

The painted test panels were subjected to the process that an 
aircraft currently undergoes for repainting at OO-ALC. The first step in 
the repainting process is to remove the old paint. This was accomplished 
by a plastL medium blast (PMB) in accordance with the T.O. 1-1-8. The 
plastic blast medium used was qualified to MIL-P-85891 type V. For the 
type V medium, MIL-P-85891 calls for a MEK or similar solvent wipe. The 
solvent used for the wipe was qualified to FMS-2004A. After the solvent 
wipe, the panels were scrubbed with a alkaline cleaner. A corrosion 
removal compound qualified to MIL-C-38334 was then applied to the 
surface in accordance to the T.O. The final step prior to repainting was 
the application of a chemical conversion coating qualified to MIL-C- 
81706. In this study the chemical conversion coating compound was 
applied to the panels from 0 to 15 minutes. A four inch square was cut 
from the center of the test panels for the surface analysis. There were 
three locations analyzed per sample. 

The surface analysis technique used to analyze the panels was 
Electron Spectroscopy for Chemical Analysis (ESCA).   The ESCA used 
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was a model 501 Surface Science Instrument. ESCA is also known as X- 
Ray Photoelectron Spectroscopy (XPS).   The ESCA uses an Al Ka    X- 
ray source to knock out the photoelectrons.    Each element has 
characteristic photoelectron energies which allows the elemental surface" 
composition to be determined.    The chemical state of the surface 
elements are determined by comparing subtle shifts in the photoelectron 
energies. These shifts are caused by the oxidation state of the element, 
and are evident in high resolution scans. The analyses were preformed 
with the fol'owing parameters:   The pressure in the analytical chamber 
was 1 X 10-9 Torr. The pass energy was set at 100 eV for the elemental 
surveys, and 50 eV for the high resolution scar,3.   The 1000u. spot was 
used for e~^h analysis.  The flood gun was turned on with an energy of 5 
eV. The flood gun was required to reduce the ejects of surface charging. 

Chemical fingerprints of the anodized aluminum, PMB, cleaners, 
corrosion removal compound, and the chemical conversion coating 
compound were acquired. The ESCA fingerprints included elemental 
surveys and high resolution scans of key elements. The atomic percent 
of the elements were calculated from the elemental surveys using the 
instruments internal software program. The high resolution scans were 
performed on aluminum (Al 2p peak), chromium (Cr 2p! and Cr 2p3 

peaks), carbon (C 1s peak), and oxygen (O 1s peak). A curve fitting 
routine was used to determine the energy values of peaks in the high 
resolution scans. The hydrocarbon peak in the C 1s scan was adjusted to 
the reference value of 284.6 eV. The fingerprints were obtained for 
comparison to elemental surveys and high resolution scans that were 
taken during various steps in the repainting process. 

Results and Discussion 

The elemental and chemical fingerprints of the compounds used in 
the repainting process were obtained. These fingerprints provided 
information on the origin of the residues left on the panels' surface. The 
plastic blast medium was determined to be polymethyl methacrylate 
(PMMA). The blast medium was characterized with nuclear magnetic 
residence (NMR), infrared spectroscopy (!R), and ESCA. The alkaline 
cleaner was found to leave a carbon film consisting of hydrocarbons and 
an alcohol/ether. The corrosion removal compound was found to contain 
an ether using Fourier Transform Infrared Spectroscopy (FTIR). The 
corrosion removal compound left a carbon surface residue that 
corresponds to an ether. The C 1s peak for the cleaning compounds, the 
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corrosion removal compound, and the PMMA contain a peak that 
co responds"« alcohols/ethers. This interference between these 
compounds did not allow for the exact determination of the ong.n of the 
a3ote/ethe s en the final panels. However, the PMMA had a peak in 
the carbon high resolution scan that is not common «nth the other 
compounds.  From this peak it was determined that there was PMMA on 

,he *9ÄÄS Ä'conversion coated panels detected 
the presence of the following elements: carbon, oxygen, nitrogen, silicon, 
sulfu phosphorus, iron, calcium, fluorine, chromium, and aluminum., 
"he eiemenTa. fingerprint for the solvent, alkaline dean* and corrosion 
removal compound account for P, and S. elements. Jhe Cr, F Fe^nd N 
are from the chemical conversion coating compound. The Fe was only 
seen on the panels that had the chemical conversion coating compound 
appHed for 10 and 15 minutes. The Al is from the base alloy. To 
determine he origin of the carbon on the surface the ox,dat,on state had 
tcTbeTtermined   This was done in the high resolut.on scans of the C1s 

Peak* The high resolution fingerprint for the C1s peak, of the bead blast 
medium is shown in Figure #1.   The peak locations [ i I frt those °f the 
TncZal groups in PMMA.  The peak ratios of 3:1:1 also match that erf 
PMMA.   The high resolution scans for the 01s peak also matched the 
oxygen ratio for PMMA. To determine if bead blasting leaves a res due a 
panel w?s analyzed after bead blasting, but prior to the solvent wipe 
The C1s peak on the bead blasted surface showed an increase m the fuU 
with half maximum of the peaks, a surface charging phenomenaj, and an 
Crease i.. the percentage r< the hydrocarbon on the surface.  The peak 
broadening may be due to a combination of the surface rough-ssan 
the surface charge.   Using the peak that <*™*??£ £ £***9^ 
PMMA  the surface of the carbon film was calculated to contain 49 /o 
PMMA    The remainder of the carbon was a hydrocarbon.   After the 
solveni wiping, alkaline scrub, and the application of the corrosion 
removal compound the percent of PMMA in the carbon peak was 
reduced.   However, the cleaning process added a carbon film insisting 
of an alcohol/ether on the surface.  Additional studies on the PMMA and 
the cleaning ability of solvents will be presented in future work^      The 
chemical conversion coating compound was applied to the cleaned 
panels for 5, 10, and 15 minutes.  After the application of the conversion 
coating compound, PMMA and alcohols/ethers were detected     The 
chemical conversion coated panels had three distinct characteristics: (1) 
there was a non uniformity of the coating, (2) the atomic percent of the 
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Figure *1 CIS high resolution scan of 
the bead blast medium. 
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„lompnts chanaed with the coating time, and (3) the oxidation state of 
flfnum changed tth the application time of the chemical converse 

coating compound ^ ^ ^ conversion 

These eiemeniswe re aranhic representation of the average 
SStheTm e^Aapplkkion time. The error bars 
represent the standard deviation. Iron was detected only on the panels 
with application times of 10 and 15 minutes. rhanaed 

The chemical state of the aluminum on the test panels changed 
with thraopSon time of the chemical conversion coating compound. 
To de ermine the chemical  state of the AI2p peaks their energy value 
were compared to literature P. 7. B. 9, values.  The chemical stale oH e 
aluminum on the surface of the 5 minute panel consisted of mostly A* 
f™?J,    Sunderland [to] found the surface aluminum in this s ate for 
TsimTar system   The 10 minute panel contained AI+o and Al203 (Figure 
3b    TheTumlm oxidation state for the 10 minute samplediffers; rom 
the 5 minute sample oy an increase in the percent of A. 03.  The 15 
minute panel containedV A,203. and a third peak at a Wer energy 
Hure 3d   This third peak was located between the Al203 peak location 
a d , at 0 AIF     No literature data was found that could give a chemical 
c mpc" «1.0 this peak energy. However, this peak could correspond .0 
an oxvfluoride that had been mentioned in other publications^. ». 121. 
3      y    the reaction chemistry for »he chemical conversion coating 
presented in other publications!*. 13] one of the reactants is AIF3. A panel 
that had not been painted and prepared for repainting was used for a 
comparton to me test panels. This panel had »he chemical conversion 
coating compound applied for 5 minutes.   The high resolu on scan , 
the AI2D oeak (Figure *3d) detected only Al203 and AIF3.  In the panels 
prepaid for repainting, a peak located at »he A,F3 energy was no. 
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Figure #2 The surface atomic percent for chrome, fluorine, iron, and 
nitrogen vs the application time of the conversion coating compound. 
The error bars represent the standard deviation. 
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detected.   This demonstrated that the preparation for repainting does 
have an effect on the chemical conversion coating. 

Conclusions 

This surface study of the repainting process has demonstrated four 
distinct results. First, the bead blast medium was not totally removed by 
the cleaning process. Second, the atomic percentage of chemical 
conversion coating elements on the surface was dependent on the 
application time. Third, the high resolution scans showed that the 
chrome was in the trivalent and hexavalent states. Fourth, the chemical 
state of the aluminum changed with the application time of the 
converse coating. 
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Abstract 

Pitting corrosion is characterised by the formation of small anodes 
and corresponding large cathodes, which allow the formation of pits in 
the metal matrix. A number of mechanisms have been put forward to 
account for the involvement of SRB in this process including: cathodic 
depolarization of hydrogen, bacterial sulphide acting as the cathode, and 
changes in pH due to sulphate-reducing bacteria (SRB). To date there 
has been little success in reproducibly inducing SRB pitting of sta'nless 
steels in a laboratory system. 

A concentric electrode has been designed in which a small anode 
is artificially produced within a large cathode by applying a galvanic 
current of 1 2 pA cm"2. During the application of this galvanic current, 
various consortia and axenic cultures of bacteria are allowed to colonise 
the surface of the stainless steel concentric electrode. After seventy-two 
hours the induced current is removed and the resultant current 
monitored. Electrochemical impedance spectroscopy (EIS) is carried out 
on both the anodes and cathodes in order to determine the charge 
transfer resistance (Ret values) and changes in phase angles with time. 
At the termination of the experiment viable counts of both SRB & Vibrio 
sp. are recorded from the anodes and cathodes. 
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A coupling current of about 6/;A cm"2 is maintained only in the 
presence of a mixed culture containing an SRB and a Vibrio sp.. In order 
for the current to be maintained, a low Ret value is necessary at the 
anode <3 KQ cm2. It appears that the mixed culture including SRB is 
necessary to maintain this low Ret value. Also, the cathode must have 
a high Ret value in excess of 100 KQ cm"2. This high value would appear 
to be dependant on the presence of the SRB on the cathode. It is also 
tentatively suggested that the magnitude of the resultant coupling 
current is a function of the number of bacteria on the anode. 

These results indicate that microbial corrosion is not a simple 
process involving one bacteria and one mechanism.    Rather, it is   a 
complex phenomenon with mixed consortia working trough a number 

of mechanisms. 

Introduction 

The microbial involvement in the corrosion (MIC) of steels has 
been recognized for many years, with a great deal of research having 
been carried out as reviewed by several authors [1,2]. The bulk of the 
literature to date deals with the effects of the sulphate-reducing bacteria 
(SRB) on mild steel. This has been due in part to two main factors. 
First a vast quantity of mild steel is used in pipe lines, in marine and 
freshwater systems, where MIC has been seen to be a significant 
problem [3]. Second, mild steel is notably less resistant to microbial 
attack than stainless steels. The latter have proved to be notoriously 
difficult to obtain reproducible pitting in the laboratory. Most of the 
evidence that SRB are involved in MIC of stainless steel has come from 
their isolation form failures in field systems. The presence of sulphide in 
the regions of the pits ^as also served to further implicate the SRB in the 

process 

The heat treated zone of weldments are the areas in which most 
SRB failures of stainless steels have been reported to have occurred. 
The pits are characterized as being steep sided and often form a network 
of tunnels within the metals, reminiscent of Swiss cheeses. The 
resistance of stainless steel is thought to be due to the production of a 
passive film on the metal surface. The location of the pits, normally in 
the heat treated zone is also of significance as in this region the crystal 
lattice and surface chemistry have been altered by the elevated 
temperatures encountered during the welding process. 

The vast majority, if not all, the literature on MIC of steels to date 



has been concerned with either the reporting of field failures or test 

a
DrZ

rShansbeyeSr 7es ribed in a'laboratory system relating to the action 
P   BRR on stainless steel.   Field data has shown that stainless steels 

posed to me environments undergo ennoblement in which the open 
exposeaioi ttm    range [4]     Thls 

the surface of the metal. 

To date the primary mechanisms advanced for the MIC of^teels 
hv SRB have involved cathodic reactions as reviewed b, Hamilton IbJ. 
On mechanism involved the depolarization of the cathode by the 
reduction of cathodic hydrogen by the enzyme hydrogen». , he other 

nvolved bacterially produced iron sulphide «^flB"^°de- "'^0
V

f 
evidence has been suggested that a microbial bof,Im s capable of 
creatino corrosive metabolites such as hydrogen peroxide[6]. Also very 
low pHs be ow 2, have been detected below natural y forming Mm. 
on s?ainless steel exposed to water in the Chesapeake Bay sre.[61. 

In this paper a laboratory system will be described which has could 
reproduc b y sustain a corrosion current between an artificially generated 

node and cathode in the presence of SRB   This syste m he.. fscj.ted 
the study of the mechanisms, and role of SRB ,n the MIC of stainless 
«..needing to some new insights into the action of these bacteria. The 
system   is   also   suited   to   further   studies   concentrating   on      the 

mechanisms of pitting. These studies will allow for^ <™f ^ 
whether a link between bacterial metabolism and corrosion exists. Also, 
studies on the effect of the elevated temperatures encountered during 

welding are possible. 

Materials and Methods 

Barteria used were a culture of Desulfovibrio vulgaris and an 
unidenS^sp The Vibrio was used due to its being a fa— 
anaerobe. Also, Vibrio natrigens has been shown by some.reports to be 
involved in the MIC of metals[7]. The SRB was also found tc olerate 
low levels of oxygen. No quantification was earned out on .the leveI of 
oxygen tolerance, but it was not killed by exposure to a,r dunnc, the 
plating procedure described below. It was also found o grow in 
previously degassed MPN tubes which had been opened and left open to 

the atmosphere in a laminar flow hood. 

mm 
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Concentric electrodes we. ^jT^-Ä 
providing a small anode with a large sur—g =-*** of 

had a surface area of 0.031 cm   ana catho(Je by a 

4.87 cm2.  The anode „a: electr «J'V ^      f each component of 
Teflon spacer, oare was taken in  he ™*'n.n^ w|re was 

the concentric electrode to ensure a snug t assemb|e was 

soldered to the back of each ^«od
e ^ Xt was passed through 

mounted in a cold cure *V°*\™°°^ HM of the silioone tubing 
1.5 cm length of  16 gauge, «licone tub ng^ H. ^^ ^ ^ o( 

„as sealed into the epoxy the other ha t «as . hj   the reaction 

glass tubing to ailowing positioning ofth«l~w' of the 

vessel. The electrical wires were P^™0^9^^,™ electrode 
tubing to the outside o fte ve»e    The^ The 

l^fwasrendegraseCsonlating in acetone before berng a,r 

dned' The reaction vessel comprised a 600 -19^- vessel with a 316 

stainless stee, top. A number j^WJ«;^ r
Pemovel, 

with compression fittings, £,^™d mixing in the vessel 
gas sparging and venting, a o'rcu'etion ic  p (  reference 

and   ports for  a  titanium  counter^"^    'ica|,Y connected to the 
electrode. The reference electro^ ^ fed contained a drip tube to 
vessel via a Login's bridge^ Jhe me™"    ,0 the medium reservoir and 
prevent bacterial grow back, of the bacteria, to 
cross contamination of the vessels. 

F0r the initial part of the experiment during bacterial ,ooc= 

the svstem was run as a batch reat^to • nhance be ^ g g(. 
to the concentric electrode.  The rea*or vesse P        conditions. 
% nitrogen 5 % hydrogen gas mixture to ensu ic stirrer 

During this period mixing was earne»ut u»ng    batc
9 phase flow 

operating at approximately 100 rpm J°"°™ 9 ,    The svstems 
„as initiated at 1 ml min   giving a dilution rate of electrochemcal 
„ere operated at room temperature (25   O- . ^ ^ 

from the bottom of the vessel to the top. 
•   ■      x    +K« firct Qpvpntv-two hours while 

In order to initiate the pitting for th^^^Iric current was 
the bacteria were cultured under^^f ^f^f^T applied via a 
applied to the concentric electrode.    The current 
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galvanostat such that an anodic current density of 12 //A cm"2 was 
maintained. At the end of this period of time the current was removed 
and the resultant current flowing between the anode and cathode was 
monitored. At various time points throughout the flowing cycle of the 
experiment electrochemical impedance measurements were made in 
order to determine the charge transfer resistance (Ret) of each of the 
anodes and cathodes. The Ret value is the inverse of the I cor the 
corrosion current, a measure of the rate of corrosion. 

At the end of the experiment the concentric electrodes were 
removed from the vessels and the numbers of bacteria on each of the 
anodes and cathodes were enumerated. Enumeration was c—ied out by 
both the MPN method and plate counts on Ive-son's Medium [81 using 
the te hnique of Miles and Misra [9]. Replicate plates were incubated 
both aerobically and anaerobically to provide counts on both SRB and the 
facultative Vibrio sp.. 

Results and discussion 

Figure 1 shows a plot of the current density at the anode as 
measured over one hundred and twenty hours. It shows that in the 
presence of a mixed culture after the applied current is removed after 72 
hours, a current density of approximately 3 //A cm"2 was maintained for 
the remainder of the experiment. However, this was not the case with 
either the axenic SRB, axenic Vibrio or the sterile control. This current 
is the actual corrosion current flowing between the anode and cathode 
and is therefore an accurate measure of t^e rate of corrosion 

The Ret values indicated that the lowest value is seen for the 
anode (< 1 KQ- cm2) of the mixed culture in which corrosion was taking 

V^n« J-S Ttem alS0 Sh0wed the h,'9hest vaiue for the cathode 
(>100 KQ-cm ).    No other system showed such low anodic values 
although similar high values were seen for the cathode in the SRB 
systems.   All the other values fell between the two and were normally 
in the range of 10 KQ-cm2 to 80 KQ-cm2. 

Table 1 shows the numbers of bacteria isolated from the various 
electrodes exposed to different conditions as well as the level of any 
current maintained. From this table it is seen that both SRB and the 
Vibno were necessary on both the anode and cathode In one 
experiment were a low number of SRB (104 cfu cm2) were present on 
the anode showed that the current was not maintained but slowly 
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drooped to zero  over approximately twenty-four hours, as opposed to 
*e sharp drop seen with the axanio oulturas and the rt.nl. control. 

TIME (hours) 

Fieure 1 Time plot of measured current flowing between the anode and cathode ■ 
mSd culture of Desuifovibrio vulgaris and Vibrio sp with a current ma.nte.ned after 
^edcSis removed, other plots are axenic SRB, axenio Vibno and stenle 
showing no maintainned current. 

Table 1. Bacterial numbers and coupling current density for 

concentric stainless steel coupons with various treatments. 

Coup-" Treatment    SRB (cfu/ml) 
Coupling 
Current 

* slow decline to zero 
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Figure 2. shows a run in which the corrosion current was 
maintained in the presence of a mixed culture for 30 hours at which 
point 10 mM sodium azide was added to the culture. Sodium azide is an 
inhibitor of aerobic respiration blocking the transfer of electrons from 
cytochrome a and a1 to 02. This system is not operative in the SRB 
although reports have suggested that sodium azide inhibited the growth 
of Desulfovibrio while actually stimulating the rate of sulphate reduction 
in H2 [10]. On the addition of the sodium azide it can be seen that there 
was no effect of the level of the current density at the anode, there was 
no inhibition or enhancement. 

E   1° 
O 
3 
"o         1 ■""Ui 

I 
10 mM 
Sodium 

o c Azide added 

2? 
V) c 

1 r 
0> 

t      0 
3 u 

-5 i 

50 100 150 
Time (hours) 

Figure 2 Time plots of measured current flowing between anode and cathode for: (■) 
& (♦) mixed culture of Desulfovibrio vulgaris and Vibrio sp, (A) sterile control, with the 
addition of 10 mM sodium azide at 100 hours, note sodium azide is an inhibitor of 
aerobic respiration blocking the transfer of electrons from cytochrome a and a1 to 02 

and has no effect on the current being maintained by the mixed culture. 

SRB use sulphate as their terminal electron accepter instead of 
oxygen in which the sulphate is reduced to sulphide. One of the theories 
for the mechanism for SRB pitting is that this sulphide production acts 
as a cathode. If the sulphate is removed form the bacteria they are 
unable to produce the sulphide which if the theory is correct will stop the 
corrosion. In order to test this hypothesis various experiments were tried 
initially growing the bacteria in the absence of sulphate while the current 
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was heing applied and then^.sulphate «; *e m-^^th. 
applied current was removed (Figure 2 I.   in ^ 
Maintenance of the corrosion "rt^»tlWl  at the 
,he  SRB were isolated  from both   he anode ^ ^ 

termination of the ^P6;^..   ^iaTee grown in the presence 
experiment was ^^„tTX *e applied current was 
of sulphate and then it was remuveu 

removed. 

Time (hours) 

that the current was applied and' £e syswm ^^ ^ an 

applied current was removed   ulphated ™*"™ 9
was maintained. 

£%£%ÄÄtTo voTumeThad heen replaced, 
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which should have been sufficient to remove any residual sulphate. 
However, this had no effect on the level of the coupling current. In fact 
the current was maintained for a further forty hours during which time 
no fresh medium was added. 

100 200 300 

Time (hours) 

Figure 4 Time plot of measured current flowing between the anode and cathode for 
(■) and (♦) mixed culture of Desulfovibrio vulgaris and Vibrio sp. (A) sterile control 
where sulphate was added for an initial colonisation period of 72 hours while no 
current was applied, sulphate was then removed while the current was applied and 
added again when the applied current was removed later sulphate was removed and 
experiment continued after medium flow was stopped.  The current was maintained in 
one of the mixed cultures even after sulphate was removed and the medium flow was 
stopped. 

Figure 5. shows a similar run in which sulphate was only added 
while the electrodes were being colonized. After this point for the rest 
of the experiment sulphate free medium was used. In this case only a 
very low level of current (<o.1 //A cm"2) was maintained. This level of 
current is higher than that seen in the sterile control but is far lower than 
those seen previously when sulphate was present. 

It should be noted that the removal of the sulphate could be 
having one of two effects either it prevented the production of sulphide 
but allowed the cells to continue metabolism or it prevented metabolism 
and sulphide production. Certain Desulfovibrio sp. have been shown to 
be able to grow in the absence of sulphate using nitrate instead as the 
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terminal electron acceptor[11]. Preliminary ^\US^CU^^ 
suggest that the growth of the Desulfovibno vuigans^mn used m th« 
pxoeriment was capable of very limited growth in the absenceOT 

Xh 7e a best. Further studies are planned utilizing the incorporaton 
of radio labelled acetate into the lipids of the bacteria as an indicator of 

ol in the absence of sulphate. Also ^n^™™«^ 
tested which have been reported to reduce nitrate in the absence 

sulphate. 

100 
Time (hours) 

Fieure 5 Time plot of current flowing between anode and cathode for (♦) and (A) 
S culture oiDesulfovibno vulgaris  and Vibrio sp„ (.) stenie control whe e 
sXhateTas adHed for the initial colonistaion period but not for the remainder of the 
experiment showing that very little current was maintained ,n the m,xeo cultures. 

From these results it would appear that sulphate is not necessary 
durinq the conditioning phase for the maintenance of the current.   As 
no ed above it is nkely that the sulphate has a double effect of not only 
stopping the production of sulphide but also markedly reducmg the 
SoSsm of'the cells.    It is therefore not Possibje to deje=J 
which effect the inability to maintain the current should be ascribed. 
However    it  does   appear  that  corrosion   can   be   maintained   when 
So ism sul  hide production is only inhibited during, the initiation 
phase  and  not  subsequently.     It would  also  appear that once the 
corrosion is initiated in the presence of sulphate metabolism/sulphide 
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reduction is no longer necessary. This could be attributed to the 
initiation of an electrochemical cell by the bacteria, that reaches a stage 

where it becomes self sustaining. 

Further work is planned using a total metabolic inhibitor such as 
2-heptyl-4-hydroxyquinoline N-oxide which blocks the electron transport 
chain between cytochrome b and cytochrome c which should be present 
in the SRB. It is also noted that few Desulfovibrio sp utilise nitrate in 
place of sulphate but the majority are able to use nitrite instead[12]. 

This will be tested in the SRB used in this study. 

Acknowledments 

This work was supported by the Office of Naval Research under 

grant Nav N00014-94-1-0441. 

References 

1. B. Little, P.Wagner, and F. Mansfeld. (1991). Microbiologically 
influenced corrosion of metals and alloys. International Materials 

Reviews, 36, 253-272. 

2. S.C. Dexter (1993). Role of microfouling organisms in marine 
corrsion.   Biofouling, 7, 97-1 28. 

3. N.J.E. Dowling, M.W. Mittelman, and D.C. White (1991). The 
role of-consortia in microbially influenced corrosion. In: Mixed 
Culturesin Biotechnology, eds G. Zeikus, and E.A. Johnson., 
McGraw-Hill, Hew York, 341-372. 

4. S.C. Dexter, and S-H. Lin (1988). Mechanism of corrosion 
potential ennoblement by marine biofilms. Presented at 7th Intl 
Cong Marine Corrosion and fouling, Valencia, Spain. 

5. W.A. Hamilton (1985). Sulphate-reducing bacteria and anerobic 
corrosion.   Annual REview of Microbiology, 39, 195-217. 

6. P. Chandrasekaran and S.C. Dexter (1993). Mechanisms of 
potential ennoblement on passive metals by seawater biofilms. 
Paper #493, Corrosion 93, NACE, Houston, Tx. 

7. N.J.E. Dowling, J. Guezennec, M.L. Lemoine, A. Tunlid, and D.C. 
White. (1 988). Analysis of carbon steel affected by bacteria using 
electrochemical impedance and direct current techniques. 
Corrosion, 44, 869-874. 

8. W, P. Iverson (1966). Growth of Desulfovibrio on the surface of 

167 

*8'i&«tfArteK'-'-'Wa' ijStg^. - »A! 



10. 

11. 

12. 

agar media.   Applied Microbiology, 14, 529-534. 

A.A. Miles, and S.S. Misra (1938). The estimation of the 
bacteriocidal power of blood. Journal of Hygiene, Cambridge, 38, 

732. 

J.R. Postgate (1975). The sulphate-reducing bacteria. Cambridge 
University Press, London, 81. 

T. Dalsgaard, and F. Bak (1994). Nitrate reduction in a sulfate- 
reducing bacterium, Desulfovibrio desu/furicans, isolated from rice 
paddy soil; sulfide inhibition, kinetics, and rgulation. Applied and 
Environmental Microbiology, 60, 291-297. 

G.J. Mitchell, J. G. Jones, and J.A. Cole (1 986). Distribution and 
regulation of nitrate and nitrite reduction in Desulfovibrio and 
Desulfotomaculum species. Archives of Microbiology, 144, 35- 
40. 

168 



*"Jfe& 
sm 

^■A-^Ä.^sj-.-.ir^--! 

High-Resolution Microbial Pitting Corrosion Studies Utilizing a Two 
Dimension Scanning Vibrating Electrode Microscope (SVEM) System. 

Dr. Peter Angell* 
Dr. Jiunn-Shyong Luo 

Dr. David C. White 
Center for Environmental Biotechnology, Suite 300, 

Knoxville, TN., 37932-2575. 

Abstract 

Traditionally, electrochemical techniques used in corrosion studies 
have been limited by their lack of spatial arid temporal resolution. Microbial 
corrosion is often evidenced as pitting in which small anodes and 
correspondingly large cathodes are formed. Techniques such as 
electrochemical impedance spectroscopy, which are unable to differentiate 
the anode form the cathode, therefore underestimate the rate of corrosion 
due to the fact that it averages both r.nodic and cathodic processes. 
Vibrating micro-electrodes allow mapping of the current densities over a 
corroding metal surface where the resolution is determined by the height of 
the electrode above the surface (resolution =twice the height) and the 
number of measurements made. This theoretical value is approached by 
vibrating the electrode in the vertical plane as well as the horizontal plane 
helping to smooth out irregularities in the surface topography. By scanning 
such an electrode over the surface, a current density map can be generated 
showing the size and location of both the anodic and cathodic regions with 
time. Due to the rapid nature of the scans (<5 minutes), the temporal 
resolution is also enhanced. 

A system giving a resolution of approximately 300 urn has 
been coupled with a microscope (resolution better than 1 u,m) and a photon 
counting imaging system capable of detecting the light produced by a single 
luminescent bacterium. This system allows the congruent mapping of 
bacterial locations and activity (bioluminescence) with the resultant current 
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densities. It has been shown that anodic regions are formed below colon es 
of bac eria   Manipulation of these colonies of bacteria have shown that 10 
cu cm2 are necessary to form an anodic region.   Further investigations 
includTng theTncorpo/ation of genetically engineered "reporter bac ena 
Ä?ng the M gene will allow the determination        — 
whereby   microbial   corrosion   takes   place.     Theproxrnit    we 
components of a microbial consortium necessary for inducing MIC can be 

determined as well. 

Introduction 
Microbial corrosion of met3ls normally entails the establishment of an 

area of low potential (anodic region) relative to a corresponding area of h gh 
octent al (cathodic region) on the surface. As current flows from the area 
orhlorpotential to low potential metal ions are lost from the surface, when 
^ anodic regTon in manned and localized in one region a p.t .s forme* 
Due to the localized nature of pitting the area of attack ,s normally quite 
small, less than 5 mm in diameter. 

A number of methods of microbial attack on metal surfaces have 
been postulated [1]. Of these the most studied has involved the action of 
he sulpha reducing bacteria (SRB) on mild ^l However, ,t needs 

be noted that microbially influenced corrosion ,s not limrted to SRB and mud 
steel MIC has been reported for numerous metals and metal alloy as 
Swed by Little eLfiL [2]. Even the relatively toxic copper compounds 
have been shown to be vulnerable to MIC in fresh water [3]. 

As pitting is an electrochemical process the magnitude of the current 
Hewing can be'measured by electrochemical techniques, mcluding, .near 
Ddarization and elect- chemical impedance spectroscopy. However, due 
the t °tive small size of tho active regions in relation to the total area of 
he fesrcrPon the magnitude of the rate of corrosion is often under 
estimaed These methods also are unable to provide any format,on on 
fheTpatial correlation between any microorganisms possibly involved in the 
process and the site of attack. 

A system has been described in the literature which allows for the 
making of local current densities to be measured in a conductive solution 
™o'vTa metal surface [4],[5]. The system is based on the ability of a 
vSng electrode to capacitively detect a potentia d^P^^^'^^^ 
extremities of oscillation. This potential drop is determined by the local 
current density at that point in the solution.   In order to achieve a h.gh 
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resolution of the current densities a platinum black coated stainless steel or 
platinum microelectrode with a tip diameter of 20-30 u.m is utilized. With 
such a microelectrode positioned close to a metal surface it is possible to 
achieve a resolution in the region of 100 - 300 urn. By running the system 
under the control of fast modern microcomputers it is possible to quickly 
scan relatively large areas, for example an area of 25 mm2 can be scanned 
with a resolution of 15 x 15 data points in approximately five minutes. This 
allows for good temporal resolution to be achieved as well as the spatial 
resolution. 

Franklin et al. [5] utilizing such a system, with the probe being 
vibrated in one plane parallel to a mild steel surface, showed that the 
presence of a culture of Pseudomonas sp. could prevent the reDassivation 
of locally formed anodic regions seen in sterile controls. Auhough this 
system was able to show the localized nature and magnitude of the anodic 
regions associated with bacterial activity it was unable to provide 
information on the spatial relationship between the bacteria and the anodic 
region. 

Davenport et al [6] showed that the resolution of the vibrating 
electrode could be enhanced nearer it's theoretical maximum by vibrating 
the probe in the vertical plane at the same time as the vertical plane. 
Angell et al. [7] took the system a stage further by incorporating the 
microelectrode with a microscope fitted with a CCD camera system capable 
of detecting the light emitted by a single bacterium. They were able to 
demonstrate that the anodic region formed below a "pseudo" colony of 
bacteria placed on a mild steel coupon. This system was, however, static 
with no nutrient feed and the anodic region was maintained for less than 
twenty four hours. 

The bacteria used by Angell et al. [7] had been isolated from a 
corrosion tubercule formed on a stainless steel pipe carrying fresh water in 
a power generation plant. These bacteria had been genetically manipulated 
to carry in a plasmid the luxB gene inserted into certain pathways of 
interest. It has been shown using such methods that the production of light 
can be correlated to the initiation of the pathway of  interest [8]. 

This paper will show the way in which this powerful tool, the scanning 
vibrating electrode microscope (SVEM), has been used in order to further 
understand the mechanisms of pitting in mild steels by non sulphate 
reducing bacteria. 
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Materials and Methods 

Bacteria: 
A aenetically engineered bacteria, containing the plasmid PUTK50, 

amounts of the exopolymer (EPS) alginate. 

Medium: 
The medium used was ohosen for its ability to enhance polymer 

oroducton bbiofflm grown cells as determined by both l,gh. production and 
PPS assavs It should be noted that this requirement often resulted in a 
sub op imal medum from the corrosion point of view, with excess sodium 
cNonde be ng present. For the FRD1 experiments the mediurr.contained 
in g L-') gluFamic acid 0.015, glycerol 0.045, magnes.um suphate O009 
Tedium chloride 8.5, Kanomycin 0.05, Carbenidl.n 0^05 and 1 ml of 
phosphate bufler containing (g L-): 20.8 sodium orthophosphate, 58.6 d,- 

potassium phosphate. 

SVEM: 
A two-dimensional scanning vibrating electrode ™^°Pe /^ 

SVEM) utilizing a 2 channel lock-in amplifier system <*» used^Q A four axis 
motion svstem allowed movement of the probe in the X,  Y plane ana L 
dane a  weTas focusing the Zeiss Axioplan microscope in the W pane 
The mioro^cope allowed visual images, both bright field and photon, to, be 

,? TH ,ri» a Hamamatsu C2400-47 photon-detecting camera attached to 
fhfm crexope   TWs s    eSTas found to work well with (he long working 
dstance corves available allowing both low p,wer images, o a s x 5 mm 
area (2 5 x obi) as well as high power images viewing individual     cterium 

0 xobi)   All »he images were processed by «he Argus   0 image analer 
LforP   beina   sent   to   the   computer  for   use   by   the   VP   sonware 
^IwÄs Hole, MA). The VP software controlled the location 
and movement of the probe relative to the visual image and logged the oca 
eunen^densities at each sampling site. This information could then e. he 
be olotted congruently with the visual image as a surface contour plot or 
both could be exported to other software programs with more sophisticated 
p   tin    routes"      Stainless  steel probes  electrolytica r coated w 
Dlatinum black were used through out this experiments. At the start of eacn 
ex^ed^nt each electrode was calibrated using a glass pipette drawn to a 
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fine point filled with potassium chloride and coupled to a Ag/AgCI half cell. 
A known current was passed through this calibration electrode at a known 
distance from the probe, in both the x and y planes, allowing the computer 
to make calibrations of the probe for current densities. It should be noted 
that the probe actually measures the local current density in the solution at 
its operating height above the metal coupon. This is not the current density 
at the surface as there is a gradient away from the surface. 

Electiochemical DC polarisation measurments were conducted by 
Softcorr corrosion measurment software associated with EG & G model 273 
(option 92) potentiostat. For linear polarisation resistance, current densities 
were moniL.ad within ±30 mV verses open circuit potential with a scan rate 
of 0.17 mV/sec. 

Specimens: 

Test specimens used were 16 mm diameter disks of AISI C1020 
carbon steel. These disks were mounted into epoxy resin casts and wet- 
polished in sequence with 240, 400, and 600 grit SiC paper, ultrasonically 
cleaned with distilled water, degreased with acetone and sterilized with 70 
% propan-1-ol for 30 minutes and allowed to air dry in a laminar flow hood. 
All other tubing and containers were sterilized by autoclaving at 121 °C and 
15 PSI for 20 minutes. 

Results and Discussion 

Two sets of data will be presented that are representative of two 
variations used for inoculating the system. First a twenty-four hour broth 
culture was added as the bulk phase, allowing random colonisation over the 
whole surface. Second 25 ml of a twenty-four hour broth was spun down 
and resuspended in 250 u.l of phosphate buffered saline (PBS) and a 1 ul 
drop of this concentrated bacterial solution allowed to sit on the coupon for 
thirty minutes. This method promoted localised attachment over a small 
area approximately 1 mm in diameter. PBS was used as it allowed slight 
evaporation to take place without increasing the salt level too much for the 
bacteria. 

Figure 1 shows a series of scans over a forty-two hour period of the 
current density measure perpendicular to the surface of the coupon, when 
the bacteria had been applied to the bulk phase. Initially when the bacteria 
were added (1a) there was one large anodic spike, it is likely that this is a 
noise artifact as it was only one point.   It is also unlikely that the bacteria 
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Figure 1e. (Time = 30 hr) Figure 1f. (Time = 42 hr) 

Figure 1. Current density (Z axis) scans resulting from the addition of a 24 hr broth culture 
of Pseudomonas aeruginosa    FRD1 was added to the bulk phase over a mild steel 
coupon. 
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Figure 2c. Figure 2d 

Figure 2. Images of Pseudomonas aeruginosa FRD1 on mild steel coupon: 
a) visual image after 1 hour exposure, b) visual image after nineteen hours, 
c) photon image after 1 hour showing little light, b) photon image after 
nineteen hours showing more light. 
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would have had sufficient time to really start to attach to the surface and be 
exerting an effect. After one hour (1b) there appeared to be a slight 
increase in the anodic current over roughly two-thirds of the coupon. This 
anodic region had grew in magnitude until nineteen hours (1c). By twenty 
-two hours (1d) this anodic region had shifted slightly and covered most of 
the area being observed. However, after thirty hours (1e) the anodic region 
has disappeared with the plot showing general noise. This was similar to 
the resultant scan seen at forty-two hours (1f). 

The corresponding images for the above scans are shown in Figure 
2. These show both "brightfield" images where the image area is the same 
as the scans approximately 4.5 mm x 3.5 mm. These images were 
collected by the Hamamatsu C2400-47 camera with the gain turned down, 
the images appear hazy due to the image intensifier, that gives very high 
light sensitivity but poor spatial resolution. The other form of image is 
collected with the gain set on high allowing single photons to be collected. 
The image was acquired for five minutes. In order to remove the 
background noise counts were made with no bacteria present and the 
Argus 10 manipulated to drop out all the noise. This resulted in the loss of 
some dimmer bacterial light from the final image but at least allowed the 
brighter bacterial areas to be detected with out any background insuring the 
light seen on the screen was from bacteria. 

Figure 2a is the visual image taken after one hour, showing that 
some material settling on the surface of the coupon. The larger light 
coloured amorphous material is thought to be alginate. Figure 2b shows 
another brightfield image this time taken after nineteen hours, This time the 
surface has been covered by a "fluffy" type material thought to be an iron 
oxide, mi ed with algina'e. This picture coresponds to the point when the 
anodic region was covering most of the coupon (1c). Looking at the photon 
images it is evident that after 1 hour there is very little light being produced 
by the bacteria (2c). By nineteen hours (2d) there was a lot of light with a 
number of bright areas indicating the presence of bacteria with the alginate 
pathway activated. This level of light was maintained until the end of the 
experiment at forty-two hours indicating that the bacteria were still alive and 
active, even though the anodic region had been passivated. 

When a drop of concentrated bacteria was added to a localised 
area the results were as shown in Figure 3. After 1 hour a localised anodic 
region was present (3a) and was seen to correlate with the visual image 
collected at the same time (4a) where the bacteria and their associated 
polymers are seen as the light central area on the metal. After three hours 
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Figure 3. Current density (z axis) scans resulting from the addition of a concentrated drop 
(1 ^l) of a 24 hour culture of Pseudomonas aeruginnsa FRD1 placed on a mild steel 
coupon. 
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Figure 4e. 

Figure 4 Images of Pseudomonas aeruginosa FRD1 on mild steel coupon: a) visual image 
after 1 hour exposure, b) visual image after 3 hours showing spread of bacteria, c) photon 
image taken after 1 hr showing little light, d) visual image taken after 24 hours, e) photon 
image taken after 24 hours showing the bacteria are still active. 
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the anodic region is seen to have grown and covered a larger area reaching 
the edge of the area examined (3b). Again this correlates well with the 
visual image (4b) that shows that the bacteria and polymer have also 
spread to cover a similar area. The direction of spread is parallel to the 
direction of flow and it is thought that the flow of the medium through the 
system has facilitated the spread of the bacteria. For the corresponding 
time periods figure 4c shows that after one hour there are a few bright 
areas where the bacteria are active. After three hours more light areas 
were visible which again showed good correlation with the visual image of 
where the majority of the bacteria were. 

By twenty-hours this anodic region had disappeared (3c) the visual 
image (4d) shows that by this time the bacteria and the polymer have 
spread over the whole surface along with corrosion products. At twenty- 
four hours the results were principally the same with little a.iodic activity 
over the surface (3d) but the photon image (4e) shows that there was a lot 
of bacterial activity and that the alginate pathway was indeed active. This 
state persisted until the end of the experiment after forty-two hours. 

Once again it was evident that initially there was some anodic activity 
which could be attributed to the location of the bacteria but was short lived 
as the bacteria colonised more of the surface of the coupon. The photon 
images indicate that the bacteria were still active after the anodic activity 
had halted. The link between the light and the production of alginate was 
demonstrated by this lab (unpublished data). 

One of the major questions regarding the use of the scanning 
vibrating electrode technique is whether it can detect the current through a 
biofilm. It is arguable with these results that the anodic current was still 
present but could net be detected through the biofilm and corrosion 
products. In order to determine if this was the case a set of experiments 
were run using tradition dc polarisation techniques to determine the 
corrosion rates of mild steel electrochemically in the presence of the 
bacteria FRD1 and in a sterile control. 

Figure 5. shows the inverse of the polarisation resistance plotted 
against time for both the sterile control and the FRD1 inoculated cells. Both 
of conditions follow similar trends with an initial increase in the rate of 
corrosion which then drops before a slight increase at the end of the eight 
day run. The initial rise in the sterile control would appear to be larger than 
the FRD1 cell, but proportionally to the starting value they are similar. 
These results correlate well to the findings in the SVEM, where initially 
corrosion (anodic current) was see for the first couple of days which then 
decreased in magnitude. 
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Figure 5.  Time plot of the inverse of the polarisation resistance of mild steel coupons 
exposed to Pseudomonas aeruginosa FRD1 (■) and sterile control (♦). 

Conclusion 

It is suggested that the bacteria Pseudomonas aeruginosa FRD1 
and in pa ;cular alginate are not of themselves capable of microbial induced 
corrosion. It is thought that the initial corrosion is due to the bacteria 
forming a heterogenous biofilm that allows differential oxygen cells to be set 
up. These electrochemical cells are not capable of fully establishing 
themselves into self sustaining pits and are rapidly passivated as the 
bacteria further grows to cover the surface. 

The SVEM has also been demonstrated to be a very useful tool 
providing further insight into the mechanisms of microbially induced 
corrosion providing information on both the location and magnitude of 
anodic regions on a metal surface. The SVEM is able to provide this 
information at a resolution not previously possible with traditional 
electrochemical methods. 
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Abstract 

The corrosion resistance of materials cannot be accurately deter- 
mined in abiotic electrolytes. Field and laboratory studies document 
microbiologically influenced corrosion (MIC) of corrosion resistant 
materials including copper and nickel alloys, stainless steels containing 
6% molybdenum and polymeric composites. 

Discussion 

Microbial biofilms develop on all surfaces in contact with aqueous 
environments. Chemical and electrochemical characterises of the 
substratum influence formation rate and cell distribution of microfoul- 
ing films during the first hours of exposure. Electrolyte concentration, 
pH, organic and inorganic ions also affect microbial settlement, Biofilms 
produce an environment at the biofilm/surface interface that is radically 
different from that of the bulk medium in terms of pH, dissolved oxy- 
gen, and inorganic and organic species. Reactions within biofilms can 
control corrosion rates and mechanisms. The term microbiologically 
influenced corrcrion (MIC) is used to designate corrosion resulting from 
the presence and activities of microorganisms within biofilms. Reactions 
are usually localized and can include: 1) sulfide production, 2) acid 
production, 3) ammonia production, 4) metal deposition, 5) metal 
oxidation/reduction and (6) gas production. 
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Copper Alloys 
Copper alloys are frequently used for seawater piping systems and 

heat exchangers due to their good corrosion resistance combined with 
mechanical workability, excellent electrical and thermal conductivity, ease 
of soldering and brazing, and resistance to macrofouling. In oxygenated 
seawater a film of cuprous oxide, cuprite (Cu20), forms on copper alloys. 
Copper ions and electrons pass through the film. Copper ions dissolve 
and precipitate as Cu2(OH)3CI, independent of alloy chemistry. 

Copper alloys are vulnerable to biocorrosion. Differential aeration, 
selective leaching, underdeposit corrosion and cathodic depolarization 
have been reported as mechanisms for MIC of copper alloys. Pope 
et al.1 proposed that the following microbial products accelerate 
localized attack: C02; H2S; NH3; organic and inorganic acids; metabolites 
that act as depolarizers; and sulfur compounds such as mercaptans, 

sulfides and disulfides. 
In the presence of sulfides, copper alloys form a porous layer of 

cuprous sulfide with the general stoichiometry Cu2-xS, 0<x<1. Copper 
ions migrate through the layer, react with more sulfide, and produce 
a thick black scale. McNeil and Odom2 described a model that predicts 
sulfide-induced corrosion in the presence of sulfate-reducing bacteria 
(SRB). Corrosion is initiated by sulfide-rich reducing conditions in the 
biofilm where the oxide layer is destabilized and acts as a source of 
metal-containing ions. The authors concluded that if any reaction of metal 
oxide with sulfide has a high negative standard free energy of reaction, 
SRB-related MIC will occur. If the reaction has a high positive standard 
free energy of reaction, this form of conosion will not occur. Negative 
standard free energies of reactions were used to predict SRB-MIC for 
copper alloys. Analysis of sulfide corrosion products recovered from 
corroding copper alloys confirmed the prediction. 

Alloying nickel and small amounts of iron into copper increases 
resistance to turbulence induced corrosion. Little et al.3 demonstrated 
dealloying of nickel from 90/10 copper/nickel in association with SRB. 
SRB are not necessary for MIC-induced pitting of copper alloys. Wagner 
et al.4 described dealloying of nickel in 70/30 copper/nickel exposed 
to flowing natural seawater (Figure 1). While the role of the biofilm in 
copper pitting is not entirely clear, it appears that the presence of the 
biofilm contributes to corrosion by maintaining enhanced local chloride 
concentrations and differential aeration cells. Pope1 documented MIC 
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Figure 1. (a) Biofilm within pits on 70/30 Cu/Ni 
after 1 month exposure to natural seawater and 
(b) areas of localized corrosion after removal 
of biofilm. 

of 90/10 copper/nickel, admiralty brass (UNS C44300), aluminum brass 
(C68700), and welded aluminum bronze at electric generating facilities 
using fresh or brackish cooling waters. Most of the copper/nickel tubes 
had underdeposit corrosion due to formation of deposits by slime-forming 
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organisms in association with iron- and manganese-depositing bacteria. 
Ammonia-producing bacteria were isolated from scale and organic 
material on the admiralty brass tubes suffering ammonia-induced stress 
corrosion cracking. Geesey et al.5 demonstrated the role of bacterial 
exopolymers in corrosion of copper exposed to drinking water. 

Nickel Alloys 
Nickel alloys are superior to predominantly copper alloys because 

the protective surface film remains intact under turbulent and erosive 
conditions. Nickel alloys are used extensively in highly aerated, high 
velocity seawater applications. Uhlig and coworkers6 calculated that a 
critical nickel concentration of 35% was required for passivity. Nickel 
alloys containing less than this amount behave like copper. The for- 
mation of the protective film on nickel is aided by the presence of iron, 
aluminum and silicon. 

Monel 400 (UNS N04400) is susceptible to pitting and crevice 
corrosion attack where chlorides penetrate the passive film. Sulfides 
can cause either a modification or breakdown of the oxide layer. 
Schumacher7 reported that Monel 400 was susceptible to underdeposit 
corrosion and oxygen concentration cells formed by bacteria. Gouda 
et al.8 demonstrated localized corrosion of Monel 400 tubes exposed 
in Arabian Gulf seawater where pits developed under deposits of SRB 
and nickel was selectively dealloyed. Pope1 reported a case study from 
nuclear power plants in which severe pitting corrosion associated with 
dealloying was observed under discrete deposits on Monel heat 
exchanger tubes. Deposits formed by iron- and manganese-depositing 
bacteria it. association with SRB contained large amounts of iron and 
copper, significant amounts of manganese and silicon, and reduced 

amounts of nickel. 

Stainless Steels 
The corrosion resistance of stainless steels (SS) is due to the 

formation of a thin passive chromium-iron oxide film at additions of 
chromium in amounts of 12% or more. Metal-depositing organisms, 
important in MIC of SS, may catalyze the oxidation of metals, accumulate 
abiotically oxidized metal precipitates, or derive energy by oxidizing 
metals. Dense deposits of cells and metal ions create oxygen 
concentration cells that effectively exclude oxygen from the area 
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immediately under the deposit. Underdeposit corrosion is important 
because it initiates a series of events that are, individually or collec- 
tively, extremely corrosive. In an oxygenated environment, the area 
immediately under the deposit becomes a relatively small anode com- 
pared to the large surrounding cathode. Cathodic reduction of oxygen 
may result in an increase in pH of the solution in the vicinity of the metal. 
The metal will form metal cations at anodic sites. If the metal hydrox- 
ide is the thermodynamically stable phase in the solution, metal ions 
will be hydrolyzed by water with formation of H+ ions. If cathodic and 
anodic sites are separated from one another, the pH at the anode will 
decrease and that at the cathode will increase. The pH within anodic 
pits depends on specific hydrolysis reactions. The lowest pH values are 
predicted for alloys containing chromium anc  molybdenui .. 

One of the most common forms of MIC attack in austenitic SS is 
pitting at or adjacent to welds at the heat affected zone, the fusion line, 
and in the base metal. Borenstein9 made the following observations for 
MIC in 304L (UNS S30403) and 316L (UNS S31603) weldments: both 
austenite and delta ferrite phases may be susceptible; and varying 
combinations of filler and base materials have failed, including match- 
ing, higher and lower alloyed filler combinations. Microsegregation of 
chromium and molybdenum with chemically depleted regions increases 
susceptibility to localized attack.10 

Stainless steels containing 6% or more molybdenum, often called 
superaustenitic SS, were once thought to be immune to MIC because 
molybdenum increases resistance to chloiide and acid solutions. 
However, Scott et al.11 documented MIC in laboratory testing of SM0254 
(UNS S31254) and AL6X (UNS N08366) SS, both containing 6.5% 
molybdenum. Little et al.12 observed deep etching of SM0254 SS after 
exposure to both an iron/sulfur-oxidizing mesophilic bacterium and a 
thermophilic mixed SRB culture (Figure 2). 

Ennoblement of corrosion potential (Ecorr) for SS exposed to natural 
seawater has been reported by several investigators. The practical 
importance of ennoblement is increased probability of localized corro- 
sion as Ecorr approaches the pitting potential (Epit) for SS vulnerable 
to crevice corrosion, especially types 304 (UNS S30400) and 316 (UNS 
S31600). Sustained ennoblement does not indicate corrosion but 
persistence of passivity. At the onset of localized corrosion, Ecorr moves 
from noble to active regions. Ennoblement has also been reported for 
SS containing 6% molybdenum and other corrosion-resistant materials. 
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Figure 2. Pitted SM0254 SS after 75-day 
exposure to mesophilic iron/sulfur-oxidizing 
bacteria. 

Johnsen and Bardal13 reported that Ecorr approached -50 mV 
(vs. saturated calomel electrode (SCE)) after 28 days for SS that 
contained 1-3% molybdenum, and 50-150 mV (SCE) in the same time 
period for SS containing 6% molybdenum. 

Aluminum and Aluminum Alloys 
The corrosion resistan s of aluminum aM its alloys is due to an 

aluminum ox.ue passive film. Anodizing produces thicker insula'.' g films 
and better corrosion resistance. The natural film on aluminum alloys 
can be attacked locally by halide ions. The susceptibility of aluminum 
and its alloys to localized corrosion makes it particularly vulnerable to 
MIC. Most reports of MIC are for aluminum (99%), 2024 (UNS A92024) 
and 7075 (UNS A97075) alloys used in aircraft or in underground fuel 
storage tanks. Localized corrosion attributed to MIC occurs in the 
water phase of fuel-water mixtures in the bottom of tanks and at 
the fuel-water interface.14 Contaminants in fuel include surfactants, water, 
and water soluble salts that encourage growth of bacteria. Two 
mechanisms for MIC of aluminum alloys have been documented: 
production of water soluble organic acids by bacteria and fungi, and 
formation of differential aeration cells. 
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Titanium and Titanium Alloys 

There are no case histories of MIC for titanium and its alloys. Schutz15 

reviewed mechanisms for MIC and titanium's corrosion behavior under 
a broad range of conditions. He concluded that at temperatures below 
100°C titanium is not vulnerable to iron/sulfur-oxidizing bacteria, SRB, 
acid-producing bacteria, differential aeration cells, chloride concentration 
cells and hydrogen embrittlement. In laboratory studies, Little et al.12 

did not observe any corrosion of Grade 2 titanium (UNS R50400) in 
the presence of SRB or iron/sulfur-oxidizing bacteria at mesophilic (23°C) 
or thermophilic (70°C) temperatures. Using the model of McNeil and 
Odom   one would predict that titanium would be immune to SRB- 
induced corrosion. There are no standard free energy reason data for 
the formation of a titanium sulfide. If one assumes a hypothetica sulfide 
prouuct to be titanium sulfide, the standard enthalpy of reaction is 
+587 kJ. While standard free energies of reaction are not identical to 
standard enthalpies of reaction, it is still unlikely that titanium will be 
derivatized to the sulfide under standard conditions of temperature and 
pressure. 

Polymeric Composites 

Polymeric composites are subject to many kinds of environmental 
degradation. Tucker and Brown16 showed that carbon/polymer compos- 
ites galvanically coupled to metals are degraded by cathodic reactions 
in seawater. Jones et al.17 demonstrated that epoxy and nylon coatings 
on steel were breached by mixed cultures of marine bacteria. Pendrys18 

reported that p-55 graphite fibers were attacked by a mixed culture of 
Psuedomonas aeruginosa and Acinetobacter calcoaceticus, common soil 
isolates. Possible mechanisms for microbial degradation of polymeric 
composites include: direct attack of the resin by acids or enzymes, 
blistering due to gas evolution, enhanced cracking due to calcareous 
deposits and gas evolution, and polymer destabilization by concentrated 
chlorides and sulfides. 

In laboratory experiments Wagner et al.19 demonstrated that epoxy 
resin and carbon fibers, either individually or in composite, were not 
degraded by sulfur/iron-oxidizing, hydrogen-producing, calcareous- 
depositing, or SRB. Bacteria colonized resins, fibers and composites, 
but did not cause damage. SRB preferentially colonized vinyl ester 
composites at the fiber-resin interfaces and hydrogen-producing bacteria 
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Figure 3. Hydrogen-producing bacteria at 
disrupted interfaces between fibers and vinyl 
ester resin. 

appeared to disrupt the fiber-vinyl ester resin bonding with penetration 
of the vinyl ester resin. 
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I. Introduction 

Corrosion and biofouling of shipboard seawater piping and cooling 
systems reduce readiness, impact operations and are costly to prevent 
and to remediate (Jones and Little, 1990). The materials most widely 
used currently by the Navy in these systems are copper-nickel alloys, 
which are susceptible to erosion corrosion and microbiologically 
influenced corrosion (Little etai, 1990; Little etal., 1991). Titanium has 
been proposed for more extensive use by the Navy in seawater pip!ng 
and heat exchanger applications because of its high corrosion resistance, 
high strength, and light weight. Titanium is susceptible to biofouling, 
however, and currently used chemical fouling control methods, such as 
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chlorination, may soon be phased out due to their adverse environmental 

impact. 

Alternative biofouling control technologies are available, and new 
technologies currently are under development. Ultraviolet 
(UV)sterilization and ozone disinfection are two technologies that have 
been used successfully to maintain control of microbial populations in a 
wide variety of both freshwater and seawater applications. Ozone has the 
added advantage of removing dissolved and suspended organics, color 
and odor from the water. Both ozonation and ultraviolet irradiation are 
non-polluting and are econorr-ally competitive with chlorination for water 
treatment when the expense is considered of dechlorination chemicals 
and injection equipment that are necessary in order to meet strict 
government regulations for effluents. 

We have been testing the effectiveness of several potential 
alternative methods to chlorination for environmentally safe control of 
biofouling in seawater piping. NSWC/Code R33 has a titanium test loop 
at Ft. Lauderdale, Florida. Through a Cooperative Research and 
Development Agreement (CRADA) with Ingalls Shipbuilders in 
Pascagoula, Mississippi (POC: Mr. Robert Erskine), an ozone generator 
and an ultraviolet sterilizer were incorporated into the loop in order to test 
their effectiveness in reducing microbial and larval populations in the 
seawater and in decreasing fouling of the piping. A summary of the 
results of these CRADA-supported studies are reported here. 

In addition, we ^ave conducted an independent, preliminary study 
of biofo' I:ng control using pulsed acoustic waves in seawater. A separate 
test loop, constructed of PVC plastic pipe, was built at the Ft. Lauderdale 
test site.' Biofouling was shown to be significantly reduced in the portion 
of the loop that received pulsed power treatment, compared to an 
untreated control. Results of that test also are summarized in this report. 
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II. Evaluation of Ozonation and UV Sterilization 

Study Design 

A test loop was constructed of Grade 2 Titanium at the 
NSWC/Code R33 corrosion test facility located in Ft. Lauderdale, Florida. 
This test site is located at the mouth of the Port Everglades shipping 
channel. Seawater is pumped directly from the channel, passed through 
a course duplex strainer (3/16-inch pore diameter) to filter out large shells 
and, from there, is pumped through the test loop and back into the 
channel. The loop was designed originally to test, among other things, 
the effects of different flow rates on the extent of fouling in various areas 
of the piping. Legs of varying diameter piping were incorporated into the 
loop to achieve flow velocities of 3, 8, and >1Cft-sec"1. A blank-off and 
stagnant leg were also included. More recently the test loop was modified 
to include an ozone generator (Trailsgraz Ozone Co.), an ultraviolet 
treatment unit (Aquafine Corp.), and two titanium heat exchangers: a plate 
heat exchanger obtained from Alfa-Laval, and a shell and tube heat 
exchanger provided by CDNSWC/Annapolis, MD. These were built into 
the test loop such that the plate heat exchanger was treated by ozonation, 
and the shell and tube heat exchanger was treated by UV irradiation. The 
two treatments were installed into separate parallel legs of the loop but 
used the same source water (Figure 1). 

As part of the CRADA with Ingalls Shipbuilders, a detailed, three- 
week evaluation of ozone and UV treatments was performed during the 
summer of 1993. Flow rates through the legs of the loop that contained 
the heat exchangers were maintained at 5.7 ft-sec'lfor the ozonation and 
3.1 ft-sec-1 for the UV. The test involved 10 days of continuous treatment 
(ozonation or UV irradiation)1 in each of the two legs of the loop, followed 
by 10 days of no treatment as a control. 

Both biological/organic and physical/chemical parameters were 
measured before and after treatment. Physical/chemical parameters 
measured included: dissolved oxygen, water temperature, air 
temperature, pH, salinity/conductivity, metals content (by atomic 
absorption spectrophotometry). flow rate, and ozone injection rate/UV 

•Ozone generated from dry air: 82 V, 6.5-7.0 amps, 300-340 watts, 15 lb air pressure, inject 
0.04. Ultraviolet total 313 hours of operation, % irradiance ranging from 50-90%. 
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irradiation level (using monitoring devices on the equipment). Biological 
and organic parameters measured included: microbial counts of water 
samples (aerobic heterotrophic bacteria, general anaerobes, acid- 
producing bacteria, sulfate-reducing bacteria, marine fungi, and total 
direct counts)2, total organic carbon, total dissolved carbon, total 
particulate carbon, total suspended solids and total dissolved solids. 
Samples were collected throughout the 20-day test period at each of the 
six sites marked in Figure 1. 

Results 

Both micro- and macrofouling have been monitored throughout the 
test loop fo. nearly two years using counts of aerobic bacteria, sulfate- 
reducing bacteria (SRB) and marine fungi, examination of scrapings with 
environmental scanning electron microscopy (ESEM), and examination of 
the piping surfaces with fiber optics. Biofilm microorganisms have been 
present in numbers expected for flowing marine systems 
(105-108 cells-cm-2), with higher numbers detected in the stagnant leg 
and blank-off. SRB have been found intermittently at several sites. 
Biofilm and mineral stains on the insides of the pipes are readily removed 
by wiping. No significant macrofouling has been detected in sections of 
the test loop in which flow rates exceeded 8 ft-sec_1. Relatively low levels 
of fouling, including tunicates and tubeworms, have been observed in 
lower flow areas. 

During the three-week biofouling control test, ozone and UV 
treatments were applied to separate, parallel legs of the test loop for a 
period of 10 days. Then both treatments were removed, and the test was 
run for an additional 10 days. Results of the biological analyses indicated 
that both treatment methods were effective in reducing microbial numbers 
in flowing seawater by several orders of magnitude, leading to lower 
fouling rates compared to controls. Typical results of microbial counts are 
presented in Figures 2-4. Figure 2, for example, shows an approximately 
three log decrease in counts of acid-producing bacteria (APB) during the 
first ten days of ozone treatment. Once the treatment was stopped, 

2Aerobic, heterotrophic bacteria counted by spread plate on Difco Marine Agar 2216. Marine 
fungi cultured on Difco Sabouraud Dextrose Agar amended with NaCl to seawater 
concentration. Sulfate-reducing bacteria , general anaerobes and acid-producing bacteria 
counted by serial dilution in media obtained from Bioindustrial Technologies, Inc., Georgetown, 
TX.   Direct counts by acridine orange staining and epifluorescence microscopy. 
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however, counts climbed to their previous levels within a couple of days. 
Similarly, numbers of general anaerobes were reduced by 2-4 orders of 
magnitude (Figure 3). SRB counts in the UV-treated water dropped to 
undetectable levels (Figure 4). Visual and microscopic inspections of the 
piping and heat exchanger plates and tubes showed noticeably lower 
levels of both micro- and macrofouling during the first ten days of 
treatment than during the last ten days of the test when no treatment of 
the water was used. 

These results agree with those of a previous, preliminary test on 
the effectiveness of UV sterilization of seawater entering the titanium test 
loop. In ihat test, seawater prior to UV irradiation contained 
approximately 10^ SRB per ml, 10^ acid-proaucing bacteria pe, ml, and 
1fj4 general anaerobes per ml. After treatment all of these groups of 
microorganisms dropped to undetectable levels. 

Chemical analyses of the seawater both before and after treatment 
by ozonation and UV sterilization demonstrated that total organic carbon 
(TOC) and total dissolved organic carbon (TDOC) increased after the 
treatments stopped. Total suspended solids (TSS), total dissolved solids 
(TDS) and total particulate organic carbon (TPOC) values were similar 
throughout the testing, both before and after treatments. 

III. Evaluation of Pulsed Power Treatment 

Acoustic methods for biofouling control have been studied for many 
years. Recently, conventional ultrasonic sources have been field tested 
for possible prevention of fouling by the freshwater zebra mussel 
{Dreissena polymorpha) (Levy, 1993). Another study, using pulsed 
acoustics, reported prevention of algae accumulation in freshwater piping 
over a range of over 15 ft. (Bryden, 1993). This study, however, lacked 
adequate controls, so interpretation of results was difficult. 

Pulsed acoustic shock wave technology differs from conventional 
sonic/ultrasonic technologies in several important respects.  First, the 
cavitation threshold is much higher for short-pulse, high-frequency 
acoustic waves than for low-frequency, continuous-wave ultrasonics 
(Urick, 1983). For biofouling control, this offers two advantages: (1) more 
acoustic power can be delivered to the water at higher efficiency, thus 
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allowing larger areas to be treated at greater range; and (2) based on 
results of our own work, biofouling control does not appear to be related 
to captation as in conventional ultrasonics, and thus the potential for 
materials damage is greatly reduced. Secondly, in contrast to ultrasonics, 
the hardware required to produce pulsed acoustic shock waves uses 
underwater electrical discharges formed by simple, relatively inexpensive 

arc-discharge equipment. 

In a previous study, we demonstrated the feasibility of using pulsed 
acoustic waves at intensities above the captation threshold to remove 
accumulated scale and/or biofouling from the inside walls of piping 
(Grothaus et al., 1993). An a.^mative that we are cc~ antly studying is to 
use low energy acoustic shock waves to prevent biofouling. 

Study Design 

A seawater PVC test loop was constructed in February 1994 at the 
NSWC/Code R33 test site in Ft. Lauderdale. The loop was built from 
schedule 40, 2-inch diameter clear PVC plastic piping. As in the titanium 
test loop experiments described above, seawater from the Port 
Everglades shipping channel was pumped continuously through the loop 
at 0.5 ft-sec"1 for a period often days. The acoustic pulse source 
consisted of a high-voltage power supply that produced an underwater 
electrical arc discharge. The repetition rate of the acoustic pulse was 0.5 
Hz (once every two seconds). Treatment was maintained for 
approximately 10-12 hours per day. Biological analyses included visual 
inspection of fouling, bacterial counts of scrapings from pipe walls, and 
ESEM analyses of nyL T coupons inserted into the pipes. 

Results 

Tne experiment demonstrated effective non-chemical biofouling 
prevention both upstream and downstream of the acoustic source. 
Specifically, a significant reduction in the rate of both micro- and, 
particularly, macrofouling was observed in the treated loop compared to 
an untreated control.  Based on biofilm counts of aerobic heterotrophic 
bacteria, SRB, acid-producing bacteria, and general anaerobes, at least 
an order-of-magnitude reduction in the rate of microbial accumulation was 
observed at ranges of at least 10 feet for acoustic pulse treatments of less 
than 25 W average power (4 Wft-2 treated). Direct observation of 
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treated and untreated surfaces with ESEM revealed significant prevention 
of bacterial and algal fou.ing compared to the control. No degradation to 

the plastic piping of the loop was observed. 

IV. Conclusions 

The studies described here demonstrated that both ozone injection 
and UV irradiation treatments were effective in reducing microb.al 
numbers in flowing seawater by several orders of magnitude. Although 
STs not complete9 the levels of microbial reduction seen in this study are 
sufficient to lead to significantly lowered fouling rates comp-ed to 
untr. ated controls. Slow build-up of a microbial slime layer shor'd not be 
of significant concern from a corrosion standpoint, as no cases o, 
microbiologically-influenced corrosion of titanium have been reported 
(Little era/  1991; Little etal., 1992). Almost complete prevention of 
macrofouling was observed in our system under both treatment regimes 
Both treatment technologies can be adapted to the high-vo ume seawater 
requirements of the Navy. The Diablo Canyon Power Plant in San Luis 
Obispo, California, for example, uses prefiltration followed by UV 
sterilization to treat 1,000 gpm of seawater before it is transferred to 
reverse osmosis (RO) membranes for desalination (S. Hoover and J. 
Jones-Meehan, personal communication).   Ozonation and UV 
sterilization both appear to represent potentially effective and 
environmentally-compatible alternatives to chemical treatments for control 
of biofouling in shipboard titanium piping and cooling systems. 

Preliminary tests of pulsed acoustic treatments for biofouling 
prevention show promise, but much more work is need to optimize the 
effects and develop the technologies for practical use. 
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ABSTRACT 

Carbon (1018 and 4340), stainless (304SS) and HY80 steel coupons 
were exposed to three, mixed marine communities containing sulfate- 
reducing bacteria (SRB) for time periods up to eight months. Data on 
surface topography and chemistry (environmental scanning electron 
microscopy [ESEM] coupled with energy dispersive spectroscopy [EDS]), 
weight loss measurements and X-ray diffraction [XRD] patterns of minerals 
in the biofilm have been obtained from controls (no bacteria added) and 
from experimental samples exposed to the mixed bacterial communities. 
Microbes were distributed throughout the surface layers (i.e., sulfides, 
corrosion products, inorganic deposits, microbial exopolymers, etc.). The 
thickness and chemistry of the corrosion layers, as well as, the severity of 
corrosion varied among the steels. A patchy biofilm developed on 304SS, 
but no corrosion was detected during the eight month exposure period. The 
increased corrosion indicated by weight loss data for 1018, 4340 and HY80 
exposed to SRB was statistically significant compared to the controls. For 
HY80, the increased amount of corrosion observed with CG-59 SRB 
community (originally isolated from corroding seawater piping on a Navy 
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shiD^ was statistically significant compared to the two other SRB 
ommunuLtsted. Deploying of Cr was observed in the 434C)coupons 

exposed to the three SRB communities, while Cr was dealloyed only in 
HY80 coupons exposed to CG-59 SRB community (no Cr deaHoying in 
HY80 coupons exposed to the other two SRB communities). Carbon and 
HY80 steels exposed to SRB showed the production of mackinawiteJFe^SJ 
and vivianite [Fe(P04)2.8H20] with minor amounts of other minerals. 
Vivianite was sometimes accompanied by sidente [FeCO-jJ. 

INTRODUCTION 

Microbiologically influenced corrosion (MIC) resulting from the activities 
of sulfate-reducing barter- (SRB) does not produce any unique form of 
localized corrosion. Pitting, crevice corrosion under-depos.t corrosion and 
deploying have been attributed to SRB.1-11'14'15'17 Biofilms produce an 
environment at the biofilm/metal interface that is very different from that of 
the bulk medium in terms of pH, dissolved oxygen, and inorganic and 
orqanic species.17 SRB are ubiquitous, but they predominate in anaerobic 
marine biofilms because of the presence of 2.5gmL"1 sulfate in seawater. 
SRB in biofilms enhance corrosion of steel through both direct (hydrogen 
removal) and indirect (hydrogen sulfide and iron sulfide production) 

processes. 

SRB-enhanced corrosion of 1018 steel under aerobic bulk liquid medium 
was reported by Lee et al. (1993).10 The number of marine SRB was higher 
in biofilms recovered from carbon steel piling sites which expenenced high 
rates  of corrosion.1     Metabolic  activity was  different for three  SRB 
communities (one from Portsmouth, UK; one from Alaska; and one from 
Indonesia) isolated from a severe case of marine corrosion of mild steeL 
SRB 'solated from sheet piling in Portsmouth gave nse to very high 
corrosion rates compared to the Alaskan and Indonesian SRB strains (as 
measured by linear polarization method).1   Bryant et al.2 reported that a 
SRB  biofilm  with active hydrogenase activity (i.e.,  corrosion  pipeline 
microbes) was associated with significantly higher corrosion rates (7J9 
mm/year) on SAE 1020 steel relative to a hydrogenase-negative SRB 
biofilm (0 48 mm/year).  No hydrogenase activity was detected on studs or 
from planktonic SRB until after 23 days incubation when some SRB biofilms 
on the steel studs showed strong hydrogenase activity.   The induction of 
hydrogenase was probably caused by a shift from  chemoorganic to 
chemolithotrophic metabolism by some of the SRB in the mixed biofilm 
because of the very low level of utilizable carbon (lactate and acetate) left 



in the recycled medium. This induction of hydrogenase may be due to 
microbes capable of utilizing cathodically produced hydrogen as an 
alternate energy source.2 

Pitting at or adjacent to welds at the heat-affected zone (HAZ), the 
fusion line and in the base metal was observed in MIC of type 300 series 
austenitic stainless steel.7 Tatnall observed that biodeposits containing SRB 
correlated directly with crack locations at tube-tubesheet junctions in vertical 
condensers constructed of 304SS.16 SRB corrosion was observed on 
carbon steel, stainless steel and galvanized steel in a wastewater svstem. 

■ 
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MATERIALS AND METHOD 

Laboratory Testing. The isolation, maintenance, and characterization of the 
SRB communities have been described elsewhere.6'13 For each material 
(1018, 4340, HY80 and 304SS), 100 coupons were weighed and exposed 
to sterile medium (25 coupons for each material) or to one of three mixed, 
marine communities containing SRB (25 coupons for 49Z bacteria, 25 
coupons for P14 bacteria and 25 coupons for CG-59 bacteria). The 
coupons were incubated anaerobically at room temperature for 2, 4 and 6 
months, as well as a 6 month anaerobic exposure followed by a 2 month 
aerobic' exposure to determine if any alterations in corrosion product(s) 
would occur after exposure to an aerated solution. At the end of each time 
period, coupons were removed as indicated below: 

# of Coupons Tested For Each Steel Substrate3 

Sample XRD ESEM/EDS 
Control 1 1 

49Z Bacteria 1 1 

P14 Bacteria 1 1 
CG-59 Bacteria 1 1 
The number of coupons analyzed for the 6 month anaerobic incubation 
followed by the 2 month aerobic incubation was doubled. 

WLcss 
3 
3 
3 
3 

Using 2-tail t-test for comparison of means of independent groups, the 
weight loss for each steol substrate at each exposure time for each 
bacterial community was compared to the appropriate control. At the end 
of the exposure periods, surface topography and chemistry were 
documented using an Electroscan Model E-30 environmental scanning 
electron microscope (ESEM) and a NORAN SERIES II Model 5502 energy 
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dispersive x-ray spectrometer (EDS). Coupons were removed from the 
culture medium, carried through a series of salt water/distilled water washes 
and examined directly from distilled water. X-ray diffraction patterns were 
collected using cobalt K radiation in a Rigaku High Brilliance Rotating 
Anode Diffractometer with a 5°/min scan rate. 

Coupons of 4340 were exposed to pure cultures of SRB isolated from 
three mixed communities in an anaerobic hood for 2 months at room 
temperature.    Coupons were analyzed for weight loss, biofilm surface 
topography and chemistry as described above. 

Steels. The elemental composition for (1) 4340 is 0.41% C, 0.82% Cr, 
0.15% Cu, 0.76 Mn, 0.26 Mo, 1.89% Ni, 0.012% P, 0.004% S and 0.24% 
Si; (2) 1018 is 0.15-0.20% C, 0.060-0.90% Mn, 0.040 P (max) and 0.050 
S (max); (3) HY80 is 0.1-0.2 C, 0.2-0.45 Mn, 0.12-0.38 Si, 0.02 P (max), 
0.002-0.02 S, 2.1-2.5% N> 0.25-0.4% Mo, 0.94-1.86 Cr, 0.03 V (max), 0.02 
Ti (max) and 0.25 Cu (max); and (4) 304SS is an austenitic SS (18%Cr- 
8%Ni). 

RESULTS AND DISCUSSION 

SM >    rt& 

Microbes were distributed throughout the surface layers (i.e., sulfides, 
corrosion products, inorganic deposits, exopolymers, etc.) on 4340, 1018 
and HY80 steels (Figures 1 and 2). The increased corrosion as measured 
by weight loss for 1018, 4340 and HY80 exposed to SRB was statistically 
significant compared to the control (no SRB present; data not shown). For 
HY80, the increased amount of corrosion observed with CG-59 SRB 
community (originally isolated from corroding seawater wiping) was 
statistically significant compared to the two other SRB communities tested 
(data not shown). 

Dealloying of Cr was observed in the 4340 coupons exposed to the 
three üRB communities (Figure 3), while Cr was deallo- ed only in HY80 
coupons exposed to the CG-59 SRB community (no dealloying in HY80 
coupons exposed to the two other SRB communities; Figure 4). Pure 
cultures of the SRB from the mixed communities have been isolated and 
characterized for hydrogenase activity. SRB from 49Z and P14 mixed 
communities are hydrogenase-positive, while SRB from CG-59 mixed 
community is hydrogenase-negative.6 After a two month exposure of 4340 
coupons to pure SRB cultures from the three mixed communities (49Z, P14 
and CG-59), dealloying of Cr was observed in 4340 coupons exposed to 
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Figure 1. ESEM micrograph showing biofilms on HY80 steel coupons after 
a two month exposure to three mixed, marine communities 
containing SRB (A, P14 bacteria; B, 49Z bacteria; and C, CG-59 
bactena).  Scale bar in the micrographs: A, 2 microns; B, 5 
microns; and C, 10 microns. 
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(A) 

(B) 

(C) 

Figure 2 ESEM micrograph showing biofilms on 1018 steel coupons after 
a two month exposure to three, mixed manne communities 
containing SRB (A, 49Z bacteria; B, CG-59 bacteria; and C, P14 
bacteria).   Scale bar in the micrographs: A, 5 microns; B, 2 
microns; and C, 10 microns. 
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(A) 

(B) 

(C) 

VFS   «   4096        10   £40 

Figure 3. EDS spectra of 4340 after 2 months: (A) control, (B) exposed to 
49Z mixed bacteria and (C) exposed to a pure culture of 49Z SRB. 

211 



MM 

(A) 

3.3C3 VFS *   4096   10.243 

(B) 

0.000 VFS   *   4096        10.240 

Figure 4. EDS spectra of HY80: (A) control (no SRB present); and (B) 
exposed to CG-59 mixed community with SRB for 6 months. 
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pure SRB cultures but no dealloying of Cr was observed for the control (no 

SRB present; Figure 3A,C). 

A patchy biofilm developed on 304SS (data not shown), but no 
corrosion was detected during the six month exposure period     The 
corrosion resistance of stainless steels (SS) is due to the formation of a thin 
oassive film. Mansfeld et al. (1992) reported no localized corrosion in three 
stainless steels (304SS, 316SS and A16XSS) and titanium grade 2 after a 
4 month exposure to flowing Pacific Ocean seawater where 10-100 SRB 
cm"3 were present.12 With longer exposure times to SRB, MIC of type 300 
senes austenitic stainless steels has been observed at or adjacent to welds 
in the HAZ the fusion line and in the base metal.5   Gillis et al. (1994) 
reported that the facultative anaerobe, Citrobacter freundu, selectively 
colonized arain boundaries of 316L stainless s^.eel w,„ch resulted in a 
significant depletion of Cr in near-surface regions at the grain boundaries 
while the sterile controls showed no depletion of Cr.3 Significant depletion 
of iron was reported in near-surface regions at grain boundanes colonized 
by a co-culture of C. freundii and Desulfovibrio gigas (a SRB), but not in 
sterile coupons or in coupons exposed to C. freundii alone.    Gillis et al. 
suggested that the early stages of surface colonization leading to changes 
in alloy elemental composition near the surface may be critical steps that 
fix anodic and cathodic sites required for subsequent localized attack and 
pit formation and propagation.3 

McNeil et al. (1991) identified unique copper sulfide minerals formed by 
SRB in biofilms on copper surfaces that did not form abiologically at 
standard conditions of temperature and pressure.13 Non-adherent 
chalcocite (Cu2S) layers were indicators of SRB-influenced corrosion. It has 
been recognized that when iron alloys are corroded by SRB, specific sulfide 
minerals form.8 Exposure of low carbon and HY80 steels to SRB resulted 
m the production of mackinawite (FeßJ, vivianite [Fe(P04)2.H20], and 
minor amounts of other minerals (i.e., siderite [FeCOJ, green rust [either 
JCPDS 13-91 or JCPDS 13-90] and some distinct smythite [FegSJ; see 
Table 1). Most specimens, except stainless steel, show significant vivianite 
Patterns. Consortia containing SRB have been reported to produce 
Phosphorus-containing minerals on iron.4 Vivianite and mackinawite persist 
on exposure to air or oxygenated medium. Green rust is a significant 
alteration product found on some of the 1018, 4340 and HY80 coupons 
exposed to SRB, while green rust was not observed in controls (no SRB 
Present; see Table 1). This observation differs from some other laboratory 
and field studies in the literature, but it is consistent with extensive 
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Table 1.  XRD Data for 1018, 4340 and HY80 Steels3 

Steel/ 
Culture 
1018 
Control 

(A) 
Pattern 
V 

(B) 
Pattern 
V 

(C) 
Pattern 
V 

(D) 
Pattern 
V 

(E) 
Pattern 
V 

1018/P14 V V.MC.SI 
GR 

V.MC.GR V.SI.MC 
GR 

V.MC 
GR.si 

1018/49Z V.MC.si V.MC.SI V,MC V.SI.MC 
GR 

V,MC 
GR,si 

1018/CG59 V,MC,si V,MC,GR 
si 

V.GR.MC V,MC,GR 
si 

V,MC 
GR.si 

4340 
Control 

V V,o V.si.o V,o V,si 

4340/P14 V.MC V,MC V,MC,SI 
GR 

V,MC 
SI.GR 

4340/49Z V,MC V.MC.SI V.SI.MC VjVC.SI 

4340/CG59 V.SI.mc V,SI,mc V,SI,MC 

HY80 
Control 

V V V 

HY80/P14 MC MC MC MC,./ V,MC,gr 

HY80/49Z MC MC,V MC.V MC,V MC,V,si 

HY80/CG59 V,si V,MC,si V,MC,si,gr 

. /D\     4 

V,MC,si V,MC,si 

arnhir. thfin 
Patterns : (A), TZU aays anaeiuuio CAH^^, V~„ .- j- - 
14 days aerobic exposure; (C), 171 days anaerobic exposure, (D), 192 
day anaerobic exposure; (E) 180 day ^aerobic exposure then 60 days 
aerobic exposure.  Minerals: GR, green rust (either JCPDS 13-91 or 
JCPDS 13-90)- MC, mackinawite; O, oxide; SI, sidente; SY, smythite, V, 
vivianite   Lower case indicates minor quantities of mineral observed. 
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field 
observations at Nova Husky (Tom Jack, personal communication). 

CONCLUSIONS 

The increased corrosion indicated by weight loss data for-1018, 4c540 
nH HY80 exDOsed to SRB was statistically significant compared to controls. 
KEKSSS^ erf 4340 steel coupons before and after the add.tion 
Se mixed communities containing SRB or pure SRB cultures.regaled 

dealloving of Cr. No dealloying of Cr was observed in controls. fSEM/EDS 
ana vses9of HY80 steel coupons revealed dealloying of Cr only for coupons 

posed to CG-59 SRB community.  Carbon and HY80 steels exposed to 
SRB showed the production of mackinawiie and yiv.an.te with minor 
amounts of other minerals suc'i as siderite, green rust and/or smythite. 
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INTRODUCTION 

Microbiologically influenced corrosion (MIC), the interaction of 
biological activity with corrosion processes, is a significant cause of 
degradation of piping and heat transfer surfaces in cooling water systems. 
MIC can produce localized corrosion and through-wall penetration of piping 
and heat exchanger tubing at rates 10 to 1000 times more rapid than those 
normally encountered. 

Monitoring of biofilm formation on line provides the system operator 
with the information needed to initiate mitigation activities, such as cleaning 
and water treatment, well before the structural integrity of piping or 
components is jeopardized. On-line monitoring of biofilms, and timely 
actions, taken before corrosion has initiated or thick biofilms are formed on 
piping or heat exchanger tube surfaces, can significantly improve the 
effectiveness of mitigation activities. Continuous monitoring of biofilm 
activity permits close control of biocide additions (to avoid over-treatment 
of the water) and scheduling of preventive maintenance activities so that 
unplanned downtime due to MIC is avoided. 
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The electrochemical aspects of MIC have been discussed by a number 
of authors [1-8]. Since MIC affects electrochemical reactions that influence 
corrosion, biofilm activity may be tracked by electrochemical monitoring 
methods that are specific to those electrochemical reactions by which 
biofilms can influence corrosion. An electrochemical device, the 
Bio GEORGE™ probe, has been developed1 to provide a method for 
determining the onset of biofilm formation on metal surfaces and tracking 
biofilm activity on line in a power plant or industrial environment [9]. 

BACKGROUND 

The BloGEORGE probe (Figure 1) consists of two sets of identical 
metallic disks, separated from each other by an insulating epoxy. The 
cylindrical probe is inserted into the plant environment via a standard 
access fitting, such as a threaded tee. A simple control system cathodically 
polarizes one electrode (i.e., set of disks) relative to the other for a short 
period (30 minutes to one hour) each day. The electrodes are connected 
through a precision resistor (e.g., 1000 fi) at all other times. By monitoring 
the current required to achieve the pre-set potential over a period of days 
or weeks, the influence of biofilms on operative half-reactions may be 
readily detected. The "gentle" cathodic polarization simulates 
electrochemical conditions similar to those resulting from local anodic sites 
(e.g., inclusions or weldments) and produces local environments that result 
in differences in the types and numbers of microorganisms present on each 
electrode [3, 10-11]. 

The applied current, the current which flows when the external power 
source is on, is tracked daily. When a biofilm becomes established on the 
probe surfaces, this applied current exhibits a distinct increase. 
Examination of the trend of applied current thus provides -apid, real time 
indication of biological activity on the probe surfaces. The generated 
current, the current that flows through the shunt resistor which connects 
the electrodes when the power source is off, is monitored at all otherr times. 
Initially, the generated current is zero or very near zero as would be 
expected for two nominally identical electrodes exposed to the same 
environment. Laboratory tests have shown that the generated current also 

1 Patent rights to the BloGEORGE probe are owned by the Electric Power Research 
Institute. The patent application was filed in October, 1991. U.S. Patent Number 5,246,560 
was issued on September 21, 199?. 
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increases when a biofilm forms, 
both parameters. 

APPROACH 

Biofilm formation is monitored by tracking 

Probes were tested in seawater environments typical of those 
encountered in piping and heat exchangers of Naval vessels. Probes were 
assembled using electrodes with materials with different film-forming 
characteristics. The influences of material type and the polarization 
schedule (i.e., length of time that electrodes are polarized and the pre-set 
potential) on the sensor's ability to indicate the formation of biofilm and the 
onset of MIC were evaluated. These probes were then installed into natural 
and synthei.o seawater systems and tested over periods of six to eight 
weeks. The applied and generated currents were monitored. 

Copper alloys and titanium are commonly used in seawater systems 
because of their superior resistance to pitting in chloride-containing 
environments. Standard design probes, with Type 304L stainless steel 
electrodes, and probes with 90-10 copper-nickel, and titanium (Grade 2) 
electrodes were exposed in both static laboratory tests and in a slowly 
flowing seawater flume at the Naval Surface Warfare Center's Corrosion 
Test Facility (Ft. Lauderdale, FL). 

The on-line measurements were supplemented by post-exposure 
testing to characterize the microbiology, local chemistry (including corrosion 
deposits and areas away from the local corrosion site), and corrosion of 
surfaces. 

Static Seawater Tests 
Probes were exposed to a synthetic seawater environment (ASTM D- 

1141) in a 10 liter plexiglass vessel that was covered with aluminum foil to 
keep out light. Communication with room air was permitted. Deionized 
water was added as needed to keep the level well above the probe 
electrodes. 

Data acquisition was accomplished using a single two-channel Allen 
recorder and a series of timers and switches that produced a trace for each 
Probe two times a day. The results were input to QuattroPro, Version 5.C, 
for analysis and plotting. 
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The stainless steel electrodes were polarized toJOOmV the» 
10 copper-nickel to 50 mV, and the titanium electrode a»400™V_ These 
values were selected to provide readily measurable currents, hopefully, 

without corroding the electrodes excessively. 

the result of SRB, in this soil. 

After approximately 50 days of exposure, a 5.25% sodium hypochlorite 
solution waTadd^d to the electrolyte to produce a concentration cf 
aop oximately 8pom free chlorine. Probe response was then monitored 
far ^ add tional eleven days. Nine days later, free chlorine concentration 
was meas" 1 PPm.yAt the end of the test, no free chlonne was 

detected. 

Electrodes were monitored for microbiological activity 47 days after 

-S the ^«^^J^ä: 
5KÄÄÄ M^ef, SÄPC-1) 47 days into the 
tett and at the completion of fee testing. The pH of the environment wa 
tested atthe beginning and the end of the test.  Chlorine was measured 

using an Olin, HTH test kit. 

F,OWiprobe""TaIfexposed to flowing natural marine environments at 
the Naval Surface Warfare Center at a continuous, slow flow to optimize 
SÄo^^lonlzation (transport of nutrients, et^^c^W 
biofilms from the metal surfaces. Like the static exposures, these teste were 
nun such that the probe and test environment were always completely dark, 
as would be the case for shipboard heat exchange systems. 

The BloGEORGE™ probe electrodes at NSWC were initially polarized 
to 200 mV (relative to each other) for 30 minutes per day using] he 
standard probe control system. Data were recorded using a Chesseii 
SÄr^S interfaced to an XT-class computer. Data trends were 

plotted in QuattroPro, Version 5.0. 
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After 79 days of exposure, the probes were removed from the flume, 
photographed, and the surfaces characterized. Field microbiological 
analysis was performed on samples from the positive and negative polarity 
electrodes from each probe using MICKits. The probes were then cleaned 
and returned to service. 

For the second flowing test, the polarization potential was increased 
for the titanium probe (from 200 to 400 mV) and decreased for the stainless 
steel (from 200 to 60 mV) and 90-10 copper-nickel (200 to 25 mV). The 
polarization time for all probes was increased to one hour. 

RESULTS 

Static Seawater Tests 
Figure 2 summarizes the results from the static tests. The applied and 

generated currents for the stainless steel probe remained stable following 
the inoculation of the cell, but both currents changed rapidly ten days later. 
Interestingly, the generated current shifted in the negative direction several 
days after the inoculation and was of a sufficient magnitude so that the 
applied current was also negative. The difference between the applied 
current and generated current provided the most useful parameter for 
plotting. The addition of sodium hypochlorite caused the current difference 
to return to near its original value. 

The applied and 
much smaller, however 
of the stainless steel 
increase eleven days 
essentially zero initially, 
after inoculation. The 
biofilm by hypochlorite 

generated currents from the titanium probe were 
, the response characteristic was very similar to that 
probe. The applied current exhibited a distinct 
after inoculation. The generated current was 

but exhibited a very definite increase fourteen days 
response of the probe to the destruction of the 
is also readily apparent. 

Both the stainless steel and titanium electrodes exhibited an increased 
concentration of general aerobic bacteria, general anaerobic bacteria, acid 
Producers, and SRB when compared to the bulk fluid. Following biocide 
addition, the enrichment of SRB was no longer observed. The 90-10 
copper-nickel electrodes exhibited low concentrations of all the detectable 
microbes, consistent with the lack of response from the probe. 
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Flowing Seawater Tests 
In the first month of exposure, the applied and generated current 

traces from the stainless steel probe were very similar to those from the 
static tests. Applied currents stabilized after a few days, then both applied 
and generated currents increased steadily for the next three days. The 
applied current reached a maximum of ~ 100 MA and the generated current 
increased from -20 ^A to nearly 33 /*A, both currents remained at those 
levels until a problem with the system pump caused an eighteen day 
interruption to system flow. During the time that the flow was interrupted, 
applied current decreased and became more unstable while the generated 
current decreased to near zero. When the pump was restarted, the applied 
current quickly returned to a value near 100 MA. The generated current 
responded more slowly but reached a value of about 10 MA that persisted 
through the end of the test. The generated current appeared to provide the 
more sensitive indicator of biofilm activity (Figure 3). 

The titanium probe exhibited very small applied currents (of the order 
of 1 /xA) and even smaller generated currents (-0.4 ^A) as shown in 
Figure 4. The applied current remained very steady, until the eighteen day 
stagnant period. About ten days after the flow stopped, the applied current 
increased rapidly to a value in excess of 5 MA, then gradually decreased to 
a steady value slightly higher than that which had been observed prior to 
the abrupt increase. Once the pump was restarted, the new, higher value 
persisted for 21 days. When the generated currents were plotted on an 
expanded scale, a very definite positive shift in generated current was 
observed five days after the start of the test, in exact agreement with 
changes in the generated current on stainless steel. While the pump was 
off, the generated current was much less stable. Once the pump was 
returned to service, the generated current again exhibited a positive shift. 

A» MI the static tests, the 90-10 copper nickel probe gave no ir. Nation 
of biofilm formation. Post-test examination of the probes revealed minimal 
deposition on the 90-10 and titanium probes, and heavy, rust colored 
deposits on the stainless steel probe. The stainless steel probe exhibited 
some macrofouling and very heavy deposition of corrosion products on the 
probe body. Rusty deposits were observed on the electrodes, especially 
the disks near the bottom of the probe. All of the 90-10 copper-nickel 
electrodes were a fairly uniform, greenish-tan color. Small copper or rust 
colored spots were obvious on all of the 90-10 electrodes. The titanium 
electrodes were a uniform matte gray color with little or no evidence of 
deposits. 
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Microbiological and chemical samples were collected from the three 
disks of each polarity nearest the end of the probe (i.e., the most deeply 
submersed disks) on sterile cotton swabs. Serial dilutions were then 
performed in accordance with the kit instructions and detailed 
microbiological analysis (by microscopy) and chemical analysis for pH, 
chloride, iron, manganese, and calcium were performed by BTI. A 
summary of the results is given in Table 1. 

The microbiological results confirmed the presence of biofilms on the 
stainless steel and titanium electrodes. Comparing the relative proportions 
of sulfate reducing bacteria, acid producing bacteria, and general aerobic 
and general anaerobic populrtions on the differe.it electrodes £ id the bulk 
water revealed that the negative electrodes of the stainless steel and 
titanium probe supported a biofiim of the same approximate composition 
as that of the bulk water. Far fewer acid producers were detected on the 
positive electrodes of each of those probes. Iron depositing bacteria were 
only detected (microscopically) on the stainless steel electrodes and in the 
deposit from the probe body. Almost no viable microorganisms were 
detected on the 90-10 copper-nickel probe electrodes; consistent with the 
absence of any increases in applied current or generated currents from the 
probe. 

The deposits were removed and the probes returned to service for 
Test #2. The cleaning process was very simple. The copper-nickel and 
titanium probes were cleaned completely by a fresh water rinse only. 
Considerable deposit remained on the stainless steel electrodes even after 
wiping the probe with a wet paper towel. The deposit was removed by 
popping it loose with a fingernail. Removal of the deposits revealed bright 
and shiny electrodes with no evidence of corrosion damage. 

In the second test at the NSWC Corrosion Test Site, the polarization 
Parameters were modified to decrease corrosion damage on the stainless 
steel and 90-10 copper-nickel probes and to produce values of applied 
currents on the titanium probe that were more readily measured. 

The stainless steel probe responded in a very similar fashion as in Test 
#1 except that the magnitude of the applied current was less than that for 
Test #1 where the applied potential was higher. Both applied and 
9enerated currents appeared to be sensitive to flow, as before. Once 
again, the applied current decreased and generated current became less 
stable when the flow was interrupted. Generated current again provided a 

>SS& 
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more sensitive indicator - currents increased from essentially zero to near 
20 fiA a week or so after the start of the exposure. 

The applied and generated currents on the 90-10 copper-nickel probe 
were sm Jler han had been observed in the first test, however, the probe 
SHI did noappear to provide any useful information on biofilm act.v.ty on 
surfaces probably because little or no biofilm was grown on the electrodes. 

The larger applied potential between the titanium electrodes provided 
very stable outputs'and readily measurable applied ancI generatedcurrent^ 
ThP aoDlied current was stable at a value of about 2 MA for most of the 
Ixposu^ As no^ed in the first test, the magnitude of the currents 
fncreased and became less o.able when the flow -as stopped. The 
ge^ted current remained at essentially zero for the first week of 
exposure, then increased rapidly to about 0.25 ^A. 

CONCLUSIONS 

• The BloGEORGE™ probe provides a practical method for the 
detection of biofilms, on-line, in a seawater system 

. Probes fabricated using either stainless steel or titanium electrodes 
provide positive indications of biofilm formation, and the destruction of 
the biofilm from the application of biocide. 

• Probes'using 90-10 copper-nickel were not as successful in static 
seawater, inoculated with a high SRB mud, or in a flowing, natural 

seawater environment. . 
• Indications of biofilm activity were confirmed by post-test examination. 
• Additional refinements of the hardware and method are 

recommended. 
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Table 1 

Chemical and Microbiological Characterization of Electrodes 
NSWC Test #1 

Sample SRB APB 

General 
Aerobic 

General 
Anaerobic 

Iron 
Depositing 
Bacteria1 

SS+ 
SS- 
90-10+ 
90-10- 
Ti+ 
Ti- 
PLUG2 

<1 
<1 
ND 
ND 
<1 
<1 
ND 

-1 
-104 

ND 
~1 
-10 
~103 

ND 

-102 

-10 
<1 
ND 
-10 
-10 
ND 

-102 

-10 
ND 
-1 
-102 

-102 

ND 

+ 
+ 

+ 

Microbial Counts as cells/cc 

Bulk Water 1-»10 10 3-»104 10-*100 102-*103 • 

Chemical Analysis, pp m (except for pH) 

nH Fe Mn Cr Ni _.M9    .... Ca Cu Ti ci- 
„, Pn— 

8 1 <1.5 0.75 <2.5 <2.0 NA 38 NA NA 2100 

8 0 <0.75 <0.25 <1.3 <1.0 NA 18 NA NA 1400 

8 1 3.6 <0.25 NA 2.4 NA 9.1 9.7 NA 530 

R T <0 75 <0.25 NA <1.0 NA 3.1 0.63 JA 960 
90-10- 

7 R <0 75 <0.25 NA NA NA 5.6 NA <10 2500 
Ti + 

8 0 <0.75 <0.25 NA NA NA 7.9 NA <10 1900 

Bulk 8.0 NA 0.38 NA NA 1300 440 NA NA 19200 

I  J — 

1From direct microscopic examination by BTI 

^Corrosion deposit from stainless steel body of titanium probe 
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THE  USE  OF  ELECTROCHEMICAL  IMPEDANCE 
SPECTROSCOPY  (EIS)   AND   ELECTROCHEMICAL   NOISE 
ANALYSIS (ENA)  FOR  MONITORING OF BIOCORROSION 

Dr. F. Mansfeld*. Mr. H. Xiao and Mr. Y. Wang 
Corrosion and Environmental Effects Laboratory (CEEL) 

Department of Materials Science and Engineering 
University of Southern California 

Los Angeles, CA 90089-0241 

Abstract 

The use of electrochemical impedance spectroscopy (EIS) and 
electrochemical noise analysis (ENA) for non-destructive evaluation of 
corrosion processes is illustrated for three model systems.   EIS can be 
used to detect and monitor localized corrosion of Al alloys and determine 
pit growth laws which can be used for lifetime prediction purposes. 
Electrochemical potential and current noise data can be analyzed in the 
time and the frequency domain. A comparison of noise data obtained for 
Pt and an Al 2009/SiC metal matrix composite (MMC) exposed to 0.5 N 
NaCI has shown that the use of potential noise data alone can lead to 
misleading results concerning corrosion kinetics and mechanisms.   The 
electrochemical noise data have been evaluated using power spectral 
density (PSD) plots in an attempt to obtain mechanistic information. The 
system Fe/NaCI has been used to determine the relationship between 
the polarization resistance Rp obtained from EIS data and the noise 
resistance Rn determined by statistical analysis of potential and current 
noise data.  Potential and current noise can be recorded simultaneously 
allowing construction of noise spectra from which the spectral noise 
resistance R°sn can be obtained as the limit for zero frequency.   Good 
agreement  between  Rp, Rn and R°sn has been observed for iron 
exposed to NaCI solutions of different corrosivity.   For polymer coated 
steel exposed to 0.5 NaCI for five months analysis of EIS data allows to 
draw conclusions concerning the degree of disbonding of the coating 
and the decrease of the coating resistivity with exposure time.   Rn and 
R°sn obtained from electrochemical noise data for an alkyd coating on 
cold rolled steel agree with each other and show the same time 
dependence as Rp and the pore resistance Rpo determined from EIS 
data, but are significantly lower than Rp and Rpo.  The relationships of 
derived noise parameters such as Rn and R°sn to coating properties and 
to the remaining lifetime of a polymer coating are not clear at present. 
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Introduction 

in «niuetina the use of electrochemical monitoring techniques for 
the de ecHonaand quantification of microbiology) influenced c_ 
(MIC) a few limitations of such techniques ha» to be consde red .A 
weakness of most electrochemical techniques is «u'e to give 

o, the entire surface or to localized corros.n     ,us< aj^site^on this 

especially bothersome in the case of MIC   «hew most co 
processes are of a localized nature.   Recently, ™»""4 
electrochemical impedance spectroscopyEIS) have bee" shown w 

""'^is'nT' E,SWoahhbe £Ä\Ä^£Äue in 

corrosion processes through measurements of pit growth rates and otner 
parameters uniquely related to localized corrosion. 

which JT^Sä. äääS 
=iÄZue%hicrm^^ 
--£ h^TmoÄeo ffiÄ-SÄ« 
detected andVnalyzed quantitatively by ENA for a system for which no 

corroas on and to monitor its progress in a qualitative mannen On-go n 
work at CEEL is devoted to comparisons of information concern ng types 
and rates of localized corrosion processes which can be obtained wan 
EIS and ENA and to evaluate the use of ENA as a corrosion monrtonng 
Tool fn MDHcations such as M!C. In the following, the application of EIS 
Ind FNAoSe corrosion systems will be discussed in order to 
demonstrate this appS While the results discussed below have 
be^ obtained in abioUc solutions, they still illustrate the experimenta 
approachTaken in applications of EIS and ENA and form the basis of 
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future projects to be carried out by the authors in which these techniques 
will be applied in evaluation of MIC phenomena. 

Experimental Results and Discussion 

Materials and Methods 

Materials and Test Solutions. In the study of pitting of Al-based 
materials impedance spectra were obtained for Al 6061 exposed to 0.5 N 
NaCI. Electrochemical noise data were determined for an Al 2009/SiC, 
T-8 metal matrix composite (MMC) containing 20% SiC particles and for 
pure Pt in the same solution. Comparison of EIS and ENA data for pure 
Fe (99.999 %) were carried out in three solutions of NaCI with different 
corrosive The study of polymer coated cold-rolled steel with Elc and 
ENA was carried out in 0.5 N NaCI for two different coating systems. 

Methods. EIS data for Al 6061 were determined with a three- 
electrode system using Solartron model 1186 or 1286 potentiostats and 
a Solartron model 1250 frequency response analyzer (FRA). Impedance 
spectra were analyzed using the PITFIT software [6]. Potential and 
current noise data for Al 2009/SiC and pure Fe were determined 
sequentially for a two-electrode system using a Solartron model 1286 
potentiostat as a ZRA and a HP model 3475A voltmeter. The noise data 
for Al 2009/SiC data were collected over a 4096 sec. time period with a 
sampling rate of 2 points/sec, while the data for pure Fe were collected 
during a 500 sec. time period. Noise data for pure Fe were also collected 
simultaneously using two digital voltmeters (HP 3457A and 3478A) and 
software developed at CEEL as described elsewhere [7,8]. The same 
technique was used for the evaluation of two po.ymer coatings on cold- 
rolled steel. EIS data were collected for the same two-electrode system 
after each noise measurement which was carried out for 1024 sec and a 
sampling rate of 2 points/sec. 

1.       Localized Corrosion of Al Allovs and Al-Based Metal   Matrix 
Composites. 

Mansfeld and co-workers have demonstrated that the pitting 
model shown in Fig. 1 can be used to determine pit growth rates from 
impedance spectra collected at the corrosion potential ECOrr [6,9]. Cp and 
Rp refer to the passive surface, "-hue Cpjt, Rpjt and W are properties of 
active pits. Fig. 2 shows experimental data for Al 6061 in the untreated 
condition (Fig. 2a and b) and after surface modification in the Ce-Mo 
Process which produces excellent resistance to localized corrosion (Fig. 
2c) [10,11].  This is demonstrated by the capacitive nature of the Bode 
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plots in Fig. 2c, the very high values of Rp and the lade of change in the 
impedance  data  during  exposure  to  0.5  N   NaCI  for  30  days. 

Rs 

Rp/(1-F) 

-CZP 
Cp(l-F) 

FCpit 

Hzzy- 
Rpit/F W 

OsF£l,W = (K/F)(j<»)".n<0 

Fig. 1.   Piiting model for Al alloys 

l0-"    ia"1     lo1 iol      in1      i°3      1Q* 

l0-3      to"1        10°        13l to*        l°3        l0* 

Frtqutncr   (Hi) 

Fiq 2 Impedance spectra for untreated (Fig. 2a and b) and 
modified (Fig. 2c) Al 6061 with different exposure times 
NaCI 

surface 
in 0.5 N 
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Determination of pit growth rates for the untreated samples requires 
calculation of the specific pit polarization resistance R°pit = Rpit x Ap-,t from 
the fit parameter Rpit and the pitted area Apit as a function of exposure 
ime A = 2FA is calculated from the time dependence of the area 

fraction F at which pitting occurs (Fig. 1) and the total area A assuming 
hemispherical pits [12]. Fig. 3 shows the time dependence of Rpjt (Fig. 3 
a) and ADit (Fig. 3 b) for two samples of Al 6061 with different surface 
preparation (as-received vs. polished). Pit growth rates vpit have been 
expressed as [11]: 

vpit = a(t - t0)b (1). 

where t0 :s the time at which pits were first observed anH a and b are 
parameters which have to be determined experimentally. 

Since vPjt is proportional to 1/R°Pit, Eq. 1 can be written as: 

log (1/R°Pit) = l09 a' + b l09 (t"to) (2) 

in order to apply the experimental impedance data, i.e. R°pit- 

10' 

E 
JS 
0 

a. 
« 

10" 
4 8 12 

Exposure   time   (days) 

10.0 

S.O 

6.0 

O.    4.0 < 

2.0 

0.0 
16 

—>-A»-r»e«iv»d 
—o-Polishtd 

4 8 12 

Exposure   time   (days) 

16 

Fig. 3.   Time dependence of RPjt (Fig. 3a) and Apit (Fig. 3b) for untreated 
(as-received vs. polished) Al 6061 exposed to 0.5 N NaCI 
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and b.   According to Eq. 1 wrth b - -1, P^ O^™^ that these 
oroDortional to exposure time [12].    it nas io ue nuw 
measurements were carried under natural conditions, i.e. at Ecorr, rathe 

5S sc. sriÄWSss'-s si 
short-time laboratory investic,:tions. 

Dl.f   (l/K'pit)   -   -I."   •   !•"   l°«   l 

■ lot   (l/n"pit)   -   -2-38   •   lAl   l0' 
a 
J5 
0 

£ 

.0. 
K 

a   Ai-MCiiii"! 
■   P»U.h«d 

I    . l_ 

log   t   (t   In   dayO 

Fin 4    Time dependence of 1/R°Pit for untreated (as-received vs. 
polished) Al 6061 exposed to 0.5 N NaCI 

Table I    Parameters iog a', b and to in pit growth law for Al alloys 

       I i 

Alloy log a' b to (days) J 

-3.00 -0.99 >25 
Al 7075-T6/passivated in CeCI3 

Al 7075-T6/polished -1.50 -1.35 _uJ 
Al 7075-T73/as-received -1.93 -1.07 

Al 7075-T73/deoxidized -1.84 -1.11 < 1 

Al 6061-T6/as-received -1.77 -1.34 < 1 

Al 6061-T6/polished -2.36 -1.35 < 1 

Al 6013-T6/as-received -1.89 -0.86 < 1 

Al 6013-T6/modified by Ce-Mo -2.28 -1.25 >30 
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Electrochemical noise data have been obtained m the.time 
domain as potential and current noise for an At 2009/S.C MMC during 
exDOSure to 0.5 N NaCI (open to air).  For comparison, noise data have 
also been collected for Pt in the same solution.   Fig. 5a shows the 
potential noise data obtained during the first day of immersion during 
which pits initiated on the MMC which is very susceptible to localized 
corrosion. The noise data in Fig. 5 were normalized to remove the drift of 
the mean value during the measurement time.    The potential noise 
fluctuations were of similar magnitude for both materials (Fig. 5a) 
However, the current noise were very large for the MMC and very small 
for Pt (Fig 5b)   The potential noise fluctuations for Pt, which is inert and 
has a poorly biased open-circuit potential, are considered due to minor 
changes in the mass transport conditions during the measurement. 
Obviously  only the current noise fluctuations are uniquely related to 
corrosion phenomena.    The experimental da'.a in Fig. 5 have been 
analyzed using power spectral density (PSD) plots.   For the potential 
noise data similar dc limits were observed in the PSD plots for both 
materials (Fig. 6a).   The slope in the linear region of the PSD plot was 
about - 20 dB for the MMC, while a more complicated frequency 
dependence was observed for Pt.   In the current PSD plot the dc limit 
was very low and close to the background noise of the potentiostat for Pt, 
while it was very high for the MMC. The slope in the linear region for the 
MMC was about - 15 dB.   These results show that measurements of 
potential noise alone can be misleading in terms of evaluation of the 
(localized) corrosion behavior. 

5.       Normalized potential noise (Fig. 5a) and current noise (Fig. 5b) 
data for an Al 2029/SiC MMC and Pt exposed to 0.5 N NaCI. 
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^gm 

0.01 

Frequency (Hz) 

*Pt 

*AVSIC 

Frequency (Hz) 

* ÄÄÄffi »ta Al 2009,s,c 

ÄÄh
nÄ 

Era: Ä'sss £»ÄHS.rffir- however the dc limit, which is cons.dered o be relaied to he in e     y 
localized a^k  decreased sh.p yjter oneja^ and the, ^ 

the earliest stages of exposure, but decreases '" \ntfn
p

s^   |ots such 
Attempts to correlate the character,stic parametjs of the ^SD Plot 
as dc limit, roll-of frequency and slope (Fig^6 and 7  win ui 
type of the corrosion reaction have been made [13]    In^dcnw . 
noise resistance Rn defined as the ratio of the standard devi« 
potential and current noise data has been used to follow the 
dependence of localized corrosion processes for Al alloys ana M. 

MMCs. 

236 



•xpasur« days 

* 1st -"2nd +3th *ntf 

0.C01 o.oi ai 

Frequency (Hz) 

•xposur« days 

* 11t ""2nd + 3th  * 14tn 

0.01 

Frequency (Hz) 

Fig. 7.    Potential  (Fig.  7a)  and current (Fig.  7b)  PSD plots for Al 
2009/SiC MMC exposed to 0.5 N NaCI for 14 days. 

2-       Iron Exposed to NaCI Solutions of Different Corrosivity 

This model system has been used to evaluate the relationship of 
Rp determined by EIS with the noise resistance Rn obtained from ENA 
[7,8]. The noise resistance Rn is defined as the ratio of the standard 
deviation of the potential fluctuations (a{V(t)}) and the standard deviation 
of the current fluctuations (cr{l(t)}) determined from electrochemical noise 
data [13]: 

Rn = a{V(t)}/a{l(t)} (3) 
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Fiq 8 shows the time dependence of the mean values of E^ 

whi,e the9 mean ^KgÄ^Ä 

reference electrode (SCE) as the poxenum u . 

^E^CTÄ^^ a« the potenfiosta, 

-100 
r100 

— NaCI/air 

+ NaCl/N2 

* NaCI/NaNOJ "200 

800 

Fig. 8. 

Exposure Time (hours) 

Time dependence of the mean value of ECOrr for iron 
exposed to solutions of different corrosivity. 

Fig. 9. 

0 6 12 18 24 

Exposure Time (hours) 

Time dependence of the mean value of the coupling 
current for iron exposed to solutions of different 
corrosivity. 
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output [7,8]. The o{V(t)} and c{l(t)}) data are plotted as a function of 
exposure time in Fig. 10 and 11, respectively. The time dependence of 
Rn determined according to Eq. 3 is shown in Fig. 12. Rn had the highest 
values for the inhibited solution and the lowest values with the most 
pronounced fluctuations for the NaCI solution open to air. It will be noted 
that the values of afV(t)} (Fig. 10) are the highest for the solution with the 
lowest corrosivity (Fig. 12) for which very low values of o{l(t)} were 
recorded. This result shows again that potential noise data alone cannot 
be used to determine corrosion kinetics and mechanisms. 

100 -- NaCI/air 

+ NaCI/N2 

•*• NaCl/NaNOJ 

10 

9 
E. 

S      1 
> 
in 
E 

0.1 

100 

0.01 6 12 18 

Exposure Time (hours) 

24 
0.01 

Rg. 10.  .Time dependence of o{V(t)} for iron exposed to solutions of 
different corrosivity. 
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Fig. 11.    Time dependence of a{l(t)} for iron exposed to solutions of 
different corrosivity. 

1,000,000 

100,000 

-NaCI/air + NaCI/N2 * NaCI/NaN02 

6 12 

Exposure Time (hours) 

24 

Fig. 12.    Time dependence of noise resistance Rn for iron exposed to 
solutions of different corrosivity 
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At the end of the 24 hour exposure time EIS data were obtained 
for the three systems. From these data the polarization resistance Rp 
was obtained by fitting to a simple one-time-constant model. Satisfactory 
agreement between Rp and Rn was observed (Table II). 

Table II.   Comparison of Rn and Rp for three different test environments 

1 open to air deaerated (I\y inhibited (NaNCy 

Rn(KQ) 0.8 8.3 54.7 

Rp(KQ) 1.6 15.9 22.1 

Recently, a new experimental approach has been introduced 
which allows simultaneous collection of potential and current noise [7 8] 
rrom these data Rn can be obtained, but it is also possible to construct 
noise spectra in which the spectral noise data are plotted as a function of 
irequency after transformation of the experimental data from the time 
aomain into the frequency domain using FFT. The ratio Rsn = V(f)/I(f) of 
tue values for potential V(f) and current noise l(f) at each frequency is 
recorded from which the spectral noise resistance Rosn can be 
determined as the limit of Rsn(f) for zero frequency: 

R°sn = lim {Rsn} 
f->0 (4). 

Man ?' 3 shows noise sPectra for iron exposed for 1 and 24 h to 
iNau with and without NaN02. For the uninhibited solution Rsn is low 
ana independent of frequency, while for the inhibited solution a slope 
Tahilm'?'5 'sK

observed- A comparison of Rp, Rn and R°sn is given in 
•aoie III for the two solutions.    Satisfactory agreement between RD 

obtained from EIS and Rn and Rosn obtained from ENA is observed.   It 
nas to be emphasized that a theoretical analysis of the relationship of Rn 
na R°sn to Rp and (localized) corrosion rates does seem not exist at 

present. 
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Fig. 13. 

10' 

10" 

10-' 

N»N02 

-      *~*\ 

S    10' 

.001 

Fraquency (Hz) 

Noise spectra for iron exposed to 0 5 N .NaCI (operi to air) with 
and without 10 mM NaN02 for 1 h (Fig. 13a) and 24 h (hg. 

13b). 

Table m.  Comparison 
noise data 

of Rn, R°sn and Rp for simultaneously recorded 

Rn(KQ) 

R%n(KQ) 

RP(KQ) 

open to air 

0.4 

0.4 

1.4 

inhibited (NaN02) 

195.8 

73.1 

220.0 
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3.       Polvmer Coatings on Steel 

One of the most successful applications of EIS is the evaluation of 
the properties of polymer coatings on metals and their degradation with 
exposure time to corrosive environments which leads to corrosion at the 
metal/coating interface [4,5]. Mansfeld and Tsai [5,15,16] have shown 
that the fit parameters obtained for the coating model or certain 
parameters measured in the high-frequency region can be used to 
monitor coating degradation. For an alkyd system (CR 2) on cold-rolled 
steel exposed to 0.5 N NaCI, it was shown that initially the main 
degradation process was disbonding of the coating, while at longer 
exposure times the coating resistivity decreased as conducting paths 
developed [5,16,17]. Fig. :A shows the tirr.3 dependence of the 
delamination ratio D = Ad/A, where Ad is the delaminated area and A the 
total area, calculated as the average value from three parameters (Cdi, 
fb/fmin and ^min) obtained from the analysis of the impedance spectra in 
Fig. 15 [5,17]. These parameters are identified in the model for polymer 
coatings and a theoretical impedance plot in Fig. 16. It was assumed that 
D = 10'4 after 32 days. D increased by a factor of thirty during immersion 
for four months. In Fig. 17, the parameter fb/(fmin)2 = 27rdpC°di = kp is 
plotted which can be used to determine changes of the coating resistivity 
p assuming that the coating thickness d and the specific double layer 
capacitance C°di remain constant during exposure. For d = 25 u.m and 
C°d| = 30 up/cm2 a decrease of p from about 2.1010 ohm.cm to 3.107 

ohm.cm is estimated between one and five months exposure for CR 2 
[5,17]. These results demonstrate that EIS is capable of detecting 
localized corrosion phenomena such as disbonding of the coating and 
initiation of corrosion at the metal coating/interface as well as 
deterioration of the polymer coating and loss of its protective properties. 

wSBm 
mm 

wStS 
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Time(day) 

Fin 14    Time dependence of the averaged domination ratio D for 
9' coa'nc? astern CR 2 exposed to 0.5 N NaCI (open to air) 

Fig. 15.   Bode plots for CR 2 during exposure to 0.5 N NaCI 
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Fig. 16.    Model for impedance of polymer coated steel (Fig. 16a) and 
theoretical impedance plot (Fig. 16b) 
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pig. 17. Time dependence of fb/(fmin)2 for coating system CR 2 exposed 
to 0.5 N NaCI. 
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The same coating system has been studied with ENA [1TJ F« 18 

shows {> comparison o, -P|^^su^:    Stsln^^d^ 

28th day than on the 130th day of exposue l£ig      ^ ,  decrease and 
evaluation of noise data shows *a Potenhal no^e leve vatio 

current levels increase as he coat ng degrades.^ s p0|yamide 

SS^% WÄ4^?«^ SÄ°Lve,s^ ?imye were 

observed [17]. 
■490 

-500 - 

-510 

-448 

- -449 

J- -450 

300        60° 

Time (sec.) 

300        800 

Tim« (sac.) 
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Fig. 18. Exoerimental potential (Fig. 18a) and cu"e"ln
n°^ 

18b) for coating system CR 2 after 28 and 130 days exposure 
to 0.5 N NaCI. 
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mn osNte SPeCtra f0i"the alkyd coatin9 <CR 2) and th^ epoxy coating 
(CR 9) after exposure for 28 and 130 days are shown in Fig  19   |n all 
cases Rsn is independent of frequency with higher values for CR 9 for 
which no indication of deterioration and/or loss of corrosion protection 
was observed.   The resistive parameters obtained from statistical and 
spectral noise analysis are plotted in Fig. 20.   For CR 2 Rn and Ro 
decreased with time  while for CR 9, Rn and R°sn remained at much 
higher values and did not change significantly with time indicating that 

olfe"Tons% lev03""9 *** ^ 0CCUrred in agreement With ?revous 

10' 
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108   -J 

^-o-Cfl-2 (2S diy) 
—- CH-2 (130 diy) 
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Fig. 19. Spectral noise plots for coating systems CR 2 and CR 9 after 
exposure to 0.5 N NaCI for 28 and 130 days. 
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Exposure Time (day) 
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Fig. 20. Time dependence of Rn and Rosn for CR 2 and CR 9. 
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In Fib  21 the same time dependence of Rn and R°sn obtained 

respectively [5,15,16]. 

103 

o 
o. 

a. 
tr. 

10a 

104 -J 

10° 
50 100 

Exposure Time (day) 

Fig 21.     . .me dependence of Rp, Rpo, Rn and R°sn for coding system 
CR 2 exposed to 0.5 N NaCI 

The coatinqs CR 2 and 9 together with 10 other coating systems 
will be evaluated'further in a joint project with J. Jones-Meehanand* 
Sie during exposure to natural seawater in Port IHueneme CaMorma 
and Ft. Lauderdale, Florida and to artificial seawater EIS and El^A dat 
will rnllPcted over six months periods using the techniques descnrjea 
a^ After ensure samples will be evaluated with the environmentel 
?FM(ESEMVbv B Little and co-workers to determine the structure of the 
bio^lm'Toclt^of' bacteria and damage to the polymer coat,n 
Samples exposed by J. Jones-Meehan and co-workers to ditterem 
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colonies of bacteria will be evaluated by EIS to determine changes of 
coating properties and the extent of corrosion at the metal/coating 
interface and by ESEM. 

Summary and Conclusions 

Both EIS and ENA can be used to obtain important kinetic 
information for different corrosion systems.   At the present state of our 
understanding of ENA it seems that more detailed information can be 
derived from EIS data which are collected in a very wide frequency 
range.  This conclusion has been reached from the analysis of EIS and 
ENA data for three different systems:   AI/NaCI   Fe/NaCI and polymer 
coated steel/NaCI. Analysis of EIS data for polymer coated medals allows 
estimation of water uptake of the coating from the increase of Cc with 
time, decrease of coating resistivity, degree of disbonding of the coating 
and initiation of corrosion at the metal/coating interface based on the 
parameters shown in Fig. 16a and b.   Electrochemical noise data are 
typically observed only for f < 1 Hz as shown for the three examples 
presented here.   Analysis of noise data by statistical methods results in 
Rn, while from spectral analysis R°sn can be obtained.   While Rn and 
R°sn have shown similar changes with time as Rp and Rpo for a polymer 
coating with relatively poor performance, their numerical values are 
much lower than those of Rpo and Rp.   Both Rn and R°sn remained at 
much higher values for the coating with excellent performance than for 
the coating with poorer performance. 

The advantages of ENA are the low cost of equipment and the 
relatively simple methods for data collection which makes this method 
very attractive for corrosion monitoring. A disadvantage at present 
seems to be the difficulty of data interpretation. Further research 
concerning the correlation of potential and current noise with different 
phenomena occurring during localized corrosion is needed. Eventually, 
the main application of ENA might be found in corrosion monitoring using 
the simple statistical approach leading to Rn or more complicated 
analyses in the frequency domain in the form of PSD plots resulting in 
parameters related to corrosion phenomena or of spectral noise analysis 
leading to R°sn- 

More information concerning the application of EIS and ENA to 
MIC will become available in a project funded by the Office of Naval 
Research in which 12 different polymer coating systems will be exposed 
to natural seawater for six months periods at two locations and to 
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different colonies of bacteria. The experimental approach to be taken will 
be similar to that described above. 
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Abstract 

envi?nenmLSnlfmp,e 5T°me probing (RSGP) allows fingerprinting of 
envronmenta  microbial communities in a single hybridization steo 

Ä STlrSalid omoeth0d t0 thG ana,ysis 0f microlbial commun iePs S on' "stalled corrosion coupons in oil treaters in saline oil fields in 
£'« that of 20 different bacterial standards (defined as 
onlvTtw noime

lf
0r-20- 9en°miC cr°sshybridi2ation), including 15 SRB 

asLiJtoH °eiulfovibno sPecies were highly enhanced in the metal- 

S^TmÄrr^*"8 ** ^ ™V * partteuter* ^ in 

rnnf?SGP ana|ysis of nine Navy platform isolates with master filters 
containing genomes of SRB from saline oil fields indicated The presencl 
of sign ficant amounts of two of these "corrosive" Desulfovibric> specie^n 
ve of the nine platform isolates. The presence of these two DesufovibPo 

SÄf^n
e'atw Wit,h ,the POtential of the P,atform ^lles tfcause ""cropially influenced metal corrosion. 

•ntroduction 

aqen^'oft^nh0^.9 ba,Cteria 5ave been imP^ated as major causative 
whenlp ^'C;a°,b;?lly !nflufnced metal corrosion (MIC). MIC can develop 
BactPrb  J Ztal(e;^'ron) surfaces contact a non-sterile aqueous phase 
When ho h t,te,-bU-Iif ".qU,d adhere t0 tne metal t0 form a biofilm Even ^en the bulk liquid phase is aerobic, anaerobic conditions may develop 
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,.nne nf thp hiofilm [1-31. Under these conditions, in the underlying portions of the bicm^ aj us       ^ 
SRB develop in the bipfilm, especial ywneni Qf th 

contains sulfate, the terminal electron accfhP^nctlon of |RB in this 
bacteria. The precise mec

e
h.an'sm

B^ nought to accept low 
mechanism is not reso ^SR^ 
potential electrons from the metal s"™ce ^tnen      y    y These 
intermediate or via conduct on though j, l

top,asmic sulfate 

electrons reduce s^fat®!°spTs
d

utfide combines with the dissolving reduction pathway. Jhe ^ S ^mcte com &p ^^ 
metal ions to form an FeS precipitate^ bHö u corrosion is highly 
anaerobic corrosion cycle. Beeause the resumng 
localized (pitted [1]]»substantial damage o^e^a wai s     P^   ^ 
can be done in rather short periods ^ time, wn        ^ envjronment tQ 

rupture equipment fa.h.re, J ^^9^,^,, gene or enzyme 
catalyze MIC, SRB are evaiudieu .       SRB assay lt must be 
probe assay In deeding onjn appropnate SH^ y ^ |n ^ 
recognized that SRB are a wiae yu«v« y recognized 
eubacterial domain alone eight different generai are n a 
based on nutritional properties and   6S rRNA s^ublc erial and 
assay can either be gf^^^^^^s^ng t property that they all 
possibly also archaebacter.al SRB by assaying PV ^ ^ A 

share) or specific (measuring the presence o a 9,v ß* presented 
survey of methods that can ^ used to fvakja^e SH bw     P     ^ 

bs^^-s=l'on 'he o,her hand' 
species specific. 

Reverse Sample Genome Probing h t cnromosomal DNAs 
The Rf.GP method exploits he observaWM |jtt|e 

from different bacteria found., the f^^osoma]
P

Dm o,, 
crosshybridizat.on (<1%) m dot blots  A 9'ven presence of the 
therefore be used as a spec, ic| probe for mon ^£3 *     P       ho,ds true 
bacterial species from wh.ch this DNA was 'soiateo^ ^ 
even for bacterial species within the same 9en^s- j? d      |iU|e genomic 
Desuifovibno species have bee,n .sc ated that ^ ™V        ^ 16S 

crosshybridization [10, 11]. This sjn agreerr'« ,   branching 
rRNA sequencing that this ^ ^^^gQ^is CRnn^ 
lineages [12].  Spec.es with ^V^ffl^ represented 

SÖÄÄÄSSiÄ T&ä -Lards, a .ore 
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PHASE I: Generation of targeted master filters. 

(i) Isolate a variety of bacteria from the target environment. 
(ii) Purify chromosomal DNA from cultures of these isolates, 
(iii) Define bacterial standards by evaluating crosshybridization 

of chromosomal DNAs in dot blots. 
(iv) Spot a defined amount of denatured chromosomal DNA for 

each standard, as well as for the internal standard X, in 
defined positions of a filter membrane to create a master filter 
for analysis of the target environment. 

PHASE II: Reverse sample genome probing. 

(i) Isolate total DNA from sample (S). 
(ii) To 100 ng of S add 100 pg of X DNA. Label randomly. 

Hybridize master filter with the labeled, denatured reverse 
genome probe S*. 

(iii) Remove unbound probe by washing. Dry filter and 
autoradiograph. 

RESULT: 

In the example below the reverse genome probe is hybridized to a 
master filter containing 18 standard genomes as well as X DNA. 

X 1 7 13 • 1 7 13 

2 8 14 2 8 14 

3 9 15 S* o 9 15 

4 10 16 4 10 O 
5 11 17 5 11 17 

6 12 IS 6 o 18 

Fig. 1 Principle of RSGP 
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ranid wav of analyzing a preparation of total environmental DNA is to first 
Seate a master filter on which known amounts of denatured genomic 
D^from fvariety of standards isolated from the target environment 
?B c. bvColony purification on the appropriate plating media) are spotted 
Fta 1-PHASE I) Total community analysis is now achieved in a single 

step by  hybridizing a randomly labeled reverse genome probe, sp.ked 
with a defined amount of an internal standard (X DNA), with the master 
S er (Fig  1: PHASE II). The result in Fig. 1 does not necessarily mean 
hS the sample DNA preparation contains only genomes 3 12and 16, 

e a   he communKy structure could be more complex if not all standards 
present in the community are represented on the filter. The use of adding 
the internal standard (X) for RSGP analyses [13] is that it allows 
conclusions to be drawn in the following cases: 
(i)   Lack of hybridization with the internal standard (X) and any of the 

standards 1 to 18 indicates failed labeling of the sp.ked sample DNA 

(ii) CSÄridlzatlon to any d the standards 1 to 18 with good 
hybridization to X indicates .hat the standard genomes on the f.lter do 
not reDresent those in the sample. 

in ealrSes [10, 11] the denatured sample DNA prepara IO, was 
sootted on the master filter as a positive control (Fig. 2 A to u. b) 
Mhough quahtatively this also allows evaluation of (0 and (..), it prevents 
suKent quantitation of the hybridization signals. The reason for this 
f; thatThesignalstrength of sample selfhybridization is not constant but 
dependent ^complexity (the number of different genomes present ,n 
the sample and their fractions fx). Addition of a fixed fract.on ft of an 

internal standard genome (e.g. X DNA) to the sampte DM.random 
labelina of the spiked DNA preparation and hybridization of the resulting 
IfpfcedreVeree genome probe to a master filter which conta.ns spots with 
known amounts (ex) of the denatured internal standard genom ^ gives 

hybridization intensities (\x) which are, in principle, constant and  to 
which the other hybridization intensities (lx) can be related for purposes 
of quantitation. 

QUaAta«Gof   DNA  preparations   can   be   obtained  from an 
en-,Ä sample and used for RSGP analysis. Following, colee. 
of a samnle (e g from soil, from oil field production waters, or a corrosion 
couponTpart can be transferred to a culture medium to enhance 
specific bacterial fraction. As an example injection of part of the sample 
fntolliquid Pfennig's media [7], leads to selection of SRB. Depending on 
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Fig. 2 Identification of SRB by qualitative RSGP. Chromosomal DNA was 
extracted either from cultures of colony purified isolates (A, B) or from 
liquid enrichment cultures (C, D). The DNAs were labeled and hybridized 
with a master filter containing 20 ng of denatured genomic DNA for 35 oil 
field SRB. The sample DNA analyzed was also spotted as a positive 
control (S). Reprinted with permission from Applied and Environmental 
Microbiology [11]. 
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ijlM)30wiipapHW^^ 

the carbon and energy ™^^^^£X 
decanoate, propionate °r*^l*£SnQ to* y ^ energy These are given three letter names ndicating^ne ^ 
source to which an identifying numbe^fa

af/soÜ7ce for colony purified 
The liquid enrichment cutures»may serve as a s^ce

enricnmenf cultures 
isolates. Hybridization of DMAs °^^so?aTes obviously does not give 
or cultures derived from colonpun^.ed .so a^s jtion

y
of tne original 

quantitative information ori the ™^*l™$ mcate some of the 
environmental samplejhese experiments o  y' and     , 
bacteria that were present. Because "^ (re|ative t0 that in the 
purification lead to a ^crease of microb«!*^^ stan(jard 

original sample) one ^f^^/^As a result, good results can be 
DMAs to be high (typically 1° *° ^LA

r|c%d from liquid enrichment 
obtained by hybridization of DMAs **rf*™M ^^ Q{ 

cultures to master filters^ on .^'^^^'the standards have been 
chromosomal DMAs 20 to 40 ng) J™ef™™J=are shown in Fig. 2, in 
spotted.  Examples of typ.ca experimental results are^ s & 

Xch the sample DNA itself was; «P^^ (*g^ lB) only show 
positive control. The colony pur Jed isolates (Mg ^ ^ ^ 
strong hybridization to one of ^standards on ^ ^ whereas the 
respectively), indicating their identity t> theses a wjth three 

liquid enrichment cultures (Fig. 2. C,D) nvEna^ respectively), 
standards (Deal, Prt 0 f/»^*^^^^-.es, as verified 
Most of the lactate grown standards a e ^™       ge

H
ne probe [10, 11, 

PÄ*^^ [Armstrong et al' 
unpublished]. 

Quantitative RSGP Hiro„tK, frnm an environmental sample without 
If total DNA, extracted directl>frorr.anenv>|° observed 

prior .'owth,  is hybridized with a .^a
ff^.™/the fractions fxof the 

hybridization intensities 'x are a direct reflec^noTi e 

standard genomes in the environm,Bnta. D^^^^f ^ the amount oi 
that the empirical relationship. Ix - kxcrfx. wne      * 
standard x spotted on *e ^ reverse 

Teir:r 1 t^irsUard X ONA we obtain: , - *** 
From these two relations fx is obtained as: 
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and Lac6 [13]. Possible variations in the ratio (kx/kx), caused by different 
genome sizes of the bacterial standards on a filter cannot be taken into 
account and the determined value is therefore used in all calculations of 
fx. Because lower fractions fx may be expected in directly extracted 
environmental DNAs relative to DNAs obtained from enrichment cultures 
larger amounts of each standard (cx) must be spotted on master filters 
used for analysis of these total DNAs. 

Quantitative RSGP has been used extensively to fingerprint microbial 
communities in production waters of the Wainwright and Wildmere oil 
fields in eastern Alberta. In these fields oil is produced by water flooding. 
The produced oil-water mixture is separated in production units 
consL- ing of a free water knockout and a water plant. The produce oil is 
transferred to a pipeline system, whereas the produced water is 
reinjected into the reservoir. The reservoirs are shallow (600 m) with a 
resident temperature of ca. 25 °C. The production waters are saline and 
contained on average 6% (wt/vol) of NaCI. 

Two different types of samples were obtained from this environment 
and analyzed by quantitative RSGP: production water and corrosion 
coupon samples. Production water samples, representing the planktonic 
microbial population yielded up to 50 ug of DNA per liter, whereas 
corrosion coupon samples yielded up to 400 ng of DNA per cm2 [13]. 
Aliquots of these DNAs (100 ng) were spiked with the internal standard 
(X DNA, 100 pg), labeled and hybridized with master filters containing 20 
oil field standards. The general layout of the filter is indicated in Fig. 3. 
Standards 1 to 10 were Desulfovibrio species (/.ad ,2, Lac3, LacA, Lac5, 
Lac6, LadO, Lac24, Lac25, LaC26 and Eth3, respectively), standards 11 
to 16 (Sen1, Ded, ProM, Ace\, Ace3 and AceA) were non-Desulfovibrio 
SRB and standards 17 to 20 (Sry1, Sty2,3, Smg2 and StyA) were non- 
SRB. In order to improve detection sensitivity, up to 70-fold more DNA 
was spotted on the master filters than on those used for analysis of liquid 
enrichment cultures. Because different amounts of DNA were available 
for master filter preparation, the standard DNAs were not spotted at a 
uniform concentration. The observed hybridization intensities (Fig. 3) are 
therefore not directly proportional to the fractions fx of a given standard; fx 
was calculated using equation (1) taking the differing cx spotted into 
account. The results gave the bar diagrams in Fig. 3 A to D. 

These indicate substantial differences between the planktonic 
population (Fig. 3A, B) and the metal attached biofilm. In the planktonic 
population all standards for which reliable data were obtained (standards 
12 to 16 were excluded because cx was too small) were present at fx = 
0.2 - 2.5%. The non-SRB (the grey shaded bars in Fig. 3A, B) accounted 
for a substantial portion of the planktonic population. The sessile 
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Fig 3 Quantitative RSGP of DNAs extracted directly from oil field 
samples. (A, B) Production waters, (C, D) corrosion coupons The 
abscissa (X-axis) represents the standard number (e.g. 1 to 10 are bHB, 
all of them Desulfovibrio species, 17 to 20 are non-SRB; see text), me 
ordinate (Y-axis) represents the percentage in the DNA preparation 
calculated for each standard using equation 1. Standard 7 (Lac^4) is 
indicated by the arrows. 

258 

m 



<-E 

ffl • 

* 
Bsjftil • 

iffWiä? » 

•■s'j 

.* 
■ <. 

'.» V 

t. 

tifö 

-♦• 

~# 

'*- 
Pisa ilüö 

j 
P 

S3 »+   ■ 

f*~* 

* 

#      5-; 

* 
:• • PKI- 

O 

:# 

O) to 
03 

E 
03 

.   C 

Q-o 
O o 

OC   03  ~ 

ü £ 

03   CD 

Q. 

>,-£ 

E u> 

■D 
0) 

05 
ü 

C 

<?3 

CD§ 

o -J 
•>—T3 

C 
CO   03 

2 J 
c 
CD 
ü 
c 
o 
ü 

o 
2=   CO 
JO co 
Q.TD 

CD 
>, CO 
>   = 

z o 

~ _ö < 
CD 

-Q 
O 

Q. 

CD 

C 
o 

Q 

"° 2 ^o 
CD CO N 

■C Q. — 
O   CD   .2 

'c 0.-5 
CD<   £ 

Sa m 

CD co 

SI 
So 

CD 

■D 
CD 

CO 
ü 

■o 
c 

«3- 
cj 
03 

«J 

CO 
CD 
ü 
CD 
Q. 
CO 

.O 

■O 
O   i. 

.1 5 
CO Q 

o)E 

co 2 

= 1 
co 
<D   co 
E 
o 
c 
CD 

—   -«    CO 

E 
o 
CO 
o 

°>E-ö 
O   CD 

E * 
SS 
z£ °s 

o 
■2 c 
CO   o 

<."5 

Q 

o 

Q. 

CO 

C/D 

CD 

sz co <u o 

co 
+-   CD ' 

iff 
Q. > 

O 
O 

CD 
ü 
c 
CD 
CO 
CD 

co CD   ü 
_   CD 

Q. 

.2>"ä> 

.E   O  CD 
c   c *" 
co .2 Tf 

ON—1 

»-  *- is 
CD XI  CO 

—   >»CD 
^: X _i 

259 



^-■■«BiW!WBWi^>l^!WIH!flHll^l-LWJ^ 
«fJWWWPMI'flTOU'VTiw 

DODulation (Fig  3C, D) was dominated by selected SRB of the genus 

th9e findig that Desulfovibrio can derive energy for growth from 
dissolving metal under anaerobic conditions [15J. 

1i«.« r,4 ncnp to characterize SRB in other environments 

usually.hybridize to master '''^rs^epresent.g the sa,^oil ,,eld 

Äl°en«?Äso cn^ctÄÄ sal, concentration* „e 
decded^otest whether SRB similar to those found in sahne oil f elds are 
pfefent n hlse environments. Nine platform isolates obtained f om,US 

a labeled platform DNA, spiked with X as ^"f^S^^SS 
lor all nine platform DMAs are ^^^8™^VÄ 

VShte DN s'hyb^idLd wiih oh fielS standards La* and La*4 (Rg. «B> 
The hybddizat-n intensities are particularly suong in the case of DNA 
?rom platform isolate CG59, indicating that substente'^^' sim

T'a 

with Lac4 (Fig. 4B). F^*!^ is indicated by crosshybridizat on (Rg. 4A)   These aia y 
significantly with any of the oil field SRB (Fig. 4B). 

DiSCM?croSially influenced metal corrosion can be a.serious problem in 
marinrsvstems The high concentration of sulfate in sea water (ca. 2 
^amoe/ltrTws growth of SRB whenever anaerobic conditions are 
Seated (eg at water-metal interfaces). Metal coupons covered by 
p oS coatings were readily attacked by marine m.crob.al consortia 
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as soon as physical defects in the coatings were introduced [16]. SRB 
were found to be an important component of these consortia, as judged 
by measurement of hydrogenase activity, which ranked in the order 
49Z=I14>P14>P10 for four of the consortia that were also studied here 
[16]. Although hydrogenase assays or other generic SRB tests may 
provide a broad indication of MIC potential these do not allow the level of 
differentiation that can be achieved with gene probe assays, like RSGP. 
Crosshybridization studies of DNA isolated from the 9 platform isolates 
(Fig. 4A) immediately indicated that these fall in three classes (49Z, 
CG59, P14, Til_2 and 114), (P31 and P10) and (C130, Til_3). The first of 
these frequently harbors Desulfovibrio species that are very similar to 
Lac6 and Laj24, found in high concentrations on oil field corrosion 
coupons. 

Although a quantitative link between MIC and ;he occurrence of Lac6 
and Lac24 'as not yet been established the occurrence of similar 
bacteria in corrosive consortia provides a strong :ncentive for further work 
on elucidating the role of these bacteria in the MIC process. 
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INTRODUCTION 

High modulus graphite (Gr) reinforced metal matrix composites 
(MMCs) offer a wide variety of attractive properties including: high 
specific modulus and strength (E/p and UTS/p), tailorable or zero 
coefficient of thermal expansion (CTE), and high thermal conductivity. 
Using Al as the matrix metal results in a reduction of the final density of 
the composite with high elastic modulus and excellent strength in the 
fiber direction. Unfortunately, MMCs, especially Gr reinforced 
composites, are extremely susceptible to corrosion with severe attack in 
chloride-containing environments occurring in as little time as several 
weeks for Gr/AI composites.1"3 

The overall objective of this research is to determine whether 
improving the inherent passivity of the matrix metal in a Gr/AI composite 
can alleviate, or at least minimize, galvanic corrosion between the 
graphite and the me'.:'.x metal. This galvr^ic corrosion is currently the 
limiting factor in utilization of these composites. Our research focuses on 
the unique properties of sputter deposited alloys. With sputter deposition 
it is possible to significantly increase the solubility of passivity enhancing 
species, thus dramatically improving their corrosion resistance.4'8 The 
approach being undertaken is to develop alloy systems capable of 
minimizing galvanic degradation of the composite. An essential step in 
this process is identification of alloy compositions which maintain 
enhanced passivity after processing into the bjlk composite. Our earlier 
work4>5.8 indicated that Al-Mo alloys provide the best combination of 
thermal stability, corrosion resistance, and alloy density. This paper will 
address the thermal stability and corrosion resistance of selected 
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Figure 1. Schematic of a Staring Telescope. 

EXPERIMENTAL 

The alloys were fabricated by RF and DC magnetron sputter 
me anoys wwc  « / nonosition System.   High purity 

he conductance of the system. Uniform alloy composition on, each wae^ 

ss, rÄ=a? r ä=ä 
the substrate at 30 rpm during deposition. ,yRm  seiected 

Prior to electrochemical testing, x-ray diffraction (XRD), se ecieu 

was maintained in solid solution with the base metal. 
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Alloy surfaces were characterized using optical microscopy, 
scanning electron microscopy (SEM), and scanning laser microscopy 
(SLM). Optical microscopy and SLM were used prior to electrochemical 
testing to observe surface defects such as scratches and cracks 
incorporated during sputtering and handling (i.e., cleaving of the alloy- 
coated Si wafer) of the alloy. SEM was also used prior to polarization so 
that EDS could be employed for semi-quantitative compositional 
analysis. All three microscopy techniques were used following 
electrochemical testing so that the morphology of the breakdown regions 
could be evaluated. 

Test specimens were prepared by cleaving the alloy-coated Si 
wafer into pieces with areas of approximately 4 to 5 cm2. Individual 
pieces were thr,n coupled to a potentiostat through a lead wire and all 
regions, except the test area, were coated with an adherent marine 
epoxy to ensure that environmental and electrical isolation were 
maintained. Anodic and cathodic polarization experiments were 
performed using a conventional three electrode technique, consisting of 
a saturated calomel reference electrode (SCE), graphite counter 
electrodes, and sample electrode. The polarization behavior was used 
to assess passivation behavior in the alloys and for the construction of 
galvanic diagrams. These diagrams are useful in predicting the coupled 
current in a galvanic cell. Unless specifically noted, all potentials 
reported in this paper are referenced to a SCE. Polarization scans were 
generated at a scan rate of 0.2 mV/sec in 0.1 M NaCI solution adjusted to 
a pH of 8 with 0.1 M NaOH solution. The corrosion potential (Eoc) was 
allowed to stabilize in the test solution for approximately 60 minutes prior 
to polarization. A minimum of two tests were conducted for each 
condition to confirm the validity of results. 

Electrochemical response of the graphite fibers was measured by 
testing an AMOCO composite consisting of 62.5 vol. % P75 Gr fibers 
embedded in ERXL 1962. Prior to testing, the edges of the specimens 
(with an approximate graphite area of 0.74 cm2) were sanded to reveal 
the fibers and in order to make an electrical connection. The specimen 
was electrically isolated by embedding the AMOCO composite in an 
epoxide resin. The graphite was cathodically polarized at a scan rate 
equivalent to the anodic scans, and the area of the graphite was 
estimated by measuring the tested surface area and multiplying it by the 
f|ber area fraction of the exposed surface (55 %) calculated with an 
lr^age analyzer. 

To confirm the galvanic diagram predictions, galvanic currents 
were measured by coupling either the as-sputtered or heat treated alloy 
specimens to P75 Gr fibers. The P75 Gr fibers were prepared for testing 
by embedding them into a non-conductive epoxy and electrically 
connecting them to a external lead.   Area fractions of the exposed Gr 

267 



fibers were measured using a image analyzer, Nomina cathode-to- 
änode area ratios ranged from 0.2 to 1.1. The alloy specimen and the 
P75 Gr/epoxy composite were electrically coupled and immersed in a pH 
8 0 1 M NaCI solution. Galvanic current was monitored as a function of 
time using a potentiostat/zero resistance ammeter (operating in the ZRA 
mode). 

RESULTS AND DISCUSSION 

XRD revealed that all of the as-sputtered alloys were amorphous 
and contained no precipitates as shown in the representative pattern in 
Figure 2 Table 1 summarizes the XRD results of the altoys that were 
heat treated at 400°C 500°C and 600°C for 1, 2, and 8 h to determine 
the effect of composite consolidation on the alloy structure. This table 
shows that as the concentration of Mo in the Al alloy increased its 
Drooensitv to form precipitates during heat treatment decreased. For 
example Al1-11 Mo p ecipUat.d at the lowest time (1 h) and temperature 
(400°CV' whereas, the AI-23Mo remained amorphous after being heat 
treated at 600°C for 2 h. This result was unexpected because as the Mo 
concentration increases, the thermodynamic driving force for 
precipitation increases. Lack of precipitation indicated the Ikinetics for 
precipitation in these alloys was very sluggish. The Al-Mg-Mo alloys 
were also amorphous in the as-sputtered condition, but were found to 
react at all heat treatment times and temperatures forming precipitates as 
well as oxides due to reaction of the Mg with the sapphire substrate 

TEM wasconducted on the AI-18Mo in the as-sputtered condition 
and after heat treatment at 400°C for 2 and 8 h and 500°C for 2 and 8 
hours   Figure 3 shows the representative structure of the as-sputtered 
alloy with the corresponding SAD pattern.  Structure of the^-deposited 
Al-Mo allov is featureless with the exception of the mottled appearance 
that resulted from the extensive ion milling used to thin the specimen. 
The SAD pattern shows two diffuse rings that correspond to the d-values 
calculated for the broad peaks found on the XRD patterns.   Similar 
structures and SAD patterns were obtained for the AM8M0 alloy heat 
treated at 400°C for 2 and 8 h which correlate with the XRD patterns that 
showed that the alloy remained amorphous after heat treatment.   After 
heat treatment to 500°C for 2 and 8 h small precipitates began to appear 
(Fiqure 4)    SAD of these precipitates indicate a structure of AI12M0 
AkMo and Al.   Not all the rings for each phase could be indexed and 
many of the rings could not be correlated with the expected Al-Mo 
intermetallic compounds.    SAD of the AI-I8M0 alloy heat treated at 
500°C for 8 h shows an elongation of the diffraction spots which arises 
from fine precipitates that are preferentially oriented. 
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Figure 2. X-ray Diffraction of AI-23Mo in the As-Sputtered Condition and 
After Heat Treatment. As-Sputtered, the Alloy is Amorphous and it is Just 
Beginning to Precipitate after Heat Treatment at 500°C for 2 h. 

Tablet   Summary of Al-Mo Alloy Structure as a Function of Heat 
Treatment Time and Temperature. 

Heat 
Treatment 
Time (h) 

Heat Treatment 
Temperature 

400°C 500°C 600°C 

1 
AI-11MO, ppt 
AI-18MO, Amorphous 
AI-23Mo, Amorphous 

AI-11MO, ppt 
AI-I8M0, ppt 
AI-23M0, Amorphous 

AI-11MO, ppt 
AI-I8M0, ppt 
AI-23MO, Amorphous 

2 
AI-11MO, ppt 
AI-I8M0, Amorphous 
AI-23MO, Amorphous 

AI-11MO, ppt 
AI-I8M0, ppt 
AI-23Mo, Amorphous 

AI-11MO, ppt 
AI-I8M0, ppt 
AI-23Mo, Amorphous 

8 
AI-11MO, ppt 
AI-I8M0, Amorphous 
AI-23MO, Amorphous 

AI-11M0, ppt 
AI-I8M0, ppt 
AI-23Mo, Amorphous 

AI-11MO, ppt 
AI-I8M0, ppt 
AI-23MO, ppt 

few' 

PPt - fully precipitated 
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Figure 3. Structure and Associated SAD Pattern for the Amorphous 
AI-I8M0 in the As-Deposited Condition and after Heat Treatment at 
400°C for 2 and 8 h. 
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Figure 4. Structure (a) and SAD Pattern (b) for AI-I8M0, Heat-Treated at 
500°C for 8 h. Fine Elongated Precipitates are Evident and the SAD 
Pattern Shows Elongated Spots that Correspond to the Fine Precipitate 
Structure. 
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Figure 5 summarizes the results of the anodic polarization 
experiments for the binary Al-Mo and ternary Al-Mg-Mo nonequilibrium 
alloys in the as-sputtered condition. All of the as-deposited Al-Mo alloys 
exhibited an extended passive region and an open circuit potential that 
was 500 to 600 mV more noble than pure Al. Eoc values for all of the 
alloys were measured to be between -600 to -450 mVSCE with the majority 
of the measured Eoc values ranging from -520 mVSCE to -580 mVSCE. 
There was no apparent trend in Eoc as a function of solute concentration 
for the Al-Mo alloys tested, agreeing with the previous work on Al-Mo 
alloys.9*11 Passive current densities (ipass) tor the as-deposited binary 
Al-Mo and ternary Al-Mg-Mo alloys ranged between 0.1 and 1.0 /vA/cm2, 
but as in the case of EoC) no correlation between solute concentration 
and ipass was evident. Variations in ipass were attributed tu general 
defects, i.e., scratches, pinholes, etc., in the ai.oy film. Breakdown 
potential (Eb) values for most of the as sputtered alloys were between 
100 and 500 mVsCE as compared to -690 mVSCE for pure Al. 

The polarization response of as-deposited and heat treated Al- 
11 Mo alloys is shown in Figure 6. Although Eb for the heat treated Al- 
11 Mo alloys decreased from ~420 mVSCE (as-sputtered) to 50 mVScE, 
(heat treated), Eoc remained relatively constant at approximately -550 
mVSCE. Reduction in Eb was likely the result of precipitates formed 
during heat treatment creating microgalvanic cells with the surrounding 
alloy. Conversely, ipaSs decreased from -1 /vA/cm2 for the as-deposited 
alloy to -0.1 /yA/cm2 after heat treatment. 

Both EQC and Eb for the AI-18Mo alloy were not dramatically 
affected by heat treating up to 500°C for 2 h (Figure 7). Similar to the Al- 
11 Mo alloys, ipass for the heat treated AI-I8M0 specimens was less than 
that for the as-sputtered alloy, with the exception of specimen heat 
treated at 400°C for 1 h. No cracks or defects which may contribute to 
lower Eb values were 'ound during SEM examination of the heat treated 
alloys. 

Heat treatment of the AI-12Mg-13Mo alloy resulted in a more 
active EQC (approximately -800 mVSCE) with no passive response during 
polarization with exception of heat treating at 400°C for 1 h where Eoc 
was maintained. 

SEM examination and EDS analysis of a newly formed pit on the 
as-deposited AI-I8M0 specimen immediately after polarization to the 
breakdown potential showed the Mo concentration had risen from 18 to 
25 atomic percent in the pit. Increa.se in Mo in the forming pit indicates 
the pitting process involves the preferential dissolution of Al from the 
alloy, which is consistent with x-ray photoelectron spectroscopy work 
conducted during earlier studies.10.11 
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Figure 5   Anodic Polarization Response of Various Al-Mo Alloys, 
Polarized in 0.1M NaCI, pH 8, 25°C. 
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Fiaure 6 Anodic Polarization Response of AI-UMo Before and After 
Heai-Treatment at 400°C for 1 and 2 h and 500°C for 1, 2, and 8 h. 
Polarized in 0.1 M NaCI, pH 8, 25°C. 
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Figure 7. Anodic Polarization Response of AI-18Mo Before and After 
Heat Treatment at 400°C for 2 and 8 h and 500°C for 1 and 2 h, 
Polarized in 0.1 M NaCI, pH 8, 25°C. 

The polarization data can be used to predict the current resulting 
in a galvanic couple. By superimposing the cathodic curve for graphite 
onto the anodic curves for the different sputtered alloys, the galvanic 
corrosion current can be estimated from the intersection of the two curves 
providing there is an insignificant IR drop, the contribution of other 
contributing reactions is small, and the current density is uniform.12 

Effects of the galvanic couple on the corrosion of the matrix metal can be 
easily estimated with such a diagram, and the diagrams can also be 
used to look at the effects of the cathode-to-anode area ratio and to 
determine if a reaction should be anodically or cathodically controlled. A 
galvanic diagram based on equal metal/Gr areas for pure Al, 6061 Al, 
and the Al-Mo alloys coupled to P75 Gr fibers is shown in Figure 8. This 
diagram estimates that the galvanic corrosion of pure sputtered and 6061 
Al coupled to P75 Gr fibers are cathodically controlled with a relatively 
high current density value of 12.5 /yA/cm2. For a cathodically controlled 
reaction, the cathodic curve shifts to a higher current density as the Gr-to- 
Al area ratio increases, which accelerates the corrosion rate of the A' 
matrix. Converse to pure Al, galvanic corrosion was anodically 
controlled for the Al-Mo alloys with an estimated galvanic current density 
of 1 j7A/cm2 or less. For anodically controlled corrosion, changing the Gr- 
to-AI area ratio and subsequently shifting the cathodic curve to higher 
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Fiqure 8. Galvanic Diagram with Anodic Curve of Pure Sputtered 
Aluminum, Wrought 6061 Al, and Various Sputtered Al-Mc> AHoys 
Combined with the Cathodic Curve for an Equal Area of P75 Graphite 
Fibers, Tested in 0.1 M NaCI, pH 8, 25°C. 

current density values (or anodic curve to lower current density) would 
not significantly change the corrosion rate for the Al-Mo alloys. This 
result is important because modifying the Gr fiber volume, which is a key 
desiqn feature of composites to achieve specific thermal or mechanical 
properties, will not resu!'. in dramatic changes in the corrosion response 
of the Gr/AI-Mo composite. The galvanic corrosion reason remained 
anodically controlled W both the AI-11Mo and AI-I8M0 alloys after heat 
treatment Only after heat treating the AI-11Mo to 500°C for 8 h did 
control for the galvanic reaction change from anodic (Al passivation) to 
cathodic (oxygen reduction on Gr fibers). 

To confirm the predictions made using the galvanic diagrams, long 
term galvanic current tests were conducted on sputtered Al, AI-1IM0, Al- 
18Mo AI-23MO, and ternary AI-12Mg-13Mo in the as-deposited condition 
by coupling the alloy to P75 Gr fibers (Figure 9). Galvanic current values 
are equivalent to current densities since the anode areas were 1 cm _ 
For all the alloys, the galvanic current initially starts off it relatively high 
values between 3 and 30 pA/crrf, but quickly drops to a low steady state 
value The AI-I8M0 and AI-23Mo reached low measured galvanic 
current densities of -0.04 and -0.08 /jA/cm*, respectively which were up 
to three orders of magnitude lower than the galvanic current density 
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Figure 9. Galvanic Current for Commercially Pure Aluminum and Al- 
18Mo Alloys (As-Deposited and Heat Treated) Coupled to P75 Graphite 
Fibers in Quiescent 0.1M NaCI, pH 8, 25°C. 

values of 30 /vA/cm2 measured for pure sputtered Al. The current density 
of the AI-I8M0 after heat treatment at 400°C for 2 h was comparable to 
the as-sputtered value of 0.08 ^A/cm2. Even after heat treatment at 
500°C for 2 h the galvanic current density was an order of magnitude 
lower than for pure sputtered Al. After galvanic testing for seven days 
(605 ks) the pure sputtered Al had completely dissolved from the Si 
wafer; whereas, the Al-Mo alloys remained intact and highly specular. 
The AI-12Mg-13Mo alloy exhibited a galvanic current value of 10 ^A/cm2 

which is greater than the binary Al-Mo alloys but still 3 times lower than 
that of pure Al. However, less than 12 h (40 ks) after immersion in the 0.1 
M NaCI, pH 8, solution, the Al-Mg-Mo alloys coupled to P75 Gr fibers 
exfoliated and completely lifted away from the substrate. Due to the short 
time in solution for the AI-12Mg-13Mo alloy, data for this alloys is not 
included in Figure 9. 

Conclusions 

Nonequilibrium Al-Mo alloys fabricated by magnetron sputtering 
have clearly been shown to be promising matrix alloys for Gr/AI 
composites. Al with 18 to 23 atomic percent Mo exhibited excellent 
corrosion resistance in the as-sputtered condition and could be heat 
treated up to 400°C for 8 h without detectable precipitation or change in 
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corrosion behavior In addition, the AI-23MO could be heat treated to 
C600oc?or 2 h wi?hout degrading the corrosion, performance Galvanic 
current densities measured for AM8M0 and AI-23MO of -0.04 to -0.08 
SvTarders of magnitude lower than the 30 j/A/cmf measured 
for pure Al in the 0.1 M NaCI, pH 8 solution when coupled to P75 Gr 
ibers Galvanic diagrams of the anodic response of the alloy 

suoefimposed with the cathodic curve for the P75 Gr fibers predicted the 
ä^ÄSslon rate to be controlled by the rate of the anodic: reactor, 
and the Al-Mo alloys were found to be electrochemical^ stable when 
cSupled to Gr fibers regardless of the area ratios (in a 0.1M NaCI 
eSolvte) Based upon these results, an Al-Mo alloy with a Mo 
SSSSitratlin of approximately 18 atomic percent was chosen to be 

d6P0S^°S^M 2M1?3MO alloy is attractive because of its lower 
density   Unfortunately, this alloy exhibited a much higher galvanic curren 
density value (-10 /;A/cm2) and was found to precipitate during heaj 
treatment at the shortest time of 1 h and the lowest temperature of 400°C 
which resulted in a loss of passivation. 
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A   MECHANISM FOR    BLISTERING   OF   CARBON   FIBER 
COMPOSITES 

. K- Miriyala, T. J. Rockett, W. C. Tucker and R. Brown' 
Department of Chemical Engineering 

The University of Rhode Island, Kingston, Rl 02881. 

ABSTRACT 

Blisters containing fluid with a high pH were induced in a carbon 
fiber vinyl ester polymer matrix composite by cathodic polarization in a 
sodium chloride solution. The oxygen content of the solution was varied 
in order to determine the effect of oxygen on the blister process. It was 
found that increasing the oxygen content in solution decreased the time 
for blister initiation, indicating that the reduction of oxygen to form 
hydroxyl ions was an important reaction. Calculations indicated that a 
similar cumulative charge density was required for blister initiation for the 
different oxygen contents, confirming the importance of oxygen to the 
blister process. 

A mechanism for blister formation dependent upon oxygen 
reduction to hydroxyl ions and the subsequent formation of an osmotic 
cell is outlined from the results of this study. 

INTRODUCTION 

Blistering of carbon fiber polymer composites when the fibers are 
in contact with metals in the presence of sea water or salt water was 
termed 'galvanic blistering'. Galvanic blistering of carbon reinforced vinyl 
ester1, polyester2, epoxy3, and polyamide4 composites were reported. It 
follows that galvanic blistering is a characteristic degradation generic to 
several carbon fiber polymer composites. Carbon being electrically 
conductive and a noble cathodic material, carbon fibers in a carbon fiber 
polymer composite become cathodes in a galvanic couple formed with 
metals steel or aluminum. This composite/metal galvanic couple 
accelerates metal corrosion and therefore, poses a threat to metal 
structures that are in galvanic contact with carbon fiber composite 
structures. The galvanic blisters, formed on composite samples, were 
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Figure 1  Large galvanic blisters on a carbon fiber vinyl ester composite. 

to hydroxyl ions6, that in equation form is: 

02 + 2H20 + 4e" --> 4(OH)- 
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Figure 2. Small galvanic blisters on a carbon fiber vinyl ester composite. 

The very high pH of the blister fluids suggests that this reaction is 
a possibility even on the carbon fibers embedded in a polymer matrix. 
Therefore, the effects of oxygen concentrations on corrosion currents, 
galvanic blister formation and electrochemical impedance response was 
investigated. A mechanism of galvanic blistering is proposed on the 
assumption that the cathodic reduction of oxygen occurs on carbon fibers 
in the composite. The results of the oxygen experiments will be 
discussed in light of the proposed mechanism. 

EXPERIMENTAL    PROCEDURES 

Materials 
An orthotropic laminate with unidirectional T300 carbon fiber tapes 

m a DERAKANE™ 470-36 vinyl ester matrix was studied. The laminate 
was characterized by a fiber volume fraction of 26%. Samples of 
dimensions 6 cm x 6 cm x 3 cm were cut from a 3 cm laminate. The resin- 
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rich faces of the samples were exposed to the electrolyte. The composite 
has several defects in the form of air bubbles which formed during 
processing. The exposed area is a 5 cm diameter circular area. 

ec ro
T

v
hg

S
basJC e|ectr0|yte used in the study was a 3.0 weight percent 

sodium chloride solution. The electrolyte was not changed during the 
period of experiments. The experiments were conducted at average 
ambient temperature of 70°F. Three different oxygen partial pressures in 
the electrolyte were chosen: (a) dissolved oxygen at 1 atmosphere by 
bubbling pure oxygen gas through the electrolyte; (b) dissolved oxygen 
at 0 2 atm from dissolved air at one atmosphere in the electrolyte, (c) 
dissolved oxygen at 0.06 atm. attained by first preparing degassed 
sodium chloride solution from a freshly boiled, cooled, oe-iomzed and 
distilled water and the subsequent bubbling of nitrogen gas. 

The oxygen concentrations were measured using a ORION Model 
97-08-00 electrode. Since, the instrument can measure oxygen 
concentration up to 14 ppm only, the oxygen concentration at higher 
partial pressures i.e. oxygen concentration at 1 atmosphere was 
estimated by extrapolation. The activity coefficient was assumed constant 
in estimating the concentration of oxygen in the solution at a given 
gaseous partial pressure. Oxygen partial pressures used and the 
corresponding concentrations are given in the following table: 

Oxygen Partial Concentrations of 02 in solution 
Pressures in gas phase   (parts per million 
{atmospheres)  bv weight) _ 
1.00 (high) 41.25 (estimated) 
0.20 (medium) 8.25 (measured) 
0.06 (low) ?.P5 (measured) . 

Electrochemical Testing 
The electrochemical apparatus for impedance testing is shown in 

figure (3). The cathodic potential applied to the samples was -0.9 volts 
versus a saturated calomel electrode (SCE). The potential of -.9 V was 
chosen because it is below the ECorr of carbon with several engineering 
metals and is the greatest cathodic potential reached above water 
stability limit. An EG&G PARC model 273 and model 363 potentiostats 
were employed to apply and maintain the potentials. Current values were 
recorded at different exposure times. The electrochemical impedance for 
these samples was also measured at various times during exposure. A 
Solartron model 1255 HF frequency response analyzer supplied the 
input signal and analyzed the response signal. The instruments were 
coordinated and the data acquired using an IBM personal computer. The 
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EG&G  M388  user interactive  software  was  used to  execute the 
experimental procedures. 

Platinum 
counter 
electrode 

Saturated Calomel 
Electrode 

(SCE) 

NaCI solution 

Frequency 
Response 
Analyser 

COMPOSITE 
(Working electrode) 

Figure 3. Experimental apparatus for electrochemical testing. 

Surface Examination 
Visual examination of samples was also conducted at different 

times during the period of exposure to examine for blisters. The time for 
blisters to grow to a diameter approximately 1 mm diameter was 
arbitrarily termed as the blister detectability time (BDT). Only the large 
blisters were detectable by this technique. The BDT was used as a 
criterion to compare the rate of blistering of the samples. Therefore, from 
definition it follows that the lower the BDT, the greater the rate of blister 
growth and vice-versa. The blister detectability times were recorded for 
the three samples. 

RESULTS   AND   DISCUSSION 

The proposed blistering mechanism 
From the results of this study a mechanism can be proposed for 

blister formation. The first part of the process is the initiation of the blister 
at the carbon fiber/polymer interface. Two possible mechanisms are 
available to the initiation process. Both of the mechanisms involve the 
creation of a free volume. The first depends on decreasing the adsorption 
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of the polymer to the carbon fiber. The carbon fibers develop a negative 
surface charge when galvanically coupled. As a result, the electron 
dense parts of the adhering polymer chains do not absorb onto the 
carbon fibers as strongly. A local aqueous film nucleates in these 
debonded zones due to the initial zero partial pressure of water in these 
zones. The movement of water also brings sodium ions and oxygen into 
the region. 

The second mechanism suggests that the carbon fiber to polymer 
interface is unlikely to be perfect. As a result local areas of no bonding 
between them will exist. The hydroxyl ion can be formed in these regions 
as water along with oxygen will tend to permeate to these defect regions 
preferentially. For both initation mechanisms, oxygen reduction to 
hydroxyl ions takes place on the carbon surface. As a result sodium 
hydroxide solution is formed. Sodium hydroxide is highly hygroscopic 
and draws more water into this region. The coupled effects of (a) 
relatively greater diffusion rates of water through the polymer compared 
to sodium hydroxide solution and (b) the rate of production of hydroxyl 
ions being greater tlian the ,iydroxyl ion diffusion away from the cathodic 
sites, builds an osmotic pressure in the region. 

Once the intiation stage is reached, the blister grows due to 
polymer layer deformation, creep and fiber/matrix interface failure or 
unzipping under this pressure. The growth is sustained by continuous 
production of hydroxyl ions which maintains high concentration of 
sodium hydroxide in the blister liquid. The blister growth therefore results 
in interface debonding with time. 

Oxygen Experimental Results 
The measured current densities (current divided by 

exposure area) as a function of exposure time for the three cases of 
oxygen concentrations: high, medium and low is shown in fie jre (4). The 
current increases to a high value rapidly within a few hours and drops off 
to a steady value for the cases of high and medium oxygen 
concentrations. 

The steady state current density for the sample exposed to higher 
oxygen concentration is five times the current density for the case of 
medium oxygen concentration. At the same time, the high oxygen 
concentration is five times the medium oxygen concentration. It follows 
therefore, that the current density of the carbon fibers increases 
proportionally with increase in oxygen partial pressures in the electrolyte. 
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Figure 4. Current time profiles for three oxygen partial pressures at -900 
mV(SCE) for a carbon fiber vinyl ester composite. 

This indicates that the carbon fibers in the carbon fiber vinyl ester 
composite support oxygen reduction reaction producing hydroxyl ions 
under the applied potential conditions. Moreover, the variation of 
corrosion current with oxygen concentration is direct evidence that the 
current is diffusion limited by oxygen diffusion rates towards the cathode 
I he existence of diffusion limited current in carbon/vinyl ester composites 
was earlier reported2 and is shown in figure (5). 

The plot in figure (5) shows a comparison of potential-current 
density plots between a carbon fiber composite and free carbon fibers It 
can be easily seen that the current is diffusion limited for both cases The 
tact that increased debonded area results at higher oxyqen 
concentrations coupled with the fact that the current density is 
proportional to oxygen concentration implies that the significant current is 
"Derated only at these damaged areas of the composite and the current 
at the carbon/polymer interface is negligible. The steady state current 
value for the low oxygen case is same as that of the medium oxygen 
case One possible reason for this behavior is as follows: The faces of the 
sample other than the exposed face to electrolyte were exposed to the 
ambient. Therefore, even though the electrolyte contains less oxygen for 
me low oxygen case, oxygen from the atmosphere (partial pressure = 02 
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atm) permeates through the sides of the sample, into the sample, 
resulting in a higher steady state current density. 
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Figure 5. Potential current density data for free carbon fibers and for a 
carbon fiber vinyl ester composite. 

The composite samples, before exposure, were all in equilibrium 
with atmosphere and therefore were saturated with air from the 
atmosphere. The higher current above the steady state values for the 
medium and high oxygen concentrations is due to the high oxygen 
concentration inside the composite at the initial condition. Once this 
happens the near fiber region will be devoid of oxygen and the current 
drops to a steady value determined by the amount of oxygen in solution. 
However, t^e high initial current greater than the steady state value is 
absent for tne low oxygen case because of the negligible contribui.on of 
oxygen from the electrolyte solution. 

The blister detectability time as a function of oxygen partial 
pressures is shown in Figure (6). It can be seen that 1/BDT, which is 
proportional to the blister growth rate, increases with increasing oxygen 
concentration. This indicates that indeed the blistering phenomenon is 
related to the oxygen reduction reaction and the data serves as a 
validation of the proposed blistering mechanism. 

Since the amount of cathodic debonding is a function ot 
charge 'iterated or the amount of hydroxyl ions produced at the cathode 
less the amount diffused away from cathodic sites, it is of interest to 
determine if the oxygen partial pressures affect the cumulative charge 
densities. The cumulative charge density (CCD) was calculated by 
numerically integrating the current densities with respect to time. 
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Figure 6. The effect of oxygen partial pressure on galvanic blister growth 
rate at an applied potential of -900mV(SCE). 

The CCD as a function of time for the three cases of oxygen 
concentrations is shown in figure (7). It can be seen that the charge 
densities exponentially increase with time initially but at very slow rates 
at large exposure times. 

The most interesting feature is that the cumulative charge 
densities increase by 4 orders of magnitude during the initial periods of 
exposure and at the blister detectability time, they all are within the order 
of magnitude of 1 coulombs per sq. cm. for this composite under the 
given experimental conditions. The rapid increase of CCD during the 
initial times was attributed to the combined effect of the increased area of 
exposure of carbon fibers to the diffusing electrolyte solution and to 
rupture of small blisters formed on the fibers closest to the surface that 
expose the fibers and to the change in polymer resistance as water and 
ions build up inside. 

Because the blistering rates are greater for higher oxygen partial 
pressures, the electrochemical changes were rapid with increasing 
oxygen concentrations and therefore it would be interesting to compare 
the impedance behavior in all the three cases at the same normalized 
exposure time based on the blister detectability time. This comparison at 
1% of the BDT for the three cases of oxygen concentration is shown in 
Figures (8a) and (8b). The Bode plots in these figures show somewhat 
similar profiles for all the samples. 
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Figure 7. Temporal changes in cumulative charge density for blister 
detection. 
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Figure 8a. Bode magnitude data and model fit for high (1atm), 
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medium(0.2 atm) and low (0.06 atm) oxygen partial pressures 
at -900mV at 1 % of blister detectability time. 

The Bode phase angle plot shows that the phase angle maxima at 
lower frequencies shift to lower frequencies and the maxima at the higher 
frequencies shift to higher frequencies with increasing oxygen 
concentrations. This indicates that the two time constants differ more with 
increasing oxygen concentration because of greater reaction rates and 
increased debonded area for higher oxygen concentrations. 

60 

0 

Measured Model 
o   H;

?h  High 
P   Medium   Mediun 
A   Low —   Low 

I I I mi'l—i  i i iim 1  I ■ ■ ini| 1  i ■ imj 1 I IIMI| 1  i ii■ ii■[—i   i i inif 1  i mi 

10"2    10"1    10°     101     102     103      104     105      106 

Frequency (hertz) 

Figure 8b. Bode phase angle data and model fit for the same conditions 
as figure 8a. 

Indeed, the existence of two time constants or two peaks in phase 
angle dispersion indicates defects in polymer layer where the fibers are 
directly exposed to the electrolyte. In an earlier investigation it was also 
proved that the shift of higher phase angle maxima to higher frequencies 
indicate greater area of exposed fibers to the electrolyte7. Therefore, it 
follows that higher oxygen concentrations in greater damage in the 
polymer layer due to greater number of blisters. 

CONCLUSION 

The effects of oxygen concentration on galvanic blistering in 
carbon fiber composites was investigated and a mechanism for blistering 
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CONCLUSIONS 

1. The fiber type did not significantly influence the degradation 
mechanisms of the composites under galvanic exposure conditions. The 
polymer conditions, fiber surface treatment and interface behavior 
between fibers and polymer matrix are the more important control 
parameters. 

2. The parameters from modeling provided an important degradation 
mechanisms of composites. 

3. The decreasing in polymer resistance, Rp, with increasing time of 
exposure indicated that dynamic degradation processes were occurring 
due to the cathodic reaction at the fiber surface. The value of Rp also 
decreased with increasingly negative applied potentials. 

4. The observed damage on exposed specimen provided an evidence 
of decreasing of impedance behavior of composites. 
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ABSTRACT 

in   nh^ICr?°r9riSmS and their products mQy be responsible for chanqes 
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was   further   established   by   scanning   electron   microscopic   (SEM) 
observations of fungi on the surface of the polyimides, 

We also studied the biodeterioration of fiber reinforced composites, 
graphite sheets, and graphite fibers used in composite materials. One set 
of samples was inoculated with the fungal consortium mentioned above, 
and another set was kept sterile. In all inoculated treatments the fungi 
adhered to and grew on the composites, graphite sheets, and fiber 
surfaces. SEM was used to determine adhesion of fungi and subsequent 
etching of the samples. Fungal penetration into composite resin and 
graphite sheets was observed. Our data indicate that fungi may cause 
substantial damage to composites under conditions favorable to fungal 
growth. 

INTRODUCTION 
Polyimides are an important class of electronic packaging 

materials used in fabrication of integrated circuits (Lai, 1989). They are 
also being utilized in the manufacture of new high-temperature resistant 
composites. Fiber reinforced composites (FRC) have wide applications in 
transportation, aviation, and aerospace (Delmonte, 1981). Recently, a 
new process of thermosetting composites using polyimides has been 
developed because of the high temperature resistance of this polymer. 
Further development of high strength, stiffness, and lower weight FRC's 
compared to alloys has been accelerated due to the corrosion resistance 
of this class of engineered materials. 

Composites have a two-phase structure: a fiber which acts as the 
reinforcement, and a resin matrix which bonds and holds all the fiuers. A 
maximum number of fibers is contained per unit volume as a means of 
increasing the strength of the composite material since the fiber dictates 
the strength, and each fiber takes its full share of the load. The structural 
integrity of the composite material is the key to its performance success. 

A number of factors may influence the integrity of a FRC, including 
bonding between fiber and matrix, distribution and orientation of fibers in 
the matrix, and responses of each composite constituent to environmental 
conditions including moisture, temperature, and microbial contamination. 
Weakening of one composite constituent can cause progressive 
delamination, disbonding and separation of the fibers from reinforcing 
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resin matrices, resulting in reduced strength and stiffness Failure 
initiation factors include imperfections, weakening of the interface 
bonding between the fibers and matrix, and further delamination and 
separation of the two components (Agarwal and Broutman 1990) In a 
study of the corrosion of graphite fibers/magnesium alloy composites in a 
very dilute NaCI solution, Trzaskoma (1986) reported that severe 
degradation of graphite fibers was observed after a five-day exposure 
period. ^ 

It is suspected that biological damage to a composite material may 
significantly affect its physical integrity and fatigue performance    Since 
there are several chemically and physically distinguishable constituents in 
a composite,  localized chemical changes resulting from growth and 
metabolism of microorganisms may accelerate damage to composite 
constituents.   Specific surfaces or voids in the   FRC may concentrate 
nutrients,    providing    a   favorable    microenvironment   for   microbial 
development.   Fibers may serve as capillaries to improve the movement 
and distribution of moisture and chemical species within the composite 
and may enhance the spread of microorganisms within the composite 
structure.   Slight chemical changes in localized regions may drastically 
decrease  the   material's  performance   and  weaken   the   composite's 
physical properties.   Knowledge of the effect of microorganisms on the 
integrity   of   composite   materials   is   needed   for   a   comprehensive 
assessment of microbial damage and for the future development of 
resistant materials. 

Tn's report describes preliminary studies of microbial degradation 
w po yimides and composites by a fungal consortium under laboratory 
conditions. Electrochemical impedance spectroscopy (EIS) was used to 
measure polyimide coating deterioration in electrochemical cells 

in 

H 

MATERIALS AND METHODS 
Electrochemical impedance spectroscoov fFlSV EIS cells were 

constructed by gluing a 50.0 mm long acrylic tube (30.0 mm diameter and 
1 m™ th,ckness of the wall) onto a steel coupon (50.0 X 50 0 mm) bv 
epoxy (Devcon 5 minute Epoxy, Danver, MA 01923). The steel coupons 
were previously attached with a round piece of Kapton polyimide film as 
received from Du Pont Co. The adhering material for the film onto the 
coupon was silver epoxy (SPI Instrumental, West, PA).  After drying, 15.0 
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mL of 0.2 M NaCI solution were added into the acrylic tube to serve as 
working electrode during determination. A diagram of the eel! is shown 
below. 

Reference 
Electrode (SCE) 

Metal 

Pc lyrner 

Ü 

PtMesh 
Counter Electrode 

Ü 
r 

NaCI Solution 

Attachment 

Working 
Electrode 

Figure 1. Schematic diagram of the electrochemical cell used 

Our EIS consists of a Schlumberger 1250 frequency response 
analyzer with Schlumberger 1286 electrochemical interface. During data 
acquisition, samples were potentiostatically held at their open circuit 
potential (OCP) and a sinusoidal perturbation of 20-50 mV applied to the 
system. The impedance response was measured over a range tf 
frequencies from «5 kHz to 1 mHz and spectra were recorded as a 
function of immersion time at ambient temperature. OCP were monitored 
versus a saturated calomel electrode. The electrode was polarized to its 
OCP and an AC signal of 20 mV superimposed. Frequency were swept 
from 65 KHz to 1 mHz and the gain and phase shift monitored. Both 
Bode plots were used to provide information on increases in porosity, 
local defects and delamination (Titz et al., 1990) 

At weekly intervals, EIS cells of inoculated and sterile control 
coupons were determined on EIS for their impedance responses. When 
film failure was observed, film in the EIS cell was taken and prepared for 
examination by scanning electron microscopy (SEM). 
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SEM sample preparation: Samples of polyimide films, graphite 
sheets, fibers and composite material were prepared for SEM examination 
as follows: samples were treated with 3% glutaraldehyde buffered with 0.2 
M sodium cacodylate in deinonized water filtered through 0.2 |im 
polycarbonate membrane filter (Gelman Science, Ann Arbor, Ml), washed 
with 0.2 M Na cacodylate three times, fixed in 1 % osmium tetraoxide with 
0.1 M Na cacodylate, and rinsed with Na cacodylate and deionized water. 
Dehydration of samples was accomplished in an ethanol-disiilled water 
series of 40 to 80% ethanol with increments of 10%, and 85 to 100% 
ethanol with 5% increments. Samples were then critical point dried in 
liquid C02 (Samdri PVT-3B, Tousimis Research Co., Roowille, MD), 
coated with platinum and viewed under an AMR 1 uOO SEM. 

Incubation studies: Composites (labeled from A to E), graphite 
sheets (Goodfellow Co., Malvern, PA), and graphite fibers (P-25, P-100, 
and Toray), were autoclaved before aseptic introduction into culture flasks 
containing 80 ml_ of Malt Broth medium (Difco Lab., Detroit, Ml). One set 
of flasks was inoculated with the above mentioned fungal consortium and 
another set was kept sterile. At monthly intervals, samples from the 
inoculated and control flasks were taken for SEM examination. 

RESULTS AND DISCUSSION 

Biodeqradation of Polvimides 
Polyimide degradation was observed on the inoculated EIS cells 

within the first week J incubation (Fig. 2L). During the same period of 
time, there were no apparent changes in the sterile cells (Fig. 2b). EIS 
measures the resistive, capacitive, and inductive components of the 
overall interfacial impedance. Resistance of the polyimide films dropped 
from 108 to about 106 Ohms cm-2 within the first week. A coating 
resistance of 107 Ohms cm"2 is considered "good." Such a large 
decrease in resistance reflects significant microbially caused changes in 
the coating dielectric properties. These results suggest that EIS is a 
particularly useful analytical technique to carry out accelerated testing of 
rr.iarobial deterioration of coating materials. 

Over the one week incubation, there was increased permeability of 
the polyimide coated metal indicating the failure of protective properties of 
the polyimide exposed to the fungi.     Association  of fungi with the 
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polyimide failure was observed by SEM examination of the deteriorated 
film (Fig. 3). Fungi were found to be associated with the degradation of 
polyimide coating and the deterioration of coating dielectric properties 
Though it is not conclusive at this stage if the fungi utilize polyimides as a 
source of carbon and energy, further studies will provide information on 
the mechanism by which polyimide coatings are degraded 

Figure 3. SEM micrograph of fungi on deteriorated polyimide films 
from an inoculated EIS cell after 7 days of inoculation 

Susceptibility of fiber reinforced composites to fungi 
We examined five composites for their susceptibility to degradation 

by our fungal consortium. Effects o' 'ungal degradation on composite 
mechanical property are reported separately (Thorp et al 1994) Results 
suggest that the composite (sample A) containing AFR-700 resin was the 
most susceptible to fungal attack. Localized penetration of composite 
resins by fungal hyphae was shown by SEM (Fig. 4). The stability of the 
resin is important to the performance of the complex composite materials 
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Impurities  can  catalyze  the  breakdown  and  directly  accelerate  the 
degradation of the composite (Wilkins et al., 1982). 

Figure 4. SEM micrograph of fungi on the composite containing AFR- 
700 resin after 30 days of incubation 

These preliminary results prompted us to test the polymer 
constituents by incubating graphite sheets and graphite fibers (P-25, P- 
100, and Toray) with thu same fungal consortium under the same 
conditions. Our results on these- materials showed that fungi , iave the 
ability to colonize the surface of both graphite sheets and fibers 
extensively. Fungal penetration into graphite sheets was observed (Fig. 
5). On day 84 P-100 fibers were found to be covered with fungal hyphae 
(Fig. 6). It appears that fibers in the composite promote fungal 
colonization by serving as capillaries for transporting chemicals from 
susceptible regions or external surfaces, stimulating extensive 
microbiological invasion and colonization of the composite materials. 

Christner et al. (1987) suggested that material degradation 
advances by crack propagation In acid environments, degradation 
occurs along crack lines.   Microcracks in the composites are a result of 
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Figure 6. SEM micrographs of fungi growing on graphite fiber P-100 
on day 84 of incubation 
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the curing process in which the resin becomes hard while forming a close 
association with the fibers embedded in it. Commonly used resins are 
polyesters, epoxies and phenolics which hold the fibers in position and 
serve as the matrix material. Epoxy or polyester resins can absorb up to 
4-5% by weight of water when exposed to humid conditions (Agarwal and 
Broutman, 1990). However, the water is not evenly distributed in the 
resin matrix, but in micropores and microcracks that are sufficiently large 
for the colonization of microorganisms. The success or failure of FRCs is 
also governed by the degree of adhesion occurring between the fiber 
surface and the resin matrix. 

It is standard practice to coat the surface of the filar ents with a 
sizing chemical to provide a better bonding with the resin matrix and to 
prevent abrasion between individual fibers during shipping and handling 
This treatment permits optimal stress transmission between filaments. 
The fiber sizing is often a starch-oil mixture used to minimize the 
degradation of strength resulting from abrasion between fibers, and as a 
coupling agent to the matrix. The sizing materials are highly susceptible 
to biodegradation and can be expected to decompose in the presence of 
contaminating microorganisms 

Biodeterioration of graphite sheets by our fungal consortium was 
also studied. However, it is not clear from this study to what degree 
graphite fibers may Le degraded. The answer to this question requires 
more sophisticated studies using surface analytical techniques. 

Further testing of resins and sizes will enable us to identify the 
susceptible constituents of composites and the extent of the damage to 
composite materials. In addition, application of surface characterization 
techniques should improve our understanding of the mechanism of 
microbial deterioration of the composites. 

ACKNOWLEDGMENTS 
This research was supported in part by the Air Force Office of 

Scientific Research Grant Nc S49620-92-J-0108. We thank Mr. E. 
Seling for assistance with SEM preparation and observations. 

301 



*m 

REFERENCES 
Agarwal, B.D., and L.T. Broutman. 1990. Analysis and performance of 
fiber composites (2nd ed.). John Wiley & Sons, Inc., New York. 

Christner, LG., H.P. Dhar, M. Farooque, and A.K. Kush. 1987. Corrosion 
of graphite composites in phosphoric acid fuel cells. Corrosion. 43:571- 
575. 

Delmonte, J. 1981. Technology of carbon and graphite fiber composites, 
van Nostrand Reinhold Company, New York. 

Lai, J. H. 1989. Polymers for electronic application*, CRC Press, Inc., 
Boca Ralton, Florida. 

Thorp, T.E.G., A.S. Crasto, J.-D. Gu, and R. Mitchell. 1994. 
Biodegradation of composite materials (in this proceedings). 

Titz, J. G.H. Wagner, H. Spahn, M. Eber, K. Juttner, and W.J. Lorenz. 
1990. Characterization of organic coatings on metal substrates by 
electrochemical impedance spectroscopy. Corrosion 46:221-229. 

Trzaskoma, P.P. 1986. Corrosion behavior of a graphite/magnesium 
metal matrix composite in aqueous chloride solution. Corrosion. 42:609- 
613. 

Wilkins, D.J., J.R. Eisenmann, R.A. Camin, W.S, Margolis, and R.A. 
Bensen. 1982. Charactering delamination'growth in graphite-epoxy. K.L. 
Reifsnider, _±, Damage in composite materials. ASTM STP 775, p. 168- 
183. Philadelphia, PA. 

302 



Biodegradation of Composite Materials 

Ms. Katie E. G. Thorp* and Dr. Allan S. Crasto 
University of Dayton Research Institute 

300 College Park 
Dayton, OH 45469-0168 

Dr. Ji-Dong Gu and Dr. Ralph Mitchell 
Harvard University, Division of Applied Sciences 

29 Oxford Street 
Cambridge, MA 02138 

ABSTRACT 

The matrix- and interface-dominated properties of fiber-reinforced 
polymer composites are known to be sensitive to absorbed moisture In 
addition there is a potential for electrochemical corrosion when a carbon 
Tiber composite is mechanically coupled with a metal, such as aluminum 
la" a.qfous environment. When these composite materials are 
hfninni . +

aC,
+
Ue0US solutions of nutrients, a substantial amount of 

biological activity is noted on and around the composites. The biological 
species has been identified as a fungus which is believed to be present 
n the as-sectioned composite specimens. In light of these observations 
the question arises of whether composite degradation in humid 
environments   may   be   assisted   or   enhanced   by   biological 

whe'Sn9^^3- u StU?y W3S conducted t0 investigate this premise 
.^mpri0Hb!ol°9'cl^

l|y-actlve ^d sterile composite specimens were 
"rimersed in distilled water and a solution of nutrients. The growth of 
microorganisms was investigated using scanning electron microscopy 
fmm m Influence on mechanical property degradation WCJ determined 
from measurements of interfacial and interlaminar shear strengtns on 
?nmnL? P°Xy .comPosites and  unidirectional  graphite/epoxy 
n?*TÄ r,esP.ect,ve|y-    Mechanical couples of aluminum and a 
graph.te/BMI laminate were also subjected to similar treatments in 

303 



aqueous salt solutions, and corrosion of the laminates at the liquid/air 
interface was compared by SEM. 

INTRODUCTION 

It has long been known that polymeric materials are susceptible to 
biological degradation. Examples where such biodegradation is 
prevalent include pressure-sensitive tapes used for coating gas pipes, 
polyethylene lids on milk churns, coatings for buried pipes and cables, 
foams placed in the fuel tanks of military aircraft for explosion prevention, 
raincoats, liners of gasoline storage tanks, electronic component 
insulation, and plastic upholstery materials [1]. Most of the literature 
dealing with biodegradation of polymeric materials is associated with 
plasticized vinyl systems. The incorporation of plasticizers can enhance 
the biological attack of otherwise resistant polymers, and the study of 
microbial deterioration of polymeric formulations has centered mostly on 
the involvement of microbes with the plasticizer additives [1]. Polyvinyl 
chloride and other polymers containing suitable nutrients for fungal and 
bacterial growth require the addition of an antimicrobial agent to prevent 
growth of microorganisms. Many synthetic polymers are believed to be 
inert to biological degradation. The reason for this apparent microbial 
inertness is probably a combination of parameters including chemical 
bonding, molecular size, molecular configuration, and the ability to 
absorb water, as well as other undefined factors. Microbial attack can 
cause polymer property degradation and result in product embrittlement, 
cracking, and ultimate failure [2]. 

Microorganisms general!/ require C, H, C and N, among other 
elements, as nutrier.ts for survival. Water is also usually required ,'^r the 
microorganisms to function properly. Many of these elements are 
present to some degree in fiber-reinforced composite materials. 
However, since synthetic composites to a large extent were thought to 
be biologically inert, limited work has been done on the biodegradation 
characteristics of these materials. A material which ordinarily is 
biologically inert may be susceptible to secondary degradation 
mechanisms caused or enhanced by biological activity. During their 
metabolic process microorganisms exude or deposit a variety of waste 
products which may interact with composite materials in a variety of 
ways. Possible mechanisms for microbial degradation of polymeric 
composites include direct attack of the resin by acids or enzymes 
produced by the microorganisms, blistering as a result of gas evolution 
within the polymeric phase, cracking due to by-product deposition, and/or 
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polymeric destabilization by concentrated chlorides or sulfides produced 
by the microorganisms [3]. Colonization of composite materials by 
microorganisms has been demonstrated; however, characterization of 
the degradation has been limited to examinations in optical and scanning 
electron microscopes, and analyses of mechanical property changes 
have been limited. 

Thermosetting polymers were once considered immune to attack 
by microorganisms, and their need for protection against microbial attack 
is only now being realized. Microbial attack has been reported on 
thermosets such as styrene butadiene rubber (SBR) and urethane foams 
[4]. In these materials imperfections in the pc'ymer surface can allow the 
harbor; j of foreign materials, including water, which then creates an 
ideal location for microbial growth. Likewise, the microscopically rough 
surface texture of fiber-reinforced composites may provide similar 
favorable bonding sites for microorganisms. Blistering and crystal 
growth on carbon fiber/polymer composites in marine environments has 
been documented [5]. The blistering is thought to arise from osmosis. 
Galvanic coupling of these composite specimens with steel and 
aluminum can result in blistering and the growth of aragonite (CaCOs) 
crystals [6]. Specimens which were not galvanically coupled with the 
steel did not display either blistering or crystal formation. The crystal 
growth was apparently a result of the corrosion process which 
electrochemically caused a local change in pH near the polymer allowing 
nucleation and growth of aragonite crystals from the natural sea water. 
From a limited visual examination, blistering was not apparent on carbon 
fiber/epoxy composite materials. Further analysis of composite/metal 
joints and the investigation of possible degradation mechanisms is 
warranted. 

Previous work has shown that inoculation of specimens with a 
consortia of fungi and bacteria is not necessary to initiate biological 
activity. A fungus was found to exist in the composite processing and 
sample preparation laboratory which colonized on the surface of a 
number of composite materials and their constituents [7]. This fungus 
may prove to be an ideal species for investigating the biodegradation of 
composite materials, since it is already present and has shown a 
proficiency for thriving in composite processing and fabrication 
environments. 
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EXPERIMENTAL PROCEDURE 

Biodearadation of Composite Material Properties 

A variety of materials and properties were tested in this study. 
Table 1 lists all the specimen sets tested and the different exposure and 
test conditions. Three to five specimens were tested in each set. All 
exposures were made in sterilized jars with solutions which had been 
sterilized prior to testing. 

Table 1: Specimens Sets and Test Conditions 

Specimen 
Set 

Material Condition Sterilized Days of 
Exposure 

A AS4/3501-6 Malt Broth No 121 

B AS4/3501-6 Water No 113 
C AS4/3501-6 Malt Broth Yes 120 
D AS4/3501-6 Water Yes 112 
E AS4/3501-6 Air No - 

F Glass 
Rod/epoxy 

Malt Broth No 91 

G Glass 
Rod/epoxy 

Malt Broth Yes 91 

H Glass 
Rod/epoxy 

Air No " 

I Glass 
Rod/epoxy 

Air Yes " 

J BMI/AI Malt Broth No 119 
K BMI/AI Salt Water No 119 
L BMI/AI Salt Water Yes 119 

Inter laminar Shear Strength 

A unidirectional 20-ply carbon fiber/epoxy composite panel 
(AS4/3501-6 from Hercules Inc.) was fabricated in an autoclave using 
the manufacturer's recommended cure procedure. Specimens were 
sectioned from this panel with a diamond-tipped wet saw blade to an 
appropriate size for mechanical testing (1.5 in x 0.5 in) and divided into 
five sets. Two sets, A and B, of as-sectioned specimens were 
conditioned in separate sterilized jars containing a malt broth solution of 
nutrients and deionized water, respectively. An additional two sets of 
specimens, C and D, were sterilized with an ethylene oxide gas 
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treatment to remove any microbial agents deposited on them as a result 
of the preparation and sectioning procedures, and similarly conditioned 
in malt broth and deionized water, respectively. Set E was retained in its 
as-sectioned condition as a control. After 16 weeks of conditioning, 
specimen sets B and D were removed and critical point-dried for 
observation in the scanning electron microscope. After 17 weeks of 
exposure, specimen sets A and C were also removed and critical point- 
dried. Following documentation of fungal activity in the SEM, the 
specimens were tested in three-point flexure with a span-to-depth ratio of 
6:1 to promote interlaminar shear failure. Thin rubber pads were placed 
between the contact pins and specimen to prevent premature surface 
damage at these locations. Failure modes were noted and interlaminar 
she„. properties were recorded. 

Interfacial Shear Strength 

Interfacial shear strength was determined from model glass/epoxy 
composite specimens. A glass rod, 3 mm in diameter, was aligned along 
the central axis of a rectangular silicone rubber mold, and an epoxy 
matrix (Epon 828 from Shell Chemical Co. cured with 35 phr Jeffamine 
D-230 from Texaco Chemical Co.) was cast around it and cured 
overnight at room temperature. Rectangular slices, approximately 0.25 
in thick, were sectioned from this casting perpendicular to the axis of the 
embedded reinforcing rod and postcured at 80°C for two hours to 
complete the cure. One set of these specimens (F) and another set (G) - 
sterilized with ethylene oxide to remove any microbial agents - were 
placed in separate sterilized jars containing malt broth. A third set of 
specimens (H) was maintained as a control, while a fourth set (I) was 
sterilized with ethylene oxide to determine the influence of this treatment 
on the strength of the interfacial bond. After 13 weeks of exposure, sets 
F and G were removed from the conditioning environment, and one 
specimen from each set was critical point-dried for observation in the 
SEM. The other specimens were dried overnight in a vacuum oven and 
the interfacial shear strength determined by a "fiber" push-out test, 
wherein the axial force required to debond the glass rod from the 
surrounding epoxy was measured in an MTS test machine. 

Biodeqradation at Composite/Pretal Joints 

A carbon fiber/bismaleimide composite panel (IM7/5250-4 from 
Cytek, Inc.) was fabricated using a standard autoclave cure procedure. 
Rectangular specimens (approximately 3 in x 1 in) were sectioned with a 
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diamond-tipped wet saw blade and coupled with plastic tabs to aluminum 
sections of similar dimensions. Two sets of couples, J and K, were 
placed in sterilized jars containing a malt broth solution of nutrients and 
deionized salt water (3.5 weight percent NaCI), respectively. A third set, 
L, was sterilized with ethylene oxide and conditioned in sterile salt water 
to serve as a control. After 17 weeks of exposure the specimens were 
removed from their respective solutions and freeze-dried for observation 
in the SEM. 

RESULTS AND DISCUSSION 

Biodeqradation of Composite Material Properties 

Documentation of Fungal Growth 

Biological activity was apparent on the as-sectioned composite 
specimens of set A after only five days of exposure in the malt broth. 
Observation of these specimens in the SEM revealed extensive fungal 
growth and interaction of the fungi with the matrix resin of the composite 
panels. Fungal mycelia were tenaciously attached to the surface of the 
panels, preferentially within crevices in the rough surface texture (Figure 
1). In several locations the mycelia appeared to penetrate the surface of 
the resin (Figure 2). 

Figure 1: Fungal growth on composite panel which had been placed in a 
malt broth solution (Set A). 
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Figure 2: Interaction of fungal mycelia with composite panel (Set A). 

Moderate biological activity was visible in the as-sectioned 
specimens conditioned in water (set B) after approximately 30 days, 
although SEM examinations of these specimens were required to 
confirm the existence of the fungi (Figure 3). The overall growth was 
much less than that observed in the specimens of set A, but was 
significantly greater than that observed in the sterilized control 
specimens of sets C and D. Similar interaction of fungal mycelia with the 
surface roughness characteristics was apparent. It would appear, 
therefore, that these fungi were able to colonize and grow in the sterile 
deionized water in the absence of externally-supplied nutrients (such as 
the malt broth). Consequently, it may be assumed that the composite 
itself provided the nutritients required for growth, implying that the epoxy 
matrix and/or carbon fiber is susceptible to microbial attack in the 
composite's normal working environment. 

SEM examination of sterilized specimens conditioned in malt 
broth and water (sets C and D, respectively) revealed that the presence 
of fungi was almost nonexistent. The appearance of a few fungal 
mycelia on some of the specimens could be attributed to cross- 
contamination of specimens after treatment and prior to the SEM 
examinations; handling the specimens with tweezers during mounting 
and coating for SEM observation could have dislodged mycelia from the 
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as-sectioned specimens and transferred them to the control specimens^ 
Alternatively, fungal activity may not have been completely terminated 
during the ethylene oxide sterilization process, and some fungal growth 
may have occurred on these specimens. 

Figure 3:   Fungal growth on composite specimen soaked in water (Set 

B). 

Interlaminar Shear Strength 

The average interlaminar shear strengths of specimens from sets 
A-E are listed in Table 2. Failure in all specimens initiated via 
interlaminar shear near the midplane as confirmed from optical 
microscopy of polished specimen edges. There was no significant 
difference in interlaminar shear strength between the panels with 
biological activity and those which had been sterilized, which suggests 
that the growth of the fungus on the composite panels did not 
significantly degrade the resin shear properties. However, other factors 
may account for the similar shear strengths. The exposure time of the 
composite sections to the fungus may not have been sufficient enough to 
degrade material properties. Alternatively, because the majority of the 
fungal growth occurred on the composite surface, interaction of the 
fungus may have been limited to the surface plies and edges of the 
panel. Since this three-point flex test initiates failure at the midplane, the 
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measured shear strength may not be sensitive to changes in shear 
properties which occur only at the surface of the panel. The effect of the 
ethyiene oxide treatment on the shear properties is currently unknown as 
the set of control specimens which were subjected to an ethyiene oxide 
treatment alone were not available for testing. 

Table 2: Average Mechanical Properties 

Specimen Set ILSS (ksi) Interfacial Strength 
(ksi) 

A 15.0 
B 15.6 
C 15.3 
D 15.3 
E 16.3 
F 4.3 
G 4.3 
H 5.2 

1 5.4 

Interfacial Shear Strength 

The relative shear strengths of the interfacial bond from push-out 
tests on the model gla^s/epoxy composites are given in Table 2. Failure 
was not "clean" as the glass rod fractured prior to being debonded, and 
the maximum load was used in calculation of the shear strength. The 
ethyiene oxide treatment appears to have improved the shear strength 
relative to as-sectioned, untreated specimens, while immersion in the 
malt broth lowered the shear strength of the interfacial bond by 
approximately 17 percent, even though the specimens were dried prior to 
testing. In comparing the sterilized and unsterilized specimens 
conditioned in the malt broth, however, they appear to have equivalent 
shear strengths. The same reasoning employed to explain the 
equivalence of the interlaminar shear strengths of the unidirectional 
composite specimens holds in this case; an inability of the fungi to 
penetrate the interfacial region to any great length during the limited 
exposure period may account for the lack of sensitivity of the measured 
shear strengths to fungal growth. 
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Biodearadation at Composite/Metal Joints 

Documentation of Fungal Growth 

Fungal growth was apparent on the composite/AI couples 
conditioned in malt broth after approximately five days of exposure. The 
specimens in salt water did not show as significant an accumulation of 
fungal growth. However, upon observation of the composite halves of the 
couples in the optical and scanning electron microscopes, fungal growth 
was indicated on the nonsterilized specimens. In separating the 
components of the couple, crystals or particles were observed to adhere 
to the face of the composite which was in contact with the aluminum, and 
an example is shown in Figure 4. Further SEM analysis using energy 
dispersive spectroscopy showed that the crystals contained aluminum 
and oxygen and, in all likelihood, are alumina peeled off from the 
aluminum substrate. An interesting feature in this figure is the fungal 
mycelia traversing the face of the crystal, suggesting that they may have 
penetrated and weakened the interface between the aluminum and its 
oxide coating thereby dislodging the crystal. 
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Figure 4: Fungi and crystal on BMI/AI sandwich specimen (Set J). 
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SUMMARY AND CONCLUSIONS 

The ethylene oxide sterilization procedure appears to work fairly 
weii at removing fungal spores from composite panels. The process did 
not appear to decrease the mechanical properties of the tested materials 
and may actually have increased the interfacial strength in some cases. 
Fungal growth is easily achieved on as-processed composite panels and 
appears within days in nutrient rich solutions. Fungal growth can also be 
achieved in sterilized water. Although the growth of the fungi in water is 
significant1" 'ess than that seen in malt broth solutions, it is apparent that 
nutrient rich solutions are not required for fungal development. 

No significant decrease in interlaminar shear strength or interfacial 
strength was measured on these composites. The tests used may not 
have been ideal and additional testing is required to determine if the 
fungi are indeed degrading the mechanical integrity of either the resin, 
fiber, or fiber/resin interface. 

The growth of fungi between composite/AI sandwiches was 
documented. The fungi appeared to have interacted with the surface of 
the aluminum and dislodged a portion of the natural AI2O3 coating. This 
could prove detrimental to the mechanical integrity of the aluminum and 
deserves further study. 
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ABSTRACT 

ThP nalvanic interaction between metals and carbon fiber/polymer 
matrt?Ä5?Ä8 not only the metals but the.compos e . tse^ 
The objective of this study was to mvestigate >f_ he f.be^type in ,ue^ 
either the mechanism or form of damage   Two dif e^nt wmposrtes ^e e 

"pa r uTcondS or oathodic potentials to ^l^lX 
of mptak Electrochemical mpedance spectroscopy (tibj was. 
eÄd'to S changes in »he behavior oiI the »te . 
MnHoiinn nf PXDerimental data indicated that the parameier, np, 
deeming the poyme" resistance decreased with increasing time of 

e?poslerefogr ÄL circuit conditions and ^^.f^^^i 
The value of RD also decreased with increasingly cathodic appiiea 
Rent's6 °ih^P suggested that a damage process or the> polymer 
involving increased access of solution to the ca^on 'be^ btM 
examination showed that cracks and potymer separations on the 
exposed but not on the unexposedI surfaces The fiber type did 
appear to influence the damage mechanism in this study. 
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INTRODUCTION 

Advanced carbon fiber reinforced polymer composites are currently 
beinq developed for numerous applications because of the important 
potential benefits of light weight, high specific modulus and good 
corrosion resistance. Various applications can be found in marine, 
aerospace, automotive and commercial structures. However, these 
materials are not used in isolation. They are connected to metallic 
materials such as fasteners and other components. As carbon is 
conductive and a very noble cathodic material, the coupling will result in 
accelerating corrosion of metal by anodic reactions and degrading the 
composite by cathodic reactions. Earlier studies indicated 
electrochemical degradation of carbon fiber composite materials. A time 
dependent phenomena of blistering was reported for several 
combinations of polymer on carbon fibers [1-4]. The blisters were filled 
with solution of high pH, greater than 10 [1]. Although a few degradation 
mechanisms were proposed and discussed, the effects of material 
parameters on the mechanisms of composite degradation are still poorly 

understood. ._,.,_*      • «■    „„„„ 
The objective of this study was to investigate if the fiber type influences 

either the mechanism or form of damage electrochemically induced in 
carbon fiber/polymer composites. Electrochemical impedance 
spectroscopy (EIS) was employed to monitor the behavior of the 
composites. This method, previously used to evaluate the protective 
coatings on metals [5,6], has recently been applied for the quantitative 
electrochemical studies of carbon/polymer composites [2-4]. Scanning 
electron microscopy was performed on both exposed and unexposed 
surfaces of the specimens to better understand the electrochemical 
degradation mechanism. The relationship between impedance data and 
surface features were examined. Solution chemistry resulting from 
degradation processes was monitored by pH measurement during the 
surface exposure. 

EXPERIMENTAL   PROCEDURES 

Materials 

The materials examined in this study were carbon/polymer composite 
materials. The composites were prepared using prepregs with the same 
polymer matrix, 3501-6 epoxy, but containing different carbon fibers, 
either AS4 or IM6. One other difference was that a sizing agent was 
used on IM6 fibers but not on AS4. The manufacturers standard 
processing cycle (350°F cure temperature) was used for both materials. 
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♦hon nnQt rured in a convection oven for four hours at 
The materials were then post-cured in a co |aminates (AS4/3501- 
350OF. The stacking sequence o^oth ~^p

0°f;
e lam. K 

6 and IM6/3501-6) were identical (0° 90   4f a^ was is 

AS «.«S Äes^S — of f.bersPand 35% 

polymer for both materials. 

r^pJiLaj^^ 

permeate through the polymer to contact carbon t Der    i 
exposed to the electrolyte of 0.5 N NaCI for si-'ulatea sea' **B 

cm*   A platinum sheet and a standard calomel e lectrode (SCE) sen/e as 
counter and reference electrodes respecAvrty   EIS meaurements,t 

with negative potentials applied, -0.65VScEana   U^VSCE;    t    , and 

(impedance modulus |Z| vs. frequency and phase angle vs. frequency) 

pH Measurement 

Solution pH was measured using a digital pH meter during exposure. 

Spanning electron m'^ngrnpy (SEM) 

surface changes was evaluated by comparison of these two surfaces. 

EXPERIMENTAL   RESULTS 

Open Circuit renditions 

Long term exposure tests up to 360 days were conducted on beth AS4 
d IM6 composites under open circuit cond.t.ons.    Bode plots and IM6 compos 
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Figure 1.  Microstructure of IM6/3501-6 Composite Material 
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Figure 2. Experimental Setup for Impedance Spectroscopy 
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exDerimental data for the open circuit condition are shown in fig. 3 for 
AS4/3501-6 composite.  The plots show the impedance responses from 
5 hours up to 140 days of exposure. A decrease of impedance with 
increasing time of exposure was noticed. The most significant changes 
in impedance occurred in the first 100 days for both materials. The high 
frequency phase angle decreased in magnitude and shifted initially to 
the lower frequencies and then moved back to the higher values as the 
impedance response decreased. Identical behavior was also found for 
IM6/3501-6 material. 

Applied Negative Potentials 

Under polarized conditions, the exposure periods were uo to 30 days 
at -550mV potential and 15 days at -900mV potential for bot,. AS4/3501- 
6 and IM6/3501-6 materials. Bode plots of experimental data as the 
symbols at -650mV are shown in fig. 4 for AS4/3501-6 material and in 
fig. 5 for IM6/3501-6 material. The results reveal that the initial 
impedance response for cathodically polarized specimens was lower 
than open circuit conditions up to the high frequency arrest region. The 
phase angle maxima moved to the lower frequency and decreased in 
magnitude as the time of exposure increased. For IM6 composite, the 
impedance also decreased with the time of exposure. However, with 
AS4 composite, differences were found at applied -650mV potential. The 
solution resistance for AS4/3501-6 increased more than that of 
IM6/3501-6 material. In addition, the impedance at lower frequency 
increased with the time of exposure for AS4/3501-6 until 21 days then 
decreased 

The significant changes occurred in the first week at -900mV applied 
negative potential for both materials, as shown in fig. 6 for AS4/3501-6 
composite. Similar features were also observed in the Bode plot for 
IM6/3501-6 material. It should also be noted that the indication of 
diffusion control was present for both -650mV and -900mV polarized 
materials. This was shown by a phase angle of 45° . 

Modeling of Experiment Data 

The impedance response was simulated using equivalent circuit 
modeling EQUIVCRT software. The two RC circuit model, first proposed 
by Mansfeld and Kendig [5] for most polymer-coated metals shown below 
was used to provide the best fit of ,impedance behavior of composites 
and extract the parameters which provide significant information of 
composite degradation due to electrochemical reactions. 
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Figure 3.  Bode Plot for AS4/3501-6 Composite at Open Circuit Condition 
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where Rs is the solution resistance, CPEC is the constant phase element 
of the polymer dielectric and Rp is the resistance of the polymer matrix 
due to the penetration of electrolyte through the defects and pores in the 
matrix. Q ( Q=ZoQco)-n) is a constant phase element which allows 
contribution of diffusion at the carbon fiber/moisture interface region. 
When n=0 and 1 Q repr >sents pure resistance and pure capacitance 
respectively. In the case of n=-0.5, Q behaves as a true diffusion 
impedance. Rt is the charge transfer resistance at the carbon 
fiber/polymer interface. 

The simulated data from the equivalent circuit modeling are plotted as 
the lines together with the experimental data, as shown in fig. 3-6. The 
model provides a good fit to the data. 

The parameters extracted through the equivalent circuit modeling 
varied significantly with different conditions. The parameter, Rp, 
representing the resistance of the polymer matrix separating fibers from 
electrolyte decreases rapidly with increasingly negative applied 
potentials, as shown in fig. 7 for AS4/3501-6 material and fig. 8 for 
IM6/3501-6 composite. The value of Rp also decreased with exposure 
time for both open circuit and applied cathodic potentials o -650mV and 
-900mw 

Solution pH variations 

An increase in solution pH was found for both materials under 
cathodic polarized conditions. The pH variations for AS4/3501-6 
material are shown in fig. 9 . The value of pH was not significantly 
changed for open circuit condition. Similar results were also found on 
the second composite IM6/3501 system. 

Microstructure Characterization 

Detailed surface examinations were performed for both exposed and 
unexposed  surfaces  of composite  specimens  by  SEM  for better 
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understanding of the degradation mechanisms. The results 'nd'cated 
that damaoe features were present on the exposed surfaces of different 
composTtef but thaffeatures changed in size and density with exposure 

^Ätrafth^unexposed composite showed a very smooth surface, 
flg. 09 However, cracks and polymer separa,ton ■were found rn" 
alona the carbon fibers for all polarized samples, fig. 11 for IM6/3WJ1 b 
material and%. 12 for AS4/3501-6 composite after exposed to he 
SroMe at -650 mV applied potential for 30 days . For IM6/3501-6 
comoosite it appeared that large portion of polymer were removed 
exposing carbonfibers directly to electrolyte. The Joining of several 
cracks can produce this effect. 

DISCUSSION 

Flertrochfimical impedance study 

Open Circuit Conditions 

With increasing exposure time, impedance decreased for both 
comoosite Serials. One possible reason for time dependent decrease 
fnTmpedanc^fat open circuit conditions is moisture absorpt.on and pre- 
pytetina defects in the polymer matrix. . 

Th9e ejects of moisture on composite materials have been studiedI in 
deta I [7-81 It was shown that moisture has a potentially degrading effect 
on eooxy matrix materials. Moisture is present in many forms such as 
chained Tn the polymer free volume after manufacture or the electrolyte 
An and eventually penetrates by diffusion unt,I the moisture 
equilibrium or saturation concentration is achieved Jhe absorbed water 
as well ao ionic solutions may also be transported along fiber- matrix 
interfaces ano .ause delamination of the interface. Howc tn 

The electrolyte can also permeate through pre-existing defects to 
contact the cathodic site. Therefore the decrease in polymer resistance 
as a function of time represents damage to the composite.from mo.sture 
induced processes. It was shown previously that impedance 
spectroscopy can monitor damage of composites under open circuit 
condition w^en osmotic blistering was noted after efnded periods 
both distilled water and sodium chloride solutions [9] In this case, in 
addition to monitoring e-isting defects in the composite at initiation, the 
defects created during exposure were also identified. 

Cathodically  polarized  conditions 
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Figure 10. Unexposed Surface of IM6/3501-6 Composite Materials 
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Figure 11. Exposed Surface of IM6 Composite at -650mV for 30 Days 

Figure 12. Exposed Surface of AS4 Composite at -650mV for 30 Days 



The decrease in impedance upon initial application of potentials 
indicated that the cathodic reaction occurred at the carbon fiber/polymer 
interface immediately with no time delay. This implies that defects exist 
on the surface and permit the cathodic reaction to occur. The initial 
decrease in impedance is therefore a measure of the pre-existing defect 
content of the composites. Recent data indicated no difference in initial 
impedance response between open circuit and cathodic polarization 
conditions for a defect free specimen [11]. In the range of diffusion 
controlled potentials, the potential should not influence the initial 
impedance behavior. 

The high pH of the solution indicated that the reduction of oxygen 
reaction occurred to produce hydroxyl ions (OH)" under the applied 
potential conditions. The mechanism of this reaction can be 'epresented 
by the following equation 

02 + 2H20 +4e- —> 4(OH)- 

This confirms the results from several previous studies that the increase 
of dissolved oxygen concentration in solution decreased the time of 
initiating blisters in a vinyl ester composites [3]. A typical diffusion limited 
curve for oxygen was reported for T-300 fiber reinforced composites 
tested in 3.0% NaCI solutions at cathodic potentials. Similar features 
were also found on other composite systems such as a carbon fiber vinyl 
ester composite at -650mV applied potential or coupled to steel after six 
months in sea water. 

In addition, with increasingly cathodic potentials applied the 
impedance decreased. The impedance variation appeared to be 
dependent on a reaction occurring at the cathodic site and polymer 
thickness. 

Surface Features and Impedance 

Cracks and polymer separation were found on all exposed specimen 
surfaces. This damage permitted easier access of solution to the carbon 
fiber. The surface features confirmed the reasons for decreasing in 
impedance and polymer resistance in the EIS studies. There are several 
available mechanisms. One possible mechanism is that the osmotic 
pressure increased as the hydroxyl ions were formed at carbon 
fiber/polymer interface by cathodic reduction of oxygen. As a result of the 
osmotic pressure, the local osmotic stress at the carbon fiber interface 
increased. The rate of damage accumulation in this mechanism 
depends on the mechanical properties and the thickness of the polymer 
fi|m.   For a thick polymer layer (over 100u.m), when the osmotic stress 
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overcomes the yield stress of polymer or the interfacial bonding stress, it 
resulted in localized plastic deformation or creeping of polymer and 
eventually caused blister burst or delamination, as schematically shown 
in fig 13 The galvanic blistering processes were found in previous 
studies of vinyl ester polymer composites [2-4]. However, in this study, 
the polymer film separating fibers from the exposed surface is relatively 
thin The thin film could not resist the higher stresses as the osmotic rate 
increased due to the decreased transport distance. The increased 
pressure overcomes the polymer rupture strength and the blisters burst, 
see fig 14 These broken blisters opened up free path and allowed more 
electrolyte to cathodic site. The third possibility is that the cathodic 
reaction products react with components of composite to either dissolve 
the components or the polymer matrix [9]. This process will enlarge 
pores and permit more electrolyte down to the cathodic site. 

Figure 13.  Schematic Diagram of Fluid Filled Blister From 
Osmotic Pressure 

Delamination 
Ruptured Blister 

Figure 14.  Rupture of Blister and Collapse Leaves Interfacial 
Delamination and Tortuous Path for Solution 

Down to Carbon Fibers 
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The difference in impedance behavior between the composites at 
-650mV applied potentials may imply that the sizing process used on 
IM6/3501-6 (fig. 5) but not on AS4/3501-6 (fig. 4) influenced the rate of 
damage. SEM examination showed different damage features for these 
two materials. It was found that a large portion of polymer was removed 
for IM6/3501-6 material, as shown in fig. 11 while narrow matrix cracking 
along the fibers was observed for AS4/3501-6 composite, see fig. 12. 
One explanation is that the sizing at the interface has a poor chemical 
bonding and mechanical properties in comparison with the bulk matrix 
material properties. The material of the sizing interface can rupture 
rapidly and in turn accelerate the damage process and open up a free 
path to the cathodic site in this case. On the other hand, the ^jlk matrix 
polymer for AS4/3501-6 may retard the blister rup' jre and cause the 
increase ih impedance at low frequency because of a reaction product in 
the carbon/polymer matrix interface, as shown in fig. 4 for AS4/3501-6 
composite. The polymer resistance Rp of IM6/3501-6 material at -650mV 
applied potential was slightly lower than that of AS4/3501-6 composite, 
fig. 7 and fig. 8. However, the damage rate at -900mV applied potential 
condition showed no difference between both materials, see figs. 4-5 and 
figs. 7-8. 

Differences and Similarities in Composite Behavior 

Some differences were found between the composites with same 
polymer matrix but different fibers in the present study. The parameters 
those control the damage processes are the polymer type, fiber type, 
fiber surface treatment, the manufacturing processes and the interfaciai 
behavior between the fibers and polymer matrix. The polymer type, fiber 
surface treatment and manufacturing processes will control the 
permeation rate of oxygen and solution to the cathodic site and the 
content of initial defects. The fiber surface treatment and the interfaciai 
behavior between the fibers and polymer significantly influences the rate 
of damage formation. Detailed study of the parameters which control the 
interface strength properties in carbon epoxy system was given in the 
reference [10]. As discussed in the previous section, the polymer 
thickness is another factor which affects the degree of damage. It is 
noted that the fiber type did not significantly influence the degradation 
mechanisms of the composites under cathodically polarized conditions, 
inis suggests that the polymer condition and interface behavior between 
fibers and polymer matrix are the more important parameters. A good 
fiber surface treatment and interfaciai strength between fibers and 
Polymer matrix are necessary. Pre-existing defects can be avoided by 
good manufacturing processes. 
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CONCLUSIONS 

1 The fiber type did not significantly influence the degradation 
mechanisms of the "composites under galvanic ^^^^e'^havio' 
nnivmer conditions fiber surface treatment and interface oenavior 
Äen Ä and polymer matrix are the more important control 

Para
2
mTheSparameters from modeling provided an important degradation 

m^ÄSCilymer resistance, Rp, with increasing time of 
exposure indSd tffat dynamic degradation processes.were, oc*umng 
due to the cathodic reaction at the fiber surface. The value of Rp also 
dpcreased with increasingly negative applied potentials. 

4 The observed damage on exposed specimen provided an evidence 
of decreasing of impedance behavior of composites. 
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Abstract 

The magnetic field distribution for three different types of in-situ corrosion has been 
measured using SQUID magnetometry. The variations of the magnetic field density with 
time differ for the three types of corrosion. The higher the corrosion rate, the more intense 
is the magnetic field. The SQUID magnetometer is also shown to be sensitive to 
corrosion activity occurring on the opposite side of a plate specimen. 

1. Introduction 

Over the last few decades, there have been many attempts to measure the 
corrosion current distribution during active corrosion, with little success. Since the 
net anodic current is equal to the net cathodL current in active corrosion, any non- 
local measuring methods would sense a net current approaching zero. By using a 
scanning reference electrode (SRE) technique1"5, there has been some success in 
measuring the corrosion potential distribution on actively corroding samples. 
However, such results do not give directly the resulting corrosion current 
distribution, since many factors are involved in the interpretation of the data, not all 
of which are known. 

It is recognized that magnetic fields are associated with current flow. Thus, 
the corrosion current should have an associated magnetic signature. The 
detectability of the magnetic fields depends on the magnitude and the spatial 
distribution of the corrosion current.  The SQUID magnetometer enables sensitive 
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measurements of extremely small magnetie fields to be made non-mvas.vely that ,s, 
Su'any eleetrieal or mechanical connections intrudmg on the.sample. It offers 
Ae pronSe of monitoring bom the magnitude and the spattal ^bnPon of te 
SScmt which present corrosion methods do not allow. The abihty of the 
S5D magnetometer to measure magnetie signals dne to electtoehemtcal reacttons 
to been p oven recently6-10. The Vanderbilt Superconduetmg Quantum Interfe nee 
Svle (SQUID) magnetometer system, which incorporates  a MtcroSQUID 
«meter», a magTetie shield'2, a scanning stage13, and a computer comxol and 
Z acquStion system14, has been developed and used for the detection o flaws m 
nonmagnetic conductors'415, and for the detection of subsurface flaws . In fce 
presenTl«, we   focus on me application of SQUID magnetometry to the 
detention and mapping of the magnetic field distribution on active in-situ corrodmg 
STÜUÄ in me manufacture of aircraft. The analysts of^ese data „ 
terms of the eorrosion eurrent distribution will be reported in a later paper. 

2. Experimental 

Three   types   of   active   corrosion   were   studied:   pitting   corrosion, 
i ™A "uniform" corrosion    Pitting corrosion was pitting/intergranular corrosion, and   uniform   corrosion    ri     g 

modeled using 1.5 mm thick 7075 aluminum alloy in solutions of 3.5 /o NaU with 
string CuJ concentrations. Pitting/intergranular corrosion was modeled using 
fmTthick 2024 aluminum alloy in solutions of 3.5% NaC wi^rmg Cu 

concentrations. "Uniform" corrosion was modeled u^ing L5 mm^ thick.2024 
aluminum alloy in a solution of 2 ml 58% HF, 3 ml 71% HN03, 5 ml 36.5 /o HC1, 

and 590 ml H20. 

The physical details c f the SQUID tests are shown in Figvre la and lb, 
respectively   For tests described by Figure la, the sample was placed m the 
Z sion Jell with the solution extending to 2 mm above thesample^-^ 
corrosion cell was covered by a transparent film which served to protect the SQUID 
detector from the corrosive environment.   The SQUIE> pick-up-co*-ere beat 
about 3 mm above the plastic film. Thus, the distance between the SQUID pick-up 
coils and the sample was about 5 mm. For tests described in Figure lb a large plate 
salptewt Placed on the   corrosion cell,   which had an 45 mm diameter area 
Zolid to I solution, but on the bottom side of the plate, on the side opposite 
from the SQUID magnetometer.    For this test, the SQUID pick-up coils wer 
Sated 4 mm above the top sample surface. All aluminum alloy plates used n ti* 
tesSwere 1.5 mm thick. It should also be noted that the SQUID measures only the 
vertical component of the magnetic field, normal to the corroding surface. 
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3 ~>m 

Scanning 
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a) b) 
Figure 1. Schematic diagrams of the active in-situ corrosion test systems: a) The sample is placed in a 
corrosion cell so that the top surface is 2 mm below the solution surface; b) a large plate sample 
which has a 45 mm diameter area exposed to the solution at the bottom side of the plate, i.e., on the 
side away from the SQUID magnetometer. 

The X-Y scanning of the corrosion cell was computer controlled. The 
scanning area was larger than the sample for all tests. The scanning rate in x- 
direction was 20 mm/s, and the orthogonal step in y-direction after each scan was 1 
mm or 3 mm. The data acquisition rate was 4 points per mm in the x-direction. The 
magnetic field distribution for the sample was measured as a function of time by the 
SOIJTD rrmpnetnmeter For each test, the magnetic field distribution.for the sample 
in air, without the corrosive environment, was also measured before and after the 
sample was exposed to the solution. 

3. Experimental Results 

3.1.   Magnetic   Field   Measured   by   SQUID   Duri ig   Active   Corrosion   of 
Aluminum Alloys in the Test Described by Figure la 
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3 11 Magnetic Field Measured by SQUID on 7075 and 2024 AInminnm Alloys 
Undergoing Pitting and/or Intergranular Corrosion 

Figure 2a-2c show typical magnetic field distributions detected by the SQUID 
near teSta of actively corroding 7075 aluminum alloy plate m a solution of 
3 w„ NacT+ 50 ppm Cu" The data shown in Figures 2a and 2b were obttuned 
ovefplriods of 2P5P,o 43 minutes and 205 to 223 minutes after the ample w. 
Zed to toe °olution, respectively, which is considered to be representauve of the 
tZslEvolved in the initiation of pitting, and to Figure 2c over toe penod of 275 
r293 mtutes which are considered to be representative of the ttme involved.m 
toe io"I oftoese pits. Fignre 2d shows toe magnetic field distnbutton over toe 

S" 

FigBre 2. Typ.ca,— field <%^™^^££tXZ 

Sr"r223 :™^I t, ^ C 275 «0 293 <n^, and (d) b a, afie, *« 
corrosion attack. 
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sample in the absence of a corroding environment, after the corrosion attack. The 
above results give evidence that the magnetic fields measured by the SQUID 
magnetometer are due solely to corrosion current. 
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Figure 3. The magnetic field as a function of time during active pitting corrosion of a 32x32 mm 
7075 aluminum alloy plate in a solution of 3.5% NaCl + 50 ppm Cu"". 

Figures 3 and 4 show typical magnetic fio'd distributions on the sample as a 
function of time during active corrosion of 7075 and 2024 aluminum alloys, 
respectively, both in the same solution of 3.5% NaCl + 50 ppm Cu^.    Such 
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distributions are found to change from time to time, and 
the variation of the local corrosion current m the sample 

are believed to be related to 
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Figure 4 The magnetic field as a function of time during active cotroston of a 32x32 mm 2024 
aluminum alloy plate in a solution of 3.5% NaCl + 50 ppm Cu 

Figure 5a and 5b show variation over time of the maxtmum positive and 
negativ magneue fiel: denstty dnring aetive corroston of 7075 and 2024 alummnm 
ahoy    n a solution of 3-5% + 50 ppm Cu", respectively.   I« is shown that h, 
etoge is clearly dtfferen, for the two alloys.  Ftgvrres 6a and 6b show the vanatto 
ofle maximum positive magnetic field denstty with Cu" concentration for 7075 
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and 2024 aluminum alloy respectively during active corrosion at different times. It 
is seen that the difference of the maximum positive magnetic field density, as the 
Cu^ concentration varies from 10 ppm to 50 ppm, increases with time for 7075 
aluminum alloy, but decreases with time for 2024 aluminum alloy. It is also shown 
that the maximum positive magnetic field density in the solution with 50 ppm Cu 
is larger than that in a solution with lOppm Cu^, for both the 7075 and 2024 

aluminum alloys. 

_^ 

H V\ \ A 
7075 in ] J% N«d * SO ppm Cu" 

600 900 
Tim«(min) 

1200 800 600 1200 

a) b> 
Figure 5. The maximum positive and negative magnetic field density as a function of time during 
active corrosion of (a) 7075 and (b) 2024 aluminum alloys in a solution of 3.5% NaCl + 50 ppm 

2  1 

•Uor 

10 20 30 40 

Cu** concentzixion (ppm) 

20 30 40 

Cu** concemnxioa (ppm) 

a) J>) 
Figure 6. Variation of maximum positive magnetic field density with Cu""' concentration at different 
times for active corrosion of (a) 7075 aluminum alloy and (b) 2024 aluminum alloy. 

A typical microstructure for 7075 aluminum alloy after corrosion is shown in 
figure 7a; this involved a cumulative exposure time of about 1440 minutes in 3.5% 
NaCl + 50 ppm Cu"1".  Figure 7b shows the corresponding microstructure for 2024 
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TZ ÄL a«ack in *e 2024 alununurn alloy was found ,o be 
mainly surface attack at grain boundaries and localized pits. 

A 

.1 *•    -A*-'- 
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• ■» v *      .**2-; * .      jv-' % •       -^ 

■'*-»•.. 

4' 

a) 7075(160X) 
Fieure 7  Typical microstructures 
solution of 3.5%NaCl + 50 ppm Cu** in the SQUID tests 

b) 2024(160X) 
of 7075 and 2024 aluminum alloys after active corrosion in a 

Fi™ 8. Typical magnetic field dismbafions foi a 1,3 mm *««« jular pUe of 20.4 

™J^.££^Ä ,„ me „lafion , and (o) in a, afier me — a«ack . 
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Time(min) 

: ^re 9. The maximum positive and negative 
•r.Liiinetic field density as a function of time 
:ur:ng active "uniform" corrosion of 2024 
:.-Tiinum alloys in a solution of 2 ml 58% HF, 
■ rr-.i "l% HN03, 5 ml 36.5% HC1, and 590 ml 

160X 
figure 10. Typical microstructure of 2024 
-wninum alloys after "uniform" corrosion in a 
solution of 2 ml 58% HF, 3 ml 71% HN03, 5 
~' :,65% HC1, and 590 ml H20. 

3.1.2. Magnetic Field Measured by 
SQUID on 2024 Aluminum 
Alloy Undergoing "Uniform" 
Corrosion 

Figure 8a shows a typical magnetic 
field distribution during "uniform" 
corrosion of 2024 aluminum alloy in 
a solution of 2 ml 58% HF, 3 ml 71% 
HN03, 5 ml 36.5% HC1, and 590 ml 
H20. Figure 8b shows the tack of any 
magnetic tield distribution over the 
sample in the absence of the 
corroding environment after the 
corrosion attack. Figure 9 shows the 
variation of the maximum positive 
and negative magnetic field density 
with time during "uniform" corrosion. 
It is found that the change of the 
magnetic field density with time 
differs from that for pitting corrosion 
(Figures 5b and 9). The microstruc- 
ture of 2024 aluminum alloy after 
"uniform" corrosion is shown in 
Figure 10, where it is seen that the 
attack is "uniform" over the sample 
sur'ice. 

3.2 Magnetic Fielü Measured by 
SQUID During Active Corrosion 
of Aluminum Alloys in the Test 
Described by Figure lb 

Figure 11a and lib show typical 
magnetic field distribution detected 
by the SQUID for active corrosion of 

^-4 aluminum alloy plate, which has an 45 mm diameter area exposed to the 
solution at the bottom side of the plate, in solutions of 3.5% NaCl + 50 ppm Cu^ 
^ 2 ml 58% HF, 3 ml 71% HN03, 5 ml 36.5% HC1, and 590 ml H20, 
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respectively. The results give evidence that the SQUID magnetometer is sensitive to 
corrosion activity occurring on the opposite side of a plate specimen. 

-r    a) 
■r     W 

Figure 11. Typical magnetic field distribution measured by SQUID in the test described byFigure 1 
Ke corrosion of 2024 aluminum alloy (a) in a solution of 3.5% NaCl + 50 PP™ Cu   "* W 
in a solution of 2 ml 58% HF, 3 ml 71% HN03, 5 ml 36.5% HC1, and 590 ml H20. 

4. Discussion 

4.1. Magnetic Field Distribution as an Indicator of the Type of Corrosion 

It is seen from Figure 7 that the microstructure of 7075 aluminum alloy 
undergoing pitting corrosion differs from that of 2024 aluminum alloy which shows 
pitting/intergranular corrosion. It is also seen that the variation of the maximum 
positive and negative magnetic field density with time for the 7075 alummum alloy 
in a solution of 3.5% NaCl + 50 ppm Cu^ (Figure 5a) is very different from the 
results for 2024 aluminum alloy in the identical solution (Figure 5b), and also that 
the variation of magnetic field density with time for 2024 aluminum alloy in the 
"uniform' corrosion solution is clearly different from that in the pitting solutrn 
(Figure 5b and Figure 9). These results give evidence that the SQUID can be used 
to distinguish between the different types of corrosion in 7075 and 2024 aluminum 

alloys. 

4.2. Magnetic Field Intensity as an Indicator of Corrosion Rate 

As we can see in Figures 6a and 6b, the magnetic field density in the solution 
of 3 5% NaCl containing 50 ppm Cu~ is larger than that in the solution containing 
10 ppm Cu^ This can be explained by the fact that when copper ions are added to 
a solution containing chloride ions, the corrosion potential of the alummum alloy 
immediately rises close to the pitting potential17'18.   The reason is that dissolved 
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Cu 
e 
:u^ deposits on the aluminum alloy surface as metallic Cu, which acts as an 
ifficient cathode, causing the corrosion potential of the aluminum alloy to shift up 

to near the pitting potential. The higher the Cu" concentration in the solution, the 
more Cu is deposited on the aluminum alloy surface, and these cathodes in the 
aluminum alloy surface become more efficient. Figure 6a also shows that the 
increase of the extrema in the magnetic field density with time for 7075 aluminum 
alloy m the solution with 50 ppm Cu" is much more rapid than that in the solution 
with 10 ppm Cu . This parallels the increase of corrosion current expected in each 
of these cases. 

A    ■   ll 1SJf S6en that the maxünum P°sitive and negative magnetic field 
density for 2024 aluminum alloy in the "uniform" corrosion solution (Figure 9) is 
larger than that in the pitting solution (Figure 5b). This can be explained by the fact 
that the corrosion current of the sample in the former solution may be much larger 
than for that in the pitting case, i.e., the higher the corrosion current, the more 
intense is the magnetic field. The magnetic field density for 2024 aluminum alloy 
in^the solution of 3.5% NaCl + 50 ppm Cu" is larger than that for 7075 aluminum 
ahoy in the identical solution for up to 700 minutes after the samples were placed in 
Üie solution (Figures 5a and 5b). This difference may be explained by the fact that 
difierent corrosion mechanisms are involved, so that different corrosion currents 
result. These facts also attest to the feasibility of using SQUID results to measure 
corrosion currents. The magnetic field distribution as affected by the geometry of 
tne test sample and cell was also studied, and the results will be reported in a later 
paper. 

5. Conclusions 

1- Magnetic field distributions resulting from active in-situ corrosion in aluminum 
alloy samples can be measured by SQUID magnetometry 

2. The variation of maximum positive and negative magnetic field density with time 
is clearly different for the three types of active in-situ corrosion studied allowing 
one to use SQUID magnetometry as an indicator of the type of corrosion that is 
actively mvolved. 

3. The magnetic field density is an indicator of the magnitude of active in-situ 
corrosion occurring in the specimen. 

4. The SQUID magnetometer is sensitive to corrosion activity occurring on the 
opposite side of a plate specimen. 

345 



Acknowledgments 

ThisWorkissUpportedbyA,ForceofScie„tißcResea,hgrantF4962ü-93-0268. 

6. References 

,. H.S. Isaacs, G. Kissei, J. Bleichern. Soa 119'1628(1972) 
2. L.J. Gainer, G.R. Wallwork, Corros.on352 61( 979) 

5
6 ^Ä^3S M. Nisenoff, P. Season, X Epochen, 

7 £BÄK MacVicar, M. Nisenoff, 1BEE Trans. MAG., MAG-23, 

S rdlo« Eordi, and M.L.A. MacVicar, IEEE Trans. MAG., 27, 2, 

9 SZ. G. Hartong, RF. Cohn, P .1. Moran, K. Bandy, and ER. Scully, 1. 

Electrochem.Soc., 135,2,310(1988) of Progress in QNDE, D.O. 
10. EC. Murphy,.f-S~f™^ ^     *    ^^ 

Thompson and D.E. Chimenti, bus  rie      , Adv   ^ 

"' £LSn».^T: ™ G.lU and M. Korani, Ed, , 

13. J.P. Wikswo, Jr., J.M. van Egeraat, Y.P. Ma,NA^ep        ^ 
Tan, and R.S. Wijesinghe, Digit* Image Syntt«us and Invers_p 
Gmitro, P.S. Idell, and I.J. LaHaie, Eds., Vol.  1351, pp. 

Proceedings(1 °90). JTP wiVwn Jr  Rev. of Progress 

Stauen, J. of Nondestructive »0^12 2 109099 ^      ^.^ „ Q 
16. Y.P. Ma and J.P.Wtowo,Jr., Rev. of Progressing m  plenum 

Thompson   and   D.F.Chimenü,   Eds.,   Vol.   11A,   pp.U« 

17. SÄ E Electrochem. Soc, .W« 
18. S. Furuya and S. Soga, Corrosion, 46: 989(199U). 

346 



OC-ALC Aging Aircraft Disassembly 
and Hidden Corrosion Detection Program 

Mr. Donald E. Nieser, P.E. 
OC-ALC/LACRA 

3001 Staff Drive, Ste. 2AH190B 
Tinker AFB, OK 73145-3040 

2Lt Deric Kraxterger' 
OC-ALCATIETR 

3001 Staff Drive, Ste. 2AF66A 
Tinker AFB, OK 73145-3040 

Corrosion has been a part of the aviation industry since metal was first 
used to build aircraft. It was recognized right away that corrosion was an 
undesirable condition for structural integrity, and so we coated, primed, 
painted and created corrosion resistant alloys to "prevent' corrosion, or at 
least lessen its impact. Until recently, limited corrosion prevention measures; 
combined with a "find it and fix if maintenance philosophy has been adequate 
to combat the ravages of age on our aircraft. Unfortunately, that was when an 
aircraft life was relatively short. Today, we are flying our aircraft well beyond 
their original expected services lives, nature is starting to take its tool on the 
fleets, and we are caught without answers. 

The OC-ALC Aging Aircraft Disassembly and Hidden Corrosion Detection 
Program was initiated by Mr. Donald Nieser of the KC-135 engineering office, 
because this is the very problem being experienced on the KC-135. This 
aircraft was built between 1955 and 1963 and still constitutes the backbone 
of the USAF tanker fleet. It was never meant to handle its mission for this long, 
and therefore was not constructed with corrosion prevention as a primary 
concern. The original construction was without any sealants in the lap joints, 
and in fact, most fuselage skins have spot welded doublers attached to them 
(that means metal to metal contact, with no protective coatings at all). The 
upper wing skins are 7178 aluminum with steel fasteners (a perfect area for 
dissimilar metal corrosion). 
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If we were to make as estimate of the fatigue life left .n the aircraft based 
on SS profiles, the tankers would be able to fly easily to the year 
pnoo Ths assessmen. however, is based on pristine aluminum and, 
unfolna WTe KC 135 no longer has the luxury of being able to daman 
unfortunately, nerv » described above are showing 

ää^ä^J». «* n°bod*has ,he anainic?too,s 
necessOT toTco^orate the effects of corrosion into the damage tolerance 
andSe life predictions of the airplane. This program was developed to 
finri those tools at least in their preliminary forms. 

T* reacrTour goal, we needed to implement several key program ele- 
ments These elemens are: the disassembly of a retired -135, the ärn^ 

Erosion me creation of a corrosion information system; structural integrity 
testtngof' corroded material; the creation of a corrosion predictive mode 
Sresion quantification; corrosion growth rate studies; and a service life 

Pih1äe^nySo?areyn«,y retired -t35 wf one °f the -t p= 

corrosion byproducts and dirt stripped off in a light etch.ng process. Alhof the 
co oston (and cracks) are being documented and we will create a map of 
a?riame corrosion. Th s map will be supplemented by maintenance history 
and sun/evs and then compared with what is being found on the Program 
Depot Maintenance (PDM) L to determine where we need to beoo inc, tar 
corrosion in the future. What we have found so far, is that there are several 
areas on the aircraft that are veiy difficult to inspect, and we are finding these 
areas to have some rather ses :re corrosion. Whr■• is more a tanaing «hough, 
is thatwe are find.ng light and moderate corrosion everywhere on t. aircraft. 
Areal toattere thought to be corrosion free are definitely not, and we simply 
don't have the technology available to find this hidden corrosioa 

Therefore the second element of the program is to find solutions to the 
NDI dflemma.' We invited any vendor that thought they might have a piece of 
off he-shelf equipment capable of finding hidden corrosion ,n tappintsi and 
around wing skin fasteners, to come to Oklahoma Cty and prove it We cut 
coupons from actual aircraft and had the vendors try to find the corrosion and 
teTus how bad the corrosion was. Those vendors that did reasonably well 
were invTed back to try their equipment on actual aircraft in the PDM ta 
From those vendors trying to find corrosion in the taps, we purchased three 

a vacation Phase and procedural development phase for eventual imple- 
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mentation on the PDM line. As for those vendors trying to find wing skin 
corrosion, none were successful, and no systems were purchased. It is clear 
to us that both problem sets will require the development of new technologies 
to give us reasonable inspection results. 

Another valuable tool not yet available to us is an accurate and compre- 
hensive corrosion history of the KC-135. Maintenance history for this 35 year 
old aircraft is sketchy and incomplete, and most every action is still performed 
by shuffling paper. It is imperative that we be able to build a better history of 
the aircraft's corrosion problems. To that end, we are creating an Integrated 
Corrosion Data Base (ICDB). The ICDB will be capable of accessing all 
current information resources and reading the narrative in those records to 
help us build a better history. It will eventually be able to access T.O.s and 
drawings t help us better recognize problem areas on ine a rcraft and give 
faster engineering disposition on required areas. Eventually, the information 
collected by the ICDB will be invaluable in creating a predictive model for 
corrosion on the -135. 

The predictive model, is currently being evaluated to determine if it is 
possible to do. An actual predictive model would require much more informa- 
tion on the nature of corrosion than is currently available. What we hope to do 
in the short term, is at least be able to predict where we will find corrosion on 
the airplane given its station and flight profiles. 

Along with knowing where the corrosion will be, we will need to know what 
its doing to the-strength of the material. To this end, we are engaging in 
structural integrity testing of material from an actual -135. We are supplement- 
ing the testing with pieces of similar structure for old 707 aircraft. To start off 
with, we will be doing stress vs. cycle testing on actual lap joints from a -135. 
We are hoping that we will be able to find enough samples that are not 
corroded and some that have light natural corrosion to make the test viable. 
As far as determining the effect of severe corrosion, one of our contractors is 
developing a quick laboratory method to grow severe, uniform corrosion on 
the faying surfaces of lap joints. We are hoping to find a very rough order of 
magnitude delta for the service life of those lap joints. Eventually, we will be 
conducting crack growth rate testing in corroded material to be incorporated 
into the damage tolerance assessments for the aircraft. 

To incorporate the effects of corrosion into any engineering assessment, 
we must be able to describe the corrosion in a quantitative manner. Currently,' 
the only descriptions of corrosion available are qualitative in nature (light,' 
moderate and severe) and are extremely subjective. We are trying to develop 
a method to quantify corrosion that relates it to its effect on crack growth rates 
and crack nucleating potential. This number or series of numbers may 
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incorporate pit density, pit geometry, area covered by the corrosion and any 

fs no ore exSo^ion These samples will be set in vanous corrosive 

Smentäround the world and samples wil, be ^%*%%$* 
measure the arowth of the corrosion at those places. Some of these samples 
So be ouS with some newly developed corrosion sensors to assess 
Th! eflectiveness o, the sensors and possible help in understanding the 

C0^of*erarovePp°ograSm elements will be used in a service life engineering 
studv to"e coSd at a later date. Not oniy do we want to find the effete 
uslte life of the aircraft, but we want to know what steps will be necessary 
^mik» hat usable life longer. We want to know what the economic life of the 
S "rafti andwhet er or no. we shouid jus. buy new airplanes We wan to 
mvtee the Aftcraft Structural Integrity Program (ASIP) to include the effects of 

disassembly to tell us where to look for corrosion, use the NDI egu pment to 
took tne^eSw quantification to tell how bad it is, the structural integrity testing 
anl^rol rate studies .0 determine if its bad *™f^ZZ~ 
problem now or if we can let it wait. In short, we need to learn how to manage 
rorrosion damage in the same manner we do fatigue cracks. 

ün ortunrtely our program is extremely small in scope. If we are ever truly 
ooincTto manage this program like we hope to do, every element of th 
oTaram must be expanded by orders of magnitude. We hope to be able to 
provid-omebetter answers for the KC-135, but time presse, on, and with 
ft corrosion, and we have a lot of catching up to do. 
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Topographie Radioscopic Metrology 
for Corrosion Mapping 

John  C.   Brausen 
Wright Laboratory,   Materials  Directorate 

Wright Patterson A.F.B. 

INTRODUCTION 

Corrosion of aging aircraft is a pivotal concern in 
today's Air Force as large transport and tanker aircraft 
are utilized well beyond their intended design life 
The C/KC-135 aircraft, built in the late 1950's and 
early 1960's is currently projected for service through 
the year 2040. For such geriatric aircraft, corrosion 
is often the  life  limiting  factor. 

_ Inspection for lap-joint corrosion on the C/KC-135 
during depot maintenance has historically been conducted 
m a quasi-destructive manner. Typically, maintenance 
personnel inspect fastener lines for visual indications 
or corrosion i.e. blistering paint, corrosion products, 
ana skin pillowing. If a suspect region is located the 
rasteners  are removed and a section of the  skin  lap-seam 
7? ?efie<? open  f0'-~  an  invasive  inspection.     This method 
is both inefficient  and costly. 

The Aging Aircraft Disassembly  and Hidden Corrosion 
Detection Program*,   conducted   at   the   Oklahoma   City  Air 
^•ogistics  Center   (OC-ALC)   is  attempting to  identify  off- 
the-shelf nondestructive  inspection   (NDI)   equipment  and 
technologies   that   can   accurately   detect   and   quantify 
corrosion  in  fuselage  lap-joint   structures  of the  C/KC- 
J-Jö    and    E-3    aircraft.     OC-ALC    requested    that    the 
Materials   Directorate   of   Wright   Laboratory   develop   a 
laboratory  metrological   tool  by  which  the   corrosion  on 
disassembled  aircraft   fuselage   skins   can  be  accurately 
measured and mapped.     This tool would be used to produce 
the   solution    set   by   which   the   vendor    "round-robin" 
inspections would be  graded. 

■ The resulting technique, Topographic Radioscopic 
Metrology (TRM), exploits the calibrated gray scale of a 
digitized   radioscopic   image   through   image   processing. 
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• «„ mar>Q" suDDlv a topographical 
The resulting "™Z° 1^*11%  lufto corrosion, 
quantification of mat?"a\ A0"ectaique development, the 

This paper describes the ^e^^chniaue  validation 
corrosion mapping process, and the tecnnxq 
through metallographic analysis. 
BACKGROUND 

■4-4-^«rr srp the two primary forms Exfoliation and plttlng are theftseiPge lap.jolnt 

of corrosion found in tne a±       corrosion process 
skin structures of the KC i«- The trapped 
begins by the i»9"£°' "**%,£ between skin sheets. 
rteriaSltSlosPs ^i^TlTr^on   occurs at the skin 
interfaces.  (Figure 1) 

Fasteners 

Stringer Exfoliation/Pitting 
Corrosion 

Figure 1.  Lap-joint corrosion schematic. 

fV,A,.2    „epH    for    evaluation    of Nondestructive  methods      used    ^ include 

material    thickness    loss    due    ro hic.     immersion 
ultrasonic, eddy current and ^ "^og

u
r

e
a

s
pn

were evaluated 
ultrasonic and e^. ^urrXever Either could provide 
for lar>-joint corrosion. H f" '."f'required. Using a 
the   spatial  and thinness  ^ 
focused   transducer      iri   the   Pulse duce     a     two- 
mode,      immersion     ultrasonics     o^ However, 
dimensional   representation  of  skin thickness ickness 
in the time-of-flight-mode the  accurac^y of  t surface 

measurements    are    lilted   ^y    ^e    irregu       immersion 

contours    found    in    thin    lap jo  nt    SKI n 
ultrasonic   techniques   ^^^.^^e  also  excellent 
scan  rates.     Eddy  current  techniques  are  a surfaces. 
tools for thickness measureinents of ^ the abrupt 

However, ^J^^TsTcta^et founä"in corrosion pits 
are a^&Tu^Ählp^be footprint resulting in poor 
thickness   resolution. 
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X-ray imaging is less influenced by these geometric 
constraints. Therefore,     an    effort    to    develop    a 
digitized x-ray  imaging technique was  conducted. 

THEORY 

If a parallel, monoenergetic beam of X-ray photons 
is directed against a thin sheet of material, the 
intensity of the beam will decrease through the 
thickness  of the material  according to  the   law: 

J = I0e -ux :3) 

Where I0 is the incident intensity, I is the 
transmitted intensity, x is the thickness of the 
material, and u is a factor called the linear 
attenuation coefficient. The value of u depends on the 
energy of the incident photons and the elemental 
composition of the material. For aluminum at an 
incident energy of .05 MeV the value for u is 2.448 in"1 

(0.964cm-1)4. The transmitted intensity vs. material 
thickness for aluminum is plotted in Figure 2. As 
expected the transmitted intensity rises exponentially 
as the material thickness goes to zero. Over thickness 
ranges of less than 0.25 inches (0.635 cm) aluminum the 
curve can be  assumed linear. 

150 

O.S 1 1.3 

Aluminum Thickness, x, (In.) o 

Figure 2.  Plot of transmitted beam intensity 
versus material thickness for aluminum. 
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Variations  in x-ray  intensity due to ^^^ 
„,,^,1   1-hirkness     can  be   recorded via   digital   x  ray 
Tmaging     Measurement   of   these   intensity   changes   are 
facilitated   through   the   use    of    image   manipulation 
software.^ For digital  imaging this- relationship can be 
expressed   as   the   digital   image   intensity   verses   the 
Sickness  of the material,     -his   »calibration curve"  can 
be    determined    experimentally    through    the    use    of 
thickness  standards'^milled from the desiredmat^enal  in 
the   ranges   of  material   thicknesses   of^^«est.      Ea h 
component    of   an   x-ray    imaging   system    Untensifier, 
camera,     processor     etc.)     may     affect     this     cu^®' 
therefore,   this  curve must be determined     for the  system 
as  a whole. 

EXPERIMENTAL PROCEDURE 

The instrumentation used in this experiment 
incorporates a FeinFocus 160 kV microfocus x-ray source 
ndaV.J- Technologies 600XDF x-ray intensifier to 

produce the visible image.  A charge coupled device 
feed) camera generates the analog video signal tor 
digitization by a NORAN TN-8502 image processing station 
(Figure 3) . 

Specimens can be remotely manipulated for 
inspection between the x-ray source and image 
intensifier. The limited detector size allows imaging 
or only 16 square inches per image. Processing of data 
for larger areas requires cutting and pasting. 

K 
Corcosion 
Specimen 

C"3 

V J. Tech. 
600 XDF 
X-ray Intensifier 

FeinFocus 
160kV 
microfocus 
x-ray source 

1 r 

5 
VCR L 

Monitor 

NORAN 
Image 
Processing 
System 

B 

Figure 3.  Equipment arrangement. 
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in    order    to    define    the    calibration    curve    for 

were milled from 0.040 inch (1.016 mm) 7075-T6 aluminum 
fu^lagestin material to represent aerial loss values 
ff

S6
2%
g_ 27% (Figure 4). A radioscopxc image ^of these 

standards was acquired with an exposure of 47 kV and l.u 
mA     (FiQure     5)? The     NORAN     system     captures     the 
xntens\gf"r     image     through     500      frame     continuous 

aVeraSnncentric image patterns caused ^ the intensity 
aradients of the x-ray beam are eliminated through 
ligftal läge subtraction of a background image acquired 
from  a   standard  of  uniform  base   thickness obtained 

Average  pixel   intensity  measu
H
rem

H
entS

r^es
0b^  the 

from  the   center   of   each   step   standard        cha"\es
e<Jnf^m 

averaae   pixel    intensity   changes   were   calculated   rrom 
hgstePp    to    the    next    and    plotted    versus    percent 

material   thickness   loss   as   seen   in   Figure   6      Jhe   best 
fit   line   for   the   data   set   represents   the   calibration 
curve by which  an   image  with  corrosion  may  be   scaled 
derive   experimental   thickness   loss   values.      Notethe 
Correlation  Coefficient   (R=0.98739),   shows   a  good  fit  to 
linearity.      The   slope   of  the   calibration   curve   will  be 
affected    by    the    x-ray    energy    as    well    as    material 
thickness,   therefore,   this  curve  must  be  dete™ined ^or 
each    specimen    inspection    series The    experimental 
thickness   losses,    calculated  via   the   equation   f 
best    fit    line,     were    compared    to    thickness    losses 
measured    via    micrometer. The    standard    error    was 
calculated to be   (+/-)   1.2%;   the   level   of  accuracy  that 
can be  expected  from this  method. 
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(a) 

0.03995 in   | 0.5 in 

(b) 

ik.*, 
PI 

Figure  4.      (a)   Schematic  o 

.piljilipiiPPl'I'pi'il'f 

f machined thickness 

tandards and (b) photograph of standards. 

Figure 5.  Digitized radioscopic image of thickness 
st^dards.  Image used to determine the calx raU 
curve relating image intensity and percentage material 

thickness loss. 
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Thickness   Change   vs.   Intensity   Change 
Radioscopic    Technique 

30.0% 

25.0% 
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0.0% 

-5 0% 

I Standard   Error  =   ( + /-)  0.735% 

*:'♦■ 

i** 
IK 

& 
,<*-♦-■ 

y   -  0 081459  *   I 61 Mx   H=  0.98952 

 1  —i 1 1 r 
0% 5% 10% 15% 

%   Ave    Pixel   Intensity   Change 
20% 

Figure 6.  Plot of Percent Material Thickness Loss 
versus Percent Average Pixel Intensity Change. 

A radioscopic image of a corroded region (Figure 7) 
on a 0.040 inch (1.016 mm) 7075-T6 aluminum fuselage 
lap-joint specimen and a 0.03009 inch (0.764 mm) 
thickness standard was acquired with an x-ray exposure 
of 47 kV at 1.0 mA The image was digitally corrected 
for x-ray beam non-uniformity (Figure 8) . Figure 9 
represents  the  histogram  of  the   image   of  the   specimen. 

Measuring average pixel intensities for the 
thickest and thinnest regions (uncorroded base material 
and thickness standard respectively), provides end 
points for histogram contrast expansion. The primary 
peak represents the corrosion specimen and the secondary 
Peak represents the thickness standard. The peaks of 
these spikes are selected and the data between these 
Peaks are chopped and stretched to fit the TN-8502's 
full dynamic range of 0 and 256. Colorization of the 
image is accomplished by dividing the dynamic range by 
24 percent (thickness standard) resulting in a 10.4 
Pointy intensity change for a 1 percent change in 
material thickness. Assuming a linear relationship 
between material thickness and image intensity, the 
image's histogram is scaled and color banded 
accordingly. A colorized histogram will appear similar 
to Figure 10 with the resulting image as shown in 
Figure   11. 
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Figure 7.  Photograph of corrosion site on 0 040 inch 
(1 016 mm) 7075-T6 aluminum fuselage skin from a 

C/KC-135. 

Figure 8.  Digitized radioscopic image of corroded 
aluminum specimen.  Image is unenhanced. 
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0 Intensity 255 

Figure 9:  Representative histogram 
of radioscopic image. 

0%                       Material Loss 249 
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grey J 
3                            Intensity 25 5 

Figure 10.  Resulting histogram after 
expansion and color scaling. 

5" 
% Vik i-oss 

Figure 11.  Digitized radioscopic image of corroded 
specimen after contrast expansion, calibration and 
colorization. 
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VALIDATION 

m 
c 
Ag 
of 

1 data was achieved through 

a   0.040 inch    (1.016   mm)    7075-T6   aluminum 
acquired  using" the  method  P^^ 
12). Two   «oss-sectxon    sa  P^Xtet   polished, 

r„rpVr0cUragae   tSc^^sses 
measured  along  the   cross-sectional   length 
ri.ta   are   illustrated   in   Figures   13   and   1 data are __ 
sections A-A and B-B respectively, 
the physically measured data corr 
the experimental  results. 

Comparative 
4 for cross- 

It c?" be seen that 
elate very well with 

J^fe&Jkd 
i'sPtl TOl 

Figure 12.  Photograph and scaled radioscopi  image 
a Srrosion site on a 0.040 inch (1.016 mm) ™75-T6 
aluminum skin.  Bars A-A and B-B indicate segments of 
data forcomparison to physical measurement. 

of 
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Data Comparison: Section A-A 
Topography vs. Physical Measurement 

Thickness Loss % 

Figure 13.  Plot of percentage thickness loss for 
cross-section A-A verses experimental topographical 
data obtained from Figure 12. 

Data Comparison: Section B-B 
Topography vs. Physical Measurement 

Thickness Los« (%) 

01,5 
IHSOTSStOSS )|p 

Figure 14.  Plot of percentage thickness loss for 
cross-section B-B verses experimental topographical 
data obtained from Figure 12. 

ms 
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CONCLUSIONS 

Topographie Radioscopic Metrology has demonstrated 
the ability to quantify and map material thickness 
losses on the order of 2.0% (+/-)1.2%. 

TRM has been shown to be an effective tool for_the 
quantification of thickness changes on thin aluminum 
sheets. The technique's high spatial resolution make it 
ideal for accurate quantification and mapping of the 
complex topography associated with corrosion. 

SUMMARY 

Oklahoma City Air Logistics Center identified a 
need for a nondestructive metrological tool tor 
corrosion quantification of thin aluminum skins 
associated with fuselage lap-joints. 

This paper discussed the development of an x ray 
imaging technique, Topographic Radioscopic M^rology, 
which exploits the calibrated gray scale of a ^tized 
radioscopic image for deriving material thickness 

^ U6The process by which the calibration curve for x- 
rav image scaling was detailed. The histogram 
manipulation and colorization scheme was discussed with 
and an example of corrosion maps given. 

Verification of the technique was accomplished 
through metallographic examination. 
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ABSTRACT 

Although aggressive hot corrosion by molten vanadate-sulfate deposits in 
boilers and engines burning low-quality fuel has been known for 75 years or 
more, there is surprisingly little data in the literature on the thermochemistry of 
vanadate-sulfate melts, especially as to the activity of the corrosive V205 

component. We have recently devised a thermogravimetric (TGA)/S03 

equilibrium technique that could potentially be used to "chart" the V205 activity 
in vanadate-sulfate melts over a wide range of Na/V ratios, S03 partial pressures 
and temperatures. The method is illustrated in a study of the reaction of Ce02 

with a NaV03-Na2S04-V205-S03 melt system (Na/V = 1) at 800° C. Results 
from the study define the conditions under which Ce02 will be chemically 
nonreactive with the melt, and also show the V205 activity coefficient to be, for 
the given experimental conditions, of the order of 1 x 10"2. 

INTRODUCTION 

Hot corrosion by molten vanadate-sulfate deposits resulting from vanadium 
^d sulfur fuel impurities has been a recognized problem in boilers and engines 
for many years. One may wondei, however, why study vanadate-sulfate hot 
corrosion when the U.S. military, along with the civilian sector, is presently 
being pushed to burn only clean fuels because of environmental concerns. The 
Primary answer, of course, is that in war there can be no guarantee of always 
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having clean fuel for onr ship, tank and truck engines. It is important therefore 
*T!ven though »clean fuel" use is planned, we have engine matenals and 
coatings that can tolerate low quality fuel if the wartime need arises. 

A knowledge of the chemistry of vanadate-sulfate hot corrosion also has 
"dual uLe» since many hot corrosion reactions are related to the reactions that 
cTbeuSd to clean up fuel. The removal of SO, from smoke stack gases by 
So or >So additives, for example, involves the same type of chem.cal reactions 
as molten sulfate-induced hot corrosion. Similarly, the reactton between yttaa 
WM and VA to form highly stable YV04, which causes degradation of JA- 
fcblllzed zkconia thermal barrier coatings in engines burning vanadmm- 

contamlnated fuel, has been recently "turned around» and used as the basis for 
a yttrTum-based fuel additive for the prevention of hot corrosion by vanadium- 
containing fuels (1). 

Attempts in the past to apply thermodynamics to predict and/or prevent hot 
corrosion have had limLd success, perhaps partly because the deference in fue 
impurity levels between "corrosive" and "noncorrosive" fuels is often small. Hot 
22n does not simply increase monotonically with fuel level, but frequently 
IT« accelera^ attack for only small increases in fuel con— 
For example, little hot corrosion is seen with aviation-quality (< 0.05% S) gas 
turbine fuel, whereas extensive hot corrosion has been encountered with marine- 
quality fuel « 1% S), although the actual difference in sulfur content may be 
onlv 10-20X    In "low temperature" hot corrosion, even very small changes in 
the combustion gas S03 partial pressure can determine whether engine deposits 
of eSSc CoS04-Na2SO; will be molten or not (2), which in turn can drasticaüy 
effect the severity of hot corrosion (3,4).  Vanadate hot corrosion has a simi ar 
short range of criticality, with vanadate-accelerated corrosion being gen rally 
negligible for V  levels in fuel below 0.1 ppm, but often aggres:ive at V 
concentrations of only 1-10 ppm. 

The importance of such small, but critical, changes in the fuel contaminant 
level is difficult to distinguish in the thermodynamic treatment of molten salt 
systems, since their energy effect is often hardly more than the probable error 
associated with much of our available thermodynamic data. For example^ as 
shown below, a 10X change in the V205 concentration (or equivalently, the V2Ü5 

activity coefficient) in a simulated vanadate-sulfate engine deposit typically corre- 
sponds to a difference of only about -10 kJ amidst calculations involving Gibbs 
energies of-1000 to -1500 kJ/mol, where each Gibbs energy may have a probab e 
error of ±2 kJ/mol or more. There is a strong need therefore for more accurate 
thermodynamic data, especially standard Gibbs energies of formation and activity 
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coefficients in melts, if thermodynamics are to be used with maximum effective- 
ness in predicting and/or preventing vanadate-sulfate hot corrosion. 

The problem is compounded also by the uncertainty that still exists as to 
which "solution model" should be used for melts involving strong acid-base 
species such as Na20, K20, S03) Si02, VA, etc. The solution model represents 
the framework by which the thermodynamicist seeks to describe how the activities 
of the various melt components change with concentration.   In some caces  no 
solution model has been invoked, and the melts are simply assumed to be ideal 
(i.e   where the activity coefficient, y, is unity, and the activity is equal to the 
mole fraction of the species). For example, Hwang and Rapp (5) assume ..at the 
Na-V-S-0 systems at 900° C give ideal solution behavior, jid that the activities 
or the component species can be equated to their molar concentrations.   On the 
other hand, Bonnell and Hastie (6) believe that strong acid-base systems can be 
highly nonideal, with the activity of such species as Na20 changing by many 
orders of magnitude over a narrow concentration range in some cases.   Bonnell 
and Hastie have developed a solution model, the Ideal Mixing of Complex 
Components (IMCC) model, which they advocate as giving the best description 
ot the solution behavior in strong acid-base melts.   Numerous other possible 
solution models for melts have been proposed, however, as discussed, e.g   in the 
feedings of the Sixth International Conference on High Temperatures- 
chemistry of Inorganic Materials (7). 

In our own experience, we have found nonideal behavior for reaction [1], 

2 NaV03 (1) + S03 (g) T± Na2S04 (1) + V205 (1) [r] 

SnliS'KiCCOrdJng t0 thC "~ modynamic calculation of Luthra and Spacil (8) 
V »Z f P^ominant reaction in blade deposits in gas turbine engines burning 

- and S-containing fuels under normal marine operating conditions. Using 1 
N?vn0graV^etnC ^^ CTGA)/S03 equilibrium technique (9), we equilibrated 
ÄVS "d 80a; CA 

With flX6d ^ P— of S03 ranging from 1 x 
the uoto nf *n '* f T"^ the ^uilibrium weiSht gain resulting from 
ne uptake of S03.  From this data, we were able to calculate the mole fraction 

com™ ^Pf™"^1 y f°rmed by reaction W> which we then subsequently 
compared with the »ideal behavior" expected for reaction [1], as explained below 

The activity, a;, of a given species is described by 

ai = 7i-Xi [2] 
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fWnt and X is the mole fraction.   If the species 
where 7i is the activity ^°!^^'^^^nt is equal to 1, and the 
gives ideal solution behavior, then *e activuy 
Ltivity is simply the mole fraction of the species. 

For reaction [1], we have 

AGT° = -RT InK 
[3] 

1     „A T i« 1073° K (i.e., for 800° C 
where R is 8.3144 joules/degree-mole and T is 1073   K < 

conditions), while 
[4] 

K  =   (aV205)(aNa2S04)/(aNaV03)2(PS03) 

and AGT° is determined by 

AGT°   =   E'AfGVftodueu-   I   AfGV-gcnU 

„ — [1] follows ideal — behavtor, then.ing the s«n« 

Gibbs energies of *«™^™^J'J*<%JL [3 to 
provided by Luthra and Spacil (8), we can icu      -i 

[6a] 

[5] 

K'Ps03   =   (MFv205)(MFNa2S04)/(MFNaV03)2 

[6b] 
or, as a quadratic equation, 

91.61166-Pso3 = x2/(l-2x)2 

ideal mole fracüon of V205 that snouiu uc 

pressure. 
,   r    .-     «fv n u/a«! determined by converting the 

The experimental mole frac,on of vA «^ZmolJof Na2S04 and 
weight of SO, taken up in reaction   1] to retlect ™ calculating the 
VA formed as well as the —^^^Ä SO, contained ,n 

—l't ft ÄI Jean Acted *£«££,£ ^ 

ÄfTÄÄ -, division of the ideal VA - 
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TABLE 1 

Experimental vs. Ideal Solution Mole Fractions of V205 

Formed at 800° C at the S03 Partial Pressures Indicated 

Wgt. Gain 
Ps03 (mg/50mg 
(atm) NaVCM 

lxlO"7 2.0 
lxlO"6 2.8 
lxlO"5 4.0 
lxlO4 8.0 
lxlO'3 11.0 

Ideal Exptl. "Activity 
M-Fv205 M-FV205 Coeff.". 7 

0.003 0.06 0.05 
0.009 0.08 0.11 
0.028 0.12 0.23 
0.078 0.24 0.33 
0.18 0.34 0.53 

TARE WEIGHTS 

COUNTER FLOW AIR 

fraction by the experimental V205 mole fraction yields an "activity coefficient" 
that indicates the nonideality of the V205 solution behavior. This "activity 
coefficient" is not quantitative, however, because the actual V205 activity in the 
melt is not (since aV2o5 ^ aN,2S04) the ideal V205 activity calculated here. 

In the present paper, we de- 
scribe a means, derived in a study of 
the reaction of Ce02 with the NaV03- 
S0j system at 800° C (10), by which 
u in fact appears possible to obtain 
quantitative values for the V205 activi- 
ty   coefficient   in    vanadate-sulfate 
meltS. INSULATK 

EXPERIMENTAL 

Our experiments were conduct- 
^.using a Cahn 1000 thermobalance 

ll- 1) fitted with a system for con- 
troIling» and analyzing, the S02 con- 
Centration in the furnace input air 

earn.   The S03 concentration was 
^ established by equilibrating the   Fig. 
rtir mixture over a Pt catalyst at 

EXHAUST 

THERMOCOUPLE 

PLATINUM SPIRAL 
FOR CATALYSIS 

AIR/SO2 
INLET 30 nvn 

DIAMETER 
QUARTZ TUBE 

1  Thermobalance/Furnace System 
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temperature in the furnace. Details of the experimental apparatus and procedure 
were published previously (9). 

In the investigation, we first established a "baseline" curve of equilibrium 
weight gain vs. S03 partial pressure at 800° C for 50 mg (0.41 mmols) of pure 
NaV03. We then ran duplicate experiments using just the same conditions except 
that 17 mg (0.1 mmols) of Ce02 was now mixed with the 50 mg of NaVO,. The 
weight gain curve (Fig. 2) for Ce02-NaV03 was just the same as for for NaV03 

alone (100% NaV03) up to the S03 partial pressure at which the V205 activity of 
the melt was increased sufficiently, by reaction [1], that reaction [7] could 
commence: 

2 Ce02 (s) + V205 (1) <* 2 CeV04 (s) + 1/2 02 (g) [7] 

X-ray diffraction was used to confirm that only Ce02 exists in the melts 
at S03 partial pressures below the critical PS03 for reaction [7], and that CeV04 

is formed above this S03 A artial pressure. 

RESULTS AND DISCUSSION 

Our experimental data are 
summarized in Fig. 2. The weight 
gain for Ce02-NaV03 as a function of 
S03 partial pressure is the same as for 
NaV03 alone up to an S03 pressure of 
2-3 x 10"* atm. The absence of any 
extra increment of weight gain at the 
lower S03 partial pressures shows that 
Ce02 is chemically inert (just as the 
Pt v. _lghing planchet is) to the 
NaV03-S03 system over this lower 

so3 
range. 

However, an additional incre- 
ment of weight gain begins to occur at   Fig 2 Wgt. gain vs Pso, for NaV03 and 
2-3 x 10"6 atm of SO,, which marks ,2-NaV03 at 800° C. ,3,    w.m,..   ...oxivo       CeQ7 

the onset of reaction [7] where Ce02 

-* CeV04.     The extra weight gain 
arises by the following mechanism. The Na20, V205 and S03 components of the 
melt are interrelated through two dissociation reactions, 
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one involving NaV03, 

2 NaV03 (1) ** Na20 (1) + V205 (1) [8] 

and the other, Na2S04, 

Na2S04 (1) T± Na20 (1) + S03 (g) [9] 

(Note that reversing reaction [9], and then adding reactions [8] and [9] to "cancel 
out" Na20 (1) yields reaction [1].) When V205 begins to be consumed from the 
melt via reaction [7], this increases the Na20 activity in the melt through reaction 
[8]. The increased Na20 activity, in turn, allows more S03 to eiw the melt to 
form additional Na2S04 by reaction [9]. The combined reactions thus asult in 
a "weight gain step" just at the PS03 at which reaction [7] commences. 

The theoretical weight gain, by way of reactions [7]-[9], for the 
conversion of 0.1 mmols of Ce02 totally to CeV04 is 3.2 mg. In an ideal, 
infinite system, one would thus expect a "vertical step" additional weight gain 
increment of 3.2 mg just at the critical PS03 at which reaction [7] becomes 
possible. In contrast, the maximum observed weight gain increment in Fig. 2 is 
only slightly more than 2 mg. However, subsequent work (10) since these initial 
experiments has confirmed that the experimental weight gain does in fact 
approach the theoretical value when higher dilutions (i.e., more NaV03 to CeOj) 
are used. The failure to obtain full theoretical weight in Fig. 2 for Ce02 -* 
CeV04 is therefore probably only the result of ehe experimental conditions. 

In earlier work (11), we determined the solubility of Ce02 in molten 
NaV03 at 800° C to be approximately 0.2 mole percent, and showed also that 
^eV04 crystals were precipitated at temperature from molten deposits produced 
oy equilibrating NaV03 on ceria-stabilized zirconia at 700° C with S03. In the 
latter case, the residual molten deposits were so depleted of vanadium (being 
strongly converted to sulfates) that no V could be detected by energy dispersive 
x-ray analysis. Only minimal solubility of the initial Ce02 in 800° C NaV03 (less 
than 1/125 of the total Ce02 present), or of the CeV04 product in the reaction 
melt, is expected therefore in the present experiments. 

i( If ideal behavior is assumed, then the Gibbs energy for reaction [7], and 
an ideal" Gibbs energy of formation for CeV04, can be calculated as follows. 
As shown in Fig. 2, the amount of weight gain of the melt before reaction [7] 
begins is 3.0 ± 0.2 mg. This weight gain represents the uptake of 0.0375 mmols 
°r S03 which, by reaction [1], corresponds to the formation of 0.0375 mmols 
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each of Na2S04 and V205, and the consumption of 0 075 mmols of the 0^4 
mmols of NaV03 originally present. The resultant mole fraction of VA°^ 
which, for ideal behavior, equates to a V205 activity in the melt of 0 091. This 
is the VA activity at which reaction [7] just begins, and for reaction [7] we 
therefore have the thermodynamic relationship, 

AG°1073K = - RT In (a^vo/ (Pp/5 £101 

i^CcO^}    (aV205) 

where, as pure solids, CeV04 and Ce02 have activities of 1 and the activities of 
02 in the air and V205 axe 0.21 and 0.091, respectively. This yields a calculated 
AG°lff73K for reaction [7] of -14.422 kJ, where the experimental uncertainty is 
+0.4 kJ assuming the melt weight gain to be 3.0 ±0 2 mg, the weft of the 
initial NaV03 to be 50.0 ±0.5 mg, and the temperature to be \™±5 K. 
Taking the Gibbs energies of formation for Ce02 (s) and V205 (1) at 800 C as 
-865.890 U/mol and -1098.211 kJ/mol (12), we can then derive, as^indicated by 
equation [5], an "ideal" standard Gibbs energy of formation of CeV04 (s) at 8UU° 
C of -1422.207 kJ/mol. 

There are no experimental A^'s for CeV04 in the literature to compare 
with this "ideal" value, but Yokokawa et al (12) have estimated the Gibbs energy 
of formation of CeV04 (s) at 800° C as -1444.785 kJ/mol. This gives agreement 
to within about 20 kJ/mol. However, we know from our earlier study (9) that the 
NaVCVV705-Na2S04 melt system is clearly nonideal, with the V205 activity 
coefficients being of the order of 0.1 to 0.01 at the lower V205 concentrations 
(Table 1)    If VA activity coefficients of 0.1, 0.01, etc. are introduced into 
equation [10], Ae resultant : fi°Cc^ becomes about 10 W/^l mo« negative or 
each 10X reduction in the activity coefficient, and equals -1442.749 kJ/mol for 
a VA activity coefficient of 0.01.   This last value agrees very well with the 
AXSVvn  of -1444.785 kJ/mol estimated by Yokokawa et al, and we take the 
agreement therefore as indicating that a A,G° for CeV04 at 800° C of about -1445 
kJ/mol, and a V205 (1) activity coefficient in the melt of about 0.01, are both 
essentially correct. 

Our TGA/S03 equilibrium technique can be expanded to include different 
temperatures, vanadate-sulfate melt compositions (i.e., by using different Na/V 
ratios in the initial vanadate deposit), and "indicator" reaction pairs (i.e., CeU2 

-* CeV04) We have shown earlier (9), for example, that ScA -* ScV04 at ~3 
x 10* atm'of S03, and ln203 - InV04 at ~5 x 10^ atm of S03, in the NaVO,- 
S03 system by reactions analogous to Ce02 - CeV04. The TGA/S03 equilibrium 
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technique therefore has the potential to provide, by a series of studies of the 
various oxide -* vanadate reactions over an array of different sulfate-vanadate 
melt compositions and temperatures, the high accuracy thermodynamic data 
(including Gibbs energies of formation, activity coefficients, solution models, 
etc.) that are needed to understand and predict the reaction behavior of high 
temperature oxides with vanadate-sulfate melts. 

CONCLUSIONS 

A thermogravimetric analysis (TGA)/S03 equilibrium study of the reaction 
of Ce02 wit»1 the NaV03-S03 system at 800° C shows Ce02 to be inert to 
chemical reaction with the NaV03-S03 melt at S03 partial pressures up to 2-3 x 
10"6 atm, with CeV04 being formed above this S03 partial pressure. 

Thermodynamic analysis of the reaction data indicates the Afi0 for CeV04 

(s) at 800° C as being -1445 kJ/mol, and the V205 activity coefficient of the melt 
at the point of CeV04 formation as being approximately 1 x 10~2. 

The TGA/S03 equilibrium technique has the potential to significantly 
increase our knowledge of the thermochemistry and melt solution chemistry 
involved in the reactions of high temperature oxides with molten vanadate-sulfate 
melts. 
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ABSTRACT 

A high-strength, a-precipitation hardened ß titanium alloy (Ti-8V-6Cr-4Zr- 
4Mo-3AI, STA Beta C) is prone to intergranular environmentally assisted 
cracking (EAC) in neutral aqueous NaCI given an occluded crack, active 
crack tip strain rate and electrode potential near free corrosion. The 
threshold stress intensity for EAC is reduced to about one-third of the plane 
strain fracture toughness and subcritical crack growth rates are 30 to 100 
/xm/sec. STA Beta C is immune to EAC with static loading or sufficiently 
cathodic polarization. Lower strength solution treated Beta C resists EAC 
in both pure NaCI and acidic sulfur-species-bearing chloride solutions, 
where fracture is by transgranular microvoid formation. These results are 
consistent .with findings fcr STA Beta 21S ai.d are qualitatively understood 
based on hydrogen environment embrittlement. EAC propagation in STA 
Beta C exhibits slow-rapid oscillation under rising crack mouth opening 
displacement but not during constant rate loading. This result implies that 
stress intensity factor and crack tip strain rate interactively govern da/dt. 

INTRODUCTION 

High-performance applications of ß titanium alloys in aggressive 
stress-chemical environments (e.g., geothermal brine and deep sour gas 
well tubulars, offshore production elements, marine fasteners, biomedical 
devices, and aerospace components111) require definition of the windows of 
variables that promote the aqueous environment-assisted cracking (EAC) 
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susceptibility of these alloys. While such investigations are extensive for Q 

and a/ß titanium alloys,12"51 insufficient data exist to predict EAC for body- 
centered cubic ß-based alloys. For titanium alloys, the challenge is 
complicated because EAC susceptibility is a function of test method; 
particularly, smooth versus cracked specimens.'31 

The objective of this research is to characterize the ambient 
temperature, aqueous chloride EAC behavior of a modern ß titanium alloy, 
Ti-3AI-8V-6Cr-4Zr-4Mo (Beta C), as a function of microstructure and/or yield 
strength, electrode potential, and solution composition for a single active 
loading rate. Precracked specimens and a fracture mechanics approach 
are employed. EAC susceptibility is characterized by the threshold for the 
onset of crack growth (Km), subcritical crack growth rate (da/dt), and the 
fracture mode in the aqueous environment versus the behavior in air. in 
addition to determining windows of variables for EAC susceptibility, these 
data are necessary input for damage-tolerant life prediction and fundamental 
studies of the crack tip damage mechanisms that govern EAC. 

LITERATURE BACKGROUND 

EAC of titanium alloys in aqueous halogen-bearing electrolytes is 
affected by several critical variables; including loading rate (crack tip strain 
rate), electrode potential, alloy composition, microstructure, and yield 
strength. 

Titanium alloys, including a/ß Ti-6AI-6V-2Sn, exhibit a minimum in K^ 
for intermediate loading rates.181 Similar results were reported for the 
solution treated (ST) ß alloy Ti-13V-11Cr-3AI (VCA 120),!31 solution treated 
+ aged (STA) ß/a Ti-11.5Mo-6Zr-4.5Sn (Beta III)/71 and modern STA ß/a Ti- 
15Mo-3Nb-3AI (Beta 21 S).(al STA ß/a Beta 21S and a specific age-condition 
of ß/a Beta III were immune to EAC under static load but susceptible under 
constant displaceme -t rate deformation.17,81 This complex loading rate 
depend nee of EAC is unique to titanium alloys; however, some titanium 
alloys, including an alternate age-condition of ß/a Beta III, are susceptible 
to EAC under static load.17,91 

The threshold for EAC of titanium alloys in halogenated electrolytes 
is generally a minimum at electrode potentials near -500 mVSCE. This 
behavior was reported for a/ß Ti-8AI-1 Mo-1 V and for the ß or ß/a alloys Ti- 
8Mn, Beta III (STA) VCA 120 (ST), and Beta 21S (STA).12"581 Immunity to 
EAC was achieved at cathodic potentials greater than -1000 mVSCE. 

The chloride EAC susceptibility of titanium alloys depends on alloy 
composition, microstructure, and/or yield strength (aYS). ST ß VCA 120 
exhibits EAC under static loading/101 while the ST ß alloys Beta III and Ti- 
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8Mo-8V-3AI-2Fe are immune. These latter two alloys become EAC- 
susceptible upon aging to precipitate the a phase.131 STA ß/a Beta III is 
susceptible to EAC under static loading for the aging condition 480°C/100 
hr (aYS = 1000 MPa), but not for 620°C/16 hr (aYS = 800 MPa).m EAC was 
produced in STA ß/a Beta 21S under rising displacement but not in STA 
ß/a Ti-15V-3Cr-3AI-3Sn (Ti-15-3) for similar aYS (1300 MPa).[8! The depen- 
dence of the EAC threshold on aYS for ß and ß/a titanium alloys is not clear; 
however, limited data suggest a trend similar to that for high-strength 
steels.1"'11'121 

Sulfide additions to chloride solutions exacerbate EAC of ferritic and 
martensitic steels, particularly for lower strength hvels.'111 Sultfde-EAC of ß 
and ß/a titanium alloys has not been investigated broadly.1131 

Considering Beta C, several studies show that this alloy is immune 
to chloride EAC, for the ST and STA conditions.113-181 While smooth, notched 
and precracked specimens were employed, it is possible that these 
experiments did not sufficiently probe the intersections of the variables that 
cause EAC in titanium alloys. 

EXPERIMENTAL PROCEDURES 
Material 

Beta C, of composition Ti-3.4AI-8.3V-5.9Cr-4.4Zr-4.1Mo (wt.%; with 
trace amounts of Nb, Fe, C, N and O as reported by the manufacturer, RMI 
Titanium Company) was studied. This material was provided as hot-rolled 
4.1-cm diameter round bar that was solution treated above the ß transus at 
815°C for 1 hour followed by air cooling. EAC specimens were tested in the 
ST and STA conditions. The aging treatment consisted of heating ST 
blanks at 500°C for 24 hours followed by air cooling. This treatment 
precipitated a as 1 to 5 Mm long platelets within 120 /zm grains and 
infrequently in a colony structure at ß grain boundaries. Transmission 
electron microscopy was not conducted; particularly, the occurrence of a 
submicron a film on ß grain boundaries was not determined. Rockwell C 
nardnesses were Rc 28 and Rc 41 for the ST and STA conditions, respec- 
wely, which correspond to yield strengths of 830 and 1280 MPa from a 
nardness-aYS correlation given for two ß titanium alloys.'81 

Environment 

S]      Experiments were conducted at 25°C in either moist air or neutral (pH 
l 0.6M (3.5 wt.%) aqueous NaCI at free corrosion or fixed electrode 

condntialS °f ~150'  "600,  and  "100° mVscE"     ExPenments were  also 
(  ducted in the acidified sulfur-species-bearing solutions indicated in Table 

Plexiglass cell was secured to the specimen in order to flow solution 
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at 25 ml/min from a two-liter reservoir through the machined notch tip and 
fatigue precrack. A schematic of the cell is shown in Fig. 1. Dissimilar 
metals did not contact the specimen and all tubing was PTFE. The 
grounded specimen (working electrode) was maintained at a constant 
potential by a Wenking potentiostat in conjunction with a chloridized silver 
wire reference electrode and a platinized niobium counter electrode. The 
reference electrode for polarization was located on one side of the 
specimen, near the notch (Fig. 1). A second reference electrode indicated 
that the potential of the opposite face was 0 to 200 mV more noble than the 
polarized side, depending on the magnitude of the current. 

Table I.   Sulfur-Species Additions to the Aqueous NaCI Environment 

Solution Salt Acid/pH Sulfur 
Compound 

Sulfur 
Species 

Sulfide + 
acetic 

0.6 M NaCI 1.5M acetic, 0.1 M 
acetate / pH 3.3 

10 ppm S 
as Na2S 

CH3COSH 
(?) 

Sulfide + 
hydrochloric 

0.6 M NaCI 0.1 M HCI 
pH 1.3 

4 ppm S 
as Na2S 

H2S 

Thiosulfate + 
acetic 

0.9 M NaCI 0.15 M acetic 
pH2.6 

60 ppm S as 
Na2S203 

s2o3- - S 
- H2S(?) 

EAC-Fracture Mechanics 
Sidegrooved compact tension (CT) specimens were machined with 

the longitudinal axis of the round bar perpendicular to the crack plane and 
crack growth in the radial direction. CT specimen gross thickness was 6.3 
mm, net sickness was 5.1 mm, and width w?^ 30.5 mm. Specimens were 
fatigue precracked in room temperature moist air, terminating ••■ith a K^of 
25 MPavm, R of 0.4 (R = KMlN/KMAX), and a crack length-to-width ratio (a/W) 
of approximately 0.52. 

Precracked specimens were loaded under monotonically rising crack 
mouth opening displacement (CMOD) at a constant rate (<5M) of 1.8 ^m/min 
using a servohydraulic mechanical test system. CT specimens were 
instrumented to measure applied load, CMOD and crack extension. CMOD 
was measured and controlled using a clip gauge mounted across the 
mouth of the machined notch, as shown in Fig. 1. The direct current 
potential difference (DCPD) method was used to resolve crack tip process 
zone damage initiation and subsequent crack growth. The expression used 
to calculate a/W from measured voltage, and other details of the technique, 
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Figure 1. Cell and CT specimen for rising CMOD EAC 
experiments, ("dcpd" indicates the measurement probes 
for electrical potential difference due to a direct current, I, 
through the uncracked portion of the specimen.) 

are given in References Solution! 
8, 19 and 22.    Applied 
load, DCPD, CMOD and 
time were recorded using 
a    PC-based    data 
acquisition system. 

The fracture 
mechanics were 
characterized using the 
elastic-plastic J-integral, 
as detailed c.sewhere.'191 

For STA specimens Jplaslic 

was small compared to 
the applied total J; thus 
small-scale yielding was 
maintained and elastic K 
analysis was sufficient. 
All experiments satisfied 
the criterion for plane 
strain defined in an ASTM Standard.l20] 

The plot of load and DCPD versus CMOD in Fig. 2 is typical of the 
experiments with high-strength STA specimens in NaCI. Two measures of 
the threshold K for the initiation of crack growth were determined. A lower- 
bound value is defined by 
the first deviation from the 
initial baseline DCPD 
versus CMOD trend when 
coincident with the onset 
of nonlinearity in the load 
versus CMOD plot.18'191 For 
loading in moist air, this 
value (rv,) is a lower 
bound of the standardized 
Piane strain fracture 
initiation toughness (K1C),

[191 

and in aggressive 
environments this value 
(Kim) represents a lower 
bound of the threshold 
(KTH) for subcritical crack 
growth initiation.1211   KTH is 

465 

460 

455 

450  er- 

445 

440 

435 

430 

425 

Q 
Q. 
O 
a 

0.2 

CMOD (mm) 

Figure 2. Load and DCPD versus CMOD data for STA 
Beta C in 3.5% NaCI. (Note the definition of threshold 
stress intensity (KTH) and initiation threshold stress 
intensity (KTHi).j 
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defined at the first major load drop. At K™ the crack growth increment (Aa) 
is assumed to equal zero; subsequent crack lengths are calculated using 
DCPD values normalized with the potential at the known fatigue precrack 
length.119,221 Average subcritical crack growth rate (da/dt) was calculated 
using linear regression over a small time interval. 

A single critical J for the initiation of crack growth was calculated for 
each ST experiment since DCPD versus CMOD data did not indicate crack 
initiation. The initiation point was determined from DCPD measurements 
with the measured final crack length as a reference, then selecting the p. 
CMOD data point corresponding to the measured fatigue precrack length. 

RESULTS 
ST Beta C in Air and Chloride 

Static Crack / Threshold Behavior Results for ST Beta C tested 
in moist air and four different aqueous environments, each at the free 
corrosion potential, are shown in Fig. 3. These experiments establish that 
Beta C in the moderate strength, single phase condition is not embrittled by 
severe mechanical and environmental conditions. The CMOD rate used for 
these experiments produced maximum EAC susceptibility (minimum Km) for 
STA ß/a Beta 21S in aqueous NaCI near free corrosion.[8! The moist air 
fracture toughness (KIC) of ST Beta C is 115 MPavm, which compares 
favorably with a reported value of 96 MPavm.|23' The higher value may 
reflect the use of elastic-plastic fracture mechanics for small specimens of 
a moderate strength-high 
toughness alloy, compared to 
the less rigorous elastic analysis 
employed in Ref. 23. Km (114 
MPavm) in neutral NaCI (Ecorr = 
-200 to -150 . A/scJ was not 
reduced compared to K1C. 

The addition of sulfur 
species to NaCI solutions, 
particularly those that form 
hydrogen sulfide (H2S), 
exacerbates EAC in steel.124'271 

In contrast Fig. 3 shows that K™ 
(113 to 120 MPavm) for ST 
Beta C in three different sulfur- 
species-containing aqueous 
media (Ecorr ~ -250 mVsrE) is not 
reduced compared to either KIC 

TH data for ST Beta C.  KIC is Figure 3. K,c and K 
for moist air, compared to the value from Ref. 23 
while KTH data are for the NaCI/sulfur-species 
solutions listed in Table I. 
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or K for pure NaCI. In the Na2S/acetic acid solution, Na2S reacts to form 
thioa'cetic aciaT1 H2S gas was not detected by smell. (Crack growth was 
not detected at the point where this experiment was terminated due to eel 
leakage, ^therefore exceeded the K value calculated at the test-interrupt 
load) H2S formed in the Na2S/HCI acid solution.-' The sodium 
thiosulfate/acetic acid solution forms elemental sulfur and H2S in the 
presence of steel.1261 . ,OCM, 

Figure  4   shows  typical   scanning   electron  microscope   (SEM) 
fractographs of the K,c or KTH regions of CT specimens of ST Beta C 
fractured in moist air or acidified NaCI/Na2S. The fracture mode is identical 
for moist air and all aqueous environments in Table I, and consists 
predominately of fine (of order 2 /xm) transgranular microvoids. 

iSi 

«all 

II 

Fiqure 4   SEM fractographs for ST Beta C in (a) moist air and (b) acidic NaCI/Na2S 
The crack grew from top to bottom, and the fractographs are located in the central crack 

initiation region. 

Equal KIC and KTH1 as well as identical fracture modes in moist air and 
the solutions, indicates that ST Beta C is immune to EAC, at least for the 
loading rate and electrode potential conditions that were examined. 

STA Beta C in Air and Chloride 
Statin Crack/Thmshold Behavior Results for high-strength STA Beta 

C, tested in moist air and neutral aqueous NaCI at -600 mVSCE and fixec\su, 
are shown in Fig. 5. Filled circles represent the results of individual 
experiments, while averages are given by the bars. KIC is 50% lower (5b 
MPavm) than for the ST condition, consistent with the substantially higher 
strength from aging. KTH for chloride (35 MPavm) is reduced by about one- 
third compared to K«. Data for STA Beta 21S and STA Ti-15-3/81 obtained 
with single-edge-cracked specimens fractured in air and neutral aqueous 
NaCI at -600 mVSCE by the same procedure as Beta C, are included in Hg. 
5. The plane strain fracture toughness of STA Beta C is lower than that of 
the other two high-strength alloys. Similar to the behavior of Beta C, KTH tor 
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Beta 21S is reduced compared 
to K,c. In contrast K™ equals K1C 

for Ti-15-3. 
Figure 6 shows SEM 

fractographs from CT 
specimens of STA Beta C 
tested in moist air and aqueous 
NaCI. Fracture in air occurs 
predominately via transgranular 
microvoid coalescence. Both 
small (of order 2 to 5 /zm) 
equiaxed and larger elongated 
microvoids are observed. 
Some facets are also present 
and may consist of fine (of 
order     1     /im)     microvoids. 
Fracture occurs by intergranular separation in the chloride environment. No 
transition region is evident between the fatigue crack front and EAC 
intergranular facets. Fine void-like features are present on grain facets. 
The moist air fracture modes for STA Beta 21S and STA Ti-15-3[8'281 

resemble that for Beta C in air. The air fracture mode was not altered for 
Ti-15-3 tested in aqueous NaCI, whereas Beta 21S failed by intergranular 
separation 

BetaC(STA) Beta 21S (STA)        Ti-15-3 (STA) 

Figure 5. Rising CMOD KIC and KTH data for Beta 
C, Beta 21S[81, and Ti-15-3[81 (all STA) in air and 
aqueous NaCI. The bars are average values and 
filled circles represent individual results. 

[8] 

Figure 6.   SEM fractographs for STA Beta C in (a) moist air and (b) 3.5% NaCI.   The 
crack grew from top to bottom. 

KTH less than KIC, as well as the change in fracture mode from 
transgranular microvoid rupture to grain boundary separation, indicates that 
STA Beta C is susceptible to EAC in neutral aqjeous NaCI at electrode 
potentials near -600 mVSCE and under rising CMOD. 

Figure 7 shows the effect of maintaining a CT specimen of Beta C at 
constant CMOD in aqueous NaCI after interrupting the rising CMOD at a 
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Figure 7. Crack length versus time for an 
experiment with STA Beta C in NaCI which was 
interrupted and maintained at constant CMOD 
(5J for a K level above K^. 

K level (47 MPavm) greater than 
KTH. (For this experiment, the 
rising CMOD was interrupted 
during decreasing load and 
rapid subcritical crack 
propagation.) Crack 
propagation continued for less 
than one minute after CMOD 
was fixed. At this point, DCPD 
data indicate no crack growth, 
or at most a limiting da/dt of 
0.0C1 Mm/s over 90 hours. 
Crack growth-induced compli- 
ance changes were not detect- 
ed (dP/dt was essentially zero 
over this time period), suggest- 
ing that da/dt was zero. 

Potentiostatin Polarization The severity of EAC for STA Beta C in 
pure NaCI depends on applied electrode potential, as shown in Fig. 8. Both 
K™ and Km are compared to Km data for Beta 21S.[8'28] EAC is observed 
(K™ and Km are less than K^,, coupled with intergranular cracking) for 
applied potentials between -150 and -600 mVSCE, and threshold is a 
minimum for a potential of -600 nrvW At a potential of -1000 mV«*, STA 
Beta C is immune to EAC (K^ equals K,cl and fracture is by microvoid 
rupture for chloride and moist air). The effect of potential is similar for STA 
Beta 21S. 

Subcritical Crack Propagation Two distinct subcritical crack 
propagation rate responses were observed for STA Beta C in NaCI. Figure 
9 shows results for an experiment at -150 mVSCE. Subcritical crack 
propagation was slow (on the order of 0.1 /zm/s) for rising K levels just 
above KTOI (30 MPavm). At K equal to KTH (41 MPavm), the da/dt 
accelerated by two orders of magnitude under decreasing K from 41 to 35 
MPavm (applied K values are indicated at several points in Fig. 9). After 
a crack growth increment of 2 mm, da/dt decreased abruptly to near the 
initial rate.     This slow-fast sequence was repeated several times as the 

383 



70 

60 

50 

40 
o. 

20 

10 

■   3.5%NaCl 

• 5 = constant K« 

; 
*K < 

*w ■%i 

Ü / 
- M? ,      : 
"_ ''0j$i 
■ ffifS • *# 
' ;-.-i 

^M 

. i" ■.' s=HB3g=^friSr '':$%m 

!:*» - *i ■'0%> 
■ j|s|| i!l§ 
■ .«^ 

^ ^ -^.*" •M *V 
5?%^ ■*v 

^ ^ £' # **** 

Beta C (STA) 

chloride crack propagated sub-critically in several EAC experiments. 
In contrast to the 

behavior in Fig. 9, alternating 
slow-fast da/dt was not 
observed for EAC experiments 
with STA Beta C/NaCI under 
rising load control. Figure 10 
shows that rapid crack 
propagation is not arrested and 
continues until specimen 
fracture. The fast crack growth 
rates indicated in Figs. 9 and 10 
are consistent with limited 
values reported for other ß- 
titanium alloys.13'5,7'281 It is difficult 
to quantify the slower EAC rates 
in Fig. 10, at K just above KTHi. 
This behavior appears akin to 
the so-called Stage IIA behavior 
reported for a/ß titanium alloys 
in aqueous chloride.1291 

DISCUSSION 

Comparison    to    Literature 
Results for EAC of Beta C 

Literature results indicate 
that Beta C is immune to 
aqueous chloride "AC.1-3"18' 
Aylor studied ST Beta C (aYS = 
850 MPa) with blunt-notched 
tensile specimens under rising 
displacement in aqueous NaCI 
at free corrosion and applied 
electrode potentials between 

Beta21S(STA) 

Figure 8. KTH and Kmi as a function of applied 
electrode potential for STA Beta C and STA Beta 
21S181 in aqueous chloride solution. Moist air K,. 
is also shown. 

3600 5400 

Time (s) 

9000 

Figure 9. Crack length versus time for STA Beta 
C in 3.5% NaCi at -150 mVSCE and constant <5W. 
Average crack growth rates at various K levels 
(underlined) are shown. 

1The point marked "Hold" in Fig. 9 shows the onset of the fixed CMOD experiment 
shown in Fig. 7, which did not produce EAC propagation in Beta C/NaCI. Here, CMOD 
was fixed during a rapid da/dt event under decreasing K. A similar result (viz., no 
subcritical EAC propagation for 50 hours at constant CMOD and applied K greater than KJ 
was observed for an experiment interrupted during slow da/dt and rising K. 



-850 and -1250 mV: SCE.[141 These 
conditions did not produce EAC 
in Beta C. This procedure 
indicated that a/ß Ti-6AI-4V (Ti- 
6-4) at this same yield strength 
is chloride-cracking resistant,1141 

but such is not the case.19,301 

Azkarate and Pelayo tested 
smooth tensile specimens of 
STA Beta C (crYS = 1250 MPa) 
under rU.ig displacement in 
neutral NaCI at free corros.on, 
-1000 and -1500 mVSCE.(161 STA 
Beta C was immune to EAC for 
the conditions examined, but Ti- 
6-4 (aYS = 1000 MPa) exhibited 
EAC at -1500 mVSCE. Wolfe et. 
a/, reported that smooth tensile 
specimens of STA Beta C (CTYS 
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Figure 10. Crack length versus time for a 
constant loading rate of 1 N/min. (STA Beta C in 
3.5% NaCI at -150 mVSCE, K^ = 44 MPa^m, da/dt 
= 80 to 100 ^m/s.) 

= 1100 MPa) were immune to EAC in 
seawater with cathodic protection.115' Comparison of these results to the 
data in Figs. 5 and 6 attests to the importance of an occluded crack to 
promote EAC. 

Limited studies with statically loaded precracked specimens showed 
that STA Beta C is immune to EAC. Thomas and Seagle did not produce 
brittle cracking in precracked C-rings in NaCI at several electrode 
potentials.1131 (EAC was produced by this method when H2S was added to 
the environment and specimens were polarized cathodically.) Early studies 
with statically loaded precracked cantilever beam specimens of Beta C in 
aqueous chloride demonstrated similar immunity to EAC, however, low 
plane strain fracture toughness clouded the results.(17,181 Comparison of 
these findings to the data in Figs. 5, 6 and 7 attests to the importance of 
active loading to promote EAC of Beta C. 

The experimental results for intergranular EAC of STA Beta C, 
showing the deleterious effects of the fatigue crack plus active loading and 
electrode potentials near free corrosion levels, are identical to data obtained 
for STA Beta 21 S.[8281 

Comparison of EAC in ß Titanium Alloys and Ferritic Steels 
Figure 11 summarizes K^ and KIC versus aYS results for Beta C in 

chloride solutions, compared to data for STA Beta 21S and STA Ti-15-3,[8] 

and superimposed with EAC K^ for ferritic and martensitic steels in a variety 
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of hydrogen-producing gases and electrolytes.111'2 The large shaded band 
shows the range of Km results, with upper (UB) and lower (LB) bounds on 
extensive threshold data for many steels in neutral chloride at free 
corrosion 0"he open diamond shows a single Km result for moderate 
strength HY130 steel in NaCI, obtained with a single-edge-crack specimen 
and the fracture mechanics method used in the current study.) 

For steels it is well established that Km for hydrogen environment 
embrittlement decreases with increasing aYS.(11'311 For the ß-titanium alloys, 
plane strain fracture toughness decreases with increasing aYS (small filled 
circles) with a single trend observed for Beta C and Ti-15-3 and a higher 
strength-toughness trend seen for Beta 21S. Km values for STA Ti-15-3 
(large open circles) and ST Beta C (large filled circles at aYS of 850 MPa) in 
NaCI essentially equal the ^c-aYS trend line, indicating immunity to EAC. The 
results for ST Beta C (large filled circles) and STA Beta C (open squares) 
suggest a strength effect on Km that is similar to the trend for steels in 
neutral chloride. Alloy microstructure may play a critical role in determining 
the EAC resistance of ß-titanium alloys. The relative contributions of 
microstructure and yield strength in governing the EAC resistance of ST 
Beta C and the sus- 
ceptibility of STA Beta 
C are not defined. 

O- 

Intergranular EAC 
and Microstructure 
of ß-Titanium Alloys 

An analysis of 
STA Beta 21 Sand Ti- 
15-3 correlated inter- 
granular chloride EAC 
with microstructure, 
particularly a colonies 
precipitated at ß grain 
boundaries and/or 
intense slip 
localization.[8'28'32] 
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Figure 11. K^ versus aYS for steels'11' and selected ß-Ti alloys 
in chloride and other hydrogen-producing environments 
including sulfur-species additions. 

"Hydrogen-producing environments are capable of generating atomic hydrogen on 
strain-cleaned crack tip surfaces by cathodic proton or water reduction for aqueous 
electrolytes, by dissociative chemical adsorption for H2, or by chemical reaction for H2S or 
H20 gases' This hydrogen is available to embrittle metal within the crack tip process 

zone.1311 
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EAC-prone Beta 21S exhibited both microstructural features, but EAC- 
resistantTi-15-3 did not. Both microstructural features, as well as EAC and 
internal hydrogen embrittlement, appear to be promoted by prolonged 
solution treatment (in excess of 1 hour) at high temperature (above 950 C). 

Beta C  solution treated in the EAC-resistant regime of relatively 
shorter time and lower temperature, exhibited an a-precipitate distribution 
and slip morphology between that of Beta 21S and Ti-15-3    While STA 
microstructures are complex, heat treatment experiments indicated that 
qrain boundary a-colonies are less frequent in STA Beta C/   compared to 
both the microstructure of STA Beta 21S(8] and the amount of intt, granular 
EAC shown i Fig. 6. These preliminary microstructural i jsulti, and the low 
solution treatment time and temperature, are inconsistent with a correlation 
between large a-colonies at ß grain boundaries and mtergranular EAC in 
Beta C   Work is in progress to better address this issue. 

Considering slip morphology, compression experiments showed that 
plastic deformation in ST Beta C is qualitatively homogeneous, with some 
grains deforming by locally intense slip bands.1331 Upon aging to the STA 
condition slip band spacing decreases, and bands appear more planar and 
likely to cross entire grains. Similar locally planar deformation modes are 
observed for STA Beta C and Beta 21S, compared to homogeneous 
deformation in STA Ti-15-3.1832"351 This comparison suggests that slip 
localization plays a role in the intergranular chloride EAC of ST and STA ß 
titanium alloys, however, additional research is required. 

The present results for Beta C show that high solution treatment 
temperature and/or prolonged time are not the sole requisite for 
intergranular EAC in ß titanium alloys. Interactions between yield strength 
and microstructure, or additional microstructural effects such as grain 
boundary impurity segregation,1361 must be considered. 

Sulfur-Species Additions 
Figure 11 shows that acidified chloride/H2S solution at 25°C severely 

decreases the threshold for EAC of ferritic steels from that of aqueous 
chloride alone. Also shown in Fig. 11 are the data for ST Beta C in neutral 
NaCI and the acidified chloride/sulfur compound solutions summarized in 
Table I (large filled circle symbols plotted from Fig. 3). Notably for Beta C, 
KTH did not decrease for any of the sulfur-bearing solutions, even acidified 
(pH 1.3) NaCI with Na2S which formed H2S. This sulfide-EAC resistance of 
ST Beta C is striking. For steels at a similar yield strength, acidified chloride 
and H2S decrease Km to values as low as 15 MPavm. K™ for ST Beta C 
in the various sulfur-species-bearing electrolytes is about 5-fold higher than 
this lower limit and equals K^. 
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The sulfide EAC resistance of ST Beta C may be reduced by long 
term exposure that allows bulk specimen hydrogen uptake from boldly 
exposed surfaces. The short term-rising displacement experiments 
employed to obtain the data in Fig. 3 involved 24 hour exposures to the 
solution and were designed to emphasize crack dissolution and hydrogen 
production. Given a typical hydrogen diffusivity (DH) in single phase ß 
titanium alloys of 4 x 10'7 cm2/sec or faster/321 about 12 hours are required 
for substantial hydrogen penetration from the root of the side-groove to the 
center line of the CT specimen, parallel to the crack front. If DH is slower for 
ST Beta C or if reactions involving sulfide are relatively slow-building then 
longer exposure times could result in lower Km based on a hydrogen 
embrittlement scenario.'11,13,281 This issue must be investigated for cases 
where ST ß-titanium alloys encounter sulfide in an electrolyte, for example, 
as produced by sulfate-reducing bacteria in marine environments.1371 

Potentiostatic Polarizatic i and K™ for EAC 
The threshold for chloride EAC in STA Beta C depends on applied 

electrode potential. This alloy was immune to EAC under cathodic 
polarization to -1000 mV^, showed a minimum resistance (K^) at -6O0 
mVscE, and was somewhat less cracking-prone with increasing potential al 
-150 mVsce (Fig. 8). The beneficial effect of cathodic polarization was 
reported by others for a/ß and ß/a titanium alloys in halogenated 
electrolytes.12'5,381 In particular Young er. a/.'81 reported that the neutral 
chloride K™ for STA Beta 21S increased to equal KIC when the specimen 
was polarized cathodically to -1000 mV^, Fig. 8. Similar low K^ values 
were observed at -600 and -150 mVSCE, without evidence of a minimum EAC 
resistance. A speculative hydrogen environment embrittlement mechanism, 
focusing on atomic hydrogen production and uptake at the L xluded and 
strain-b—ed crack tip, was proposed to explain the electrode potential 
dependence shown in Fig. 8.'8' 

The chloride EAC resistance of STA Beta C, under cathodic 
polariza+ion, may be reduced by long term exposures that allow bulk 
specimen hydrogen uptake from boldly exposed specimen surfaces. That 
is, hydrogen may be produced on such surfaces, even if crack tip 
production and uptake are minimized by cathodic polarization.'391 

Implications of Siow-Papid EAC Growth Rates 
Alternating slow-rapid subcritical crack propagation could be 

explained mechanistically; hydrogen from cathodic reaction diffuses ahead 
of the crack tip, embrittles the process zone, and the crack rapidly 
propagates until arrest by surrounding non-embrittled material.'28! For STA 
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Beta C in NaCI, rapid EAC propagation occurs over distances that are 
much larger than the crack tip process or plastic zone (Fig. 9), transitions 
in the fracture surface morphology are not observed by SEM, and oscillating 
crack growth kinetics are not evident under rising load control. Thus, the 
slow-rapid da/dt phenomenon is not ascribed to time-dependent hydrogen 
diffusion. 

Meyn and Pao observed oscillating subcritical crack growth kinetics 
for a/ßTi-6-4 and perhaps ß/a STATi-15-3 in neutral aqueous NaCI during 
slow constant extension rate experiments.1401 At higher extension rates, 
continuous Stage II EAC occurred. It was proposed that a critical crack tip 
strain rate was necessary to maintain conditions conducive to Stage II crack 
growth. Webb and Meyn ncently developed a cack driving force vs 
resistance model of oscillating EAC da/dt, based on assumed da/dt vs 
strain energy release rate (G) dependencies, and including test system 
compliance.1411 While they do not provide a mechanistic explanation for the. 
form of da/dt vs G necessary to produce slow-rapid da/dt during rising 
displacement loading, they suggest that titanium alloy/environment systems 
exhibiting Stage IIA-Stage II subcritical crack growth kinetics are unique 
candidates for oscillations. Oscillating crack growth kinetics are expected 
to yield a sawtooth K-Aa curve, where the minimum and maximum K levels 
are constant. Measured minimum and maximum K levels for STA Beta 
C/NaCI in Fig. 9 are not constant. 

Classically, subcritical EAC da/dt is measured and modeled based 
on either K-control or crack tip strain rate (eCT)-control.[11,4Zl Rather, for 
titanium alloys in chloride, we propose that da/dt depends interactively on 
both K and eCT, with steep near-threshold regimes for both variables. This 
hypothesis is based on the notion that K governs the crack tip process 
zone, relevant to hydrogen embrittlement, while eCT governs the extent of 
crack surface electrochemical reactions, pertinent to hydrogen production, 
or process zone dislocation transport. The slow-rapid crack growth 
behavior shown in Fig. 9 is then controlled by specimen compliance-based 
changes in K and eCT for the experiments conducted in rising-CMOD 
control. Note that da/dt is not a unique function of K for STA Beta C. For 
example, both slow and rapid da/dt are observed at a K level of 40 MPavm. 

Determination of the three-dimensional relationship between da/dt, 
K and eCT is complicated by uncertainties in the calculation of crack tip 
strain rate. For a propagating crack, this quantity depends on K, dK/dt and 
da/dt, however, the precise function is clouded by uncertain parameters in 
the continuum mechanics formulation,[43,44! and by the role of localized 
dislocation processes. None-the-less, a continuum estimate of the crack tip 
opening displacement rate (sT),[43'44! which may be proportional to eCT, shows 
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♦hot t  at the onset of rapid crack propagation is at least an order ol that *T at *e ons« orrap h■ beg,ns ,0 ^^ 

?hlÄeSn*ates tna^ad? must be conned by the interaction o, 

ÄihÄ^ 
alloys in environments that form a passive film at the crack tip. 

CONCLUSIONS 

1 The hiah-strength ß/a titanium alloy, STA Beta C is embrittled by 
'    badinq in neural aqueous NaCI solution at 25°C, g.ven an occluded 

SSkÄ strain ?ate and electrode potentials near free corrosion. 
This behavior is analogous to that of STA Beta 21 b. 

2 STA Beta C resists crack propagation in NaCI under static load/ 
Z    ^placement  or  cathodic  polarization,   at  -east  for^ shorty 

experiments. This behavior is analogous to that of STA Beta 21S. 

Moderate strength, single phase (ß) ST Beta C is immune to chloride 
EAC afthe free corrosion potential and under short-term nsjng 
^Dlacement Sulfur-species and acid additions to NaCI that 
Ale steels donot promote intergranular EAC ,n ST Beta 

3. 

C. 

6. 

EAC in STA Beta C is intergranular; the contributions of grain 
b undary a precipitation, locally intense planar sp andI impu^y 
seareaation are not defined. Moist air fracture of the STA und ST 
conditions as well as ST fracture in chloride-sulfur-speces solutions, 
are by transgranular microvoid rupture. 

The rising CMOD method is effective, but requires instrumentation 
Ind analysis of da/dt as a function of K and crack t.p strain rate. 

Alternating slow-rapid EAC propagation rate ^ul^J^ 
ed to coupled K- and crack tip strain rate-control, and specimen 
compliance-Luced changes in these driving *>rce parameters. 
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Fracture Toughness and Stress Corrosion 
Resistance of U-0.75 wt% Ti 

Dr. Chester V. Zabielski* and Mr. Milton Levy 
U.S. Army Research Laboratory. 

Watertown, Massachusetts 02172-001 

Introduction 

Late in  1978, ARL-MD, Watertown was asked to participate in an 
investigation of several failures on launch of depleted-uranium cored 
XM774 rounds during low temperature firing.    Failure occurred in the 
vicinity of the rear-most buttress groove of the core where the fillet 
stress approximates the yield strength of the U-0.75 wt% Ti core 
alloy.    A simple fracture mechanics approach suggested that poor 
low temperature fracture toughness of the core alloy was contributory. 

As a consequence, a systematic investigation of the fracture 
toughness of the currently produced U-0.75 wt% Ti core alloy was 
carried out.    The U-0.75 wt% Ti alloy was provided by National 
Lead of Ohio (NLO) and Battelle Northwest (BNW).    The failed 
cores were processed by NLO.    The XM833 U-0.75 wt% Ti core ma- 
terial was also obtained from Rocky Flats (RF) for comparison.    Rep- 
resentative cores from each source were fully characterized and 
Processing parameters,  mechanical properties,  microstructure,  and test 
temperature were correlated with fracture toughness. 

Materials 

The NLO XM774 penetrators were fabricated from a 1.4 in. di- 
ameter rod which was rolled from 8 in. diameter ingots.    The bars 
Were solution treated for 10 minutes at 899°C in NUSAL,  plunge oil 
benched, and aged at 350°C in a lead bath. 

Six bars, 6 in. long and 1.4 in. in diameter, were received from 
°NVV.    These bars were the bottom portions of longer 16 in. bars 
anc' the first to enter the water on vertical quench.    The 16 in. long 
e*truded bars were vacuum solution treated at 800°C for two hours 
and 850°C for one-half hour, vertically water quenched at 18 in.  per 
"^ute, and aged at 350°C in a lead bath for 16 hours. 
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The RF XM833 penetrators were fabricated from 1.4 in. diameter 
bars which were alpha extruded from 4 in. diameter ingots.    The ingots 
were homogenized in vacuum at 1050°C for six hours prior to extru- 
sion     The extruded bars were then solution treated for two hours at 
800°C and one-half hour at 850°C, vertically water quenched at 18 in. 
per minute, and aged at 350°C in a lead bath for 16 hours. 

Four additional 1.4 in. diameter bars which were received from 
NLO in the as-rolled condition were given STA treatments compara- 
ble to BNW and RF processing; i.e., they were vacuum solution 
treated at ARL-MD, Watertown for two hours at 800 C and one-half 
hour at 850°C, vertically quenched in water at 21  in. per minute 
and aged in vacuum at 350°C, 370°C, and 390°C,  respect.vely, for 

seven hours. 

Fracture Toughness Test Procedures 

Sampling 

Two types of fracture toughness specimens were utilized: (1) a 
sinqle edge-notched bend specimen conforming to plane strain require- 
ments (Kic) of ASTM E 399-74 (FT1); and (2) a slow-bend V-notched 
Charpy impact specimen (CV2) for approximate Kic or KQ.    Both types 
of specimens were used for static fracture toughness measurements. 
Regardless of the type of specimen, the notches were always 
machined from the outer diameter of the bar or penetrator core so 
that the microstructure in the vicinity of the notch would be compara- 
ble to that of the penetrator buttress groove. 

From each of four XM774 penetrators representative of NLO lots 
which failed on low temperature firing, two Charpy,  KQ specimens 
and two Kic specimens were cut alternately starting at the} nose of 
the penetrator; i.e., the end which entered the water first during the 
vertical quench.    A total of four Charpy and four Kic specimens were 
cut per penetrator.    In a similar fashion, four Kic specimens and four 
KQ specimens were machined from three XM833  RF  penetrators. 
Based on the similarity of Kic and KQ values obtained, it was 
decided to concentrate on the simplest and least costly specimen, the 
V-notch bend Charpy impact specimen only, and report KQ values for 
the remaining materials evaluated.    Therefore, only KQ specimens were 
machined from four NLO as-rolled bars which had been vacuum solu- 
tion treated, vertically water quenched, and aged at ARL-MD, Water+own 
and from six BNW bars which were similarly heat treated.    In addition, 
tension and Kiscc specimens were fabricated from the above materials to 
confirm the specified strength requirement and to determine susceptibil- 
ity to stress corrosion cracking. 
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The stress corrosion specimens (see Figure 1) which were single 
edge notch specimens (3.0 x 0.20 x 0.20 in.) were cut with the long 
dimension parallel to the direction of maximum grain flow and notched 
so that crack growth and fracture would occur in the radial direction. 

L   =   3 in. 
W =    0.20 in. 
B   =    0.20 in. 

K  = -   4.12  (a~3- 

y w 
-B- 

*     45° / 

0.005 Maximum 
Root Radius 

)mM 

Figure 1. Specimen 
geometry and equa- 
tion for K values. 

where    a 1 a/W 
BW 3/2 

M   =    Moment 
B   =    Thickness 
W  =    Width 

a    =    crack length + 
notch depth 

Test Method 

The procedure for KIC measurement involved three-point bend 
testing of notched specimens that had been precracked in fatigue. 
Load versus displacement across the notch was recorded autographi- 
cally.    The KIC value was calculated from the load corresponding to 
a 2% increment of crack extension by equations  ,vhich hdve been es- 
tablished on the basis of elastic stress analysis of bend specimens 
The detailed procedure is described in ASTM E 399-74.    The 
method for KQ measurement employed a Charpy specimen provided 
with a sharp notch terminating in a fatigue crack tested in three-point 
bending.    The maximum load in the test was recorded and the nominal 
crack strength was determined from this value as well as the original 
dimensions of the specimen using the single beam equation.    A de- 
tailed description is contained in the proposed E24.03.03 draft dated 
February 7, 1979.    Precracking of specimens for both test procedures 
involved initiation of the crack and subsequent growth in tension. 

The method for stress corrosion measurements follows.    The test 
uses a precracked bar stressed as a cantilever beam.    A sharp 
notch is machined across the rectangular bar specimens at mid- 
length, and is sharpened by fatiguing.    The specimen is held in a 
rack horizontally with the precracked central portion surrounded by 
a plastic bottle which contains the environment.    One end of the 
specimen is clamped to the mast of the rack and the other end to 
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an arm from which weights are suspended.    On evaluating   he alloy, 
the specimen is first stressed in air at increasing loads until it frac- 
tures    The data are reduced to stress intensity using the Kies equation 
(see 'Figure 1)     Having established stress intensity for dry conditions 
S^)   a specimen is similarly tested in distilled H20 and NaCI solutions 
at a somewhat lower stress intensity.    If the specimen did not fail within 
an hour the stress intensity was increased by approximately 3% each suc- 
ceeding'hour until failure occurred and the time required for rupture noted. 
Additional specimens were stressed at decreasingly lower stress intensities 
for 1000 hours or until failure occurred to give a more valid value for Kiscc, 
which was determined from a plot of stress intensity versus time to failure. 
Kiscc is the threshold stress intensity value for the onset of cracking. 

Results 

Comparison of Failed NLO XM774 Penetrators Versus the RF XM833 
Processed Material 

Chemistry, Microstructure, Mechanical Properties 

Table 1  summarizes mechanical properties and chemistries for 
NLO XM774 and RF XM833 penetrators.    Major differences were 
observed in hydrogen content, elongation, and RA values.    The NLO 
material exhibited higher H and lower elongation and RA. 

Table 1. XM774 Staballoy properties 

RF NLO 

Ultimate (ksi) 210 196 

Yield (ksi) 115 114 

Elongation (%) 12-16 5- 9 

RA (%) 12-16 4- 8 

Hardness (HRW 
38-43 40-42 

Ti (%) 0.69-0.73 0.69-0.71 

C (ppm) <100 <40 
2-4 H (ppm) <1 

The structure of the NLO bars is shown in Figure 2.    The view 
is perpendicular to the extrusion direction at the diameter and repre- 
sents slightly more than one-half of the complete cross section.    A 
coarse duplex g.ain size is observed along with banding and center- 
line porosity or voids. 

The microstructure of an XM833 penetrator is shown at both the 
nose section from the bar entering the water first on vertical quenching 
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(see  Figure 3) and at the tail, or rear, portion of the bar which entered 
he water last (see Figure 4).    The microstructure in Figure 3 is essen- 
ally martensitii with evidence of incipient slack quench at the gram 

boundaries and small voids, particularly in the central area are observed. 
The Si or rear, views show a more pronounced slack quench and even 
larger voids, particularly in the central areas (see Figure 4). 
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Figure 2. U-0.75 wt% Ti (NLO) - solution treated (molten salt) 899°C for 10 minutes, oil 
quenched, and aged at 350°C for one hour. Mag. 9X. 

r Edge 

F,gure 3. U-0.75 wt% *<RF) nose section - solution treated at 800°C for two I™* «^ 
one-half hour, vertically water quenched 18 inches per minute; aged (lead bath) for 16 hours at 

350°C. Mag. 100X 397 
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Center Edge 
Figure 4. U-0.75 wt% Ti (RF) tail section - solution treated at 800°C for two hours, 850 C for 
one-half hour; vertically water quenched 18 inches per minute; aged (lead bath) for 16 hours at 
350°C. Mag.'lOOX 

Fracture Toughness Versus Temperature 

Figure 5 compares fracture toughness data for the failed 
NLO penetrator material obtained from the two types of specimens em- 
ployed.    The data was designated  Kic if all the conditions of ASTM 
E 399-74 were  met;  otherwise, the values were designated  KQ. 

No. Material 

6 NLO K    (-5C°F) 
IC   (-50°F) 
K'   <-50°F) Charpy 

K    (R     Charpy 

Kic,R~> 

7 NLO 
8 NLO 
9 • NLO 

30 
.7 

10 
11 

NLO 
NLO < 

o- 

20 I 

A»8 

7i 8 

1     11 1 1 1        1        1        1 

• 9 

.9 

.11 

1        1 
-90 60     -45 -15     0      15 

Temperature of Test  (°F) 

45      60     75     90 

Figure 5. Fracti     tough- 
ness of aged U-0.75 wt% 
Ti NLO penetrators ver- 
sus temperature of test. 

All Kic and KQ values were below 30 ksiVin. regardless of test 
temperature. The Kic and KQ values_were in fair agreement. The 
average value at -50°F was 22 kshfin.,  and at 75°F,  27 ksi^ 
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Previous work at ARL-MD, Watertown has shown that fracture 
♦   „hnp« varues for titanium and steel alloys obtained with compact 
0eS and tend specimens conforming to ASTM E 399-74, were ,n 
Icoragreement with those obtained with prepacked Charpy speci- 
mens up to values of 40 ksiVrnT (2,3). 

Fracture Toughness Versus Hardness 

Fiaure 6 shows a plot of fracture toughness versus HRC hard- 
ness values for individual specimens taken from the NLO failed 
XMm penefrator lots and She RF XM833.penetrators.    The ^ghtty 
softer vacuum solution treated, and vertically water quenched XM833 
penetrators had significantly higher toughness values than the NLO 
XM774 P -tratorlots which were molten salt solution treated   plunge 
quenched in oil, and had high hydrogen.    At both room temperature 
and -50°F   fracture toughness values for specimens from RF XM833 
enetrator lots were greater than 35 ksiC    All values were below 

30 ksi^ for specimens from the NLO XM774 penetrator lots. 

.i 

No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Material 

RF K. <-50°F) 
RF IC. (-5o°n 
RF K'

L
I-50°F) Charpy 

RF IC (RT) 
RF KÖ (RT) Charpy 
NLO R. <-50°F) 
NLO IC. I-50°F) 
NLO K!>(-50°F) Charpy 
NLO IC (RT) 
NLO IC (RT) Charpy 
NLO IC (RT) 

U 

40- 
.4 

P 
Uli 

■ 

30- 

.2 

• 4 

10. ., 

Figure 6. Fracture tough- 
ness of aged U-0.75wt% 
Ti RF and NLO penetra- 
tors versus HRC. 
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As-Rolled NLO Bars Heat Treated at ARL-MD, Watertown 

Chemistry, Mechanical Properties 

The chemical composition of the as-rolled NLO bars is shown in 
Table 2    All chemical properties except hydrogen meet the requirements 
If the XM774 as-clst Staballoy core specification.   The 1.8 ppm hydrogen 
exceeds The maximum requirement of 1 ppm.   Table 3 summarizes me- 
chanfcal properties for the alloy aged at three different temperatures: 
3505C  370°C   and 390°C.    In all three cases, the mechanical proper- 
ties meet or exceed the minimum requirements specified for the heat 
Seated XM774 U-0.75 wt% Ti core alloy.    Data from the unaged mate- 

rial is included for comparison. 

Table 2. Chemical analysis data for as-received NLO bars   

Ti 0.72% Top 
TI 0.71% Bottom 
H 1.8 ppm Top 

C 14 ppm Top 
C 23 ppm Bottom 

Si 
Fe 
Al 
Ni 
Pb 
Mn 
Cu 
Zn 

60 ppm 
34 ppm 
14 ppm 
10 ppm 

9 ppm 
8 ppm 
7 ppm 

< 20 ppm 

Mg 
Ba 
Cr 
Be 
B 
Sn 
V 

<4 ppm 
<3 ppm 

2 ppm 
< 1 ppm 
< 1 ppm 
< 1 ppm 
< 1 ppm 

Density = 18.64 

Table 3. Mechanical properties of aged U-0.75 wt% Ti NLO bars 

Hardness 
(HRC) 

YS (0.2%)* 
(ksi) 

Unaged 36.2 93.8 

TS 
(ksi) 
187.4 

Elon* 
(%) 

RA* 
(%) 

17.9 16.5 

Aged for 7 hours at 
350°C 
370°C 
390° C 

37.5 
39.0 
41.5 

108.0 
109.1 
115.6 

192.0 
196.0 
206.2 

17.2 
13.9 
12.5 

17.4 
18.7 
14.9 

All bars solution treated at 800°C for two hours, 850°C: for one-half hour, and vertically 
water quenched at 21 in. per minute. «Average of 4 va-jes 

Fracture Toughness Versus Temperature 

Fracture toughness (KQ) of the above mentioned materials were 
determined utilizing prepacked Charpy specimens at test temperatures 
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ranging from -100°F to 70°F.    The data are recorded in Table 4 and 
plotted in Figure 7.    It should be noted that a limited number of 
specimens were available for test.    Generally, fracture toughness in- 
creased with test temperature.    The unaged alloy (solution treated 
and quenched) gave the highest fracture toughness values.    As the 
aging temperature increased, fracture toughness decreased.    The 
bars aged at 390°C gave the lowest fracture toughness values. 
Fracture toughness (KQ) values were greater than 35 ksi^/TnT for all 
aged bars at the -50°F and higher test temperatures.    These data 
show that the fracture toughness of the NLO material can be substan- 
tially improved by changing the heat treatment procedure from solu- 
tionizing in NUSAL and fully plunge quenching in oil to solutionizing 
in vacuum and vertically quenching in water. 

Table 4. Fracture toughness (KQ) of aged U-0.75 wt% Ti NLO bars 

Test Temperature (°F) 
-100 -50                  -20                  10* R.T.* 

KQ (ksh/in.) 
Unaged 33.8 38.35                46.4                 54.0 61.55 

Aged for 7 hours at 
350°C 34.6 36.30 41.3 48.2 54.95 
370°C 29.5 35.20 43.9 43.1 58.45 
390°C 28.8 35.60 39.2 42.7 43.2 

All bars solution treated at 800°C for two hours and 850°C for one-half hour and vertically 
water quenched at 21 in. per minute 
Average of 2 values 

Fracture Toughness Versus Hardness 

Figure 8 plots fracture toughness (KQ ksiVlrT) versus HRC hard- 
ness for the unaged and aged bars.    Room temperature fracture 
toughness values decreased significantly with increase in HRC hard- 
ness and aging temperature.    At the -50°F and -100°F test tempera- 
|ures the rate of decrease of fracture toughness values with increase 
ln HRC hardness and aging temperature decreased markedly. 

BNW Bars Vacuum Solution Treated, Vertically Water Quenched and 
Aged at 350°C for 16 Hours 

Chemistry, Mechanical Properties 

Table 5 shows that BNW processed alloy meets the chemical 
Properties requirements of the XM774 specification.    Note that the 
hydrogen content is 0.5 ppm. 
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Solution tr«l«l it 800°C - 2 hr .no 850"C - IK nr ind »erteil, 
:K>,U nter quenched it 21   p«r minute 

Material Test Temp 

73 
• 4 

7 Hr 
7 Hr 
7 Hr 

26 L 
-105 

w.      ^-z —— 
1" ST »Quenched. Unaqed 
2 ST »Quencned. A-35CK 
3 ST'»Quenched. A-370 C 
4 ST" »Quenched. A-JW-t 

Solution treated at 800"c - 2 hr » 
850°C - lf2 hr and vertically 
water Quenched at 21" per minute 

II L      I—1   -l-J 
1      Is     '     -15    0     lb « 

Temperature of Test ( F) 

75 

Fiqure 7. Fracture toughness of aged U-0.75 
wt% Ti NLO bars versus temperature of test. 

Fiqure 8. Fracture toughness of aged U-075 
wt% Ti NLO bars (Charpy - KQ) versus HRC. 

,An*  <m iru m«i 107 108) from 4-1/2 in. Tables. Chemical analysis of BNW bars (101,103,104,105,107,1    ) 

diameter ingot . .  

Ti Center 
Ti Bo'vom 

H 
C 
Al 

Ingot Analysis 

0.73% 
0.73% 

0.5 ppm 
70-80 ppm 

5 ppm 

Si 
Fe 
Nb 
Ni 

45 ppm 
30 ppm 
<10 ppn 
25 ppm 

URC traverse data taken across the diame- 
Figure 9 summarizes HRC   ^averse f^o        |es at the vertically 

ter of transverse sections for six ba s at «    ang ^ ^ 

water quenched .nd   -; ed ,> <«^slightly harder than at 

epositiomn A     The Central areas "of the bars were quite un.form m 

hardness and slightly softer. 

The tensile preperties of the six aged U;°^~ _£j_ 

temperature are shown in Table *     11   J The strength of 

^■^S'Ä^dSS^"JMÄ - *. XM7T4 specifics 
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42 

41 

240 
x 

BNW 1.4" diameter U-0.7J wt% Ti Bin  101-108 - solution treated 800°C • 2 hr 
and 850°C - 1/2 hr and vertically water quenched at 18" per minute and aged 
16 hr. - 3J0°C lead bath 

Note:    Each point represents an average of 24 values (N total - 240 HRC values 
for a complete cross section on bar.) 

39 

38 

HRC    CTR 
101-108 A -39.0 
101-108 B -37.7 

B 6" 
from A 

A End of 
Specimen 

Figure 9. Transverse 
Rockwell C Hardness ver- 
sus distance from center. 

3       4       5       6      7      8       9      10 
Distance from Center (1/16" Intervals) 

11     12 

Table 6. Variation of tensile properties of aged U-0.75 wt% Ti BNW* bars with temperature 

Temp 
(°F) 

YS 0.1% 
(ksi) 

YS 0.2% 
(ksi) 

ULT 
(ksi) (psixICT) 

70 101 114 199 20.5 

40 104 116 196 19.3 

10 102 115 206 18.5 

-20 106 120 210 19.5 

-50 110 124 206 19.5 

-100 108 122 200 20.5 

"Batelle Northwest 1.4 in. diameter U-0.75 wt% Ti bars #10 through 108 solution treated at 
800°C for two hours, and Q50°C for one-half hour vertically water quenched at 18 inches per 
minute; aged for 16 hours at 350°C lead bath (4.5 in. diameter ingot a extruded). 
NOTE: Average of 2 values 

Fracture Toughness Versus Test Temperature 

Figure 10 plots fracture toughness versus test temperature from 
•100°F to 100°F.    Four test values were obtained at each tempera- 
ture and lines were drawn through the outermost points to show the 
band of values.    Fracture toughness increased with increasing test 
temperature.    There was no evidence of change or decrease in 
slope at the +100°F test temperature, but below -50°F the slope 
decreased indicating a brittle region.    The average KQ value for each 
test temperature is shown in Table 7.    Note that the average KQ value 
at -50°F is 36.2 ksiVlrT, which exceeds the recently established mini- 
mum XM774 requirement of 30 ksiVTrT 

*■ 
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BNW  1.4" di«n«l*r U-0.75 wt% Ti Ban   101-10! »olulion treated 
800*C - 2 hr and t50°C -  1/2 hr and vertically water quenched at 
18- per minute .nd aged  16 hr. - 350°C lead bath (' 5" • diameter^ 

ingot • a extruded) 

Figure 10. Fracture toughness of 
aged U-0.75 wt% Ti BNW bars 
versus temperature of test. 

Temperature of Test (°F) 

Table 7. Variation of fracture toughness of aged U-0.75 wt% Ti BNW bars with temperature 

Temperature 

(°F) 

Hardness* 

(HRC) 

Kot 

(ksiVTrT) 

100 
70 

'■0 

10 
-4 
-20 
-50 
-100 

39.4 
39.5 
39.7 
39.7 
39.6 
39.4 
39.4 
39.7 

67.2 
59.4 
55.6 
47.6 
46.0 
41.8 
36.2 
31.9 

Stress Corrosion Cracking 

Table 8 compares the critical stress intensity for crack propagation 
in an aqueous solution containing 50 ppm C1-(K.scc) for 1000 hours of 
the NLO processed XM774 U-0.75 wt% Ti alloy (solution treated in 
NUSAL and plunge quenched in oil and aged) with the RF processed 
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XM833 alloy  (vacuum  solution  treated  and  vertically water quenched 
and aged).    The RF XM833 U-0.75 wt% Ti alloy is less susceptible 
to stress corrosion than the  NLO XM774  material due to the differ- 
ences in processing.     Crack extension  in  all of the  alloys was trans- 
granular and failure  occurred  by  brittle  quasicleavage fracture  in 
NaC1  solution  (1,10). 

Table 8. Kiscc data for 105 cal. penetrators in 50 ppm Cl- 

äSI» 

NLO     XM774 (8 Specimens) 

RF        XM833 (6 Specimens) 

18 ksiV in. 

23 ksiVlrr 

Ratio Analysis Diagrams (RAD) 

Kic/aYS 

The best index of a material's fracture resistance is the Kic/aYS 
ratio since it is this ratio of materials properties that determines flaw 
size and applied stress which are the parameters of interest to 
designers.    The so-called ratio analysis diagram (RAD) (4,5) encom- 
passes the range of strength and fracture resistance.    Its framework is 
formed from the scales of YS versus KQ.    The technological limit line 
represents the highest values of fracture resistance measured to date. 

Figure 11  contains the RAD constructed for the U-0.75 wt% Ti 
alloy (6-8).    The envelope "B" encompasses fracture toughness data 
obtained for the NLO processed alloy which are representative of 
toe failed (low temperature launch) penetrator lots.    The material 
was molten salt solution treated, quenched in oil, and aged; it also 
contained high hydrogen (>1  ppm).    Envelopes "A" and "D" contain 
oata for penetrators which were vacuum solution treated, vertically 
water quenched, and aged with a low hydrogen content (<1  ppm). 

The data shows that the fracture toughness of the alloy is highly 
sensitive to variations in heat treatment and concomitant interstitial con- 

n' and microstructure.    Under optimum conditions a fracture tough- 
ess of 80 ksiVTnT has been reported for the U-0.75 wt% Ti alloy at 

rS of us ksi.    Further processing improvements and alloy devel- 
P^ent may raise this current limit to 90 ksiVTnT 

Ki sec 

frart       RAD shown in  Fi9ure  11   superimposes Kiscc data on the 
she>       tougnness data displayed in Figure 12.    The envelope 

Wn contains earlier Kiscc data obtained in 50 ppm C1- solution and 

I 

405 



nmffnnwm"".1."'** 
■!i«wiitt»»agijj-tg8Bpgi|PP||||pi 

represents different sources of material, laboratories, and processing 
procedures.    The data reported in Table 8 are shown above the en- 
velope and the highest Kiscc of 23 ksiVlrT which is in good agree- 
ment with other published data (9,11) represents a critical flaw size 
of 8 mils for crack propagation in the chloride solution.    The other 
data represent tolerance to even smaller critical flaw sizes. 

Current Technological Limit 

A • RF 
B - NLO 
C - GE (General  Electric) 

D • NLO -  [IT TMT 
(AKL-MD.   Waierto»n) 

E LA 

-L 
100 120 140 160 180 

Yield Strength (ksi) (0 2% Offset) 

Figure 11. RAD for 
U-0.75 wt% Ti KQ 
versus YS (0.2%). 

200 220 

Figure 12. SCC and KQ RAD 
for U-0.75 wt% Ti alloys. 
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Cooperative Test Program with ARDEC 

ARDEC provided ARL-MD, Watertown with additional U-0.75 wt% 

water quenched, and aged). 

Fracture toughness measurements were made and the data re- 
!   ,   Tah,p q     At _50°F   values in the range of 31 to 41 

^'were^ined1   lased on these data   it was; recompended 
that a minimum fracture toughness requirement of 30 ks.V ,n. at 
-50°F be incorporated in the XM774 core specif.cat.on. 

Table 9. Fracture toughness of U-0.75% Ti similarly processed by three suppliers 

Lot No. 

48 

72 

732-734 

307 
319 

74.8 4 

-50 8 
BNW 

73.8 12 

-50 23 

-50 1 

-50 2 

41.9 
41.4 

40.4 
40.2 
44.8 
43.3 

66.3 
40.9 
37.1 
36.3 

;>■■■ 

i 

*vT83,93,152, 203, and 249 lot numbers 

Conclusions 

It was shown that the fracture toughness of the U-075 wt% Ti 
alloy is highly sensitive to variations in heat treatment and «nwrnitant 

interstitial content and microstructure. The NLO P™««^^^ 
Ti alloy representative of the failed penetrators «wjtemperature, launch) 
had appreciably lower fracture toughness (-20 ksj^nT at -50 F) than the 
alloy processed either by BNW or RF (-35 ksiV in.  at -50 F). 

The failed NLO material was characterized as high W™^ 
»ntent (2 to 4 ppm), low elongation (7%) material with m,cr0^r"^al 

Stures that included a coarse grain size, duplex structure, banding, 
and centerline porosity. 
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By comparison, the BNW and RF processed alloy contained less 
hydrogen (<1  ppm), exhibited higher elongation (14%), and essentially 
a martensitic structure with small voids in the central area     How- 
ever   it was demonstrated that the NLO material could achieve com- 
para'bility of fracture toughness to the BNW and RF processed alloy 
by solutionizing in vacuum, vertically water quenching, and aging in- 
stead of solutionizing in molten salt, fully plunge quenching in oil   Jand 
aqing     Based on the extensive fracture toughness testing of XM774 
core material similarly processed by several ve^rV%n*c J^M .mini" 
mum fracture toughness requirement of 30 ks.VTnT at -50 F should be 
incorporated into the XM774 specification to insure launch integrity. 

The U-0 75 wt% Ti alloy is very susceptible to stress corrosion 
cracking in aqueous chloride solutions (Kiscc 18 to 23 ks.V.n.).    Re- j 
sidual stress measurements of the fabricated M774 penetrator should j 
be made to determine the magnitude of the tensile stress introduced j 
by the processing of the alloy. [ 

References 

1 CZYRKLIS W. F., and LEVY, M  Stress Corrosion Cracking Behavior of Uranium Alloys.   [ 
Corrosion, v. 30, no. 5, May 1974, p. 181-187. ; 

2 CHATT R. and LUM, P. T. Influence of Test Temperature on the Fracture Toughness and j 
Tensile 'Properties of Ti-8Mo-8V-2Sn Alloys Heat Treated to High Strength Levels^ Jonfr j 
ni and Fracture Behavior of Titanium ASTM STP 651, American Society for Testing and j 
Materials, 1978, p. 180-199. { 
DESISTO, T. Private Communication. U.S. Army Research Laboratory, Watertown, MA 1978. j 
JUDY, R W„ and GOODE, R. J. Ductile Fracture Equation for High-Strength Structural 
Metals.  NRL Report 7557, April 3, 1973. 
JUDY, R W„ and GOODE, R. J.   Criteria for Fracture Prevention in Titanium Structures. 
NRL Memorandum Report 3434, December 1976. 
Phys al Metallurgy of Itanium Alloys,   Proceedings of the Third Army Materials Technology 
Conference.  Brook Hill Publishing Company, Chestnut Hill, MA, 1976. 
Proceedings of the High Density Alloy Penetrator Materials Conference.  U.S. Army Research 
Laboratory, SP 77-3, April 1977. 
ZABIELSKI, C.  Metallurgical Characterization of the General Electric ManTech GAU S/A 
Penetrator   U S Army Research Laboratory, SP 77-5, June 1977. 
LEVY, M, ZABIELSKI, C, CHANG, F., and SCANLON, J.   Corrosion of High Density 
Penetrator Materials.   Final TTCP Report on Operating Assignment PTP, January 2, 1988. 
BIRD E L   Failure .Analysis of Uranium - Titantium Alloys.   Proceedings of the Internanona! 
SymposTum'on Testing and Failure Analysis, Los Angeles, CA ASM taternational, Metals 
Park, OH, 31 October - 4 November 1988. 
IV  GNANI N J   The Effects of Environment, Orientation, and Strength Level on the Stress 
C^nosion Behavior of U-0.75 Wt% Titanium.   Journal of Nuclear Materials, North Holland 
Publishing Company, 1974, v. 54, p. 108-116. 

3. 

4. 

5. 

6. 

7. 

8. 

10. 

11. 

408 



The Resistance of High-Strength Alloys 
to Hydrogen Embrittlement 
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Abstract 

The resistance of an alloy to hydrogen embrittlement (HE) is 
strongly influenced by the presence of microstructural heterogeneities 
which can provide sites to trap hydrogen. The entry and trapping of   ' 
nyörogen in a range of high-strength alloys have been investigated with 
DnK^Si?17?? t0 as hVdr°9en in9ress analysis by potentiostatic 
mS*{HJTP)- Data were analyzed by using a diffusion/trapping 
moaei to determine entry and trapping parameters for high-strength 
see s precipitation-hardened and work-hardened nickel-base alloys 
rplilanniUrT al!°-ys- For most of the alloys studied, the observed 
intrSCe     HE aPPeared to be determined primarily by the alloy's 
the H on?USSept,b,,ity as defined by the traPPin9 characteristics; that is, 

entry flux generally has only a secondary effect on the resistance to 
entrv finv6rlr''? one case'the HE resistance was attributable to a low 
m termc «f lit !ype of case ni9nli9hts the need for characterizing alloys 
diffeZ      w   traPP'n9 capability and rate of H entry to account for 
Terences observed in their HE resistance. 

Production 

sites fo?hww?ructural,heterogeneities in alloys provide potential trapping 
resistant ? J3ln and so can play a crucial role in determining an alloy's 
'actthatthl ■ 7dr°9en embrittlement (HE). This role originates in the 
8tronoK?infl mteractlon of these heterogeneities with hydrogen can 

accumulSn"??1!!9 Ser'eS 0f events ieading t0 failure-1 The 
examolP ic 1    nydro9en at second-phase particles and precipitates, for 
,racture A n9!n?ra y cons'dered to promote microvoid initiation via the 

w particles or the weakening of particle-matrix interfaces. Traps 

t :■■■ 

'&  ■'. 

I 
V' . 

5;: 

f 

-v '■ 
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with a large saturability and a high binding energy for hydrogen are 
highly conducive to HE,2-3 whereas alloys containing a high density of 
well-distributed irreversible (high binding energy) traps that have a low 
saturability should be less susceptible. Thus, the intrinsic susceptibility of 
an alloy to HE is highly dependent on the type of microstructural defect, 
with large irreversible traps typically imparting a high susceptibility. 

The basic concept of trap theory is that the local concentration of 
hydrogen trapped at a defect must exceed some critical value (Ck) for 
cracks to be initiated.1-3 It should be recognized, however, that the 
mechanism by which such an accumulation triggers HE is not addressed. 
The value of Ck, and therefore the intrinsic susceptibility of an alloy, is 
determined by the type of trap, its size, concentration (density), and other 
parameters. A decrease in CR will render the alloy more susceptible. 
However, whether embrittlement will actually occur is also affected by the 
amount of trapped H, which depends on factors such as the entry 
kinetics, exposure time, and transport mode. In some cases, an alloy 
may prove resistant during exposure because the amount of H that 
enters is small enough that the critical concentration at the traps is not 
exceeded. Likewise, when alloys have a similar intrinsic susceptibility in 
terms of their trapping characteristics, the difference in their actual 
resistance to HE is likely to be determined by the amount of H absorbed 
by each alloy. 

Over the last few years, the entry and trapping of hydrogen in a 
wide range of high-strength alloys have been investigated at SRI.4"8 The 
rates of H entry and rate constants for irreversible trapping were 
determined using an electrochemical technique referred to as hydrogsn 
ingress analysis by potentiostatic pulsing (HIAPP).4-9 The research was 
aimed in part at characterizing the intrinsic susceptibility of the alloys to 
HE in tern > of their irreversible trapping constants. The relative intrinsic 
susceptibilities +hen could be compared with results for the ac+"^l 
resistance to HE observed in tests by other workers. In this paper, the 
irreversible trapping constants and, where necessary, H entry fluxes for 
the different alloys are compared, with the objective of providing a basis 
for explaining differences in the resistance of these alloys to HE. 

Experimental 
The alloy of interest is cathodically charged with hydrogen at a 

constant potential Ec for a time tc, after which the potential is steoped in 
the positive direction. H diffuses back to the entry surface and is 
reoxidized, thereby generating an anodic current transient.  Data are 
obtained over a range of charging times, typically from 5 to 60 s, at 
different overpotentials (n = Ec - Eoc) relative to the open-circuit potential 
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(Eoc) which is measured immediately before each charging time. Eoc is 
also used to monitor the stability of the alloy surface, since any oxides 
present should not be reduced during charging. 

The pulse technique was applied to high-strength steels,4-5 

precipitation-hardened and work-hardened nickel-base alloys,5-6 and 
titanium 7 The composition of each alloy is given in Table 1. Table 2 
shows the yield strength of the alloys and the thermomechanical 
treatment used in each case. 

Table 1 
/ Mloy Cor nposition (wt%) 

925          C-276 4340 18Ni 718 625 716 TiGr2 

Al 0:031 0.13 0.60 0.30 0.18 0.22 

B 0.003 0.003 
c 0.42 0.009 0.03 0.02 0.002 0.03 0.011 0.021 

Co 9.15 0.16 0.83 <0.01 

Cr 0.89 0.06 18.97 22.20 15.27 22.06 20.99 

Cu 0.19 0.11 0.04 1.93 
Fe bal bal 16.25 28.96 5.84 4.37 5.32 0.17 

Mn 0.46 0.01 0.10 0.62 0.48 0.17 0.01 

Mo 
0 

0.21 
0.001 

4.82 3.04 2.74 16.04 8.70 8.10 
0.16 

Nb+Ta 5.30 3.50 3.47 

Ni 1.74 18.42 54.41 40.95 57.5 60.33 60.5 

P 0.009 0.004 0.009 <0.005 0.012 0.004 

S 0.001 0.001 0.002 0.001 <0.002 0.001 0.001 

Si 0.28 0.04 0.11 0.17 <0.02 0.38 0.02 

Ti 0.65 0.98 2.11 0.27 1.35 bal 

W 0.01 3.90 
Other 0.005N 0.05 Ca 

0.02 Zr 
0.12 V <0.005H 

0.007N 

Test electrodes of each alloy were fabricated from a length (1.3- 
3.8 cm) of rod press-fitted into a Teflon sheath so that only the planar end 
surface was exposed to the electrolyte. The surface was polished before 
each experiment with SiC paper followed by 0.05-^m alumina powder. 
Details of the electrochemical cell and instrumentation have been given 
elsewhere.4 The alloys were exposed in a deaerated solution co/.taming 
1 mol L-1 acetic acid and 1 mol L/1 sodium acetate with 15 ppm As203 

added to promote H entry. The potentials were measured with respect to 
a saturated calomel electrode (SCE). All tests were performed at 22 ± 
2'C. 

p ■■■«Sfe 
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Table 2 
Thermomechanical Treatment of Alloys 

Alloy Heat Treatment3 Test Condition Yield Strength (MPa) 

4340 

18Ni 
K-500 

35N 
718 
925 
C-276 
625 
716 
TiGr2 

Annealed 

Aged (482'C, 4 h) 
Cold drawn, unaged 

Cold drawn and aged 
Hot fin., solution treated 
Hot fin., annealed, aged 
Hot rolled 
Hot fin., annealed 
Annealed, aged 
Annealed (620'C, 1 h) 

HRC41 
HRC53 
As received 
As received 
Aged (600'C, 8 h) 
As received 
As received 
As received 
27% cold work 
17% cold work 
4% cold work 
As received 

1206 
1792 
1954 
758 
1096 
1854 
1238 
758 
1237 
1195 
1186 
380 

a Provided by producei. 

Analysis 
Although permeation methods have been used extensively they 

suffer from several disadvantages, as discussed elsewhere.10 The mam 
t^oÄlfmteSn is that most, if not all. diffusion/trapping models for 
hesfmethods are based on an input boundary condition of constant 

concenTation   Hence, these models are strictly applicable only for 
charging conditions without any entry limitation. 

In the case of HIAPP, a model has been developed to allow for the 
effect of trapping on diffusion for cases involving either a constant 
concentration or a constant flux at the input surfaced Th^ constant flux 
model "«as found to apply to all alloys studied to date. In th.s model the 
Se of hvdroqen ingress is controlled by diffusion but the entry „JX of 
Ä^Äricted, which results in interface-limitedid > usion, control. 
Solution of the diffusion equation for a constant flux condition gives the 
following expression for the total anodic charge (C m  ). 

q\oo) = FJtcO - e-R/(7iR)1/2 - [1 - 1/(2R)]erf(R1/2)} (1) 

where F is the Faraday constant, J is the ingress flux in mol m-2 sr1, and R 
-kit The charge q\~) is equated to the charge (qa) associated with the 
experimental anodic transients.  qa can be associated entirely' w. h 
absorbed H, since the adsorbed charge is almost invar.ably negligible. 

IfiSS 
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ka is an apparent trapping constant measured for irreversible traps 
in the presence of reversible traps. It is related to the irreversible trapping 
constant (/c) by /cDa/DL where Da is the apparent diffusivity and DL is the 
lattice diffusivity of H. The magnitude of k depends on the density of 
particles or defects (Nj) providing irreversible traps, the radius (d) of the 
trap defects, and the diameter (a) of the metal atom11: 

k = 
4ndhipL 

(2) 

The term, c/2Nj, represents the trapping capability and underlies the use 
of k as an index of an alloy's intrinsic susceptibility to HE. 

F jrthe constant flux model to be applicable, it must be possible to 
determine a trapping constant for which J is independent of charging 
time. Data for qa could in fact be fitted to Eq. (1) to obtain values of ka and 
Jthat satisfied this requirement at each potential. Experimental and fitted 
values of qa for various charging times are compared in Fig. 1, which 
illustrates the level of agreement obtained for the alloys in this work. 

CM 

c? 

U.15 

Ec = 

—. 1        i  

-0.741 V (SCE) 
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C )           10 20          30 40 50          60 
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Figure 1. Dependence of anodic charge on charging time for Ti grade 2. 
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Results 

The alloys were studied as a series of groups, which were then 
merged to provide an overall comparison of the irreversible trapping 
constants. The values of ka and k for each group are summarized in 
Table 3. The first group consisted of a high-strength steel (AISI 4340), 
and two nickel-containing alloys (K-500 and 35N).4 The aim was to 
determine whether the irreversible trapping constants might assist in 
explaining differences observed in HE resistance between high-strength 
steels and nickel-base alloys. The values of both k and J for the steel 
were higher than those for alloys K-500 and 35N. Hence, both the 
irreversible trapping characteristics and the amount of H entering could 
account for the steel being less resistant to HE than the two nickel- 
containing alloys. 

Table 3 
Trapping Parameters 

Alloy Ms"1) DL/Da Ms"1) 

4340 Steel 
K-500 Unaged 

Aged 
35N 

0.008 ± 0.001 
0.017 ± 0.003 
0.021 ± 0.003 
0.026 ±0.002 

500 
2.0 
2.0 

1 

4.0 ± 0.5 
0.034 ± 0.006 
0.042 ± 0.006 
0.026 ± 0.002 

718 
925 
18Ni Steel 

0.031 ± 0.002 
0.006 ± 0.003 
0.005 ± 0.002 

4.0 ± 0.5 
4.6 + 0.6 
300 ± 90 

0.124 ±0.024 
0.034 ± 0.004 

1.50 ± 1.05 
0.010 ± 0.005a 300 ± 90 3.00 ± 2.40 

C-276 0.025 ± 0.003 2.6 ±0.8 0.090 ± 0.030 

625 
716 

0.019 ± 0.010a 

0.004 ± 0.002 
0.054 ± 0.004 

2.6 ±0.8 
2.6 + 0.8 
3.8 ± 0.8 

0.068 ± 0.051 
C.014± 0.010 

0.20 ± 0.06 

Ti grade 2 0.028 ± 0.002 
0.012 ± 0.006b 

1 
1 

0.028 ± 0.002 
0.012 ± 0.006 

a Quasi-irreversible trapping; *> Hydride formation. 

Two further groups of alloys were then studied: precipitation- 
hardened alloys (718, 925, and 18Ni maraging steel)5 and work- 
hardened alloys (625 and C-276).6 Alloys 625, 718, and 925 were each 
characterized a single type of irreversible trap, whereas alloy C-276 and 
18Ni maraging steel were characterized by both an irreversible trap and 
a quasi-irreversible trap.  In irreversible trapping, the rate constant for 
release is assumed to be zero, whereas for the quasi-irreversible case, 
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the release constant is not zero but is too small to achieve local 
equilibrium between the lattice and trapped H.5 The maraging steel had 
the highest value of k, followed by alloys 718, C-276, 925, and 625. It is 
apparent from its value of k that the maraging steel is intrinsically 
somewhat less susceptible than 4340 steel. Test results have in fact 
shown that 18 Ni(250) maraging steel is more resistant to cracking than 
4340 steel,12 so the differing susceptibility of the two steels was matched 
by their actual resistances to HE. 

A similar parallel was found to exist for the 18Ni steel and alloy 
718. Stress-rupture tests during electrolytic charging have shown that 
18Ni (1723 MPa) maraging steel undergoes severe HE, whereas alloy 
718 exhibits negligible embrittlement.13  Likewise, gas-phase charging 
tests showed from the reduction in strength that the maraging steel was 
less resistant than alloy 718, although the embrittlement in both cases 
was characterized as extreme.13 

No Ni-base alloys in the 900 series were included in the 
electrolytic embrittlement tests.  However, gas-phase studies on alloy 
903 have shown that short exposure to high-pressure hydrogen is not 
detrimental, though prolonged exposure, particularly at higher 
temperatures, can reduce ductility.14 In contrast, alloy 718 undergoes 
extreme embrittlement under gas-phase charging, as noted above. 
These results suggest that alloy 903 and, by implication, alloy 925 are 
less sensitive than alloy 718 to HE. Hence, the irreversible trapping 
constants of the three precipitation-hardened alloys are consistent with 
their relative resistances to HE observed in failure tests. 

A similar comparison of the resistances of alloys C-276 and 625 is 
complicated by their sensitivity to cold work. However, the ranking of 
these alloys can be assessed indirectly from results for alloys C-276 and 
G.15 Time-to-failure and crack propagation data showed that alloy C-276 
has a greater tendency to HE than alloy G cold-worked to an equivalent 
degree. Alloys G and 625 are comparable in their levels of Cr, Mo, and 
Nb+Ta, so they might be expected to be similar in their resistance to HE. 
For the degree of cold work involved, alloy C-276 should therefore be 
less resistant to HE than alloy 625,6 which coincides with the order of 
their trapping constants. 

A lack of relevant data in the literature makes it difficult to 
determine whether the two cold-worked alloys fit in with the other alloys 
on the basis of their k values. The difficulty in evaluating the position of 
the cold-worked alloys is compounded by some uncertainty in these 
values.  Nevertheless, the trapping constants for alloys 625 and 718 
show a significant difference, and the sequence of values is consistent 
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with results from C-ring and U-bend exposure tests that indicated alloy 
625 is more resistant to cracking than alloy 718.16 

If allowance is made for the uncertainty in k, the position of alloy 
625 is comparable to that of alloy 35N. Tests using C-ring specimens of 
these alloys showed that the time-to-failure of unaged alloy 625 with 59% 
cold reduction is intermediate between those for 35% and 51% cold 
reduced alloy 35N in the aged condition.17 Alloy 625 with 17% cold 
work as was used in the present study, should withstand a longer 
exposure time than the same alloy with 59% cold work and therefore 
should be at least as resistant to HE as alloy 35N in the condition of 
interest (40-50% cold reduced and aged). In fact, the 625 specimen may 
be more resistant than the 35N alloy, as implied by their values of k. 
Thus, the order of the trapping constants parallels the relative resistance 
of these alloys to HE. 

Ti grade 2 was also examined.6 It exhibited two values of k, 
depending on the overpotential (Fig. 2) and therefore on the level of H in 
the alloy. Hydride precipitates have been observed in Ti grade 2 at H 
levels above -100 ppm, but gross embrittlement does not result until 
much higher levels.18 Thus, the similarity observed in the values of k for 
low-H Ti grade 2 and alloy 925 fits their relative resistance to HE in that 
both alloys must be exposed for long times to cause degradation of their 
mechanical properties.14-18 Furthermore, the higher value of /cforTi 
grade 2 coincides with its decreased resistance to embrittlement at high 
enough H concentrations. 

An exception to these trends was observed with alloy 716, which 
is an age-hardenable alternative to alloy 625.16 Alloy 716 had a k of 0.2, 
which is the highest value among those for the nickel-base alloys and 
indicates that this alloy is intrinsically the most susceptible to HE. 
However, tests with C-ring and U-bend specimens have shown that it is 
comparable to a.ioy 625 of similar yield strength in being aL.e to 
withstand exposure in aggressive environments.16 A likely explanation 
is that, although alloy 716 has a high intrinsic susceptibility, the H 
concentration at the dominant traps remains below the critical level 
required to initiate cracking. The entry flux was found to be low in the 
acetate buffer and could well have been low enough in the cracking test 
environments to delay failure in most cases (up to 1000 h). Thus, the 
resistance to cracking observed for alloy 716 was believed to be 
associated with the low ertry flux of hydrogen. 
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Figure 2. Variation in k with overpotential for 71 grade 2. 

Discussion 

The alloys studied were generally characterized by a single type 
of irreversible trap, but in some alloys the principal irreversible type of 
trap was supplemented by other traps of either i quasi-irreversible type 
or another irreversible type. Values of k associated with the principal 
irreversible traps are listed in Table 4 for all the alloys except 716. They 
are also presented graphically in Fig. 3 to highlight differences between 
them. 

The steels, particularly 4340, exhibit high values of k that are 
indicative of a high intrinsic susceptibility to HE, whereas the nickel-base 
alloys are characterized by lower values of k and are therefore 
'ntrinsically less susceptible.  Differences in the susceptibility of the 
jjjckel-base alloys are smaller than those for the steels but are clearly 
discernible. In particular, the trapping constants for alloys within groups 
Refined by thermomechanical treatment (precipitation- and work- 
nardening) indicate that the susceptibilities can vary significantly. 

For most alloys, there appears to be a correlation between the 
Intrinsic susceptibility, as represented by k, and the actual resistance to 
Ht observed in failure tests. This correlation suggests that the observed 
distance to HE is determined primarily by the alloy's intrinsic 
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susceptibility — that is, by the irreversible trapping characteristics. Thus, 
the entry flux generally has only a secondary effect on the HE resistance. 

Table 4 
Irreversible Trapping Constants 

Alloy Ms"1) 

4340 steel 4.0 ± 0.5 
18Ni (300) steel 
718 

1.50 ± 1.05 
0.128 ± 0.024 

C-276 (27% cold work) 
K-500 

0.090 ± 0.030 
0.040 ±0.010 

Ti grade 2 (high H) 
925 

0.040 ± 0.008 
0.034 ± 0.004 

Ti grade 2 (low H) 
35N 

0.028 ± 0.002 
0.026 ± 0.002 

625 (17% cold work) 0.014 ± 0.010 

Exceptions to this correlation can be expected in cases where the 
ingress flux for an alloy is low enough that the alloy is relatively resistant 
to cracking even though it might have a high intrinsic susceptibility. Such 
an exception was observed with alloy 716. The intrinsic susceptibility of 
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Figure 3. Variation in k for the different alloys. 
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this alloy was shown to be high (k = 0.2), yet the entry flux was apparently 
low enough that the alloy generally did not undergo cracking during 
exposure in aggressive environments for periods up to 1000 h. 

The use of k to provide an index of HE susceptibility can be 
justified on the basis of Eq. (2), but there remains the question of why 
such a relatively simple parameter has the apparent ability in most cases 
to indicate the relative resistance actually observed to HE. Some insight 
may be gained by considering k, which encompasses the trapping 
capability (d2Nj) as well as the alloy-specific characteristics of metal 
atom size and lattice diffusivity. The trapping capability has a strong 
influence on the critical concentration (Ck) required to initiate cracking at 
traps while the diffusivity reflects the ease of H transport to different sites, 
including traps. Since the likelihood of crack initiation is highly 
dependent on both Ck and H accumulation, it is perhaps not s. -prising 
that /eis effective as an index of susceptibility in being able to indicate the 
actual resistance of most alloys to HE. Underlying this rationale is the 
implication that, despite differences between alloys, the H entry flux is 
generally not low enough to become the controlling factor. 

Finally, it should be noted that the density of particles or defects 
providing irreversible traps can be calculated from k, or ka, by using Eq. 
(2). The trap radius (d) is estimated from tne dimensions of 
heterogeneities that are potential irreversible traps, and trap densities 
are then calculated for the different values of d. In this way, the dominant 
irreversible trap can be identified by comparing the values of Nj with the 
actual concentrations of specific heterogeneities.  Identification of the 
primary irreversible taps in the various alloys is described elsewhere.4'8 

Summary 
For a wide range of alloys, a correlation exists between the 

intrinsic susceptibility, as defined by the irreversible trapping constant, 
and the observed resistance to HE. Thus, the HE resistance appears to 
be determined primarily by the alloy's intrinsic susceptibility. This 
relationship implies that generally the H entry flux has only a secondary 
effect on the HE resistance, suggesting that it is not low enough to 
become the controlling factor for most alloys. However, in one case 
(alloy 716), the resistance to HE can be attributed to a low entry flux. 

The irreversible trapping constant, by virtue of the observed 
correlation, appears to be an indicator of the relative resistance to HE for 
most alloys, and as such, it can be used to predict tho relative resistance 
of alloys in a particular environment. However, the predicted relative 
resistance may not be reliable in cases where H entry is severely 
restricted. The ability of kXo provide an indication of the relative 
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resistance to HE seems to be attributable to its dependence on both the 
trapping capability and the diffusivity. The combination of these two 
characteristics is crucial for crack initiation and therefore provides a 
rationale for the correlation observed between k and the actual 
resistance to HE. 
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It is common to describe the corrosion du nage of structural retals and 
allovs in terms of the eight basic types of metal/alloy corrosion: general corrosion, 
SE Co™!, crevice corrosion, pitting attack erosion corrosion, selective 
leacMns intergranular corrosion, and environmental assisted fracture. The latter 
SÄÄsisted fracture, may be further <üvided mto «^^ofs^s 
corrosion cracking, corrosion fatigue, and hydrogen embntüement. Of particular 
nterestTs hydrogen embritdement because of the senous problems and/or 
SS^MLS that may result from the involvement of structural materials 
such as titanium and titanium alloys with hydrogen. as utamum ^ shown that Ti_6Ai_4V and indeed most 
convention!] tiSSim Joys are susceptible to hydrogen embntüement-* hydrogen 
charging environments (22). Titanium aluminides, the materials studied in this 
ZTliTZ Sieved to be subject to hydrogen embntüement but preliminary 
Ss sTow that the gamma based aluminides may be less prone to absorbing 
hydrogen at ambient and elevated temperatures than conventional Ti alloys (21). 
The Sr dr^w for use of these materials is the fact that they possess outstanding 
^Kure strength, good creep behavior, and low *™gj™%*™ °f 

these characteristics has warranted their consideration for a wide range of 
applications from automotive turbo charger motors, pistons, and valve matena^ to 
advanced aerospace applications involving temperatures up to 1045"C Thereto«, 
it is important to ascertain their hydrogen embrittlement ^^..^^ 
related property damage is to be understood and, hopefully, controlled in these 
materials. 

Experimental Overview 

A.       Materials 

The material used in this study was produced by ! lartin Marietta 
Laboratory^ ttie material was arc melted, cast in a chilled copper mold, forged, and 
annealed at approximately 1200°C. The TiB2 particulate dispersion was introduced 
in situ using XD™ processing (29). The chemical compositions of these cast 
materials are given in Table 1. 
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B.       Procedures 

1.        Polarization Test foiarizauun icai r__    ,., . 
Polarization curves were measured at a sweep rate of 0.2 mV/s in 

deaerated 0 6N NaCl solutions, using a saturated calomel (SCE)^reference 
Sode  The working electrode (-13 mm disc) was polished through 600 grit 
SiC paper, then cleaned and rinsed with distilled water, and finally degreased with 
acetone prior to use. 

2 Hydrogen Permeation Tests 
Hydrogen permeation experiments were conducted on 1 mm thick 

discs using the electrochemical method. The experimental set-up m Figure 1 
shows a^ input chamber that contains the charging solution (0.6N NaCl) and a ex:: 
chSeTthaPt contains 0.2N NaOH. Both solutions were purged with high purity 
LZ to remove dissolved oxygen. The permeation discs are surface ground on 
totfa s desthorough 600 grit paper and, subsequently, the exit surface is plated to 
provide several hundred LgsLms of palladium. The purpose of the pal admrn 
o ate is to provide a more uniform surface for the evolution of hydrogen and to 
provide ^necessary surface conditions to ionize completely the hydrogen reaching 
the exit surface. 

3 CERT (constant extension rate testing) 
All CERT (constant extension rate testing) studies were performed z 

room temperature using a Cortest constant extension testing machine at a strain rate 
of 1.45 x 10-6/sec. Data acquisition and analyses were performed using a 
computer. 

Results and Discussion 

A.        Structure and Mechanical Properties: 

Optical micrographs of cast Ti-48%A1 with 5 Vol% and 10 Vol% TiB2 are 
shown in Figs.2-3. The microstructures of these materials cons    s of a mixture oi 
gamma (7) grains and lamellar (7+a2) grains. The TiB2 paniculate dispersion 
introduced in situ using XD™ processing tends to grow in clusters and exhibits a 

blocky morphology . Ti_48%Al+5Vol%TiB2 and Ti-48%A1+10 W 

TiB2 the mechSprope^es'of ultimate yield strength and % e^»^ 
with the physical properties of diffusivity and permeation current density are liste, 
m Table 2. The data show that the diffusivities of the two alloys are about the 
same, and that the alloy possessing the highest volumepercentage ofTiB2 
possesses the greater ultimate yield strength. It is further noted that the^y eld 
strengths for Ti-48%Al+5 Vol% TiB2 and Ti-48%A1+10 VoWoTiB2 decrease 
respectively 16 and 20 % when cathodically polarized at -1400mV in 0.6N NaU 
ffiSthe % elongation resulting from hydrogen charging show even 1^ 
decreases approximately 43% for Ti-48%Al+5 Vol% TiB2 and approximately 50 , 
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for Ti-48%A1+10 Vol% TiB2. These figures, however, are somewhat tentative 
because of the small values involved in the measurements. 

B.       Polarization Study 

Fimire 4a shows potentiodynamic polarization scans for the titanium 
aluminiSÄÄ& 5 Vo^TiB, and 10 Vol % of TiB2. It is noted that an 
fnc^e in the concentration of TiB2 from 5 to 10 Vol% results in a sigmficant 
dStion of the corrosion potential (Ecorr), shifüng it approximately 685mV in 
SSc direction and creating an irregular passive region that extends from the 
active Ecorr value of alloy Ti-48%A1 +10 Vol% TiB2 to a value comparable to the 
^Slfcoir value of Ti-48%Al+5 Vol% TiB2. The T -48%Al+5 Vol% TiB2 
Toy does not possess a passive region but goes immediately into transppssive 
behavior unde- anodic polarization. 

In Figure 4a., the broken lines represent cathodic reactions that are 
thermodvnamically possible on titanium surfaces duringcathodic polarization in 
Sä6N NaCl solutions . It is noted that the^discontinuities viewed in the 
cu^e for the low TiB2 material, alloy #82, correspond to the commencement of 
cathodic reactions as reported by Pourbaix (34). At, The discontinuity at 
approximately -700 mVcorresponds to the reaction 2H+ + 2e" "» H2T and the 

discontinuity at approximately -1300 mV, corresponds to the reaction H20 + e 
OH" + 1/2 H2T. Somewhat less distinct are the matchings of the cathodic reactions 
with discontinuities occurring in the cathodic polarization of alloy #83. It is 
SSSincrcased cherSical involvement of TiB2 parüculate at the higher TiB2 

partkulate level causes the blurred matchings observed for this material. 
In previous observations of cathodically charged titanium alloys m near 

neutral salt solutions it appeared that hydrogen was not readily absorbed by^e 
titanium alloys even though the application of impressed current forced the potential 
weh below the hydrogen evolution line (33).   Hydrogen absorption, however, 
was found to occur naturally when the open circuit potential (Ecorr) of the metal or 
alloy resides in the region below the hydrogen evolution line as seen in Fig.4b. 
This condition is encountered at very high and very low pH va^- ^(.^^ 
TiB2 content material, alloy #83, the fact that the Ecorr value of -330 mV appears 
much closer to the 2H+ + 2e" -» H2T evolution line than the Ecorr value of alloy 
#82 suggests that under cathodic charging there is a pater possibility of 
sisnificakt hvdroeen uptake in this material than in the low TiB2 content alloy #82. 

8      ^ these Tffl2 containing Ti-48%A1 alloys the effect of hydrogen appears o 
involve a complex interplay between the amount and accumulation of hydrogen at 
an interface and the size and distribution of the microstructural features. This ertect 
is viewed as being composed of two factors: 

1. Chemical 
2. Microstructural. . „ r;R      , 

The first factor is denoted by the decrease in Ecorr with increase in Vol% Trt32 ™a 
the increase in cathodic Tafel slope with a decrease in Vol%; TiB2 GeneraUy toe 
greater the magnitude of the cathodic Tafel slope the more difficult the reduction ot 
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hydrogen. The second factor is denoted by the decrease in permeation current       | 
density (Table 2.) with increase in Vol% T1B2. The latter observation suggests that! 
hydrogen trapping may occur particularly in the alloy containing the higher T1B2 
content. ! 

C.       Hydride Formation f 

Microhardness values across a Ti-48%A1+10 Vol%TiB2 specimen after 7201 
hrs of H-permeation at -1400mv in 0.6N NaCl solutions showed significant 
increases at the specimen center (Fig.5). Xray diffraction analysis of this high 
hardness region indicated the presence of titanium hydride (Fig.6). Similar 
increases were not detected in the Ti-48%Al+5 Vol%TiB2 alloy (Fig.7). This       i 
observation indicates that hydride formation is possible in this material and suggests f 
that the presence and amount of hydride may depend on the concentration of T1B2  ^ 

Hydride formation in Ti-48%A1+10 Vol%TiB2 in 0.6N NaCl at -1400mVij j 
noteworthy because these and similar alloys are being considered for such diverse I 
applications as aerospace and automobile systems. The formation of TiHx by I 
cathodic polarization would limit their use as a structural materials. In view of the f 
aforementioned observaticns, extreme care should be taken to guard against [ 
situations that subject these alloys to high cathodic currents for long periods of      * 
time. 

The original purpose for the addition of TÜB2 to the TiAl base composition 
was to improve creep and "ductilize" the material. As the data show no significant • 
benefits in ductility or fracture properties were obtained. The fracture mode 
remains transgranular cleavage for both the 5 and 10 Vol%TiB2 material. Thus the I 
addition of TLB2 does not appear to preclude the occurrence of transgranular 
cleavage. The room temperature deformation behavior of the gamma titanium 
aluminides has been studied at this laboratory and others (25,35,36). These studies 
show that no well defined dislocation substructure is found in these materials, 
therefore, no persistent or recurrent slip band formation is expected. Thus, the 
classical model of crack initiation at recurrent/persistent slip bands and subsequent 
Stage I and Stage II crack growth does not hold true in these mat* ials. It seems 
reasonable that microplastic deformation at stress levels close to the fracture stress 
and tl._ absence of extensive activity of [011] and [101] easy-glide dislocations 
could easily lead to local stress concentrations. Such local stress concentrations 
could then initiate transgranular crack nucleation and propagation giving rise to the 
transgranular cleavage fracture seen in these materials. Additionally, in the case of 
the 10 Vol%TiB2 material prolonged exposure to cathodic potentials could lead to 
the formation of hydrides which would further degrade material performance. 

CONCLUSIONS 

1.        Increasing the Vol% of T1B2 from 5 to 10 % does not preclude the low 
temperature cleavage-like failure experienced by titanium aluminide alloy 
Ti-48%A1 in air and aqueous salt solution. 
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3. 

4. 

Cathodic polarization in 0.6N NaCl solutions produces detectable amounts 
of titanium hydrides in alloy Ti-48%A1+10 Vol%TiB2 after 720 hrs. 

No hydrides are detected in the alloy containing 5 Vol% TiB2- 

Permeation data indicate low level hydrogen trapping in titanium aluminide 
alloy Ti-48%A1+10 Vol%TiB2 after 720 hrs. 
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TABLE 1. , 

Element (wt. %) 

Alloy Ti Al TiB2 (Vol%) 

#82 
#83 

66 
66 

34 
34 

5 
10 

TABLE 2. 

Man Envir. U.T Strength %E1 Ecorr Diffu^ivity H-Pem Fracture 

(MPa) (mV) (cm^/sec) (nA/cm2) (Mode) 
#82 
#82 
#82 

Air 
-1400mV 
0.6N NaCl 

544.3 
457.2 

,•14 
.06 

+355 
8.1x10-12 39 

civ 
civ 
civ 

#83 
#83 
#83 

Air 
-1400mV 
0.6N NaCl 

554.5, 
443.6 

.12 

.06 
-330 

8.0x10-12 35 
civ 
civ 
civ 

where: 
#82 - Ti-48%Al+5 Vol% TiB2 
#83 - Ti-48%A1+10 Vol% TiB2 

w 
'WS': 

°fSi! 
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Fig. 1.    Experimental set-up for the permeation test. 
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Rg. 2.    The microstructura of as-cast Ti-48%AI+5vol%TIB2. 
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'■mi 

Rg. 3.   The  micro-structure of as-cast Ti-48%AI+10vol%TiB2. 
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A Fracture Mechanics Based Approach for 
Quantifying Corrosion Damage 

Mr. Mark T. Doerfler and Dr. Alten F. Grandt, Jr.* 
School of Aeronautics and Astronautics 

Purdue University, West Lafayette, IN 47907-1282 
and 

Dr. Robert J. Bucci and Mr. Michael Kulak 
Aluminum Company of America 

100 Technical Drive 
Alcoa Center, PA 15069-0001 

A fracture mechanics based approach to quantify the in- 
fluence of initial corrosion damage on structural integrity is 
described. This approach assumes that corrosion can be 
approximated by a geometric structural change consisting of 
a general thickness reduction combined with a localized 
stress concentration. These two parameters enable quanti- 
fication of the damage and the application of fracture me- 
chanics principles to corrosion. Several numerical examples 
of this concept are discussed and a test program, combined 
with inspection capabilities, is introduced. 

Introduction 

The ever increasing age of the nation's transport fleet has caused 
escalated maintenance concerns due to the damage caused by fatigue 
and corrosion. Material degradation resulting from environmental attack 
poses a serious threat to the airworthiness of older aircraft, and as a 
larger number of aircraft operate beyond their original design lives, corro- 
sion becomes more of an issue. Historically, corrosion damage assess- 
ment has been almost exclusively qualitative [1,2]. If the safety of so 
called "aging aircraft" is to be ensured, however, quantitative definitions of 
corrosion are required. One possible solution to this problem is to apply 
the principles of fracture mechanics to evaluate the effects of corrosion on 
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subsequent life. By modeling environmental degradation much like dam- 
age caused by fatigue cracking, a protocol for quantitative structural 
evaluation can be applied to corrosion in aging aircraft. 

Model of Corrosion Damage 

In order to apply fracture mechanics to evaluate corrosion, an initial 
damage assumption is required. As a first approximation, corrosion dam- 
age can be modeled as a combination of the following two geometric 
changes [3]. 

1. Uniform damage: a general thickness reduction that in- 
creases the stress experienced by the remaining structure. 

2. Local damage: a stress concentration that can be consid- 
ered to be an equivalent crack. 

These two corrosion damage assumptions are presented schematically in 
Fig. 1. Corrosion in a s' ucture can be modeled either by one of the pa- 
rameters (exfoliation as a thickness reduction and pitting as local damage 
for example) or by a combination of the two. 

Once the corrosion parameters are obtained (by non-destructive 
measurement, for example), fracture mechanics can be applied by using 
the thickness loss and equivalent flaw size to compute the potential loss in 
residual strength due to subsequent loading (Fig. 2). More importantly 
these geometric pa- 
rameters can be used 
to quantify the existing 
corrosion state with 
respect to various re- 
maining life criteria. 
This h^er point could 
enable results to be 
placed in handbook- 
type form and there- 
fore used as a struc- 
tural evaluation tool. 
Parametric variations 
on damage, geome- 
try, and loading could 
be incorporated into 
such a handbook for 
use by those respon- 
sible for airframe air- 

(a) 

t0 = original thickness 
t = current (corroded) thickness 

(b) 

T« 
c, = depth of penetration 

Figure 1. Geometric model of corrosion damage 
(a) thickness loss (b) local stress concentration 
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Residual 
strength 

mild 
corrosion 

experimental 

predicted 

Number of fatigue cycles 

Figure 2. Effect of corrosion on residual strength after fatigue [3] 

worthiness. One possible format for this evaluation tool could be a 
"constant-life diagram," where combinations of thickness reduction and 
effective flaw penetration are plotted for specific values of life-to-failure 
under given loading conditions. Several numerical examples are dis- 
cussed to demonstrate this constant-life concept. 

Examples of Corrosion Evaluation Protocol 

Example 1. Simple plate specimen 
For an initial example of the application of fracture mechanics to 

quantify corrosion damage, consider the small Al 2024-T3 plate in Fig. 3. 
Environmental attack on the plate would likely result in a thinning of the 
original 0.1 inch thickness, and this would correspond to an increase in 
the stress experienced by the remaining uncorroded thickness (assuming 
a constant applied cyclic load range). In addition, stress concentrations 
might result from pitting or some other local damage mechanism. The 
deepest one of these flaws (weakest link concept) is modeled as an 
"equivalent" initial crack. Cyclic loading upon this plate (after the envi- 
ronmental attack) would cause fatigue crack growth, and the initial flaw 
would propagate to failure. For this example, an iterative crack growth 
algorithm was employed to calculate combinations of thickness reduction 
and initial flaw depth that correspond to various life-to-failure values for 
the specimen loaded under a constant applied cyclic load.   The results, 
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Aluminum 2024-T3 piate 
height = 6.0 in 
width = 2.0 in 
original thickness (t0) = 0.1 in 
maximum load (P)= 4,000 lbs 
stress ratio (R) = 0.1 
initial semi-circular crack 
Forman law [3]: 

da _     Cf(AK)m 

dN~ (l-R)Kf-AK 

C, = 3.295*10'7 

m = 2.70 
K, = 64.886 

-±r 
( 

% 
AK: ksiyfin, :  

dN  cycle 

Figure 3. Surface-cracked plate geometry for the 
first constant-life example 

plotted in Fig. 4 as a 
constant-life  diagram 
reveal the relationship 
of   the   damage   pa. 
rameters to one an- 
other as well as to the 
expected   life   of the 
specimen.   The y-axis 
of  the   graph   corre- 
sponds to the  initial 
depth of an assumed 
semi-circular       initial 
flaw.   The knee in the 
plot of 20,000 cycles- 
to-failure results from 
the ability of the plate 
to       withstand      a 
through-the-thickness 
crack with a thickness 
loss of 15% or less. 

0.10 

S3S& 

0.9 0.8 0.7 

Thickness reduction (t/to) 

Figure 4. Constant-life diagram for the surface-cracked plate example 
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Results like those presented in Fig. 4 could be used as a structural 
evaluation tool by conducting parametric variations in loading conditions 
and component dimensions so as to include all combinations of interest. 
The results could be placed in handbook form and looked up according to 
the dimensions and loading experienced by a particular in-service struc- 
ture. The corrosion damage to the structure would be measured as a 
combination of thickness loss and flaw penetration, allowing the corrosion 
to be quantified by the numerically generated constant-life plot. That is, 
one could predict the remaining life that a plate would be expected to 
survive under the specific loading conditions. The parametric variations 
would similarly allow assessment of damage under other loading condi- 
tions as well. 

Example 2. Simple hole specimen 
Analysis similar to example 1 can be conducted for other geometries 

as well, and this second example considers a single hole in a plate with 
symmetric through-cracks. Application of a crack growth algorithm to the 
Al 2024-T3 specimen presented in Fig. 5 allows one to generate constant- 
life diagrams similar to those for the simple plate geometry discussed 
above.   Note that for this example, the equivalent flaw is defined by the 

surface length rather 
than the depth of 
penetration as it was 
in the initial example. 
The results of the 
analysis (Fig. 6) could 
similarly be used as a 
structural evaluation 
tool that would be 
able to quantify cor- 
rosion damage in 
other like specimens. 
Parametric variations 
on the loading and 
specimen dimensions 
would additionally al- 
low application of the 
corrosion definitions 
to any similar hole 
specimen with differ- 
ent loading. 

app 

Aluminum 2024-T3 plate 
height = 6.0 in 
width = 2.0 in 
original thickness (t0) = 0.1 in 
hole radius = 0.075 in 
maximum load (P) = 2,000 lbs 
stress ratio (R) = 0.1 
through-the-thickness c^ck 
Form an law [3]: 

da _     Cf(AK)m 

dN " (1 - R)Kf - AK 

C, = 3.295*10"7 

m = 2.70 
K, = 64.886 

AK: ksi4in, 
da in 

dN cycle, 
Figure 5. Through-cracked hole in plate sped- 
men for the second constant-life example 
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Figure 6. Constant-life diagram for thru-cracked hole-in-plate example 

Example 3. Multiple site damage specimen 
A more complex geometry is provided as a third example of the cor- 

rosion assessment technique. The multiple site damage (MSD) panel 
presented in Fig. 7 is a simple model of a row of fastener holes in an air- 
craft structure. A computer algorithm developed to accurately predict the 
growth of multiple cracks emanating from a row of holes [4] was modified 
here to compute a constant-life plot for an Al 2024-T3 MSD panel with 8 
holes. The panel dimensions and loading conditions are presented in Fig 
7. For this simple example, it was assumed that each hole would have 
symmetric through-the-thickness cracks and that all cracks were of equal 
length. The results, presented in Fig. 8, provide insight to the relationship 
between the corrosion parameters of uniform thickness loss and local 
damage at all fastener holes. Once again, such plots could be used to 
evaluate damage in other similar MSD panels. This example shows that 
the corrosion evaluation protocol is not only applicable to simple geome- 
tries, but can be applied to complex geometries as well. 
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a 

30.0 in 

A = 0.075 in 

-o-   -o-   ^> 

Al 2024-T3 
t0 = 0.063 in 
max load (P): 

8,310 lbs 
10.0 m   stress ratio (R): 

0.1 
(Forman law [3]) 

r*—i 1.0 in 

-O-    -O- -O- 

1.5 in 

Figure 7. MSP specimen for the third constant-life example 

0.20 

1.00       0.95       0.90       0.85       0.80       0.75       0.70       0.65       0.60 

Thickness reduction (t/to) 

Figure 8. Constant-life diagram for the MSD example 

Example 4. Variation of applied loading for surface-cracked geometry 
As discussed during the surface-cracked plate example, the corro- 

sion evaluation protocol can be used as a structural evaluation tool by 
conducting analysis of similar geometries under various loading condi- 
tions. It is important to consider the effects of differing applied load be- 
cause fracture mechanics concepts should be able to account for varying 
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stress levels in the assessment of corrosion damage. Here, in order to 
demonstrate the effect of load on the relationship between general thick- 
ness reduction and local initial flaw size, the surface-cracked plate ge. 
ometry (Fig. 3) has been analyzed for three values of maximum applied 
cyclic load (3,000 lbs, 4,000 lbs, and 5,000 lbs). The results, presented in 
Fig. 9, compare the same geometry with a required life-to-failure of 
40,000 cycles. As expected, the specimen is able to tolerate the smallest 
amount of damage at the largest applied load if it is to survive the desired 
number of cycles. The least severe load permits more environmental 
damage, and even allows for a through-the-thickness initial flaw with a 
thickness reduction of up to 23%. 

U. IU 

^---»»^Pmax = 3,000 lbs 
i 

™   0.08 - 

§" 0.06 - ^^v.      Pmax = 4,000 lbs v                    | 
■o >v                              | 

5 
co 
=   0.04 
CD 
.> 
'+* o 

"^ 

g   0.02 - 
LU 

Pmax = 5,000 lbs             ■—.^__^ 
^""^■«-^^^             i 

0.00 -  1 j r  —! i- 1 j j ! j j i f- —i j i 1 ; 1  

1.0 0.9 0.8 07 

Thickness reduction (t/to) 

0.6 

Figure 9. Results of varying the applied load on corrosion assessment of 
the surface-cracked plate with an assumed initial semi-circular local flaw 

Example 5. Comparison of geometries 
Not only can fracture mechanics primiDles be applied to the as- 

sessment of damage for the case of varying loading conditions on a single 
geometry, but to the case of different geometries under similar loading 
conditions. For this analysis, the effect of corrosion damage on three 
similar through-cracked geometries was considered.   Figure 10 presents 
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a combined constant-life diagram for a center-cracked panel, a panel with 
symmetric cracks emanating from a single hole, and a multiple site dam- 
age panel with symmetric cracks at every hole. The overall dimensions of 
each Al 2024-T3 panel were equivalent (30.0 in x 10.0 in x 0.063 in, hole 
radii: 0.075 in), and the applied loading was such that the net-section 
stress for each undamaged panel (i.e. no thickness reduction or initial 
equivalent crack) was equal tc 15.0 ksi. The applied stress ratio was the 
same as in previous examples (R=0.1), as was the crack growth rate 
curve [3]. The life-to-failure for each geometry was 20,000 cycles. 

The results, as expected, reveal that the center-cracked panel can 
tolerate much larger initial equivalent cracks for a given value of thickness 
reduction, and that the presence of MSD significantly reduces the damage 
toleranc« capabilities of the panel. It should be noted that the crack 
lengths plotted in Fig. 10 are the lengths that would need to be resolved in 
an inspection (by nondestructive testing, for example), and are not the tip- 
to-tip values for all crack types. The lengths presented for the MSD and 
single-hole geometries are those on one side of the hole, from the edge of 
the hole to the tip of the crack ("a" in Figures 5 and 7). The values given 

1.4 

center crack 

1.00      0.95      0.90      0.85      0.80      0.75      0.70 

Thickness reduction (t/to) 

0.65      0.60 

Figure 10. Comparison of constant-life curves for three similar geome- 
tries under equivalent loading conditions  
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for the center-cracked panel are the tip-to-tip values ("2a" in Fig. 3). The 
important result of this demonstration is that the application of fracture 
mechanics principles to corrosion assessment enables the comparison of 
the effect of environmental damage on different geometries. 

Test Program 

An experimental program is being developed to verify the concepts 
of the proposed corrosion quantification method. Simple specimens 
manufactured from an aircraft alloy will be artificially corroded [5-7], with 
the duration of exposure being varied in order to produce different de- 
grees of corrosion damage. After the environmental attack, the speci- 
mens will be mechanically tested by two separate methods. One group of 
specimens will first be fatigue tested to a predetermined number of cycles 
Following this, each specimen will undergo a residual strength test [8] 
The second group will be fatigue tested to failure under constant amDl- 
tude loading. H 

The residual strength tests will be conducted in order to determine if 
fracture mechanics concepts can be used to predict the results of damage 
due to corrosion. Post-test measurements of specimen thickness and 
deepest flaw depth will provide a quantitative assessment of the degree of 
corrosion damage for one specimen geometry and duration of environ- 
mental exposure. These parameters will be used to predict the residual 
strengths of the original specimens as well as the residual strengths of the 
other specimen geometries (with equivalent durations of environmental 
exposure). This point is of great importance because in order to verify the 
validity of the concept, it must be proven that fracture mechanics can 
predict results for one geometry by using data obtained from ; different 
geometry. Results woUd be in a form like that of Fig. 2. At least five 
specimens vvill be tested at each desired life interval in order to provide an 
estimate of the statistical nature of the results. It is planned to test several 
degrees of corrosion damage (i.e. exposure duration) and at least 5 inter- 
vals of applied fatigue cycles. 

The group of specimens to undergo constant amplitude fatigue tests 
will have the damage characterized in a number of ways. One method 
will be to measure the final flaw size and specimen thickness after failure 
of the specimen. An equivalent initial flaw size will be calculated fror 
these values using fracture mechanics concepts, and the results (to be 
compared with the residual strength results) will define the corrosion 
damage for the degree of exposure. This corrosion assessment will then 
be applied to the other specimen geometry.  A second method will be to 
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predict the life-to-failure for the constant amplitude specimens using the 
corrosion assessment determined from the residual strength tests. And 
third, nondestructive inspection (NDI) methods will be applied as an at- 
tempt to measure the values of thickness loss and flaw size. These 
measured values will be used to predict the life-to-failure of each speci- 
men. This latter method is understood to be of importance because in or- 
der for the concept of corrosion damage quantification to be of practical 
use, one must be able to assess environmental damage in an aircraft 
structure during a routine maintenance inspection. Although studies of 
present NDI techniques reveal that accurate and reliable measurement is 
often difficult [9,10], the knowledge of what specific parameters inspectors 
must measure could help to improve current NDI technologies. 

Summary 

A fracture mechanics based approach to the quantification of corro- 
sion damage has been introduced and several examples of how this pro- 
tocol might be applied were discussed. The concept relies on a geometric 
model of corrosion that assumes damage can be treated as a combina- 
tion of a general thickness reduction and a local stress concentration. A 
test program that will make use of artificiaUy corroded specimens and 
fracture mechanics principles has been suggested as a way to verify the 
concept of corrosion assessment for simple geometries. Once the appli- 
cability of the technique had been determined, corrosion in more complex 
geometries can be quantitatively defined, and constant-life diagrams can 
be used as structural evaluation tools for in-service use. 
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Shipboard Exposure Testing of Aircraft Materials 

Edwin S. Tankins*, J. Kozol & E. Lee 

Abstract 

aluminut^ ™ l^f C°mpaiing ^ COrrosion resist^e of various 

^inh^^ di°Xide Sa" f°g (AS™ G 85 A4"85) te!*> «ere conducted   The 
shipboard exposures were performed aboard aircraft carriers deployed ,othe 

^I^xhS GfWd lnd'm 0Cea" "^ <* »onso^selr^e AI Li alloys exhibited pitting corrosion similar to 7075 T7351. 
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Introduction 

Considerable progress has been made recently in the development of new 
aluminum alloys and coatings for aerospace applications. The production of 
various aluminum-lithium alloys has made possible a density reduction and an 
increase in elastic modulus and strength. Over the last 20 years this Center has 
been testing many aerospace materials in marine environments as well as 
accelerated laboratory corrosion tests to compare the behavior of various alloys 
and coatings. The work presented here examines the corrosion behavior of a 
variety of aluminum alloys exposed to aircraft carrier environments. One of the 
in-house accelerated tests is also discussed for comparison to the carrier exposure. 
The high strength aluminum alloys are susceptible to various forms of corrosive 
attacks such as pitting, intergranular corrosion, stress corrosion, and exfoliation. 
Exfoliation is the most severe form of attack since it can destroy a structure. The 
objective of the entire program was to evaluate the behavior of various alloys on 
the decks of aircraft carriers as well as the effect of various locations in 
comparison to in-house accelerated tests. Although many different materials have 
been evaluated, the work presented concerns primarily aluminum alloys and 
various protective coatings. 

Test Materials 
A variety of materials has been evaluated including first and current 

generation Al-Li alloys. These include 2020 alloys from the 1950s used in the 
naval aircraft RA-5C, as well as present generation Al-Li alloys such as 2090 & 
8090, and 1420 & 1421 produced in former Russia. The 2090 alloy vis obtained 
through a Navy cooperative program and reported in Reference 1. 

Commercially available 7075-T651 aluminum 1-in (2.54 cm) plate was 
used for comparison with the Al-Li alloys. After machining into step specimens, 
half of the specimens were overaged to the T7351 temper by heating for 24 hours 
at 120°C (350°F). There were a variety of the 7000 series aluminum alloys tested. 
The T6 and T7 conditions were similar to those shown in Table 1. 
In the 7000 series, the high conductivity is characteristic of the T-7 condition. 

Step specimens of al alloys were utilized to determine exfoliation 
corrosion behavior. The specimen dimensions were approximately 3 x 6 in (75 x 
150 mm). The plate materials were machined to expose the surface at one-tenth 
(T/10) and one-half (T/2) of the plate thickness. The bare aluminum alloys were 
chemically etched to present uniform, consistent clean surfaces. The specimens 
were degreased with solvent, etched in 5% sodium hydroxide at 80°C (176°F) for 
1 to 3 minutes, rinsed in water, 
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Table I - Plate Test Characteristic 

Material Plane Thickness Hardness Conductivity 
in mm Rb %Iacsa 

7075-T651 T/0 1.0 25.4 
T/10 0.90 22.9 91 32 
T/2 0.50 12.6 90 33.8 

7075-T7351 T/0 1.0 25.4 
T/10 0.90 22.9 81 39.9 
T/2 0.50 12.6 80 39.2 

2020-T651 T/0 0.50 13.0 
T/10 0.45 11.4 87 17.2 
T/2 0.15 6.5 89 17.2 

8090-T851 T/0 1.80 45.7 
T/10 1.64 41.6 77 19.8 
T/2 0.90 22.8 78 20.0 

a Electrical Conductivity was measured in Percentage of 
International Anneal Copper Standard %(Iacs) unit 

desmutted in concentrated nitric acid for 30 seconds, rinsed in deionized water 
and dried with oil free compressed air. 

SO2 S?u Fog -- The sulfur dioxide salt fog tests attempt to closely mirr^ 
the service environments. The model used in developing the tests was a high 
humidity, salt-containing environment. However, the acidifying species used are 
those found in service from jet-engine exhausts, i.e., sulfurous acid. The addition 
of a dry air purge accelerated, but did not change the corrosion behavior. Sulfur 
dioxide salt fog testing has been successfully applied to structural materials, 
organic coatings, and avionics (2). 

Sulfur dioxide fog testing was performed in accordance with ASTM 
practice for salt/S02 spray (fog) testing ASTMG85A.4. (2) Testing was 
performed with 5% sodium chloride salt constant fog, with sulfur dioxide 
injection into the dispersion tower for one hour at six hour intervals. The nominal 
chamber temperature was 35°C   (95°F): the step specimens were bottom 
supported at a 45° angle by acrylic racks. The testing campaign was performed 
for four weeks and for much lesser periods if the corrosion was severe. The Cd 
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plated 4130 steel was examined daily. The visual observations were recorded. 
The Al step specimens were examined every other day except for holidays and 
weekends. 

Table 2 shows a comparison of laboratory and carrier environments. 
These results are averages over long time spans (1-5). 
Table 2 - Characteristics of Laboratory and Carrier Environments 

ASTM Conditions Acidifying 
Agent 

pH Temp,°C Relative 
Humidity,% 

G85.A4 Continuous 
salt spray 

so2 2.5- 
3.2 

35 95 

Shipboard Cyclic 
salt spray 

SOx,NOx, 
jet exhaust 
stack gases 

2.4- 
4.0 

23-29 71-87 

Weather Reports 
Weather reports were collected from hourly observations made by ship 

personnel (3). From these reports, data on temperature and relative humidity were 
taken four times daily at six hour intervals and analyzed. Conditions at the rack 
location mc.y have differed from the meteorological data because of microclimate 
effects. For example, it is anecdotally reported that temperatures immediately 
above the black carrier deck can reach 140°F (60°C) during bright sunlight. 
Relative humidity was obtained by a procedure discussed elsewhere (4). 

Aircraft Carrier Exposures 
The study of various alloys included exposure aboard aircraft carriers as 

part of a series of exposures for the last ten years. Figure 1 summarizes the results 
of previous testing and shows that the carrier environment is more severe than 
seacoast or industrial environments (2). However, large differences exist between 
theaters of operations. Environmentally, the Indian Ocean deployment during the 
monsoon season is far more severe than the Atlantic or Mediterranean Sea 
deployment from which previous comparisons were made. Susceptible aluminum 
exposed aboard nuclear powered carriers (no stack gases)exhibited behavior 
similar to that aboard conventionally powered carriers (stack gases with jet engine 
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exhaust). It appears that the acidity of moist films measured on carriers is due 
primarily to exhausts from aircraft jet engines . 

The exposure racks on which the specimens were mounted were on the 
flight decks. The racks were made of steel that had been cadmium plated, 
chromated, and painted. The specimens were insulated from the rack face by 
nylon washers and were fastened to the rack face with nylon bolts and nuts. 
Silicone sealant was applied in the bolt holes of the specimens and under the bolt 
heads to prevent crevice corrosion. The rack exposed the specimens at 45° to the 
horizontal. The steps of the specimens faced skyward. Single specimens of each 
material were exposed. 

The racks were attached to .udar towers from 1.8 to :..' m (6 to 12 ft) 
above the flight deck aft of the carrier island. Specimens in this study were 
exposed aboard two conventionally powered aircraft carriers. The USS 
Constellation was deployed to the Western Pacific and Indian Oceans for seven 
months (February through September), which included exposure during the 
monsoon season. The USS John F. Kennedy was deployed to the Mediterranean 
Sea for eight months. The USS Nimitz was deployed to the Western Pacific and 
Indian Ocean over a five year period. The USS Ranger was deployed to the 
Western Pacific and the Persian Gulf for 4 months. The various results have been 
published elsewhere (5-10). 

Results and Discussions 
There has been considerable testing performed in various locations. There 

are pronounced differences in locations and environments. For instance, the 
Indian Ocean during the monsoon appears to be more severe than the Atlantic or 
Pacific. The work of Ketchrm, et al (2) showed a comparison of the various 
environment-   Figure 1 was first shown in their work (2) and is an excellent 
comparison. 

The macroscopic performance of the specimens after carrier exposure and 
laboratory testing was evaluated with the rating system of ASTMG34-87 (7). 
Thompson (7) discussed the procedure in detail. There are 8 by 10 in photographs 
that show the various rating systems. There are situations in which the corrosion 
cannot be compared to the ASTM standards. The results of recent tests are shown 
in Tables III and IV (8-10). 

Aircraft Carrier Exposures 
All shipboard exposed specimens were covered with a thin gray film. The 

analysis of similar films from previous exposures, indicated the film consisted 
largely of MIL-L-23699 engine oil deposits with some sulfur (2,5,7). The large 
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differences between similar specimens exposed aboard USS Constellation and 
USS Kennedy show a significant variation in corrosivity with deployment area (7). 

The behavior of 2090-T8E41 and other Al-Li alloys exhibited pitting or 
very slight exfoliation. (7) 

The shipboard exposures are from the USS Nimitz which was multiple 
deployment, the USS Ranger, which was a 4 month deployment, and a two year 
exposure in the Key West, Florida area (8-10). 

Figure 2 shows a typical rack prior to deployment. The preparation of the 
rack as discussed elsewhere (8-10). Figure 3 compares a 7075-T6 step specimen 
with a T7 temper. This was a multiple deployment over a 5 year time period. The 
severe corrosion (ED) of the 7075 T6 can be seen. The T7 temper exhibits only 
general corrosion. The side view of the 7075 T6 k shown in Fig re 4. The 
extensive exfoliation is readily available. Figure 5 compares a 7150-T651 alloy 
with a 2090 T8E41 alloy. The (E0) condition is readily apparent. The 2090 
shows only general corrosion. 

The results of the short time deployment of the USS Ranger is reported in 
table III. The results of the USS Nimitz multiple deployment is reported in table 
IV. 

The results of the real time testing shows the T6 plate exhibits exfoliation 
on the T/2 plane. The T-76 temper demonstrated the improved exfoliation 
resistance of the overaged T76 condition. The remaining aluminum alloy control 
specimens in flat sheet configuration showed only some pitting and general 
corrosion. The Al-Li alloy step specimens showed only general corrosion and 
some pitting as reported in table IV. 

After 2 years at Key West, Florida, a small amount of incipient exfoliation 
appeared on the T/2 plane of the 7075-T6. Figure 6a compares access panels of 
7075T6 and 209078 Al-Li alloy for the F/A-18. Figure 6b shows what looks like 
a slight blistering at the scribe mark. By comparison Fig 6b looks clean at the 
scribe marks. The behavior is basically comparable. 

The laboratory tests indicate at 96 hours the 0.3 mil and 0.5 mil Cd plated 
plate shows corrosion, and the 1 mil shows discoloration. These results are shown 
in Figure 7. This is similar to what is often seen on carrier exposure. 

Laboratory tests of 7075 T7 sheet shows general corrosion or pitting 
within 1-2 days. The 7075 T6 sheet shows delineation of the grain boundaries but 
no exfoliation. 7075 T6 step specimens in previous tests showed exfoliation on 
the T/2 plane (7) after 700 hours of exposure. It appears that S02-salt fug testing 
is a relatively good simulation for the type of behavior of the aircraft material 
except the time involved is much shorter and the acceleration time varies with the 
material. 
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Conclusion 
1. Shipboard exposure corrosion testing provides a real time test method for 
evaluating and ranking Naval aircraft materials and coatings. 
2. The improved exfoliation resistance of 7075 T7 (overaged) aluminum 
alloy over fully aged 7075 T6 was demonstrated, even after a relatively mild 
exposure. 

3. The general and pitting corrosion behavior of the aluminum lithium alloys 
(2090, 8090, and 1420, etc.), was comparable to that of the 7075-T7. 
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Table IV Exfoliation Rating of Aluminum Alloys 
Exposed on the USS Nimitz 5 Year Span 

Material Thickness Plane Rating 

7075-T651 Plate 1 in (2.5 cm) T/10 
T/2 

7075-T43 Plate it T/10 
T/2 

7075 RRA Plate n T/10 
T/2 

7150-T651 Plate 0.5 in (0.6 cm) T/2 

7150T7E95 II T/2 

7150T7651 it T/2 

2020 T651 1 in (2.5 cm) T/10 
T/2 

2090 T8E41 Plate 0.5 in (1.2 cm) T/10 
T/2 

8090 T8 Plate 2 in i (5.08cm) T/10 
T/2 

CW67 Plate 0.25 in (0.6 cm) T/10 

CW67 Plate 1 in (2.54 cm) T/2 

CW78 Plate 0.5 in (1.2 cm) T/2 

7064 Bl Plate 0.5 in (1.2 cm) T/10 
T/2 

2519 (Plate) 0.5 in (1.2 cm) T/2 

2519 (Plate) ii II T/10 

EA 
ED 

EA 
EA 

EA 
EA 

ED 

Pitting(<EA) 

Pitting(<EA 

Pirting(<EA 
Pitting(<EA 
Pitting(<EA 

ti II 

Pitting(<EA 
II M 

Pirting(<E^ 

Pitting(<E^ 

Pitting(<E^ 
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7075-T651 

(a)   Exfoliation on T/2 Plane 

7075-T7651 

Fig. 3 - Photograph of a step specimen consisting of 7075 - T6 
and T 7 after multiple deployments. 
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7150-T651 

(a)   Exfoliation 

2090-T8E41 
0.5 IN 

Fig. 4 - Photograph of step specimens 7150 - T6 and 2090 - T8 
Lfter multiple deployments. 
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Fig. 5 - Side view of 7075 - 76 alloy showing extensive Exf liation. 
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7075 T6 

2090 T8 
(b) 

Fig. 6 - Access Panel from F/A -18 with Scribe Marks. 
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Fig. 7- Cadmium Plated Steel Panels after 120 hrs 
of laboratory S02 Salt Spray. 
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Evaluation of the Stress Corrosion Cracking Susceptibility of Fire 
Suppressant Storage Container Alloys in Replacement 

Candidates for Halon 1301. 

M. R. Stoudt, J. L Fink, and R. E. Ricker 
Material Science and Engineering Laboratory 
National Institute of Standards and Technology 

Gaitharsburg, MD 20899 
(301) 975-6020 

Halons 1301 and 1211 have been identified as chemicals with 
sufficient ozone depletion potential to warrant limitations on their 
production and use. Several candidates have been selected as 
replacements for Halon 1301 and because their behavior is not weH 
understood, their compatibility with the alloys used in the storage and 
distribution systems is of great concern. The service conditions require 
long term exposure of these alloys to the replacement agent under high 
pressures an< as a result, these alloys may be susceptible to 
environmentally assisted failures. Therefore, an evaluation was 
undertaken to determine the propensity for failure of any of the alloys 
selected for use as containment vessels by an environmentally assisted 
fracture mechanism  as a  result of exposure to the  replacement 
candidates. 

Data from in-situ slow strain rate tensile tests in the pure agent 
were used to formulate a ranking of each agent/alloy combination. The 
results of this ranking indicated that some alloy/agent combinations were 
less desirable than others, but overall, the potential for failure of the 
selected alloys by stress corrosion cracking (SCC) is relatively minor 
under the evaluated conditions. From this it was concluded that a 
suitable alloy can be selected for any of the replacement agents and that 
no agent should be eliminated from further evaluation because it 
promotes SCC in the containment vessel alloys. However, 
additional testing is required at lower temperatures, with and without the 
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presence of contaminates, before a final conclusion Mn hQ 
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specific material/environment combinations and while its effects may not 
be readily apparent, failures from environmentally induced cracking can 
be sudden and dramatic. Therefore, a series of experiments was 
conducted to determine whether a replacement candidate should be 
eliminated from further consideration because it promotes 
environmentally induced fracture of the alloys, either presently in service 
or under consideration for future use. 

EXPERIMENTAL 
Experiments were designed to evaluate the propensity for a failure 

of one or more of the selected alloys by an environmentally assisted 
means in the replacement candidate agents during storage. The 
technique chosen for this analysis was the slow strain rate (SSR) tensile 
test because it generates intrinsic mechanical properties data for a given 
alloy and it also reveals any interactions that may have occurred 
between that alloy and the testing environment; all within a relatively 
short time frame.(4) In this technique, cylindrical specimens are loaded in 
tension by a slow increase in the strain until failure occurs by either 
normal mechanical or by an environmentally assisted means. The 
potential of each agent to promote environmentally induced failure is 
determined by comparing the load or strain necessary to cause failure in 
an inert environment to that required to cause failure in the agents at the 
same temperature.(3>4) 

The materials chosen for this study were representative of the 
range of metals presently in service or under consideration as either as 
storage bottles, distribution systems or as rupture disks. These alloys 
included: 304 austenitic stainless steel, PH13-8 Mo stainless steel, 
AM-355 stainless steel, stainless steel alloy 21-6-9 (Nitronic -.3), 4130 
alloy steel, Inconel alloy 625, copper/beryllium alloy CDA-172, and 
aluminum alloy 6061-T6. The compositions of these alloys and their 
nominal densities are given in Table 1. 

All of the samples used for this analysis were machined with the 
tensile axis parallel to the rolling direction of the plate stock (Figure 1) 
and tested in the "as received" condition.(6) The sample preparation for 
these experiments consisted of a measurement of the critical dimensions 
followed by a thorough degreasing— first in acetone and then in alcohol. 
The test vessels were commercially available autoclaves with a 250 ml 
total capacity. Modifications were made to the basic design so that a 
load could be applied directly to a tensile specimen in-situ under 
constantly maintained environmental conditions (5.86 ± 0.5 MPa at 150° 
± 1° C).   These conditions were selected because they represent the 
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upper extreme of the range of normal storage conditions.   A schematic 
riianram of the test vessel is shown in Figure 2. . 

9   The appropriate mass of each agent was determined by a 
computer program based on the available thermodynamic data and he 
S gas law   This approach was selected for two reasons: 1)   the 
numb! of motes of agent was held constant for each test, regardless of 
ZTaaent JsecI and 2) the actual final pressure was slightly lower than 
he Sed vaL which greatly reduced the possibility of damaging a 
vessel    The procedure used for charging the agent consisted of first 
evacuating the test vessels by attaching it to a mechanical vacuum pump 
for a minimum of thirty minutes.  Next, the test vessels were chilled in a 
f
b°a,h o eTheTice and" water, or dry ice and alcohol, depending on the 
temoerature retired to maintain the liquid phase of the agent.   After 
chXg   he vereis were placed on a high capacity balance to monrto 
me mass of the liquid agent during filling. The vessels were then slowly 
heated to 150 ±1 °C and held at that temperature for the duration of the 

teSt The mechanical tests were conducted with a computer controlled 
slow strain rate testing system which operated at a constant erowhead 
speed So.0254 um/sec The computer was configured to sample and 
record the applied load, the crosshead displacement, and the elapsed 
tTme at ninety second intervals«). After failure, the agent was released 
the vessels were allowed to cool to ambient temperature, and the 
samptes were Loved from the vessel and stored in a desiccator until 

analyZedReduction in area (RA) measurements were made on the fracture 
surfaces with an optical measuring microscope which had a resolutions 
+ 0 5x10-6 m The fracture surfaces were then cut from selected broken 
isR samples and prepared for analysis. Scanning electron microscopy 
was performed on samples to verify the mode of cracking Theresults o 
this analysis were then used to formulate a ranking of the potential for 
failure by stress corrosion cracking for each of the alloys in each 
replacement candidate. 

RESULTS AND DISCUSSION 
The susceptibility of a material to environmentally induced failure 

can be assessed by the three basic parameters generated by a slow 
strain rate tensile test. These are: the ultimas tensile s ^h (UTS) the 
strain to failure (STF) and the reduction in area (RA) The UTS is a 
measurement of the fracture strength of the alloy and it determined from 
the maximum load observed during the tensile test according to the 
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equation 1 

UTS=      max (1) 
A o 

where Pmax is the maximum load supported by the sample during the test 
and A0 is the initial cross-sectional area of the gauge section of the 
sample.*5) If cracking, or some other environmental interaction that 
lowers the strength, occurred, it will produce a noticeable change in this 
parameter. Environmental interactions can also occur with deformational 
processes on the surfaces and at tips of cracks formed within the 
sample.(3) These interactions will generally result in a reduction in the 
ductility. One of the two parameters used to measure the ductility is the 
engineering strain to failure (ef) which can be determined from equation 

^ i-i (2) 
f     l o 

where If is the total change in length of the sample during the experiment 
and l0 is the initial gauge length.(5) This strain value includes both the 
elastic and plastic components necessary to induce failure. The other 
parameter used to measure of the ductility is the percent reduction in 
area. This is determined by a physical measurement of the fracture 
surface at the completion of the tensile test and equation 3: 

100 (3) RA = 
A. 

0 

where A. is the cross sectional area of the fracture surface and A0 is the 
cross sectional area of the initial gauge section.(5) Unlike the 
engineering strain to failure, this quantity is based solely on the plastic 
deformation required for failure and, as a result, it is a better 
measurement of the environmental interactions for most engineering 
alloys. 

The results of the UTS, STF and RA analyses are shown in Tables 
2, 3 and 4 respectively. The values presented in these tables are the 
numerical average of three tests performed in both the replacement 
candidate agents and in argon at 150 °C. The values 'rom tests 
conducted in laboratory air at ambient temperature are also included in 
these tables for comparison. The results of these measurements were 
then quantified by forming a ratio between the values obtained from the 
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test environment and those obtained from argon, the inert reference 
environment. (3) Statistical analyses were also performed on these data 
sets to evaluate the significance of the observed variations. The results 
of the statistical analyses were combined with the ratio values and used 
to generate the final agent/alloy rankings presented in Table 5. 

A significant decrease in the average UTS (Table 2) may be an 
indication of cracking but it could also be the result of corrosion reactions 
which reduced the effective cross-section or the result of a flaw in the 
sample. In general, an increase in the average UTS data is unusual and 
may reflect a sample/environment interaction that inhibited deformation 
and/or fracture. The increases present in Table 2 could also be the result 
of an interference between corrosion products generated on the sample 
and the seal of the autoclave through which the sample must slide. The 
most important point reflected in the UTS data is that no agent induced 
significant changes in all alloys. This indicates that a suitable material 
can be selected for use as containment vessels and distribution systems 
for any of these agents. 

The majority of the environment/alloy combinations shown in the 
STF data (Table 3) exhibited increases in the measured strain to failure 
as compared to the argon values. This may be an indication that 
deformation was easier in those agents than in pure argon at that 
temperature. Since environmentally induced cracking usually results in 
a decrease in the measured strain to failure, the results of these 
measurements again indicate that a suitable material can be selected for 
use with these agents. It is important to note that these values were 
based on displacements of the load frame taken by a transducer outside 
of the autoclave during the experiment. Therefore, the reduction in area 
values which are calculated from physical measurements of the final 
fracture surfaces are a more reliable indication in the changes in ductility. 

In Table 4 it can be seen that the reduction in area is significantly 
reduced (greater than 10%) in four of the 96 possible alloy/agent 
combinations: AI-6061 in HCFC-124, AI-6061 in NaHC03, 304-SS in 
NaHC03, and AISI-4130 in NaHC03. Since three of these four were in 
the same agent, NaHCC>3, it can be concluded that alloys exposed to 
NaHCC>3 may have trouble with environmentally assisted fracture. 

Table 5 was constructed in order to summarize the results of the 
slow strain rate tensile tests. This was done by assigning L numerical 
value to the highest (worst) score received by each agent/alloy 
combination. The values used for this analysis were the absolute values 
of the differences between the mean for the alloy in the agent and Ar 
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Hivided by the standard deviation for the alloy and test parameter at 150 
oc «Therefore, the ratings presented in Table 5 are measures of he 

ii iränne of  any  postulated  environmental  influences  on  the 
SSna    fracture behaviors o, any alloy/agent combination.«, 
.hi maximum deviation was less than one standard deviation, that 
1 lovraenTcomblnatn was assigned a value of one, if it was greater 
fhan one standard deviation, but less than two, it was assigned a two, 
To (3° I"'his table, it oan be seen that sixty-five of the 96 agenMoy 
^mhinations received either a one or two rating.   Every agent had at 
S c^e atoy ^h a one rating and only two agents had one alloy with a 
one rating   No alloy received only one's and two's in all agents and no 
agent received only one's and two's for all alloys.   The 304 stainless 
sfeel samples demonstrated the best overall performance of he alloys by 
receiving a value of one in all but three of the 12 environments. HFC-236 

«^^ÄTÄ o, the agents tested in this 

fhat basis Clearly, some agents were more aggressive than others and 
some agent/alloy combinations oan be considered undesirable. 
However a suitable material can be selected to contain these agen s 
shouW one of them be selected to replace Halon 1301 It is important to 
note that this conclusion is valid only for the agent composition and 
"empera ure evaluated in this study and that the influence of 
contaminants (e.g., water) or residuals from synthesis should be 
evaluated befc e these materials are put into service. 

SUMMARY AND CONCLUSIONS 
The objectives of this analysis were: 1) to evaluate the propensity 

for failure of any of the alloys selected for use as containment vessels by 
an environmentally assisted fracture mechanism as a result of exposure 
to the candidate replacement agents and 2) to determine whether any o 
he   replacement  candidates   should   be   eliminated   from   further 
consideration because they promote SCC in *e conta.nment vesse 
alloys     Slow strain rate tensile tests were conducted m-situ under 
extreme storage conditions in the pure agent in order to determine the 
susceptibility to stress corrosion cracking. The three parameters used o 
determine the susceptibility to SCC in this investigation (i.e., the ultimate 
fens le strength, the engineering strain to failure, and the reduction in 
area   a« indicated that a suitable alloy could be identified for storage 
vessel and rupture disk applications for any of the twelve candidate 
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agents. 
A statistical analysis was performed on each of the data set to 

determine the relative magnitude and significance of the variations 
observed in the data. The results of that analysis were then combined 
with values obtained from ratios between the environmental test results 
and the results obtained from tests in argon to formulate a best to worst 
ranking of each alloy/agent combination. The results of this ranking 
indicate that some alloy/agent combinations were less desirable than 
others, but again, a suitable alloy can be selected for any of the 
replacement agents. 

The data used in this analysis were obtained from experiments 
conducted in the pure agent at relatively high temperatures. While the 
results of this analysis are encouraging, additional testing is required at 
lower temperatures with and without the presence of contaminates 
before a final conclusion regarding the susceptibility of these alloys to 
environmentally induced failure in the replacement candidates can be 
made. 
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Jable 1 
Composition of the alloys in weight percent. 

Element 
Ni 
Cr 
Mn 
Mg 
Si 
Mo 
Nb 
N 
C 
Be 
Co 
Zn 
Cu 
Fe 
Al 
g/cm*3* 

Nit 
40 
7.1 
19.75 
9.4 

0.5 

0.29 
0.02 

Al 
6061 

0.04 
0.15 
1 
0.4 

In 
625 
61.39 
21.71 
0.08 

0.09 
8.82 
3.41 

0.02 

bal 

7.83 

0.25 
0.15 
0.7 
bal 
2.70 

3.97 
0.23 
8.44 

304 
SS 
8.26 
18.11 
1.41 

0.49 
0.17 

0.03 
0.06 

0.11 

bal 

7.94 

CDA 
172 
0.06 
0.01 

0.08 

13-8 
Steel 
8.4 
12.65 
0.02 

0.04 
2.18 

0 
0.03 

AM 
355 
4.23 
15.28 
0.8 

0.16 
2.6 

0.12 
0.12 

AISI 
4130 
0.08 
0.98 
0.51 

0.23 
0.16 

0.32 

1.9 
0.2 

97.9 
0.06 
0.04 
8.23 

bal 
1.11 
7.76 

bal 

7.91 

bal 
0.04 
7.85 

* Nominal Density 

Table 2 
Average Ultimate Tensile Strength (MPa) in Each Agent at 150 °C as 
Compared to Ar at 150°C and Air at 25°C. 

Environ- Nit Al In 304 CDA 13-8 AM AISI 

ment 4£ 6061 £25 SS 122 $tee| 355 4130 

Lab Air 727 341 957 773 763 1117 1005 £ 3 

Hot Ar 610 240 927 667 874 1136 969 647 

HCFC-22 606 228 901 674 821 1161 932 612 

HCFC-124 624 235 937 648 860 1027 945 665 

FC-31-10 617 235 910 649 841 1176 935 673 

HFC-227 610 235 911 667 865 1156 928 650 

HFC-125 611 235 924 650 847 1154 917 669 

FC-116 601 230 939 695 817 1128 942 653 

HFC-134a 618 225 932 653 851 1144 929 688 

HFC-236 612 245 930 633 861 1168 935 648 

FC-C318 595 289 924 519 851 1182 950 445 

FC-218 624 235 944 681 842 1170 928 663 

HFC-32/.25 639 227 913 693 844 1138 916 641 

NaHC03 623 252 947 643 852 1217 953 674 

Alloy Avg. 615 239 926 650 846 1152 934 640 

Std. Dev. 16 16 22 37 22 44 15 350 
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Table 3 
Average Strain to Failure (%) in Each Agent at 150 
Compared to Ar at 150°C and Air at 25°C. 

3Cas 

Environ- Nit Al In 304 CDA 13-8 AM AISI 

ment 40 6061 625 SS 172 Steel 355 4130 

Lab Air 49.9 13.0 44.4 30.3 13.0 5.9 10.7 8.3 

Hot Ar 41.5 7.9 41.0 13.6 10.1 6.2 9.2 7.9 

HCFC-22 30.3 6.6 31.6 12.5 12.0 7.6 9.5 8.1 

HCFC-124 36.0 10.5 43.7 14.1 12.4 7.9 9.1 8.2 

FC-31-10 34.3 10.1 37.2 12.4 12.9 6.5 7.8 8.0 

HFC-227 37.8 10.7 42.6 13.6 11.7 6.9 9.6 7.7 

HFC-125 40.4 9.8 43.4 15.1 11.6 6.7 9.8 8.1 

FC-116 40.6 9.1 44.3 10.2 12.9 6.1 8.6 8.5 

HFC-134a 37.7 9.4 46.5 12.7 10.1 7.7 9.2 7.8 

HFC-236 36.3 9.7 41.5 16.9 9.7 7.G S 7 8.2 

FC-C318 42.2 8.5 43.1 9.5 12.8 8.1 9.1 9.6 

FC-218 41.0 9.1 45.0 15.0 11.7 6.6 9.0 9.5 

HFC-32/125 39.0 9.2 45.3 10.0 12.1 7.2 9.2 8.6 

NaHC03 42.5 7.5 46.0 17.4 11.5 10.5 9.5 7.5 

Alloy Avg. 38.6 9.1 42.8 13.9 11.6 7.3 9.1 8.2 

Std. Dev. 3.0 1.2 2.6 5.5 1.6 0.9 0.6 0.7 

Table 4 
Average Reduction in Area (%) in Each Agent at 150 °C as 
Compared to Ar at 150°C and Air at 25°C. 

Environ- Nit Al In 304 CDA 13-8 AM AISI 

ment 40 6061 625 SS 172 Steel 355 4130 

Lab Air 78.1 50.9 73.7 76.7 66.3 69.4 48.6 52.1 
Hot Ar 79.2 42.3 69.5 67.8 27.5 60.0 48.6 50.8 
HCFC-22 80.2 37.7 74.1 67.9 31.6 62.0 50.1 47.8 
HCFC-124 79.8 35.8 65.7 71.7 36.6 56.2 48.3 48.7 
FC-31-10 80.2 39.9 67.7 66.9 38.2 59.8 51.4 47.0 
HFC-227 79.5 39.1 68.9 69.8 43.3 61.1 48.7 48.2 
HFC-125 80.4 39.4 67.3 68.7 40.0 61.9 48.6 49.2 
FC-116 79.3 45.4 72.1 67.0 36.4 63.9 49.3 49.2 
HFC-134a 80.3 39.0 69.9 69.0 31.1 59.6 50.4 49.6 
HFC-236 78.4 41.0 68.9 66.8 33.7 60.2 45.7 47.6 
FC-C318 79.9 40.9 68.5 65.0 33.0 61.1 47.5 48.5 
FC-218 86.2 42.2 69.3 70.8 31.4 59.5 47.2 47.5 
HFC-32/125 82.2 41.9 70.9 65.9 42.1 62.6 46.2 47.1 
NaHC03 80.1 35.2 68.4 56.3 33.8 58.1 51.5 44.3 
Alloy Avg. 80.4 39.9 69.3 67.7 35.3 60.6 47.9 51.4 
Std. Dev. 2.3 2.3 3.2 5.3 3.2 6.4 2.2 5.10 
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Tab[e_5 
Slow Strain Rate Tensile Test Rankings for Each Alloy/Agent 
Combination at 150 °C 

Environ- 
ment 

HCFC-22 
HCFC-124 
FC-31-10 
HFC-227 
HFC-125 
FC-116 
HFC-134a 
HFC-236 
FC-C318 
FC-218 
HFC-32/125 
NaHC03 

Alloy Avg. 
Std. Dev. 

Nit   Al      In    304   CDA 
40. 6061 625   SS    172 

13-8    AM 
Steel 355 

AISI   Agent   Std. 
4130    Ava.    Dev. 

4 
2 
3 
2 
1 
1 
2 
2 
1 
3 
2 
1 

3 
3 
2 
3 
2 
2 
2 
2 
4 
1 
2 
4 

4 
2 
2 
1 
1 
2 
3 
1 
1 
2 
2 
2 

1 
1 
1 
1 
1 
1 
1 
1 
5 
1 
1 
3 

3 
3 
4 
5 
4 
3 
2 

2 
2 
5 
2 

2 
3 
1 
1 
1 
1 
2 
1 
3 
1 
2 
6 

2.00 2.50 1.92 1.50 3.08 2.00 
0.95 0.90 0.90 1.24 1.16  1.48 

3 
2 
3 
3 
4 
2 
3 
3 
2 
3 
4 
2 

2.83 
0.72 

2 
1 
1 
1 
1 
1 
2 
1 
6 
3 
1 
2 

1.83 
1.47 

2.75 
2.13 
2.13 
2.13 
1.88 
1.63 
2.13 
1.63 
3.00 
2.00 
2.38 
2.75 

1.04 
0.83 
1.13 
1.46 
1.36 
0.74 
0.64 
0.74 
1.85 
0.93 
1.41 
1.58 

Agent 
Rank 

10 
5 
5 
^ o 
3 
1 
5 
1 
12 
4 
9 
10 

Alloy Rank 4   6 1 8 

Rating 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Free 
32 
32 
19 
8 
3 
2 
0 
0 
0 
0 

Interpretation 
No evidence of environment influence. 
Slight indication of possible environmental influence. 
Some evidence. 
Strong evidence. 
Nature of interaction should be evaluated. 
Nature of interaction should be evaluated. 
Nature of interaction should be evaluated. 
Nature of interaction should be evaluated. 
Nature of interaction should be evaluated. 
Nature of interaction should be evaluated. 
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Slow strain rate tensile test chamber 
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RESEARCH OVERVIEW 

This AFOSR University Research Initiative Program (F49620-93-1-0241) 
addresses complex research problems of materials degradation and fatigue in 
aerospace structures in severe or extreme environments. A better understanding 
of materials degradation and flaw initiation dynamics will be achieved through a 
multidisciplinary research program encompassing chemistry, surface physics, 
materials science and mechanics, both experimental and theoretical. The mam 
scientific issues are as follows: 
• Understanding of stress fields and sources of stress, leading to crack 

formation; 
• Crack nucleation at surface defects; 
.    Understanding the kinetics and dynamics by which small cracks propagate 

through solids; 
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Perfluoroalkylether surface chemistry, with emphasis on the decomposition 
reactions of specific functional groups, leading to understanding of fluid 
degradation and loss of lubricant properties; 
Macroscopic rheological measurements on extreme thin fluid films at 
extremely high shear rates, leading to understanding of the rheology of 
lubricant films so thin that continuum understanding does not apply; and, 
NMR and laser Raman scattering measurements of the dynamic structure of 
highly viscous fluids in contact with solid surfaces in confined geometries at 
high pressure and temperature. 

RESEARCH ACCOMPLISHMENTS 

SUB-PROJECT*; SURFACE CRACK GROWTH UNDER COMBINED 
MECHANICAL AND HIGH PRESSURE FLUID LOADINGS 

The focus of this sub-project has been investigations of the surface crack 
growth behaviors under combined high hydraulic pressure loading due to 
lubricants and mechanical loading due to rolling contact. The research work has 
been pursued with two parallel thrusts. One effort concentrates on the effects of 
the crack surface friction and the change of frictional stress due to the 
introduction of lubricants on surface crack growth. The second effort aims at 
providing a comprehensive solution to the problem involving the interaction 
between high pressure viscous fluid and a cracked body. 

A micromechanics model has been developed to evaluate the effects of 
crack surface friction on fracture toughness of the materials. The model takes 
into account the microstructural parameters such as the grain size, grain shape, 
and frictional coefficient A self-consist-t approach was employed to derive the 
governing integral equation. The model is capable of predicting the toughening 
level due to surface friction for infinite and finite sized specimens under 
externally applied mode III loading. The results demonstrate that even under 
pure mode III loading, there will be mode I stress intensity at the crack tip 
induced by the crack surface roughness. The model predictions of mixed mode 
I/mode III fracture toughness agree very well with existing experimental 
measurements. Furthermore, the effect of lubricant is studVd by changing the 
frictional coefficient. The result shows that, by introducing lubricant, the 
toughening is reduced, thus resulting in a higher crack tip stress intensity and a 
higher crack growth rate. 

480 



The effects of high pressure viscous fluid on surface crack growth have 
been studied by using fluid mechanics and fracture mechanics approaches. We 
considered a crack filled with a linear viscous fluid in a semi-infinite body and 
with a large fluid reservoir outside the crack mouth. The pressure history in the 
fluid reservoir was prescribed. It was found that the governing equations of this 
problem were two coupled non-linear integral equations of two unknown 
functions, the pressure distribution inside the crack p(x,t) and the crack face 
opening displacement h(x,t). To simplify the problem, a local pressure- 
displacement relation was assumed. Analytical solutions were obtained using 
separation of variables. The results indicate that there exists a characteristic time 
which is a function of viscosity of the fluid, Young's modulus of the solid, and 
the ratio of crack length to the average opening displacement of the crack. If the 
period of the external loading is much longer than the characteristic time, the 
pressure distribution in the crack is nearly uniform, resulting in a high crack tip 
stress intensity. On the other hand, when the period of external loading is much 
shorter than the characteristic time, pressure will not be transmitted deep into the 
crack, resulting in a low crack tip stress intensity. This result can be used to 
guide the experimental part of this project. 

SUB-PROJECT2: FLUID-ASSISTED FATIGUE CRACK GROWTH IN 
CERAMICS 

This sub-project is concerned with the role of the lubricant as a corrosive 
fluid assisting in fatigue crack growth. Under high pressure and high 
temperatures caused by the heat generated by friction at the contact location, the 
lubricant could decompose into corrosive fluid. At the crack tip, the interaction 
between the corrosive fluid and the crack tip is mutual: the chemical reaction 
(corrosion) will enhance the crack growth rate; on the other hand, the high crack 
tip stress will accelerate the chemical reaction rate. Thus when exposed to a 
corrosive environment, the crack growth rate will be faster. 

As microcracks grow longer, transition from an initial Mode-II crack (also 
known as a stage-I crack) to a Mode-I (stage-II) may occur at some crack length. 
Crack growth is governed by different driving forces before and after the 
transition and will likely follow different growth laws. The growth laws will be 
established in Ijrms of the growth rate as a function of stress or stress intensity as 
appropriate. The growth rate of microcracks will be measured by the surface 
replicating technique in combination with periodic inspection of crack shapes. 
The transition crack length will be determined in different microstructural and 
environmental conditions. 
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Our investigation thus far on fatigue crack growth in a fluorinated oil 
(Krytox, DuPont) and air has shown that lubricants can have a significant effect 
on the fatigue failure of silicon nitride (Si3N4). Fluorinated oil, despite its 
excellent chemical stability, accelerates fatigue crack growth in Yttrium (Y) - 
containing Si3N4. In particular, the growth rate of surface microcracks in the 
fluorinated oil was found to be about twice the rate in air. Our preliminary work 
indicates that the oil assisted fatigue crack growth in Y-containing Si3N4 by 
dissolving Y-containing grain boundary phase, thereby reducing the effectiveness 
of acicular grains m crack bridging. The effect could be aggravated in real 
bearing applications where the chemical stability of the oil may be adversely 
affected by the high pressure and high temperature. 

SUB-PROJECT3; SURFACE INJUCED DEGRA, ATION OF 
FLUOROCARBON LUBRICANTS 

The focus of this sub-project has been a study of the surface chemistry of 
fluorocarbons, with a particular interest in the understanding of surface chemical 
reactions important in tribological applications. The relevance of fluorocarbons 
to tribological applications derives from the extremely high thermal stability of 
the perfluoroalkylethers (PFAEs) which makes them suitable for use as lubricants 
under high temperature conditions. Their deficiency arises from the fact that little 
is known about the types of materials that can be used as boundary layer 
additives. The materials classically used as boundary layer additives in 
hydrocarbon lubricant fluids are amphiphilic in nature and serve to coat metal 
surfaces with thin surfactant-like films. These prevent metal surfaces in sliding 
contact from actually reaching the point of direct metal-metal contact   These 
additives both lubricate the surfaces and prevent the wear that would result from 
direct metal-metal contact. Most of the hydrocarbons that would normally be 
considered for use as additives in hydrocarbon fluids are neither soluble in the 
fluorocarbons nor stable to the temperatures at which the fluorocarbons are used. 

The fundamental goal of this program is an understanding of 
surface chemical problems in lubrication and in particular in lubrication by 
fluorocarbons. Over the past year we have studied a number of reactions of 
fluorocarbons on metal surfaces in order to deepen our understanding of the role 
that fluorine plays in influencing surface reaction kinetics. We have focused on 
the reactions of fluorinated olefins on copper (Cu) surfaces and on the coupling 
reactions of alkyl groups on silver (Ag) surfaces. While fluorination has little 
influence on the 7r-bonding of the olefins to metal surfaces, fluorination of alkyl 
groups dramatically lowers the rates of coupling. Other work has included 
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orientations of adsorbed species used as lubricants. 

SUB PROJECT*'   FLUIDS, INCLUDING LUBRICANTS, UNDER 
ICTREMEXONDITIONS OF fflGH PRESSURE, HIGH 
TEMPERATURE, AND CONFINEMENT 

This sub-project deals with nuclear magneti. resonance (NMR) and laser 
Raman sc nering experrtnents on hrghly viscous liquids, »du^«. 

the dynamic behavior of confined fluids, we have carried out ^£™*™ 

addhionaTrnodel systems"provide us with a stronger basts for acmal lubricant 

S,UdleS A "porTant aspect of our research is the further development of 

uniqueNMR and other instrumentation to permit ^a«V%°£%?£«* 
under extreme conditions of pressure and temperature. This includes our recent 
development of NMR probes and pressure generating systems wh ch permit 
measurements up to pressures of lOkbars. Ou: long-term goal to improve.our 
expertise in the experimental techniques for extreme conditions is not only of 
basic research importance, but it also has direct technological relevance to the Air 

Force mission. 
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This relevance is reflected in our work with the model lubricant 
ethylhexylbenzoate (EHB), including an earlier bulk liquid study to 5kbars and 
our recent confinement studies. The bulk liquid study has provided the 
framework for current work with the closely related lubricant, di-(2- 
ethylhexyl)phthalate (DEHP). These studies should help to separate the effects of 
structure on the motional dynamics of lubricants. Our confmement studies of 
EHB have shown the applicability of the two-state, fast exchange model to a 
model lubricant system, as well as the domination of geometric confmement 
effects over surface interaction effects at low frequency. We are currently in the 
process of extending these confinement studies to model fluorinated lubricants. 
These studies will be supplemented by studying pressure effects on confined 
liquids using our unique techniques. 

SUB-PROJECT5: MOLECULAR TRTBOLOGY OF PERFLUOROETHER 
LUBRICANTS 

This sub-project revolves around the tribology of perfluoroether fluids 
under extreme, but nonetheless well-defined, conditions of shear rate and 
confinement. The experimental design consists of an idealized single asperity: 
fluid films sandwiched between atomically smooth solid surfaces that are close 
together at a controlled separation (5-500 Angstroms) but not actually touching. 
The film thickness and shear displacements can be controlled to 1 A, at shear 
rates from 10-2 to 105 sec"1. A unique feature is the capacity to measure not 
only conventional dissipative friction, but also fluid elasticity. 

The friction behavior of model lubricants, either fluorinated or 
hydrogenated, has been compared. In both cases, the liquids were confined 
between two atomically smooth parallel mica plates. The method of 
measurement was a surface forces apparatus, modified for oscillatory shear. 
Some observations were the same in both cases: (1) Predominantly elastic 
behavior in the linear response state was followed by a transition to a mostly 
dissipative state at larger deformations. The elastic energy stored at the transition 
was low, of the order of 0.1 kT per molecule. This transition was exactly 
repeatable in repetitive cycles of oscillation and reversible. (2) The dissipative 
stress in the sliding state was only little dependent on peak sliding velocity when 
this was changed over several decades. Significant ''although smaller) elastic 
stress also persisted, which decreased with increasing deflection amplitude. (3) 
The transition back to the solid-like state appears to be more gradual than in the 
opposite direction, probably indicating different processes. 
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Two major differences between fluorinated and hydrogenated systems 
Two major cm moieCules, the shear stress in the sliding 

were observed. (1) t-or nuonndicu , hydrogenated 
regime was mostly higher ^»»Ä leculesleeded 
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Growth and Breakdown of Surface Films and Localized Corrosion 
of Aluminum in Concentrated Chloride Media 

Jiajing Lee' and Ajit K. Mai 
Mechanical, Aerospace and Nuclear Engineering Department 
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Los Angeles, CA 90024-1597 

and 

Ken Nobe 
Chemical Engineering Department 
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Los Angeles, CA 90024-1592 

INTRODUCTION 

Oxide films and salt films form on metal surfaces during anodic dissolution. In high chloride 
concentration environments the oxide films break down and salt films form. A number of 
investigations by Beck [1-9] and Isaacs and his co-workers [10-12] and others [13-18] have been 
directed to the elucidation of the role that salt films play in localized corrosion of metals and in mass 
transport of the active species that contribute to the formation and breakdown of these surface films. 

Current/potential fluctuations or oscillations have been observed and related to localized 
corrosion [19-30]. These fluctuations have often been associated with depassivation and 
repassivation events involved in pitting. This erratic temporal behavior had been considered by 
many to occur randomly. As a result, current fluctuations have been analyzed by stochastic methods 

(see reviews, refs. 30, 31). 

Oscillating behavior during anodic dissolution of metals have been reported for over a 
century (see references in ref. 32). Oscillations in potential or current have been associated with 
the instability of the anodic oxide and salt films formed during anodic dissolution of metals. 

Oscillatory behavior was first observed in our UCLA Electrochemical Laboratory during H. 
C. Kuo's studies of high rate iron electrodissolution in concentrated chloride solutions in 1972 [33]. 
Temporal formation and disappearance of black surface films were visually observed to occur in 
concert with potential oscillations. The black salt film was identified as FeCI2 [13]. 

author to whom correspondence should be addressed 
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EXPERIMENTAL 

The electrochemical studies have been performed with a rotating ■J***™*'^ 

rinsed in distilled water before being immersed in the solution. 

■-ASSESS 
SÄÄMÄÄii - tempera,,, 

The polarization experiments were carried out with a PAF1 potentiostat/galvanostat (model 

273). Data acquisition was performed with a PC using GPIB interlace card. 

RESULTS AND DISCUSSION 

nn ?mT Howeve when the applied current is increased to 50 mA, the amplitudes increased by 
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deterministic nature of the aperiodic potential oscillations. On the other hand, at 50 mA, a more 
regular appearing attractor suggests quasi-periodicity in the oscillatory behavior. 

Figure 3 shows the potential sweep behavior of the 2024 alloy in 0.1,1.0 and 5 M NaCI at 
rotation rates of 0, 500 and 1000 rpm. At 5 M NaCI and 100 rpm, the current fluctuations were 
larger at potentials near the corrosion potential. As the potential increased and approached 0.0 V 
vs. SCE, the current oscillations decreased. At 1 M NaCI and 1000 rpm the current fluctuations were 
less than observed for 5 M. It is also seen that during the potential sweep the currents decreased 
substantially as the rotation rates increased to 5 M. In comparison, in 0.1 M NaCI there was a small 
increase in currents when the rotation rates increased. By comparing the potential sweeps of the 
2024 alloy in 1 M and 5 M NaCI at 1000 rpm the currents were significantly less in the higher 
concentration. This observation is similar to that reported during iron electrodissolution in 
concentrated chloride solutions and had been attributed to the change in solubility of FeCI2 in NaCI 
[41]. The potential-current density behavior has been magnified between 0.7 to 0.9 V vs. SCE to 
enable a more detailed examination of the current fluctuations and their dependence on the chloride 
concentration  nd hydrodynamic conditions (Fig. 4). 

Potential oscillations of the 2024 alloy in 0.1 M NaCI during constant current experiments 
of 0.0001,1.0 and 100 mA at 500 and 1000 rpm for the first two seconds are shown in Fig. 5. An 
increase in rotation rate decreased the mean potential of the oscillation amplitudes. The potential 
oscillations at 1 mA during the first 120 seconds are shown in Fig. 5. The power spectra and the 
phase portraits corresponding to the time series at both 500 and 1000 rpm are also shown. Major 
differences in the power spectra and portraits were not evident at the two rotation rates. 

Figure 6 compares the time series (first five seconds) of the potential oscillations of the 
2024 alloy in 1 M NaCI during constant current experiments of 1 and 100 mA for stationary disks. 
In addition, a comparison of the time series (first 120 seconds) of the potential oscillations, the power 
spectra and phase portraits at 1 and 100 mA are shown in Fig. 6. Significant differences in all three 
sequences at the two currents are clearly evident. 

The surfaces of the 2024 alloy after the constant current experiments were examined by 
optical microscopy. The density of the pits increased substantially as the chloride concentration 
increased from 0.1,1.0 and 5 M NaCI. The size of the pits appeared larger for the alloy exposed 
to 0.1 M NaCI than either 1.0 and 5 M NaCI. Additional experiments are required to more 
conclusively determine the dependence of the surface morphology on the magnitude of the applied 
current and hydrodynamic conditions. 

Some preliminary results of the oscillatory behavior of titanium (65 A) in 1 M HCI are shown 
in Fig. 7. The aperiodic potential oscillations, power spectra and phase portraits during constant 
current (1.047 A/cm2) anodic dissolution of titanium in 1 M HCI suggest that the observed oscillations 
correspond to deterministic chaos rather than to random noise. Additional experiments and further 
analyses are needed to establish the validity of this preliminary assessment. 
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SUMMARY OF PRELIMINARY RESULTS 

Fluctuations or oscillations of potential/current were observed during preliminary anodic 
dissolution experiments of 6061 and 2024 aluminum alloys, and pure titanium in chloride media. 

Characterization of the time series in the potential oscillations by power spectra and phase 
portraits suggests that the erratic temporal behavior is associated with a deterministic strange 
attractor and is not driven by external noise. However, further analysis is required to establish this 
preliminary assessment. 

Examination of the surface after anodic dissolution of 2024 alloy disks by optical microscopy 
indicate that the density of pits increased substantially as the chloride ion concentration increased 
from 0.1,1.0 to 5.0 M. Pits were larger when the alloy was exposed to 0.1 than to either 1 0 or 5 0 
M NaCI. 
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Introduction 
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more active value9.   Thus, potential ennoblement is only sustained for 
long periods of time in the absence of corrosion initiation. 

It has been established by many authors, as reviewed by Scotto7 

and Dexter10 that ennoblement of the OCP in the presence of a microbial 
film is a direct result of the metabolic activity of microorganisms in the 
film Other citations in the literature report no ennoblement effect. 
Mansfeld et al.11 showed that ennoblement did not occur under conditions 
in which the film consisted of a scatter of individual cells (insufficient 
surface coverage), while Little, et al.12 showed no ennoblement when a 
very thick film formed rapidly. Thus, the question arises as to wna 
factors promote or suppress the effect. Biofilms formed from natural 
aeneous environments are noted for providing spr-y, rather man 
contin' 'JUS coverage of solid surfaces. Dexter, et al. showed that^O t: 
40 percent coverage was required for the OCP to rise above the +150 mV 
SCE level, while substantially complete coverage was required for the 
maximum amount of ennoblement. 

Dexter and Zhang8,9 have shown that biofilms grown at all salinities 
from 0 02 to 28 ppt were able to ennoble the OCP. The most noble 
potentials (about +500 mV SCE) and the largest amount of ennoblement 
(over 500 mV) were found in fresh water, and" both decreased with 
increasing salinity8'9. Temperature in the range of 2 to 30°C and dissolved 
oxygen content in the bulk water from 0.5 to 10 ppm have small effects in 
the direction predicted by electrochemical thermodynamics  . 

E!\NOBLEMENT MECHANISMS 

Biofilms can affect electrochemical parameters at a metal surface 
through both their physical presence and their metabolic activity. 
Physically the film acts as a diffusion barrier, tending to concentrate 
chemical species produced at the metal-film interface and to retard 
diffusion of species from the bulk water toward the metal surface. One 
effect of reduced diffusivities15 perpendicular to the metal surface is to 
concentrate acidic by products from the metabolism of microorganisms in 
the biofilm. It is well known that the reversible oxygen potential shifts 
about 6u mV in the noble direction for each unit decrease in pH. This 
more than balances the decrease in potential as dissolved oxygen is 
decreased by biological processes13. Based on thermodynamics, the 
maximum calculated ennoblement13 for a reversible oxygen electrode 
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would be 280 mV for changes in pH and 02 from 8 (and 0.2 atm) to 3 (and 
0.02). Since the oxygen electrode is not strictly reversible, even on 
platinum, one would expect the actual noble shift to be smaller than the 
calculated value. Actual measurements have shown that the OCP for a 
pH change from 8 to 3 in both aerated and deaerated seawaters varied 
from 170 mV on platinum to nearly 250 mV on S31600 stainless steel13,16. 
These data show that the often observed ennoblements of 250 mV or less 
on common stainless steels in natural seawater can be explained by the 
pH mechanism alone for a pH of about 3 at the metal surface. The Larger 
amounts of ennoblement often observed on superalloys and platinum in 
seawater and on all alloys in lower salinity waters, however, require 
another mechanism in addition to that of pH. 

One question is whether a pH of 3 is possible at the metal surface 
under a biofilm. We hive two types of evidence that it , s. In one sJf of 
experiments, organisms scraped from marine biofilms on platinum were 
grown on Difco Marine Agar containing various pH indicating dyes. The 
pH of many of the colonies that grew was observed17 to be below 3. In 
other experiments currently under way we are measuring the pH directly 
using microelectrodes of the iridium oxide type (Montana St. University). 
These data show variations from point to point along the metal surface 
with pH values ranging from 0.4 to 3.7. 

Scotto proposed that oxygen reduction at the cathode surface 
might be enhanced by bacterially produced enzymes17. One possibility 
for this mechanism13 involves the suite of enzymes that bacteria produce 
to control toxic oxygen derivatives. Superoxide, hydrogen peroxide, and 
hydroxyl radical are all toxic by-preducts of oxygen reduction (or 
respiration). The concentration of these by-products must be controlled 
by the organisms for survival. Tho enzyme, Superoxide dismutase, 
catalyses the destruction of Superoxide free radical (02") by Equn (1) 
below. Superoxide dismutase, however, is inactivated by the build up of 
H202. Therefore, it is associated with two other enzymes, catalase and 
peroxidase, which break down H202 according to Equn (2): 

202- + 2H+ -> 02 + H202 

2H202 -> 2H20 + 02 

(1) 

(2) 
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Based on the literature and research results outlined above, the 
following general model for the ennoblement mechanism is proposed and 
illustrated schematically in Figure 1. A shift in the OCP to values in the 
+300 to +500 mV SCE range by biofilms less than about 100 jim thick 
requires sharp gradients in both pH and dissolved oxygen within the film. 
The outer layers of the film should be aerobic and at near neutral pH, 
while immediately adjacent to the metal surface the film will be acidified, 
with a generally low oxygen concentration, possibly becoming anaerobic 
over some portions of the metal surface. Under these conditions the 
primary contribution to ennoblement would come from the thermodynamic 
effect of pH on the OCP. An important secondary contribution would 
come from the cathodic reaction: the acidic form of 02 reduction^(when 02 

is presint, Equn-<3) and the reaiictioh of H202 to water (Equn. Af. 

02 + 4H+ + Ae   -> 2H20 E° = 1.229 V SHE       (3) 

H202 + 2H+ + 2e" -> 2H20 E° = 1.776 V SHE       (4) 

Both of these reactions have more noble redox potentials than the oxygen 
reaction at neutral pH. The metabolic action of the biofilm itself would be 
both the primary source and regulator of peroxide through the enzyme 
system of the aerobic organisms as described above. We also think that 
peroxide, being a powerful oxidizer may help in maintaining the low pH 
within the film through the oxidation of reduced heavy metals, which could 
then hydrolyze to form more acid within the film. This suite of conditions 
would require : consortia of vaious types of microorganisms as typically 
found in b;: r:lms grown from natjral waters. The outer portions ^." 'J, .e film 
would contain mostly aerobic and acid producing organisms consuming 
oxygen. Beneath these would be the Fe and Mn reducers and the 
fermenters. Finally, at the base of the film, the anaerobic sulfate reducing 
bacteria (SRB) may play a role. 

This general biofilm model is supported by a vast literature on bio- 
geochemical cycling of heavy metals in marine sediments and aquatic 
environments22'25. The material in citations 22 through 25 give a picture 
of the cycling of Fe and Mn in environments with limited oxygen 
availability, such as we find in mature biofilms. The main difference is in 
the physical dimension over which the cycling takes place. As illustrated 
schematically in Figure 2, this cycling in stratified lakes takes place over 
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Figure 1. Schematic diagram of the biofilm model 
showing production and diffusion of H202 and acidity. 
Heavy metal cycling takes place by both chemical and 
biological processes. 

Trace  Element  Cycling  in  A  Lake 
(After  Stumm,   1992) 

ATMOSPHERE 

Fe(lll)  oxide 

Mn(IV)   oxide Oxidation 

and 
Precipitation 

\ Z. t Fe(lll)  oxide 
MnllV)  oxide 

-^ Fe2 + 

H=» Mn2 + 

I 
(Reduction   &  Dissolution) 

Figure 2. Heavy metal cycling by chemical and 
biological processes in a stratified lake. (Redrawn from 
Stumm22). Note the similarity to the biofilm processes 
in Figure 1. 
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dimensions of meters22.  In marine sediments, the same thing takes place 
within centimeters, while within a biofilm it occurs within about 100 jam. 

•  One or more species of SRB are known to be dominant in many 
forms of MIC.    Do they play a substantial role in the ennoblement 
process? They are certainly present in the coastal and estuarine waters 
that produce ennoblement at the Lower Delaware Bay site.   So far, we 
think that they are not important in maintaining ennoblement under a 
mature biofilm.  This judgment is based on four types of data.   First, the 
pH is generally too low in the anaerobic portions of the film near the metal 
surface, although the model would accommodate neutral pH micro-niches 
in which they might flourish.   Second, they cannot be dominant because 
ennoblement % lost if one makes the entire environment anaerobic19. The 
third and fourth types of data have been obtained in our lab just recently, 
and they will be published in detail elsewhere. Radioisotopic studies have 
been done to determine if appreciable sulfate reduction is taking place in 
the biofilm.    Ennobled platinum coupons were incubated in seawater 
containing the radioactive tracer ^SCV2 as the sodium salt.   When SRB 
are active, they convert this to Hz^S, which is trapped and then detected 
by a scintillation  counter.     Large signals were obtained when this 
technique was used on samples of anaerobic sediment containing SRB. 
In contrast, no detectable signal was produced by the organisms in the 
ennobling biofilm.  Finally, ennoblement on platinum was neither reduced 
nor eliminated by exposing the coupons to seawater containing the SRB 
inhibitor, molybdate. 

This mode' accomodates two major points that have been brought 
up in discussions of the mechanism. Some argue that oxygen cannot be 
involved because microelectrode measurements have shown zero oxygen 
tension at the metal surface under a mature biofilm26. The model allows 
for large portions of the metal surface to be anaerobic as long as it is not 
totally so. Others contend that bacterial enzymes are active only at 
neutral pH values27, so ennoblement by that mechanism cannot occur at 
acid pH. The model as proposed requires only the inner portions of the 
film to be acidified. 

ErFECT ON CORROSION 

The question now is, what effect does the observed ennoblement 
of the OCP have on corrosion of passive metals and alloys in marine 
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Figure 3. Crevice corrosion 
current density vs. time from 
remote crevice assembly tests 
on hiofilmed (test) and bare 
(control) samples of alloy 
S31725 as read on a zero 
resistance ammeter (after 
Zhang and Dexter29). 
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Figure 4. Schematic 
polarization diagram showing 
the influence of a biofilm on the 
stainless steel cathode of 
galvanic couples with copper 
and zinc. A greater effect of the 
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predicted for copper than for 
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of biofilms in their coastal waters was more significant on the intermediate 
resistance alloys, N08904 and S31703, than it was on S30400 and 
S31603, which corrode readily with or without biofilms. The biofilm had 
no effect in their two-month tests on alloy N08367. 

The rate of galvanic corrosion is often controlled by the reduction 
reaction on the cathodic member of the couple. Therefore, any increase 
in kinetics of the cathodic reaction on passive metals has the potential to 
increase the severity of these metals as cathodes in galvanic couples . 
Work summarized by Scotto7 showed that the upper portion of the 
cathodic polarization curve was shifted toward higher current densities, 
while the lower portion, dominated by the limiting current for oxygen 
diffusion was affected to a lesser extent.  These d*ta suggested that the 
nte of galvanic corrosion on the anodic .member of the couple sho;,ild be 
affected by the action of a biofilm more (sis"shown in Figure 4) if theSrnixed 
potential of the couple is within the upper portion  of the cathodic 
polarization curve than if the mixed potential is more negative.    For 
example  if copper and steel were both connected to similar biofilmed 
stainless steel cathodes, the data predict that corrosion of copper will be 
accelerated more by the action of the biofilm than corrosion of steel. An 
important related question is whether consumption of Al, Mg and Zn 
sacrificial anodes is increased by the action of biofilms on the protected 
structure. The cathodic polarization data predict the effect on these active 
materials will be small because the couple potential is very negative. 

Galvanic corrosion experiments in coastal seawater have been run 
for 24 Hr on couples of copper, 90-10 Cu-Ni, 1020 steel, 3003 Al and Zn, 
each connected to ba.e (control) a.id ennobled pascive alloy cathodes, 
and the galvanic corrosion currents were read on a zero resistance 
ammeter. The results for steel and aluminum showed that the galvanic 
current for the couple with the filmed cathode was nearly an order of 
magnitude larger than that with the bare cathode13. The data for Zn 
showed the reverse effect13,   the current for the couple with the filmed 
cathode being less than control by a factor of 2.    These data are 
consistent with the idea that biofilms on the cathode increase the rate of 
galvanic corrosion. Coupling to an active anode such as Zn, however, 
produces  enough  alkali  at the  metal  surface  to  interfere  with  the 
metabolism of microorganisms in the biofilm30.   Instead of stimulating the 
cathode reaction in this case, the biofilm acts as a diffusion barrier. 
Experiments are currently underway to obtain longer term data. 
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SUMMARY 

The mechanism of ennoblement is not yet completely understood. 
A model has been proposed in which the effect is explained by a 
decrease in pH and an increase in hydrogen peroxide concentration at 
the metal surface under the biofilm. The model calls for a layered biofilm 
structure with sharp gradients in both oxygen and pH. The outer layers of 
the film are at ambient pH and oxygen concentration, while the inner 
layers are acidic with low oxygen. Within the film, acids are produced by 
the consortia of organisms, and peroxide is both produced and regulated 
below toxic levels by bacterial enzymes. Acidity and peroxide produced 
in the film diffuse both toward the metal and the bulk liqujd, building up in 
the low o>ifgen environment near the metal surface, but b'eing neutralized 
in the outer portions of the film. Accumulation and hydrolysis of heavy 
metals help establish the low pH. The model is consistent with bio- 
geochemical data showing heavy metal cycling in stratified lakes and 
marine sediments. 

Ennoblement of the OCP increases the propagation rate of crevice 
corrosion on susceptible passive alloys, and it may also decrease the 
initiation time. Short term (24 hour) tests showed that biofilms can 
increase the severity of stainless steels as the cathodes of galvanic 
couples when the anode member of the couple is more positive than Al. 
For very active anodes, such as Zn, the biofilm acted as a diffusion 
barrier, reducing the galvanic corrosion rate. Predictive capability for the 
effect of biofilms on localhed corrosion awaits a greater understanding of 
the chemists at the metal surface and its variability under the uiofilm. 
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NONCHROMATE, LOW DENSITY, WATERBORNE EPOXY PRIMER 
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Aerospace Coatings Division 
Spraylat Corporation, Chicago, IL 60633-2362^ 

ABSTRACT: 

A chrome-free, low density, waterborne epoxy primer was 
developed to meet MIL-P-85582B Specification.  This 
primer does not contain toxic pigments and provides 
comparable corrosion protection as strontium chromate 
counterparts.  Its dry film density was calculated at 
0.0073 lbs/mil/square ft. It can be top coated with 
MIL-C-83286 and MIL-C-85285 urethane coatings within an 
hour at 77° F and 50% RH. 

INTRODUCTION: 

Epoxies were developed over fifty years ago.  They are 
made by reacting Bisohenol A (BPA) and epichloroihydrin 
[ECU) .       Defending o*. the ratio of 3PA and ECH and 
reaction eruditions, epoxies with different molecular 
weight can be obtained. 

HO 

CH3 0 
I /=\ /   \ 

• OH +  CH,  CH— CH,C1 Ch^>' 
CH, 

BPA ECH 

0 
/ \ 

CH2 CH-CH,0- 
%// 

BPA EPOXY 
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BPF with ECH.  BPF epoxies give lower viscosities as 
compared with BPA epoxies. 

HO O^-O0H 
BPF 

Exterior durable epoxies, cycloaliphatic epoxies, are 
also"commercially available.  These are derived from ^ 
älkenes by epoxldafrion.      " 

The most widely used epoxy c aring agents i* c°*tin9s 

tertiry amine (4). 
.0 

HoC-—CH—CH2   OR'      +     RNH2    —     iuxn^2< RNHCH,CH(OH)CH2   OR' 

RN(-CH2CH(OH)CH2OR' )2 

Eooxies are widely used in surface coatings.  They 
p?ovide excellent corrosion protection, adhesion, and 
chemical resistance. 

Because of the stringent environment requirements, 
waterborne epoxy coa?ings ^-^-^^r^^i^fi^nt 
and used as viable alternatives to traditional soxvei 
based coalings. - Water-borne epoxy system,.provide 
additional advantages such as lower VOC (volatile 
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nic compounds), fast tack-free time and easy 
leaning among others.  The recent advances in water- 

borne epoxy dispersion technology have resulted in 
water borne epoxy primers with equal or better 
orrosion protection properties than those of the 
solvent-based epoxy counterparts.4 

In addition to lowering VOC, the need to eliminate 
carcinogenic compounds such as hexavalent chromium in 
coating systems has also been emphasized.5  Revisions 
of current military coatings specifications have been 
proposed6,7 to address this need. 

In response "-'to these challenges and the demand-"to 
reduce the VOC and eliminate hazardous chromate 
pigments, Spraylat Corporation launched a new 
development program in 1993.  The goal was to formulate 
a nonchromate waterborne epoxy primer maintaining the 
corrosion protection of its chromate counter parts.  It 
was intended for MIL-P-85582B specification. 

RESULTS AND DISCUSSIONS: 

In late 1993, an experimental nonchromate waterborne 
epoxy primer was developed at Spraylat Corporation 
based on proprietary technology.  The physical 
characteristics of the primer, EWDY048A/B, are listed 
below: 

Table 1.  Physical Characteristics of EWDY048A/B 

Solids 

LBS/GAL 
Mixing Ratio 
#4 Ford Cup Viscosity 
Sprayable Pot Life 
Coverage 
Dry Film Density 

44 +/- 1% by weight 
3 6 +/- 1% by volume 
9.5 + /- 0.2 
3:1 by volume 
30-40 seconds 
4 hours 
572 sq.ft/mil/gal 
0.00732 lbs/sq.ft/mil 

The VOC for this coating is 2.64 lbs/gal (317gm/liter) 
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The.viscosity of the, admixed primer«^ ^Btable 

SSed" Thfthe^etlcal-d^film density is 25% less 
thin that of the chromate counterpart  The performance 
of ETOY048A/B primer was measured on the dry film of 1 
111  Sickness on 2024-T3 and TO aluminum panels.  The 
coated panels were allowed to dry at ambient 
temperature for 7 days before testing.  Table 2 snows 
the performance properties of this coating. 

Table 2 pg-rfnrmance Pr-npprM.es of EWDY048A/B 

Tack-Free Time, Hrs 
60° Gloss 
Cross-Hatch Tape Adhesion 
G.E. Impact^Elongation, % 
MEK Resistance 
Pencil Hardness 
Compatibility w/ Urethane 
Topcoats 

0.5 
< 5 
Excellent 
60 
Excellent 
H 

Compatible 

I* 

The corrosion resistance properties (Salt Fog Test, 
ASTM B117) of EWDY048A/B were compared with its 
chromate counterpart, EWDE072A/B, and several 
commercially available chomate containing water-borne 
epoxy primers.  EWDE072A/B is a newly approved coating 
on QPL (Qualified Products List) from Spraylat 
Corporation for MIL-P-85582A, Type I, Class 2 
Specification.  Both EWDY048A/B and EWDE072A/B did not 
show defects aft« r 2000 hours of salt fog test. 
Competitor B system passed 1500 hours ^P™iste^g 
competitors A and C coatings had some field blisteriny 
alter 1000 hours.  They also had some undercut rustmg 
after 1500 hours of testing.  Table 3 and Figure l 
Summarize the results.  All EWDY072A/B and competitor 
™als afe "tended for MIL-P-85582A "pacification 
which require 1000 hours salt fog test  An upgrade o 
increase to 2000 hours corrosion test is proposed in 
the revised MIL-P-85582 Specification.  The new 
Specifications also call for chroamte-free ^ems. 
Based on its performance, EWDY048A/B system would mee 
these revised requirements. 
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"anerborne epoxy primers generally give somewhat longer 
ot life than their high solids solvent-based 

?ounterparts.  The effect of pot life of EWDY048A/B on 
.   properties was studied.  The flexibility and 
Corrosion resistance of this coating at various pot 
Hfe intervals were compared.  It was found that the 
coating's impact elongation determined by a G.E. impact 
»-ester decreased over its pot life.  A 60% enlongation 
was obtained when the coatings was applied 6 hours 
after the coating and hardener were mixed.  The 
plongation reduced to 10% when the coating was applied 
3 0 hours after mixing.  The salt fog corrosion 
resistance also decreased with pot life.  Table 4 and 
-igure 2 illustrates that the coating showed minor 
field blistering after 1080 hours of salt fog test when 
it was applied 6 hours after mixing or longer.j»,. 

Table 4.  Pot Life vs. Performance of EWDY048A/B 

A_ Corrosion Resistance 

HOURS BEFORE ADMIXED 
COATING WAS APPLIED 

SALT FOG HOURS 0.5 6 30 

1080 No Defects 1 #4 1 #4 

2600 Undercut 1 #4& 1 #2, 
Rust Undercut 2, #4 

Undercut 
Pust 

3. Impact Elongation 

60 60 <10 

CONCLUSION: 

A low VOC (317 grams/liter), low density, chromate free 
waterborne epoxy primer intended for revised 
MIL-P-85582 Specification has been developed by 
Spraylat Corporation.  This coating, EWDY048A/B, has 
excellent salt fog corrosion resistance (2000 hours). 
Its corrosion resistance is superior to that of the 
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In addition to its high performance, lower VOC, ease of 
handling, and toxic-free pigments, it also provides the 
advantage of lower density. 
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Abstract 

To   evaluate   the   ability  of  polyaryl   thermoplastic   coatines 

(PEEK)" to ^roetIcr^Ulfidt (PPS) and Pol*-y^therithe°L onSe (PEEK), to protect zinc phosphate (Zn-Ph)-treated steels from 
corrosion in a wet, harsh environment (1.0 wt% H2S04, 3 0 wt% NaCl 
and  96.0  wt%  water  at   temperature   from  25»   to   200°C)     we   exposed 

delammation  of  the   coating  film  from  the  7n-Ph-   .,     yC.es    caused 

the  PPS   and  Zn  in  the   Zn-Ph   layer  led  to   tt   fo™aUor   ,f TjnS 

the coaling af4 90c;c es    JnaXion   bPeellng ?*  Sepa""°" °f 

Introduction 

P0lyphen;i;nesul1iden%pSr^
henyietheretherketO-       <PEEK>       «* LJlinl+V (     S)   Ceroplastics   are  very  attractive   for 

£ hirS ^  Corrosion-P^tective  coatings  of cold-roUed stefls 

«J^ l^t.^t?c8 S h
t
yHdr0thirmal t»P-«^« «P to 200octe£ 

orlentatiort caused bv th      iT"   ^^   PolWls   is   the   molecular ncation caused by the chain extension at their melting point,  - 
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9Q0OC for PPS1-2 and - 340°C for PEEK3-*. This orientation leads to 

Z creation of these £%*«*£* ^^Ä 
crystallization  behavior   of   these   P«^^8   «^ ..tenJerature 

TaiiS; *s^a™&^^ ^" Ld hL sood 
I    wl »rowrties  In addition, there are no limitations on rnechanxcal properties^ in Qf waste disposal because any 

'  Ltrvs'tallized poly'aryl phase reverts to the molten phase in a 
excess c^talll"*P^faUof powdered form of these polyaryls 

*r,A    rnlH  sorav coating methods.  in a prevj.uu=>     j     , 
^estlgated"^ interface of PO^U-to-.t.jl jo nts prepare^ 

XT^Ä^^-^ii»r«5o°fC;^iv. «act,«- 
Üso" and SO, gases, In accordance with following 0, associate, 

degradation ro^es; ?-    , . Ifr 

-( 0 %  s )• 
o, //    V ;_,-      =,     -, Oh 

-O- so, t   ♦      S°3 I 

The interfacial interaction of these gases with Fe203 at the 
o^erTst surface ^^^^^^ «ttlcal 
I^rfaclal'toundary^es. ^er, although these reaction 
compounds are known as the ""osion products of steel they 
significantly improved the bond strength between the PPS and steely 

^contrast, the £"™?™ £T'y c L^ *-Ä»* 
l^adation ofV^^/the incorporation of carboxylate groups 
into the et ^in-scissored linear structure; 

-•CV-CV-C)-1^ 
Such degradation not only corresponded to a low degree of 
crvstalUntty of PEEK, but also caused its separation from the 
steel A gool adhesion performance of PEEK to steel was noted m the 

j°int T^T;^^t^eof  cathodic delamination ofpoW 
films from steel, brought about by the cathodic reaction, H20 + 1/*- 
+ 2e   -  20H-, which occurs under the coating adjacent to tft 
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defect7'8 A considerable attention in this corrosion reaction 
processes was given to the creation of a high pH environment at the 
cathodic sites; namely, the created alkali circumstance beneath the 
coating not only causes the formation of corrosion products, but 
also promoted the alkali-catalyzed decomposition of the interfacial 
reaction products, especially for Fe2(S04)3 and FeS04l at the 
PPS/steel interfaces, and the saponification of the PEEK polymer in 
contact with the steel. Subsequently, these phenomena led to a high 
rate of cathodic delamination of the polyaryl films from the steels. 
Thus, the necessity of the interface tailoring and modification to 
inhibit the onset of the cathodic reaction and to avoid the direct 
contact of polyaryl with steel becomes a more important subject. 
Regarding the interfacial tailoring material systems, the 
introduction of zinc or zinc alloy and zinc phosphate (Zn-Ph) 
conversion coatings into the intermediate layers is widely employed 
as a post-treatment of steel surfaces in the autobody industry. 

On the basis of this information, an emphasis in this present 
work was directed ^oward e^loring the changes .in chemistry and 
morphology occurringrat the interfaces between peroxide modified PPS 
or unmodified PEEK coatings and phosphated steels after heating- 
cooling cycle fatigue tests of ehe defect-free polyaryl 
topcoat/Zn-Ph/steel systems in an accelerated corrosion environment 

at 25° to 200°C. 

Materials 
PPS and PEEK powders for the slurry coatings were supplied by 

the Phillips 66 Company and the Imperial Chemical Industry (ICI) , 
respectively. The urea hydrogen peroxide (UHP) received from Aldrich 
was used as the peroxidic reagent which promote the rate of 
oxidation of sulfur in the PPS. These polyaryl films were deposited 
on the surfaces of the Zn-Ph-treated steel substrate in the 
following way. First, the substrates were dipped into the polyaryl 
slurries (see Table 1) at 25°C. The PPS slurry-coated substrates 
were hefted in air for 2 hrs at 350°C; and the PEEK slurry-coated 
substrates were heated in N2 for 2 hrs at 400°C, and then cooled to 
room temperature at the rate of - 10°C/min. The thickness of the 
polyaryl coating films of all specimens ranged from 0.075 to 0.1 mm. 

Table 1 
Formulation of UHP-Modified and Unmodified PPS and PEEK Slurries 

'•-*<& 

Polvary 1 Slurrv formulation 
PEEK 40 wtX PEEK-52 wtX water-8 wt% propyleneglycol 
PPS 40 wt% PPS-52 wtX water-8 wt% propyleneglycol 
PPS 39 wtX PPS-50 wtX water-8 wtX propyleneglycol-3 WtXUHP 
PPS 37 wtX PPS-48 wtX water-8 wtX propyleneglycol-7 wtXUHP 

isl 
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mm 

Measurements 
The cyclic fatigue tests for the PPS and PEEK-coated Zn-Ph 

steel panels (7.5 cm x 7.5 cm) were accomplished as follows; the 
coated specimens were directly roaked in a corrosive solution 
consisting of 1.0 wtX H2S0,, 3.0 wtX NaCl, and 96.0 wtX water at 
temperatures from 25 to 200°C, and then the heating-cooling cycles 
(one cycle - 12 hrs at 200°C + 12 hrs at 25°C) were repeated up to 
90 times. The overall appearance and the interfaces of the specimens 
after 1, 5, 10, 20, 30, 60, and 90 cycles were examined to gain the 
information on their hydrothermal durability or the decomposition of 
coatings, and the changes in chemical nature occurring at the 
polymer-substrate interfaces. These information were gained using 
the combined^technologies of scanning electron microscopy (SE$), 
energy-dispersion x-ray spectrometry (EDX), and x-ray photoelectron 
spectroscopy (XPS). The integrated data from all these approaches 
were correlated directly with the corrosion-related data, such as 
the impedance, 1Z1, obtained from AC electrochemical impedance 
spectroscopy (EIS) in an aerated 0.5 N NaCl electrolyte at 25°C, and 
also cathodic delamination tests. The latter were conducted in an 
air-covered 1.0 M NaCl solution using an applied potential of - 1.5 
V vs. SCE for 8 days. The total area of film in contact with the 
NaCl solution was 6.0 x 103 mm A defect was made using a 1-mm l 
diameter drill bit. After exposure, specimens were removed from the 
cell and allowed to dry. The polyaryl coating was removed by 
cutting, revealing a delaminated region that appeared as a light 
gray area adjacent to the defect. 

Results and Pit.cushion 
Table 1 shows the changes in appearance of coatings for the 

PEEK/Zn-Ph/steel, and the UHP-modified and unmodified PPS/-teel and 
/Zn-Ph/steel joint systems as a function of cycle number. Using PEEK 

Table 2 
Visual Observation of PPS and PEEK Coating Films as a Function of 

Heating-Cooling Cycles 

HI» 
V ■' 

SÄ 

UHP 
Polymer Substrate  % 
PEEK Zn- Ph/steel 0 
PPS steel 0 
PPS steel 3 
PPS steel 7 
PPS Zn-Ph/steel 0 
PPS Zn-Ph/steel 3 
PPS Zn- Ph/steel 7 

Cycles 
1    5     10 

good good  good 
peels 
good peels 
good blister peels 
good good   good 
good good   good 
good good   good 

30 
good 

good 
good 
good 

60 
good 

good 
good 
good 

90 
peels \ 

good 
good ; 
good 

ZOG 
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,d 
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coating, no blisting and lifting in appearance were observed in the 
specimens after 60 cycles; however, an increase to 90 cycles caused 
the peeling of the film from the Zn-Ph. Rust stains were clearly 
seen on the separated substrate surfaces. When the PPS coating was 
deposited directly to the steel surfaces in the absence of Zn-Ph 
the durability of the bond between the coating and the steel 
depended on the concentration of UHP. The incorporation of 3 wtX UHP 
into the PPS gave a better performance; peeling of the film occurred 
after 5 cycles, compared with only one cycle for film without UHP. 
A further increase in concentration of UHP to 7 wt% extended the 
service life to 10 cycles. An encouraging result was obtained from 
cyclic tests of all the PPS-coated zinc phosphated steel specimens; 
there are no visual signs of delamination and damage after 90 cycles 
in either the modified and unmodified coating films. This result 
proved that the bond durability at the interfaces between PPS and 
Zn-Ph is outstanding, even in such a harsh environment. 

To establish thg. interfacial bond structure, and chemical 
states :hat govern such poor and good bond durability of polyaryl 
coatings, we investigated the interfacial polyaryl coating and Zn-Ph 
sides of the PEEK/ and PPS/Zn-Ph/steel joints before and after 90 
cycles by XPS. The XPS Clg core-level spectra of the PEEK side 
separated from the phosphated steel before and after 90 cycles were 
illustrated in Figure 1. The Cls region of uncycled PEEK side can be 
deconvoluted by four resolvable Gaussian components at BEs of 285.0 
eV 286.5 eV, 288.0 eV, and 291.5 eV. All these components 
correspond to the structure of PEEK itself. A striking difference in 
spectral features was observed from the PEEK interface after 90 
cycles; the width of the overall peak from 282 to 290 eV was more 
extensive, suggesting that an additional chemical component was 
introduced into the interfacial PEEK side during the fatigue tests. 
The new component, which is reflected in peak No. 5 at 289.4 eV, can 
be ascribed to the formation of -COO- (carboxylic acid or ester) 
groups. Such an addi ion component clearly verified that the PEEK 
coating itself undergo?* hydrothermal-catalyzed esterification. 
Thus, a high susceptibility of PEEK to hydrothermal-catalyzed 
esterification causes the degradation of the polymer film, thereby 
resulting in its delamination. 

In the 0, 3, and 7 wt% UHP-modified PPS/Zn-Ph/steel joint 

systems, the Zn2p3/2 spectra for the interfacial Zn-Ph side of 
uncycled specimens'"are depicted in Figure 2. The spectrum of the 
control (0 wtX UHP) reveals only a single symmetric peak at 1024.6 
eV, caused by Zn originating from the Zn-Ph. A noticeable change in 
the shape of the Zn2p3/2 signal from the 3 wtX UHP specimen was the 
emergence of a new signal at 1022.7 eV, corresponding to the Zn in 
the ZnS reaction product derived from the interaction between PPS 
and Zn-Ph; the intensity of this peak grew with the increasing 
concentration of UHP. At 7 wtZ UHP, the peak at 1022.7 eV becomes 
the dominant component, while the Zn-Ph-related peak at 1024.6 eV 
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««.. 1  XPS C„ cor.-l.v.l .p.e«. for lne.rf«i.l PEE* »Id.. 
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1029    1025    1021 

Binding Energy (eV) 

Figur. 2.    Znw„ r.glon of lnc.rf«cLl Zn- Fh sld.. re«ov.d fro» ch. 
0,   3,  »nd 7 «X UHP-nodlfl.d PPS b.fore cyclic c.«c«. 
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iderably decays. We note that there were no signals reflecting 
C?nS sulfite (ZnS03) or sulfate (ZnSOJ compounds. Hence, it is 
zlnC.ble t0 assUme that the peroxidic reaction of PPS with UHP emits 
P°SS s0 gases adjacent to the Zn-Ph layers, and then the emitted 

°s favorably react with the Zn in Zn-Ph to form ZnS. If this 
fÄterpretation is correct, a high rate of peroxidic reaction 
l reasingly promotes the transformation of anhydrous a- and 7- 
7(?0 ) as the major phases of Zn-Ph, into ZnS. For more 
1 teresting,. we found that although UHP-unmodified PPS was used, ZnS 
lso forms at interfaces between the PPS and the Zn-Ph during the 

8 llc tests. Figure 3 displays the changes in spectral features in 

1024.6 

1029      1025      1021 
Binding Energy (eV) 

Figure 3.  Zn^„, region of the Zn-Ph interface of 0(a)-, 30(b)- 
60(c)-, and 90(d)-cycled specimens. 
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the Zn2p3/2 region of the Zn-Ph side removed from the unmodified PPs 
as a function of cycle number. The data clearly verified that the 
line intensity of the signal at 1022.7 eV, corresponding to ZnS, 
grew with the increase in the number of cycles, while the peak line 
of Zn-Ph at 1024.6 eV conspicuously attenuated. It is apparent that 
the ZnS reaction product formed at the PPS-Zn-Ph contact zones plays 
a major role in forming an intermediate cross-linking structure, 
which improves the Zn-Ph-to-PPS adhesive forces. 

All this information was correlated directly with the results 
from electrochemical impedance spectroscopy (EIS) and cathodic 
delamination tests of the uncycled and cycled polaryl-coated Zn-Ph 
specimens. Figure 4 shows the changes in impedince,1Z1, at 0.01 Hz 
for these coatings as a function of cycle number. For the uncycled 

1.1     «. *^r- 

iff 

4 - 

PPS-ZnPh-0%UHP 

PPS-Zn-Ph-3%UHP 

PPS-Zn.Ph-7%UHP 

PEEK-Zn.Ph 

Zn-Ph 

1 3 5 

Cyclic number 

Figure 4.  Changes In impedance, 1Z1, for UHP-modified and 
unmodified PPS/Zn-Ph, and unmodified PEEK/Zn-Ph and 
single Zn-Ph systems as a function of cycle number. 
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specimens,  the impedance of Zn-Ph-coated steel in the -h. 
polyaryls   was   -   7.0   x   10'   ohm-cm'.   Once   the   Zn-Ph       T" °f the 

coated with the polyaryls    the 171  ™i?,«   ■ surfaces   were 
of magnitude. The 1Z1 value for all the, XnC.reaSed ^ sev*n orders 
with an increased cyclicdumber T*S ^^T* tendS t0 decrea^ 
led to the uptake o/more e^trolv^rtv%fr0l<m8ed ^ mUSt have 

rate of its uptake depended^ mainll on th C°f lngS' H°WeVer« the 

concentration of UHpf the lowest rate lll^l ^'?* and the 

reduction of 1Z1 value was deter^nJft' ?'?lng the Srad^l 
PPS/Zn-Ph coating. In'contrast t£I TEZZ^ ^ ^^^ 
highest rate of electrolyte unt^p pEEK/Zn-Ph   coating   had   the 

value from - 6 x 10" £>* TO^ToTÄ^ ^V" ^ 

fLCl6the ^^Ä:-^ - d4roUn itTto" lo^ 

UHP-modified coating^ Fo" the sinnl^nTf '"^ ^ th°Se for 

the 1Z1 value remained at 5 x lO^ohl \"»coating, after 5 cycles 
anodic corrosion of the underlviL **-?*• "^«S that there was 
we    ranked ^hese    coati-s    £j  1 ", C°mparinS ^ "1 values, 
electrolyte^ the Ä ?„£. \™    *«£•    %f    P-etration    of 
UHP-modified PPS/Zn- Ph > plK/Zn Ph > Zn P7" 

> * *" ^  > ° Wt% 

of tj-ar ^rirodu^ •^i^.^s- r ab;iity 

expect that this reaction product ™1 solutions,   we  would 
polymer   film  caused  by   alkali  cjf    *UpJress the delamination of 
layers  occurring  at  the  r-rt  J- y"d   dissolution  of   the   Zn-Ph 
20H-.   Figure 5 lots  the SSVIT^ ""•'   ^° + ^ + 2e" - 
and unmodified PPS films £0^! 7    PK? °f PEEK'   and ^"»odified 
.    and   90-cycled   specimens    a*«^ ^ ^ f°r °"'   2°''   30'>  ^0- 
PEEK/Zn-Ph/steel joint systems    th. ^ • °5   Cathodic   ^ts.    For 
low rate of delaminatL of PEEk inth^ "* n*^ that there is a 

increase to 60 .ycles result • th° flr.st 3° cycles. However, an 
dalamination. As mentioned earUe f %lnCr6aSe in the rate °f 

led   to   the   delamination   of   fil.     ' ^  6Xtension  to   ,u  cycles 
decomposition of thl> PE^Vst™ 
the rate of delamination for the ^^3^ ^oT V ^ "^^ 
progressively     reduced    a=     a     f 

Uled  PPS  J°lnt  systems  was 

delaminatedLlueofliTJafte"^ ? CyCllC ""-*«• the 

than that for the control s^cimens SuT H "" " 2° tines loWer 

due   mainly   to   the   rapid   rate   of * dramatlc  reduction was 
layers into ZnS reaction prod^t*"^00™6"1011 °f the Zn" P* 
regions; that is, r hil co^«,? "* the/PS-Zn-ph interfacial 
increased caused the formation of 1 ^ Ph   "   the   Cycles 

compound   which   have    no    effect ?£ aa°UntS °f the ZnS rea^ion 
decomposition of the inter fai"al Zr th\Cathodic reaction-caused 
reasonable to assume th£t£?\]?BdMe layers ■ ^ • ic is 
insoluble  in alkalTsolutioat"?" u"? ZnS

Vl?°™tl<».   wh-h  is n at PH *" 13,  has a high resistivity to 
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[ 
Coating 

0 : PPS-Zn Ph-0%l'MP 

• : PPS-Zn Ph-3%UHP 

x : PPS-Zn Ph-7%UHP 

1 | : PEEK-Zn Ph 

Figure   5. 

Heating-cooling cycles 
Rate of delamination of PEEK, and UHP-modifled and 
unmodified PPS coating films from the substrate after 
cathodic tests for 8 days for polyaryl/Zn-Ph/steel 
Joint systems as a function of heating-cooling cycles 

cathodic reaction-crea.ed a.kaline environ*, nts thereby minimizing 
the rate or deiamination. 'mis concept directly explan why the 
rate of delamination for the UHP-modified PPS systems before cycling 
is lower than that of unmodified specimens at 0 cycle because of 
the presence of large amounts of the ZnS compound which is not 
susceptible to alkali-catalyzed dissolution. 

C°nClUwnen urea hydrogen peroxide  (UHP)-modified polyphenylen 
sulphide (PPS) was used as the topcoat for zinc phosphate (ZnvPh)- 
deposited steel substrates, the interaction between the SO, or SO 
emitted from the peroxided PPS and the Zn in Zn- Ph layers led to the 
formation of ZnS compounds in the interfacial boundary regions This 
reaction product,  in conjunction with excellent hydrothermal 
stability of PPS itself, played an important role m improving the 
PPS-to-Zn-Ph bond durability and in providing a great protection ot 
the steel from corrosion during its exposure to a wet, harsn 
environment. Although the UHP-unmodified PPS was coated over the 
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7 -Ph the exposure of this coating system in autoclave at 200°C 
. troduced the same sulfide compound into the intermediate layers; 
•t amount progressively increased with an increased number of 
heating-cooling cycles. Furthermore, a specific characteristic of 
this reaction product was to inhibit the alkali-induced delamination 
of the PPS film from the substrate that was caused by the cathodic 
reaction, H20 + l/202 + 2e" -» 20H", occurring at corrosion sites in 
the steel, because this reaction product was insoluble at pH - 13. 
In contrast, a shortcoming of the polyphenyletheretherketone (PEEK) 
coating was its susceptibility of hydrothermal-catalyzed 
esterification. Thus, despite achieving a good bond at the PEEK-to- 
Zn- Ph interfaces due to the mechanical anchoring of the PEEK 
polymer, the esterification-induced degradation of the structure 
after 90 cycles caused the buckling delamination of film. As 
expected, PEEK coating systems which do not have any alkali- 
insölublf" reaction products underwent the cathodic delamination 
because they were undermined by the alkali dissolution of Zn- Ph 
layers. Nevertheless, it believed that the combined layers of PPS 
and Zn-Ph afford great protection to steels in a harsh environment 
with temperatures up to 200°C. 
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ABSTRACT 

A new coating evaluation technique based on electrochemical 
polarization of specimens with scribed defects was developed and 
evaluated as a method for assessing corrosion protection by coatings on 
metals. A unit ue scribe method was developed to create reproducible 
defects on the specimens in a manner such that the coat:~g/metal 
interface Waö consistently exposed. Various organic and inorganic 
coating systems were examined on aluminum substrates in 3.5% NaCI 
solution. Electrochemical results were compared to standard coating 
evaluation techniques. Preliminary results indicate that this technique is 
useful for comparative evaluation of coating systems, and offers a number 
of advantages such as fast and quantitative measurements, good 
reproducibility and sensitivity. 

INTRODUCTION 

Coating systems, composed of an inorganic surface pretreatment 
along with an organic primer and topcoat, have been the prevalent 

On-site Contractor at Naval Air Warfare Center, Aircraft Division Warminster 
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method for protecting metallic structures against corrosion. These coating 
systems however are ever changing especially with the advent of 
stringent hazardous materials regulations. Along with the development of 
these new coating systems there is a need for a technique to rapidly 
evaluate their performance. Currently several electrochemical techniques 
have been used to evaluate coating system performances0"9). Each of 
them however have their slight draw backs most of which being long time 
duration's for testing. 

Factors influencing a coating system's performance are the metal 
substrate, the coating, the metal/coating interface, and the operating 
environment. In this study an evaluation technique which could effectively 
study these factors was developed and evaluated. The technique is 
based on electrochemical dc polarization of an metal/coating interface 
scribed as defect. Thus^ several coatjnn systems will be tested jg 
establish electrochemical parameters which can be used to describe 
coating performance. The results will be also compared with standard 
non-electrochemical coating evaluation methods. 

EXPERIMENTAL PROCEDURE 

Instrumentation 

#3 to 

ffii 

The electrochemical scribe testing (EST) technique is carried out 
by running a potentiodynamic scan from the catnodic to anodic domain on 
the exposed metal/coating interface in a corrosive medium (electrolyte). 
The metal/coating interface is exposed by creating a circular scribed 
defect in the test specimen. A cross section of this scribed defect is as 
sho1 Ti in Figure 1. This defect is produced mechanically using a unique 
device developed i. .-house and is shown in Figure 2. The purpose of 
making a circular scribe on the coated panel is to expose the metal 
/coating interface in ominidircetion to the test medium for occurrence of 
interfacial corrosion. The circular geometry also eliminates problems of 
end-effects which are quite common to cross scribe, and probably 
represents a most severe defect geometry for accelerated testing. 

The scribing device as shown in Figure 2 applies a constant force 
between the scribing tip and the test specimen. The constant force is 
controlled by the load applied to the spring by a weight (mass) as shown. 
Once the scriber tip comes in contact with the specimen, the tip is rotated 
to produce the circular scribe. The scriber cuts through the coating down 
into the metal substrate. The depth profile and notch radius of the scribe 
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are dependent upon the coating thickness and the nature of metal 
substrate. However, for a given metallic substrate the notch (scribe) 
geometry is fairly consistent and reproducible (Figure 1). 

COATING/METAL 
INTERFACE 

mprnAT 

^  METAL SUBSTRATE 

Figure 1: Cross section illustration of scribed defect. 

•WEIGHT 

SPECIMEN 

Figure 2: Schematic of scribing device. 
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Substrate and Coating Systems 

Aluminum 7075-T6 alloy panels were used for evaluation ofj 
various pretreatments, primers and paints. Thus, panels were prepared 
using the following four coating schemes: 
(1) Chromate Conversion Coated Aluminum Panels [ Mil Spec No.] 

- Top Coat Only [85285] 
- Primer [23377] + Top Coat [85285] 
- Self-Priming Topcoat (one-coat, unicoat) 

(2) Tri-Chrome Conversion Coated Aluminum Panels 
- Top Coat Only [85285] 
- Primer [23377] + Top Coat [85285] 
- Self-Priming Topcoat (one-coat, unicoat) 

(3) Cleaned & Deoxidized Aluminum Panels 
- Top Codt Ghly [85286] 
- Primer [23377] + Top Coat [85285] 
- Self-Priming Topcoat (one-coat, unicoat) 

(4) Heavy Chromate Conversion Coated Aluminum Panels 
- Primer [23377] + Top Coat [85285] 

The protocol for specimen preparation includes the substrate preparation 
(conversion coating), primer (optional), and topcoat layers. A defect via 
the fore mentioned scribing technique was produced on the panels prior 
to exposure and testing. The interfacial area exposed consisted of the 
product of the length of scribed defect along coating thickness and the 
bare metal notch-width of the substrate. 

Electrochemical Measurements 

! I* 

The electrochemical test cell consisted of a glass cylinder with an j 
O-ring seal at one end mounted and clamped over the desired area of the [ 
test panel. The total exposed surface area created by this cell was ~7.5 I 
cm2. The cell was then filled with approximately 50 ml of electrolyte. The i 
counter electrode was a platinum disk with a hole in the middle to allow f 
the capillary of the saturated calomel reference electrode tip to extend \ 
within 2mm of the specimen surface. The test cell configuration is 
illustrated in Figure 3. 

The dc electrochemical polarization measurements were made 
using a Gamry CMS100 instrumentation system. The electrolyte used was 
a 3.5% NaCI solution (starting pH 6.25) and at room temperature (24° C). \ 
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Potentiodynamic electrochemical scans were run on the exDosPrt =„= 
«J,ich included the scribed defect, from the oathoSic• to he anSln 
•me scan was started at a preset -2.50 volts scanned to -0.5u voH SSL 
the saturated calomel electrode (S.C.E.). A scan rate of 1.0 mV/se?*« 
used to run the scans. The specimens were pre-exposed to me ele^f 
soluhon for either 1,3 or 7 days prior to testing, fuZtofol £ffi 

S nJ" 3t "* COndm0n f°r S,a,iS,iCal Verification °f eprSty 

Counter Electrode (Platinum) 
Saturated Calomel Electrode (S.CJE.) 

3-5% NaCl Solution 

Working Electrode (Pai^p^ 

Figure 3: Electrochemical test cell 

Salt Spray Exposure 

Two sets of panels were scribed with a fiaure " X •• thm,.nh ^a 

SS? Vte t,mot'rStra,e
fh

aCCOrdin9 '° *S™ S'andaÄ 
Standard Method B 117 in SZ1 ^ eXP°Sed aC°°rdin9 l0 an AS™ 
1000 hours After tell™If  P  ,Yenvironment and »»test was ,un for 

of me «s^rrsüss: sredf^aebondin9/iiffin9 
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RESULTS AND DISCUSSION 

The first set of experiments were conducted to determine whether! 
the EST technique could distinguish between good and poor coati 
adhesion. Thus, prior to painting the aluminum panels were pretreat 
with (a) standard mil Spec (Mil-C-5541) chromate conversion coatirj 
(CCC) and (b) a heavy chromate conversion coating (HCCC). It is fairi| 
well known that HCCC causes poor adhesion of the primer. The coatinj 
used on these test panels was a standard two coat system, a primed 
[23377] & topcoat [85285] 

An examination of the cathodic regions of the potentiodynami(| 
polarization diagrams, shown in Figure 4, show a large difference in thef 
limiting current densities for the two pretreatment*, i.e. current densiti 
at potentials below -2.0V. When cathodic currents reach a limiting value| 
become'independent of potential change, the reduction of oxygjeij 
becomes diffusion controlled. For the purpose of this study, a lowe| 
limiting current density value indicates lower availability of oxygen to the! 
coating/metal interface, thus, lesser production of hydroxyl ions 
responsible for cathodic disbonding. This reaction can be written as 

O2 + H20 + 4e-    >   4 OH " 
It is this production of hydroxyl ions that attacks the resin (paint system) 
and results in disbonding. 

-0.50 

UJ 

d 

c 
ä o 
QL 

■I.00 

5C 

-2.00 -1 
A A,", A A standard chromate conversion coating 

— heavy chromate conversion coating 

-2.50 
-7 00        -6.00        -5.00        -4 00 

Log Current Density, 

-3.00 

amps/cm 

1.00 

Figure 4: Polarization curves comparing surface pretreatments of a standard 
chromate conversion coating vs. a heavy chromate conversion 
coating under a Primer[23377] & topcoat[85285] paint system. 
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The results of salt spray exposure testing of these specimens are 
in agreement with those of EST. As shown in Figure 5, the CCC panels 
show no signs of adhesion loss or corrosion in the scribe area, where as, 
the HCCC specimens exhibit severe paint lifting and corrosion product all 
along the scribe. Most probably, the corrosion product in the scribe 
correspond to higher anodic currents observed in the passive domain the 
polarization curve. 

Figure 5: Photographs of primer[23377] & topcoat[85285] paint system with 
A) standard chromate conversion coating; B) heavy chromate 
conversion coating pretreatment after being scribed and exposed 
in 5% salt fog for 1000 hours. 

The reliability of EST technique to evaluate and characterize the 
adhesion and corrosion resistant properties of the pretreatments 
(substrate preparation), both the standard two coat and a new one coat 
systems was selected. The two coat system again consisted of a standard 
primer [233" 7] and topcoat [85285] while t^e one coat system was a 
formulation that meets a particular mil specification for a single coat paint 
system. In this study, the substrate preparation was either a simple 
cleaning and deoxidizing of the surface (CD) or a conventional chromate 
conversion coating (CCC). The third substrate preparation was a new 
trivalent chromium conversion coating (TCC).(11) The number 2 or 1 
will be used after the acronyms for the surface pretreatment to identify two 
coat or one coat system, respectively. 

The polarization curves on the two coat system (CCC2) specimens 
showed an interesting cathodic polarization behavior (cf. Figure 6). The 
limiting current density, iL, for the CCC2 was higher than that for either 
TCC or CD2. As known conventionally, the CCC2 painted panels should 
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I I I l I cleaned & deoxidized 
   trivalent chromate conversion coating 
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■'.00 

Figure 6: Polarization curves comparing surface pretreatments of a standard     f 
chjomate conversion coating, trivalent chromium conversiofjcoating    * 
arrefjust cleaned and deoxidized under a Primer[23377] 
& topcoat[85285] paint system. 

Iff 
-I v 

6^ f>- 

11 

Figure 7: Photographs of primer[2?377] & topcoat[85285] paint system with 
A) cleaned and deoxidized; B) trivalent chromium conversion coating;   , 
C) chromate conversion coating; pretreatment after being scribed and 
exposed in 5% salt fog for 1000 hours. 
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have lower iL and perform the best. The CD2 and TCC2 had IOWPP anH 
identical current density in this region. As was a.so oteeneöV™"?? 
an .L value above 10-2 A/^2 could be an indication of .(Ltimwith 
an adhesion problem. The iL for the CCC2 was approximated^ A,    5 
^i.e the CD2 and TCC2 were at least a half dS"lower  This 
difference o half a decade (5m A/^2) could be an indic^tionTa beier 

,     adhesion of paint coating.  This deduction was confirmed with thl 
examination of the salt spray exposure specimens as™ ,n Rgure7 
where plates A and B represent the pretreatments rn Inn-En 
respectively, and the plate C TBIMB^SSS^A^ Sni 
adhesion is very ev.dent along the scribe mark of the crrsnlnJi Pt? 

separaVhemselves in M^£XXcll>ZcciZT^ 
i.e., the~CCC1 treated panel showed the lowest and CnTtnfh^6,8'' 

curve in the anodic domain   rpninn 1/ f        The P°,ar|zation 
increase in the curen?Sv InZ rl ^T^ Sh°W a si9niflcant 

• have any inhibitor ecleaned LVn H W- °f/anel CD1 which did n°t 
could only be observed on on?S?» < ? - l^00" Th,'S difference 

The separation ofcun/e1Z »1r^™ (? FiQUre 6 with Fi9ure 8). 
was indistinguishable sTnce CD process dT" Y *" ^ «* S^er" 
inhibitor in the bath (he corrosionof th n° c°ntain any corrosion 

obvious in the scribe area jha °»h5fc 
SUbStrate metal was ^uite 

contain Cr+6 and C^3 whirh ,L        *"°   Processes- CCC and TCC, 
showed lower current dfeA^T* "i™"0" inhibitors' tnus 

compared vv/MhesaLynn^!; ^ bef°re when these re^ts are 
correspondwellSever*MnaVnT^ f Sh0Wn '" Figure 9' the res^ 
specimen, plate A ^TC^Äf8"?'^8 observed ™ the CD1 
showed some signs of Innr Sh } a"d CCC1 (plate C> Pane,s ^so 
inferior, hc^T^^^^'g? ?C1 being slightly 
corrosion product also appearedI in?£?«! -J !,CD1> S,9n,ficant amount of 
TCC1 and CCC1 specimens ontJnZ0 area for CD1- wni,e ^ the 

h IT the potaEsrncu" 9^^^ctwas •***■ 
becomes quite evident that the .^£2 £^£%^ 
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Figure 8: Polarization curves comparing surface pretreatments of a standard 
chromate conversion coating, trivalent chromium conversion coating 
and just cleaned and deoxidized under a Self-priming topcoat system 
(one-coat system). 

m 

Figure 9: Photographs of Self-priming topcoat (one-coat) paint system with 
A) cleaned and deoxidized; B) trivalent chromium conversion coatins 
C) chromate conversion coating; pretreatment after being scnbea   | 
exposed in 5% salt fog for 1000 hours. 
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system. The anodic (passive region) currents from both sets of scans 
provide information which indicates that the two-coat system including 
the cleaned and deoxidized surface, produces a decade lower current 
density than the one-coat system. Examination of the cathodic regions of 
both sets also predict greater adhesion problems with the one-coat 
system. These findings are well supported up by the results of salt 
exposure tests (cf. Figures 7 and 9). 

Thus far it has been established that EST technique was able to 
show that different surface pretreatments had a great effect on the 
performance characteristics of the  organic coatings.   However   the 
corrosion inhibiting effects of the surface pretreatment were not' fully 
confirmed as the coating system, both the primer and top coat  used 
always contained an inhibitor as an additive. Thus, new sets of panels 
pretreated as CD, TCC and CCC were prepared and coated with just a 
polyurethan^.topcoat containing no inhibitors. The reason for applying the1 

topcoat for tnis testing was to prevent the pretreatment from leaching out 
into tfie electrolyte solution rather than migrating toward the scribed 
defect. The panels were elctrochemically tested after one day Dre- 
exposure in the test medium. The polarization diagrams obtained were as 
shown in Figure 10. They very clearly demonstrated that in the case of 

-0.70 -i 

-0.90 

W 
6 

2 -1.30 - o 
Q. 

■1.50 

/y.».^ chromate conversion coating 
i I i i i  cleaned & deoxidized 

trivalent chromate conversion coating 

-7,00        -6 50 -5.00 

Log Current Density 

MM' 
5.50 -5.0C 

amps/cm2 

i i i i i i 

-^.50 -4.00 

Figure 10: Polarization curves comparing the self-healing effects of chromate 
conversion coating and trivalent chromium conversion coating under a 
inhibitor free polyurethane topcoat[85285]. 
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current density values, while they were highest for the cleaned and 
deoxidized specimen. The differences between passive regions of TCC 
and CCC were probably insignificant, although the currents appeared 
slightly lower for TCCC. In the cathodic domain the results were similar to 
those reported earlier; showed poor adhesion properties due to the fact 
they had only topcoat with no inhibitors. In actual salt exposure tests 
TCC and CCC specimens showed almost identical and least corrosion in 
the scribed area. Low corrosion current densities at anodic polarization 
potentials show that pretreatments have a self-healing effect on bare 
metal or the defect sites. 

CONCLUSIONS 

A novel scribing^echnique^was developed to create reproducible defects 
on coated metal panels to characterize their corrosion and 
electrochemical behavior. The mete I coating interface was studied 
through a potentiodynamic polarization method in which the interface was 
polarized from a very cathodic potential to a potential above open circuit 
in the anodic direction. The coating decohesion property was studied 
from the cathodic polarization effects and the corrosion resistance 
property of the substrate metal pretreatment was examined with respect to 
anodic polarization effects. The analyses of polarization curves was 
compared with the salt spray tests of the scribed panels. It was found that 
the values of limiting current densities, ii_, were directly related to metal- 
coating bond strength or adhesion, lower the i[_better the adhesion. This 
explanation was based on the understanding that interfacial cathodic 
reactions lead to oxygen reduction reactions and produce hydroxyl ions 
which attack t! 3 resin system to cause coating debondind. The corrosion 
resistance or pa^'vating property of the pretreatments, conversion 
coatings, was related to values of the anodic currents in the passive 
region of the polarization curves, lower the current greater the resistance 
to corrosion. 

Thus, the EST testing technique as described in this paper was 
found to be a valuable screening method for the assessment of corrosion 
protection properties of both the organic coatings and inorganic 
pretreatments (conversion coatings). It offers many advantages in the 
comparative evaluation of coating systems, such as quantitative 
measurements in relatively short test periods (compared to 1000 hour salt 
spray exposure testing), high reproducibility and sensitivity. The efforts 
are continued to further fine tune this method for routine testing. 
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Including Chromate and Non-Chromate Conversion' 

Coatings for Mg Alloy ZE41A-T5 Using 
Electrochemical Impedance Spectroscopy 

Dr. Frank Chang*, Mr. Robert Huie, and Mr. Brian Placzankis 
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Watertown, MA 02172-0001 

ABSTRACT 

A study has been conducted to evaluate the suitability of a non- 
chromate conversion coating (Tagnite 8200) for replacing the currently used 
chromate conversion coating (Dow 17) on Mg alloy ZE41A-T5. This replace- 
ment must be accomplished without compromising the corrosion resistance 
and protection efficacy of other advanced coating schemes. Electrochemical 
Impedance Spectroscopy (EIS) and salt spray tests have been employed to 
compare the corrosion behavior in chloride containing solutions of Mg alloy 
ZE41A-T5 which has been coated with various combinations of a conversion 
coating (Tagnite 8200 or Dow 17), primer (Sermetel 1083 or epoxy) and 
topcoat (Sermetel 1089, polyurethane, or epoxy electrodeposited E-coat) 
Results indicate that there are several coating schemes which perform better 
than the currt itly used system ar -d that the EIS and tl .3 salt apray tests sh .w 
a direct CL.relation. 

INTRODUCTION 

Magnesium alloys are known for their low specific weight and excellent 
mechanical properties, thus they are considered to be one of the best 
structural materials for aircraft applications. However, U.S. Army experience 
with magnesium helicopter components has shown that significant corrosion 
problems exist which require increased maintenance, impacting both cost 
and readiness. During the Vietnam era magnesium alloys were used widely 
to reduce weight and increase performance. But in a recent modernization 
program, a number of magnesium parts were replaced with aluminum alloys 

549 



:  t 
\ ': 

W& 

to reduce corrosion problems, resulting in a concomitant weight penalty. It is 
clear that improved protective schemes are needed to provide corrosion 
resistant magnesium components before its inherent weight advantage can j 
be fully utilized. 

The current practice for protecting magnesium employs an anodizing 
chromate conversion pretreatment, an epoxy primer and a polyurethane 
topcoat. Previously, we described1 the beneficial results achieved by inter- 
posing a baked epoxy resin sealer between the conversion coating and 
primer application. In a recent paper2, we reported some of our results on the 
corrosion resistance of magnesium alloys ZE41A-T5 and WE43A-T6 which 
were subjected to various coating schemes. These results were compared to 
the corrosion resistance of the current standard coating used at Sikorsky. In 
this paper, we prespnt additional results obtained from ZE41A-T5 alloy 
panels with similar protective schemes, but replacing the Dow 17 surface 
pretreatment (with chromates) with Tagnite 8200 (non-chromate). Since the 
Tagnite is chromate free, it is considered to be more environmentally 
acceptable. However, the protection efficacy of various coating schemes in 
combination with the Tagnite pretreatment must be investigated prior to its 
qualification as a replacement for Dow 17. 

MATERIALS 

Magnesium alloy ZE41A-T5 (UNSM16410) was selected because it is 
being used in newer aircraft. Table 1 contains the mechanical properties and 
the nominal composition in wt% of elements. Each coating has been given a 
letter designation which is described in Table 2. Table 3 lists each of the 
evaluated protective schemes and thicknesses. 

The Scrmetel 1083 primer (SP) is a high temperature polymer coating 
formulated with metallic pigmentation and corrosion inhibitors. This primer is 
applicable over conversion(anodized or immersion) pretreated surfaces such 

Table 1 
Mechanical Properties of ZE41A with Nominal Compositions in Wt% Solute 

Mechanical ProDerties                                iCorrDOsition 

Alloy UTS 1% YS 2% YS Modulus %RA %EL Zn RE Zr Y Mq 

ZE41AT-5(Ksi) 31.40 20.80 22.30 6520 4.30 4.80 4.3 1.5 0.73 - 93.47 

ZE41AT-5(MPa) 216.50 143.42 153.76 44960  1 
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Table 2 
Letter Designations for Protective Schemes 

Pretreatment 
Dow 17 
Dow 17 

Primer 
Sermetel 1083 

Dow 17 
Taqnite 8200 
Taqnite 8200 
Taqnite 8200 

Taqnite 

Sermetel 1083 
MIL-P-8558? 
Sermetel 1083 
Sermetel 1083 

Topcoat 

Sermetel 1089 

Notes 
Sermetel Primer 

MIL-C-46168 

Sermetel 1321 
Sermetel 1089 

Epoxy E-Coat 

Sermetel Primer + Topmat 
Sikorsky (Standard) 
Sermetel Primer 
Sermetel Primer ♦ Topcoat 
Sermetel Non-Cr Primer 
E-Coat 

Table 3 
Protective Schemes Evaluated by US Army Research Laboratory 

Substrat« 

ZE41A-T5 

Anodic Prt-Tr««tmont 

<Thlelcne»«) 

Dow 17 

JL 

_*L 

_^_ 

.£. 
Tagnlt« 

JL 

•J 

V 

-aL 

Coating System 

(Thickness) 

5P-(1mll. 2ml I) 

SPT-nmlt.2mH) 

SP-(lmll) *Sk 

SP-(2mll)*Sk 

V (0.35ml I) 

■/(0,80ml I) 

V(0.90mll) 

</(1.0mll) 

Sk 

SPnd mil) 

(phosphate sealed) 

V<0.30mll) 

(phosphate sealed) ♦€ 

^L 
E-(0.80mil) 

SPnd mil) 

Na,to07 2?°n?H       ,°i an°diZed' MIL-M-«202B, type II, cass D, 
T^h™,1" -,■ m d,onromate) and Tagnite 8200 (non-chromate 
Technology Appl.cation Group, Inc.). This primer is also compatible Sa 

dZ° T" in?Udin9 Sem,e,el 1089 <T>a h'9" «emperaTu e poTyme" 
eooxv vor?„ V I'8',SyS,em by Sik°rSky (Sk» which incorporates both an 
MILyc 4fi?RR 7   n' f "mer <MIL-p-85582) and a polyurethane topcoat 
MIL-C-46168, chemical agent resistant topcoat, CARC) Tagnite 8200 is a 

too step (non-chromate anodizing and immersion) surface pre Itmen   tt 

on™?    T .°Xlde and °an be toP°oa,ed with an epoxy seale /prime 
topcoat comb,nat,on such as SP, SPT, or electrodeposited epoxy E-coa^E) 

EXPERIMENTAL 

The testing program included both exposure to salt spray (ASTM 
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B117) and immersion in 0.5N NaCI solution, open to the air, for electrochemi- 
cal impedance spectroscopy (EIS) measurements. EIS has been used 
extensively for assessing coating protection efficacy at the Army Research 
Laboratory (ARL) 1"3. In salt spray testing, the specimens were visually 
examined periodically for corrosion. Testing was terminated if a panel was 
found to have corroded through its coating thickness. In most cases, only one 
panel for each test with each coating scheme was tested due to a limited 
number of coated panels available. 

The cell used for EIS testing has been described elsewhere1. EIS 
tests were performed with a PAR 378 system consisting of a model 5208 two- 
phase lock-in analyzer, a model 273 potent|pstat/galvanostat, and a IBM P£, 
XT c mputer. Periodic measurements were taken for the samples exposed 
to 0.5N NaCI solution at the corrosion potential (stabilized within 1 hour)over 
the frequency range of 100 KHz-0.005 Hz for a period of up to 100 days at 
room temperature. In the initial two or three weeks of immersion, EIS 
measurements were conducted more frequently since large variations were 
expected to occur; at longer times readings were taken less frequently since 
the impedance had stabilized. The single sine technique with an input 
sinusoidal potential of 5mV was applied in the frequency range 10OKHz -5 Hz. 
At the lower frequency of 10-0.005 Hz, the multi-sine technique was em- 
ployed with an input sinusoidal voltage of 10 mV. The dimensions of the 
magnesium alloy test panels were 6"x4"x1/4" (15,2cm x 10.2cm x0.64cm). 
They were coated by various vendors on both front and back surfaces as 
described in Table 2. EIS tests were conducted only on the coated machined 
surface of the panels. EIS tests were performed in duplicate with results 
expressed as an average of the two panels ortwo different ai eas on the same 
panel due to panel availability. Before testing, the coated surfaces were 
cleaned with compressed filtered air and only areas without visually detect- 
able defects were selected for exposure to chloride solutions. 

The collected data was plotted and evaluated in the Bode as well as 
the Nyquist formats. It was found that the Bode formats were easier to 
analyze, and thus more useful in terms of determining coating efficacy. The 
Bode formats display the magnitude (loglZI) and phase angle (0) of the 
impedance as a function of applied frequency (log f). The total impedance 
of the specimen, defined as the loglZI value extrapolated to 1 mHz in the Bode 
magnitude plot, was also plotted as a function of exposure time for compafl* 
son of the efficacy of each coating system. 
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RESULTS AND DISCUSSION 

Salt Spray 

Table 4 contains ZE41A-T5 salt spray data for the various protective 
schemes. These schemes are comprised of either the Dow 17 (d) or the 
Tagnite (t) pretreatment, then coated with either the primer only (SP), primer 
and topcoat (SPT), or with the Sikorsky (Sk) system. Included also is a 
Tagnite/sealer/electrodeposited epoxy E coat system(tE) and a proprietary 
non-Cr primer, Sermetel 1321 (tSPn). 

; ' ■ &    Table 4 
Salt Fog Performance Summary of Coated ZE41A-T5 

Dow 17 

M-- 

6 
24 

5424 

6024 

6696 

14976 

f 
19440 

Coating dSPT 
(1 mil) 

Coaling dSP 
(1 mil) ♦ Coating Sk 

Coating dSPT 
(2 mil) 

Coaling dSP 
(2 mill + CoatineSk 

% Area Failed 

0 
0 
10 

Failed 

0 
0 
50 

Failed 

Tagnite 8200 

Coating iSPT Coaung iSP Coaung tSPT Coating ;SP Coating tSPn 

Hours (1 mil) (1 mil) (2 mil) (2 mil) (1 mil)* 1321 

6 

% Area Failed 

0 0 0 0 0 

720 0 0 0 0 0 

1200 0 4 0 0 0 

1632 0 7 0 0 0 

1944 0 7 0 0 0 

2532 0 10 0 0 0 

3384 0 10 0 0 0 

3624 0 12 0 0 0 

4224 0 15 0 0 0 

4368 0 18 0 0 0 

4560 0 20 0 0 0 

4872 0 22 0 0 0 

4968 0 25 • Failed 0 0 0 

5376 0 0 0 0 

5664 0 0 0 0 

6168 0 0 0 0 

6480 5 0 0 0 

6840 10-Failed 5 7 0 —1 
through the entire thickness of the test panel. 

All panels pretreated with Dow 17 and coated with various schemes 
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completed at least 5000 hours of salt spray exposure without failure. How- 
ever, for coatings with only 1 mil (.0254mm) of either the primer (dSP) or the 
primer/topcoat combination (dSPT), corrosion occured through the thickness 
shortly thereafter at 6024 hours. When the total thickness of these coatings 
was increased to 2 mils (.0508 mm), they performed significantly better. Nc 
failure occurred up to 15,000 hours of exposure, yielding a 3X improvement 

For those panels pretreated with Tagnite and coated with various 
coating schemes, failure was defined as corrosion of a panel through its entire 
thickness at a non-edge nucleation site. Edge related corrosion attacks were 
ignored since they resulted from improper sealin^ along the edges. The prr; 
coated with 1 mil total of tSP was first to fail at 4968 hours followed by the pane 
coated wi;h 1 mil totalltf tSPT at 6840 hours. The panels ccated with 2 m: 
total coatings contained some small corroded pits or blisters, but no failures 
occurred at 6840 hours. These results indicate that the corrosion resistance 
of the coated panels are more affected by coating thickness regardless of the 
type of pretreatment employed. It is also shown that the corrosion resistance 
of the coated samples appear to be comparable if the coating schemes anc 
their total thickness are the same. The same may be said based on their EIS 
results as presented later. Additional ARl salt spray data for the Tagnite 
pretreated samples is unavailable due to the limited number of panels 
provided. However, Sikorsky4 did conduct 96 hours of salt spray testing 
(ASTM B117) on magnesium alloy panels pretreated with Dow 17, HAE (non- 
Crtype), or Tagnite only. Their results showed that Tagnite provided greater 
protection with only minor corrosion occurring as compared to the extensive 
corrosion observed on the other samples. 

It was noted that the Hanel coated with a 1 mil non-Cr primer, Sermete- 
1321 (tSPn), showed no corrosion occurring at 6840 hours. This non-Cr 
primer appears to be a potential candidate for the replacement of the Cr 
containing Sermetel 1083 (SP). Additional results will be reported at a later 
date since the testing is still in progress. 

Figure 1 (a-c) shows the front and back of tested panels coated with 1 
mil dSPT, 1 mil tSPT, and 2 mils tSPT respectively. In the 1 mil specimens. 
the non-edge nucleated corrosion has proceeded through the thickness of the 
substrate after having been subjected to at least 5,000 hours of salt spray 
testing. The corroded area appearing on the front surface is small but spreads 
quickly, exhibiting much broader corrosion on the rear surface. The non-edge 
nucleated corrosion has not occurred on the panel coated with 2 mil tSPT 
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as shown in Figure 1c. 

Front Back 

* 

Front 

Front 

Back 

Back 

Figure 1. Front and Back of Failed Salt Spray Tested Specimens; a) 1 mil 
dSPT Failed at 5.000 hours, b) 1 mil tSPT Failed at 6840 hours, 

c) 2 mil tSPT Unfailed at 6840 hours, 
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Flflctrochemiftal Impedanz Spectroscopv 

The EIS data obtained from each test was plotted in both Bode and 
Nyquist formats. Certain parameters were examined to ascertain whether 
they might be used to characterize   protection efficacy of the coatings 
Representative plots are shown in Figure 2. Impedance values at loy. 
frequency (IZI @ 1 mHz) can distinguish between gooo and poor coatings^ 
For examples, for aluminum alloys, any coating with total impedance values 
<105 Q.cm2 indicates repainting is necessary; values between 10b andl0C 

Q cm2 indicate reexamination is required in 6 months to a year; when values 
>109 Q cm2 are measured, the coating is functioning properly. Murray an: 
Hack7 accumulated EIS data over a frequency ranne of 5x10"3 to 1CP Hz \c 
relatively thick MIL-P-24441 epoxy coated steel specimens which were 
exposed to artificial ocean water for up to 3 year? They found that the mos" 

-useful parameter is Zm^-defined as the Maximum impedance at lov. 
frequency Samples with Zmax values greater than 1 fj9 O-crn^ were charac- 
terized is superior coatings.   (Note that a factor of 5.06cm^ should be 
multiplied to the impedance magnitude shown in the figures to obtain 
comparable Q.cm2 values.) 

,i'.- 

)o>  '"-eu^ 

o   - 
v   - 

11 

-8B 

-14^ 

lb, 

Figure 2. EIS Data Plotted in Bode Format a) 1 mil dSP , b) 1 mil tSPwtth 
0.8 mil Coating E after 87 days of immersion in 0.5 N NaUi. 
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Figures 3 to 10 contain plots of impedance values extrapolated to 1 
mHz as function of exposure time for the ZE41A-T5 coated samples 

described in Table 2. 

Figure 3 compares the impedance of 1 mil thickness of coatings dSP, 
■sSP, dSPT and tSPT. The beneficial effect of the Sermetel 1093 (T) barrier 
topcoat is shown on the Dow 17 (d) pretreated samples. The impedance of 
dSPT increased from 109-5 Q to > 101 ° Q over the first 40 days. Although 
this value was higher than the impedance of the dSP at that time, the 
impedance of both samples was very much the same at the end of the test at 
95 days, as seen in Figure 3(a). However, with the Tagnite (t) pretreated 
samples, I- ,gure 3(b), the impedance data does not show the beneficial effect 
of the barrier topcoat. In the first 15 days, the impedance of the 1 mil tSP is 
higher than that of the 1 mil tSPT, 109-5 vs.106 5 Q. Afterwards, the 
impedance of both tSP and tSPT fluctuate between 105-5 and 107 Q until the 
end of the test. Examination of samples after testing revealed that localized 
corrosion near the O-ring seal occurred in one of the 1 mil tSPT samples, 
resulting in lower impedance values, =105 Q. The corrosion which occurred 
early in the test may have resulted from local 02 content variation or pre- 
existing, macroscopic defects. Nevertheless, the application of a barrier 
topcoat layer does not appear to be beneficial at 1 mil total thickness since 
they both approach the same lower impedance values. 

The comparison of the impedance of panels coated with 1 mil of Cr vs. 
non-Cr primer (Sermetel 10^3 vs. Sermetel 1321) on Dow 17 (d) or Tagnite 
(t) is shown in Figure 4. It is clearly seen thai the Tagnite/Sermetel 1321 
shows a stable and higher impedance from the beginning to the end of the test 
Period. This has been found to be in very good agreement with the results 
obtained from the salt spray test described previously. It also demonstrates 
;hat a good correlation exists between the EIS and salt spray test results 
Qualitatively. Future tests have been planned to investigate further the 
compatibility of this non-Cr primer with other advanced coating schemes 
s'nce it has exhibited excellent   corrosion resistance in this initial study. 

w$ V-rA:' 
Ö'-«', 
ftrf?<- '•' ■;tf*$*-. 
3S»ö- 
fifcSttü, ■ .'•J^'iV''«-'* 

*S&% 'i'-:3*'.'3? 
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■*—    Cnaung dSPT (1 mü) 

*—    Coaüng dSP(lmil) 

Day] 

Coating tSP(lmü) 

-•--     CcaungiSPT(lmii) 

^ -»- ~V 

Days 

(a) (b) 
Figure 3. EIS data on 1 mil SP vs 1 mil SPT on ZE41A with 

a) Dow 17 and b) Tagnite 8200 

10 - 

9- 

8- 

I 
I \ \ 

1 
1 

\                      —a—    dSP(Inul) 

6- 

1- 

. \ ^N                         --■--     tSP(lmU) 

V      ^     . 

Figure 4.   EIS data on 1 mil tSP, tSPn, and dSP. 

Figure 5 shows the effect of coating thickness, 1 mil (25.4 mm) vs. 2 
mil (50.8 mm) of SP on the performance of samples pretreated either by Dow 
17(d) or by Tagnite (t). The impedances of the 2 mil (50.8mm) dSP or tSP 
coatings remained relatively constant, >10^ Q.cm2,over a period up to 100 
days, regardless of the type of pretreatment employed. This indicates thai 
both are excellent coatings. The tSP coating also showed a similar magnitude 
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ifefegi 

of impedance to the dSP coating over the test period. Generally, impedance 
is proportional to the thickness of the coating, since increased coating 
thickness restricts the corrosion inducing agents penetration to the substrate/ 
coating interface by reducing the probability of a continuous defect pathway 
traversing through the thickness of the coating. Higher impedance values 
from EIS testing show the beneficial effect of increasing the thickness from 1 

Mi'ii% 

?        « 

f*m-*   m  *-- 
--     lSP(2mü) 

20 40 80 100 20 40 

Dayi 

(a) 
Day* 

(b) 
Figure 5. EIS data on 1 vs 2 mil SP on ZE41A with a) Dow 17 

and b) Tagnite 8200. 

s 

S 
-*--    iSPT(tmü) 

80 100 60 80 

(a) (b) 
Figure 6. Effect of thickness, 1 vs 2 mil SPT on ZE41A 

with a) Dow 17 and b) Tagnite 8200. 

80 100 
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to 2 mils of dSPT and tSPT. This is clearlyshown in Figure 6 from 107 

(dSPT) or from 105 (tSPT) to at least 10™ Q.cm2 after 100 days of 
exposure to chloride solution. 

When the total thickness is increased to 2 mil, the impedance of 
both coating systems, SP and SPT is comparable over the entire 100 da\ 
exposure period, with impedance values exceeding 109 Q.cm2, as shov,: 

in Figure 7. The application of the barrier topcoat is beneficial to both the 
dSP and tSP coatings. For the dSP and dSPT coatings, Figure 7(a), 
impedance values begin to increase after 10 days following the initial drc: 
In the tSP and tSPT coatings, Figure 8(b), the impedance values show 
only slight temporal variatioi, with the ,2 mil tSPT having somewhat highe- % 
values than the tSP. It should be noted that these impedance values are ~ 
of the same order of magnitude, indicating that the incremental effect of a 
barrier topcoat is much less significant than an increase in thickness. 

dSPT(2miI) 

dSP(2nul> 

Es 

s 

<5PT(2mii> 

 -«- 

- *- -    (SP a mil) 

Days 

(a) 
Dmyt 

(b) 
Figure 7. EIS data on 2 mil SP vs SPT on ZE41A with 

a) Dow 17 and b) Tagnite 8200. 
Figure 8 (a) compares the performance of coating dSP, at both 1 mil 

and 2 mils, with or without the currently used Sk coating system on top of it. 
The impedance of the currently used system, dSk (=3 mil) is higher than that 
of the 1 mil dSP coating scheme, 108 vs. 107 Q.cm2 It also remained 
relatively constant throughout the entire test while the latter scheme dropped 
dramatically over the first 41 days and remained constant thereafter. There 
is no further beneficial effect of applying the currently used Sk system on the 
top of the thicker 2 mil dSP coating system. In both cases impedance values 
were high and approximately the same, 1fj9-5 Q cm2    Figure 8(b) also 
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compares the impedance values of the currently used dSk coating wife other 
themes on top of Tagnite pretreated panels, including the 1 mil tSPn (non- 
S.T hows th'at the impedance of the 2 mi. tSP and tSPT, as; we Has the,1 
m tSPn is consistently higher than the dSk over the test period of^ 00-days. 
However, similar to the data shown in Figure 8(a), the impedance of the 1 mH 
tSP and SPT coatings are lower than that of the dSk system due to its 
hinness.   For an impedance value of 1C)9 Q.cm2 over a 100 day testing 
period, a coating scheme minimum thickness of 2 mils is ™W™**™*™ 
its protection efficacy equal or greater than the currently used dS : sdieme 
There appears to be at least 6 coating systems; 2 mil dSP, 2 mil dSP/Sk 2 
mil dSPT, 2 mil tSP, 2 mil tSPT, 1  mil tSPn, which would :- 3et this 

^requirement, as shown in Figure 7 and 8. , tfr 

a) 

dSP (2 mil) 
dSP (2 mil) + Sk 
dSP(l mil) + Sk 

dSk (-3 mil) 

dSP(lmil) 

b) 

„..— -H 

,       i 

•V-. 

40 60 

D.yi 

80 100 

tSPT(2mil) 

tSP(2md) 
tSPnd mil) 

tSPd mil) 

tSPTII mil) 

Figure 8. Efficacy of protective schemes on ZE41A with 
a) Dow 17 and b) Tagnite 8200. 
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Figure 9 compares the impedance of the Tagnite pretreated ZE41AT5 
panels with various combinations of phosphate sealant, and electrodeposited 
epoxy E-coat. The impedance of the E-coated samples exhibited consis- 
tently high impedance, with values above 1010 £lcm2, indicating excellent 
corrosion resistance. This Tagnite/E-coat combination clearly presents itself 
as an alternative scheme which may perform better than the currently used 
dSk system. It also shows that the impedances of the Tagnite samples, with 
or without a phosphate sealant, are roughly equal, indicating the apparent 
irrelevance of the sealant for these test conditions. 

. 
" —A-- •   t(lmjl)Phospf"te Sealed+ E 

■A- ::--&- ■..&■ 
-*:"*A-:A-- A 
-ü              J, m. 

■ 

- A- ■   t (0.3 mil)+ E (0.8 mil) 

**;. 
""■•*» 

--»— ! (0.9 mil) Phosphate sealed 

v*— -4-- =*«====:*=:===========* 
■ 

1 

--A— 

! 
t (0.8 mil) 
 , 1 , 1        '  

40 60 

Days 
80 

Figure 9. Effect of Tagnite 8200 on ZE41 A. 

It is a known fact that most of the c aversion coatings such as Dow 17 
which are produced by cht,, ■ .ical immersion or anodizing are porous in nature. 
However, the Tagnite conversion coating layer is produced by a dual 
immersion and electrodeposition processes. It was reported that the pores 
are not continuous through the thickness of the coating layer, thus a sealant 
may not be required. Figure 9 shows the low impedance of Tagnite pretreated 
samples , =104 Q.cm2 with or without a phosphate sealing. This fact along 
with the observation of gas bubbles (H2) generated in the initial stages of the 
immersion test, suggest that the Tagnite conversion coating does have 
continuous defect pathways through to the substrate. In addition, since the 
sealed Tagnite performed similarly to the unsealed sample, the phosphate 
sealant seemed ineffective for this application. Thus a compatible sealant will 
definitely be required for application in a mild environment or else a sealant 
primer/topcoat combination such as coating-E will be required for more 
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severe applications. 
CONCLUSIONS 

For coated ZE41A-T5 samples, there was good qualitative correlation 
between salt spray and EIS data. The protective schemes providing the best 
salt spray resistance exhibited the highest impedance values with slower 
rates of degradation. Impedance increases from 108 to 101 ° Q.cm2 indicate 
an upgrade in corrosion resistance from good to excellent. Several advanced 
protective schemes, based on either Dow 17 or Tagnite 8200 pretreatment, 
have she■ ~i higher impedance than the currently used coating, provr'-dthe 
total thickness -fthe\ coatings is equgjo or greater than 2 mils. However, both 
salt spray and EIS results'suggest that a 1 mil Tagni'te/non-Cr primer (tSPn) 
coating may also provide an alternative scheme with good protection efficacy. 
Also, the impedance data obtained from the 1 mil Tagnite/E-Coat combina- 
tion indicate that it may be another viable system. These advanced schemes 
should provide excellent corrosion resistance. Furthermore, the EIS testing 
method could also lead to a non-destructive approach to monitoring coating 
integrity and extrapolating the useful life of coatings. However, it should be 
noted that before any advanced protective schemes can be transitioned to 
components of operating Army aircraft, outdoor exposure testing in Army 
environments must be completed. In the next phase of the Army study, the 
degradation of these coatings during outdoor exposure studies will be 
monitored with a portable EIS system for correlatioi. with laboratory test data. 
This information will be provided to Sikorsky Aircraft in a cooperative effort to 
complement their fatigue, oil exposure, strippability and touch up test pro- 
gram. 
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ABSTRACT 

Topside weapon systems and their associated hardware are 
exposed to a harsh  marine environment that often  includes high 
temperatures, periodic seawater wetdown and exposure to exhaust 
gases. Hence, it is necessary to employ corrosion resistant materials and 
protective coating systems to ensure availability and reliability of the 
weapon system.   A recognized topside maintenance problem involves 
fretting corrosion associated with sliding parts.   Wear surfaces are 
typically protected from corrosion by the application of lubricants. 
Although lubricants can be effective in controlling corrosion, thev require 
frequent replacement to provide  maximum protection.     Candidate 
replacements for lubricants are a family of fluorocarbon impregnated thin 
film resins. The corrosion performance of several of these coatings as 
applied to aluminum, low alloy steel and stainless steel substrates is 
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described herein. Test panels were exposed to a marine atmospheric 
environment and a marine atmospheric environment with periodic 
seawater wetdown. Companion specimen panels were also exposed to 
constant immersion in aerated seawater and characterized using 
electrochemical impedance spectroscopy. The findings of this research 
indicate^ that fluqcopolyme^, coatings provided better long-term 
protection than solid-film lubricants. 

INTRODUCTION 

Topside weapons systems are exposed to many different 
environments. For example, these might include some combination of* 
marine atmospheric, seawater splash and spray, stack gases, freshj 
water, high temperature, oils, lubricants and various solvents. Therefore»! 
concerted efforts are made to employ the best available corrosion* 
protection schemes with the principal objectives of ensuring that weapon! 
systems are available, reliable and maintainable. A recognized topsid«| 
corrosion problem involves fretting corrosion associated with sliding P^% 
on weapon systems. In many cases wear surfaces are coated with solid|| 
film lubricants, which provide only modest corrosion protection. This| 
class of lubricants are often high maintenance items and when neglected| 
corrosion between slidir,r' parts takes place. J 

The objective of this study was to compare the corrosiortj 
properties of several conventional solid-film lubricants, e.g., dry-fjl^i 
lubricants embedded in an organic matrix, with the behavior of thin-fil"! 
fluoropolymer coatings. Test coupons were exposed to several marirj|| 
environments and evaluated in the laboratory using electrochemiCli 
impedance spectroscopy (EIS). The EIS technique has been us|| 
successfully by others1"7 to characterize and follow the degradation^ 
protective coatings. Because impedance data are collected over a &r(!H| 
frequency range, typically 1 mHz to 65 kHz, the procedure is capable» 
identifying and quantifying individual factors contributing to coatJB 
failure, such as moisture uptake, coating conductance and interfa||l 
corrosion. Ili 
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EXPERIMENTAL 

Test panels were prepared and supplied by the coating 
manufacturer. The fluoropolymer coatings were applied to a HY-80 
steel, AISI 304 stainless steel and AA6061-T6. A list of test specimens 
is provided in Table 1. Two types of coatings were studied: (1) solid-film 
lubricants that conformed to weapon specification 20290 and are 
designated as 6255 and 6256; and (2) thin-film fluoropolymer coatings 
which are designated as 6108 and STF. 

Parcels were exposed for two years or more to 1) a marine 
atmosphere and 2) a marine atmosphere with periodic seawater 
wetdown. The atmospheric test racks face east and are located 
approximately twenty meters from the Atlantic Ocean in Ft. Lauderdale, 
FL. Specimens were secured to a fiberglass support using nonmetallic 
fasteners and positioned 30° to the horizontal. Specimens exposed to 
periodic seawater wetdown were positioned and secured to fiberglass 
supports in an identical manner; however, these racks are located about 
fifty meters from the ocean, but within ten meters of the Port Everglades 
shipping channel. Specimens placed on these racks were periodically 
sprayed with fresh seawater every hour for ten minutes. All outdoor 
specimens were examined visually and photographed periodically. 

Companion panels were also exposed to aerated seawater and 
periodically evaluated using EIS. EIS measurements were made using a 
Solartro; 1260 Gain Phase Analyzer coup.ed to an EG&G PARC 273A 
potentiostat and interfaced TO a personal computer for scanning -nd data 
manipulation. A three electrode cell configuration was employed that 
utilized a glass clamp-on cell and included a commercial Ag/AgCI 
reference electrode and a graphite auxiliary electrode. The exposed 
surface area was approximately 24 cm2. Impedance scans were 
generally run between 65 kHz and 10mHz at an applied amplitude of 20- 
40 mV. Specimens were removed from constant immersion in aerated 
seawater tor periodic EIS testing and were immediately returned to this 
environment at the conclusion of the EIS scan. Data analysis was 
performed using Scribner and Associates ZFit® which incorporates a 
complex nonlinear least squares (CNLS) fitting routine. 
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A static friction test was also performed on virgin coated panels 
and coated panels after 310 days of constant i™™™"™"«1 

seawater.  This test was conducted according to ASTM D 1894 . 

RESULTS AND DISCUSSION 

Marine Atmospheric Exposure 

All coated HY-80 st&l panels experience, slight to extensive rust 
through and complete loss of coating adhesion on a few panes    The 
f luoropolymer coating (6108) provided protection that was equal to 6255 
solid-film)  and  was superior to the  6256  (sol.d-f.lm)  coating.    A 

comparison between 6255 and 6256, each containing an tntent.or.al 
Sit is shown in Fig. 1. The 6256 coating had completely fa.led with 
uniform rust through and sizeable amounts of coating loss. Conversely, 
the 6255 and 6108 (not shown) panels exhibited moderate rusting in the 
"x" scribe and a few isolated rust through spots in areas away from the 

defect. A large number of small blisters were ,0Jf ^^^^^anel 
scribe on the 6255 panel but were not observed for 6108. 6256 panels 
without an initial defect experienced uniform failure and rust through 
whereas only a few pin-head size rust spots were found on the 6108 ana 
6255 coated panels without intentional defects. 

Coatings applied > the AA6061-T6 substrate performed well in 
marine atmosph ,M exposure The ST^ coated panel showed no sign 
of underfilm attack or loss of adhesion near the x scr.be on those 
panels containing intentional defects. 6255 coated panels also showed 
no evidence of coating adhesion loss or underfilm corros.on, however the 
6155 coating contained a uniform distribution of discolored spots. 

All coated AISI304 panels experienced severe discoloration of the 
coating (Fig. 2). The nature of this deterioration remains unclear, 
however, no underfilm corrosion or coating adhesion loss was observea- 
Because of the nearly identical appearance of all coated stainless stee 
panels, it was impossible to rank the irr'ividual coatings in terms 
performance. 

Marine Atmospheric Exposure with Seawater Wetdown 

T> 
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Exposure to periodic seawater wetdown proved to be a more 
gngressive environment. All 6256 panels, those with and without 
intentional defects, exhibited complete loss of coating adhesion and the 
build-up of voluminous corrosion products. In comparison, 6255 
exhibited the best performance with moderate pin-hole rusting on panels 
without an intentional defect and sizable corrosion product build-up along 
the "x" scribe on the panel containing the intentional defect. Two of five 
6108 panels experienced severe uniform rusting, while the other panels 
showed moderate localized rusting. 

Both 6255 and STF coatings on AA6061-T6 panels held up well 
to the more aggressive seawater wetdown environment. The discolored 
spots on the 6255 coating were in greater number and larger in size 
compared to those observed on panels exposed to the marine 
atmospherepnly environment; however, the coa-jig remained intact with 
no apparenfioss of adhesion. Attack of the bare metal in the "x" scribe 
was more extensive for these panels compared to those exposed only to 
the marine atmosphere (Fig. 3). The STF coated panels also performed 
well however localized, white corrosion spots about the size of a pin- 
head were present on all panels. As with the 6255 coating no loss of 
adhesion was observed (Fig. 3). 

The coated stainless panels exposed to the periodic seawater 
environment behaved identically to those specimens exposed only to the 
marine atmospheric environment (Fig. 2). This behavior was not 
exhibited by these same coatings on the HY-80 substrate, which 
suggests that the stainless steel substrate influenced the deterioration of 
the coatings. The nature of this interaction remains unclear at this time. 

Electrochc nica' !mped:nce Spectroscopy 

The impedance data was analyzed using a CNLS program. The 
electrical analogs are shown in Fig. 4. The impedance behavior of coated 
HY-80 specimens was best represented by Model A; whereas, Model B 
typically applied to both AA6061-T6 and AISI 304 coated specimens. 
The two models are similar except Model B contains a constant phase 
element in series with the coating pore resistance (Rpo) which is 
associated with diffusion within coating pores. This diffusional 
impedance manifests itself as a broadening of the phase angle minimum 
in the Bode-angle plot at intermediate frequencies (ca. 100 Hz). 
Examples of the CNLS fit for each substrate type are shown in Figs. 5-7. 
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A summary of impedance data as a function of time for each coating 

system is provided in Tables 2-4. 

■_   •       ^oo^Q Hats (Table 2) and visual observations, the From the impedance data iiaDie /.; emu v.ou . C0F.R 
Kom me     w oerformed better than the 6255 and 6256 6108 coating on HY 80 performed ^.^ fQr thß 

coating and the charge ^^^^^Z^QJ!%^ 
values °btt,n^°r^ realized rust through of the 

the 6256 in the latter environment. 

As observed for coated HY-80 panels, the 6108 coating on the 
MSI 304 substrate performed better than the 6255 and 6256 coating. 

times ower compared to the b^bscoduny. via - tho nrP^nce o 

ndicated by the local bui, J-up of rust c olored corrosion P«>ducMlwd 
An«, of the 6255 coating.  Based on the imp. ance respon»s 

from field testing was inconclusive. 

R    and R   values for the 6255 coating were higher than thos 
obtained ffilfl- However, both the STF and 6255 coa , 
ne formed similarly in the aera.ed seawater environment as 'n^atea 

th   lack of coatin'g deterioration.   This slight difference ,rnrnped n 
behavior may reflect the observed performance when thes> coa 
panels were exposed to the seawater wetdown environment As not 
Previously, some apparent localized attack of the aluminum «übstra 
occurred through the STF coating whereas no deterioration of the 

coating was evident. 
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Static Friction 

Static friction tests were performed in order to determine whether 
exposure to a corrosive environment would degrade the coating's 
lubricity. It is apparent from the results summarized in Table 5 that 
deterioration of the coatings on HY-80 steel substrates leads to an 
increase in the static friction. On the other hand, the values for static 
friction decrease for most of the coatings on AISI 304 and AA6061, with 
the exception of the STF coating on AA6061-T6. 

SUMMARY 

° In general, the EIS data correlated well with the results from 
field testing and demonstrated that relatively short-term laboratory 
testing using EIS is capable of predicting the performance of these 
coatings when exposed for extended times in field environments. 

o Results from both laboratory testing and field exposures 
indicated that the fluoropolymer coatings (6108 and STF) are better than 
the 6256 solid-film lubricant and equal to and sometimes better than the 
6255 solid-film lubricant. 

o Limited static friction tests revealed that the lubricity of 
coatings on AA6061-T6 and AISI 304 substrates did not deteriorate, 
while static friction values were higher for two of the three coatinqs on 
the HY-80 substrates. 
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Table 1.  Test Specimens. 

Specimen 
ID # Substrate Coating System 

Coating 
Thickness 

(//m) 

T1 Steel 6108 12 

T2 Steel 6256 <1 

T3 Aluminu.n STF 34 

Ik T4 Steel 6255 1* 

T5 Stainless 6255 13 

T6 Aluminum 6255 45 

T7 Stainless 6108 3 

T8 Stainless 6256 <1 

Table 2.   Summary of EIS Data for Coated HY-80 Steel. 

I ' 

Specimen # Time, d Rpoft-cm2 Cc nF/cm2 Rct Q«cm2 

T1 n 6.6X105 1.1 3.1X107 

b4 5.3X106 3.0 2.9X107 

245 7.5X104 2.0 2.0X107 

T4 0 1.0X107 0.4 1.9X108 

20 3.8X106 4.4 7.4X105 

I 41 3.9X106 4.6 1.6X106 

! 250 2.5X106 5.0 3.5X106 

T2 0 2.5X104 132 5.9X105 

35 1.8X104 450 1.3).105 

116 1.4X10" 350 6.9X104 

■ -— 

245 5.7X103 200 1.4X105 
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Table 3.  Summary of EIS Data for Coated AISI 304 Stainless Steel. 

äff? 

lym 

Specimen # Time, d RD0Q«cm2 Cc nF/cm2 Rct a • cm2 

T7 0 
53 

245 

9.9X108 

7.9X106 

3.5X108 

2.4 
7.1 
22.0 

3.1X109 

6.9X107 

6.7X107 

T8 0 
11 
50 

3.2X106 

2.7X106 

6.2X106 

137 
296 
887 

2.5X107 

8.8X10" 

T5 

Hi ^  

0 
55 

246 

1.2X10" 
1.9X10" 

!     1.2X10^ 

0.95 
2.0 
1.1 

7.4X109 

1.3X109 

1.SX3 08 

Table 4.  Summary of EIS Data for Coated AA6061-T6. 

. "•* ■ 

. | 

Specimen # Time, d RD0Q-cm2 Cc nF/cm2 Rct Q • cm2 

T3 0 1.2X107 0.7 1.2X108 

14 4.5X106 16.0 6.7X107 

36 3.1X105 5.6 1.5X108 

57 1.8X105 2.2 9.7X107 

116 1.1X106 1.2 9.3X107 

245 1.2X106 2.3 1.7X107 

T6 C 8.4X1010 0.2 I 
12 3.6X105 1.7 1.5X107 

55 1.6X108 0.7 6.9X108 

246 7.2X107 0.5 3.3X108 
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Table 5.   Summary of Static Friction Test. 

Specimen # 

Static Friction 

tan Q (0 d) tan 0(310 d) 

T1 .194 .271 

T2 .435 .344m 

T4 .299 .445'2' 

T5 
■JA- 

.315 .277 

T7 .325 .225 

T8 .325 .217 

T3 .197 .249 

T6 .344 .296 

UP 
-••.Lift*: 

111 Localized rust spots present. 
121 Large number of small diameter blisters present. 
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(a) 

(b) 

Fig. 1.   Photographs of HY-80 Panels Coated with (a) 6255 and (b) 6256 
after Two Years Exposure to a Marine Atmosphere. 
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ILL i o OLZiS 
(a) 

(b) 

Fig. 2.  Photographs of AISI 304 Panels Coated with (a) 6255 after Two Years 
Exposure to a Marine Atmosphere and (b) 6108 after Two Years in Marine 
Atmosphere with Periodic Seawater Wetdown. 
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(a) 

«fe 
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>-' '*-.*. V. /-->      '•'■•.   *'■ ■' 

(b) 

Fig 3    Photographs of AA6061-T6 Panels Coated with (a) 6255 and (b) STF after 
Two Years in a Marine Atmosphere with Periodic Seawater Wetdown. 
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§8fW 

■A/W 
Rsol 

CPE-1 

Model A 

•VvVi 
Rpo 

CPE-2 

Ret 

CVF 1 

—Vv^— Model B 
,  CPE-2     , 

Rsol 

UAAT" 

' WV   Diff.   - 
Rpo 

Ret 

Fig. 4. Equivalent Circuit Models for (a) Coated HY-80 Steel and (b) Coated 
AA606-T6 and AISI30,. Rsol is the Solution Resistance, Rpo the Coating 
Pore Resistance, CPE-1 a Constant Phase Element that Rep. .sents the Coating 
Capacitance, Ret the Charge Transfer Resistance at the Coating/Metal Interface 
CPE-2 a Constant Phase Element that Represents the Capacitance at the 
Coating/Metal Interface and Diff. is aDiffusion Element (CPE-3). 

579 



im 

«1 

mm 

-300000 

300000 
r 

Frequency   (Hz) 
lO^lQ-aiQ-Mff: IQ1  10a  103  10" 

10'210-110° 101  10a 103 104 10s 

w   (radlans/sec) 

Frequency   (Hz) 
IO-'IO^IO-'IO

0
 101 102 103 104 

-90  

Angle 
(deg) 

io-aio_1io° 101 10a 103 104 10s 

w   (radiarVsec) 

Fig. 5.   Impedance plots for 6108 coated HY-80 steel immersed in aerated 
seawater for 120 days.   Dotted lines represent experimental data 
and solid lines the CNLS fit (Model A). 
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Fig. 6.   Impedance plots for 6108 coated AISI 304 stainless steel immersed in 
aerated seawater for 53 days.   Dotted lines represent exSl 
data and solid lines the CNLS fit (Model B) e*Pe™,ental 
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R-  7.   Impedance plots for STF coated AA6061-T6 immersed in aerated 
seawater for 116 days.  Dotted lines represent experimental 
data and solid lines the CNLS fit (Model B). 
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WARM WEATHER SURFACE TOLERANT COATINGS 

STEPHEN C. HOBAICA 

NSWC, CODE «§31, ANNAPOLIS, MD. ii4 02 «" 

FEBRUARY  199 3 

OBJECTIVE 

T'HAT^:
1
^ 

C0ATINGS F0R NAVY USE ™ SEAWATER BALLAST TANKS 

SURFACE '.OLERANT 

CAN BE APPLIED IN WARM WEATHER (50°- OR GREATER) 

SAFE TO USE 

MEET CURRENT AND PREDICTED FUTURE ENVIRONMENTAL 
REGULATIONS 

BACKGROUND 

INC  AS^PSSXS  C^BALLA^f TANKS^T?1^E   ^^     CRITBLAST- 
CV  IN  THE   FUTURE   DUE  TO  S  m™J     *MnVCCUR  WI™   LESS   ™EQUEN- "*.   uut   io   THE   EXPENSE   AND   ENVIRONMENTAL   PROBLEMS. 
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FINAL PRODUCT 

FINAL PRODUCT WILL BE A MODIFICATION TO MIL-SPEC-23236B FOR 
TOUCHUP PAINTS DETAILING PRODUCT QUALIFICATION TEST PROCEDURE ANn 
RECOMMENDED PAINTS FOR SURFACE TOLERANT APPLICATIONS 

APPROACH 

SURVEY THE COMMERCIAL INDUSTRY FOR SURFACE TOLERANT COATINGS THAT 
PERFORM WELL AND DEVELOP SHORT TERM TESTING PROTOCOL FOR 
PREDICTING FIELD PERFORMANCE. 

■m 
TEST PAINT CRITERIA 

Jr 

1. 

2. 

3. 

4. 

5. 

SURFACE TOLERANT OVER TIGHT CLEAN RUST 

VOC LESS THAN 340 GR./LITER 

CLOSE CUP FLASH POINT GREATER THAN OR EQUAL TO 100°F 

EASY TO APPLY 

AVOID CARCINOGENS, TOXIC MATERIALS, AND MINIMIZE SOLVENTS 
AND OTHER HAZARDOUS MATERIALS 

LABORATORY AND MARINE SITE TESTING 

32 PAINTS ARE CURRENTLY TESTED OVER HALF RUSTED AND HALF PAINTED 
PANELo AND TOTALLY RUSTED PANELS. 

A. SOLVENT BASED EPOXY 

B. 100% SOLIDS EPOXY 

C  WATER BASED EPOXY 

D. LATEX 

E. ACRYLIC EMULSION 

F. PRETREATMENTS 
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APPLICATION OF TEST PAINTS TO PANELS 

A. EACH TEST PAINT APPLIED TO 14 PANELS. 

B. PANELS GRIT BLASTED TO A NEAR WHITE METAL FINISH (2-3 
MILS PROFILE). 

C. 6 PANELS ARE HALF PAINTED WITH MIL-P-24441 PAINT (NAVY 
FORMULA 150, 152 AND 151, TYPE 1). 

D. PAINT GIVEN 10 DAYS TO CURE. 

E. ALL PANELS ARE HUNG ON A FENCE BY THE CHESAPEAKE BAY TO 
.CORRODE.        **•       *" 

F. AFTER CORRODING ABOUT 1 YEAR, THE PANELS ARE WIRE BRUSHED 
TO GIVE A TIGHT RUST. THE PAII.'T IS AI JO WIRE BRUSHED TO 
ROUGHEN THE SURFACE. 

G. TEST PAINT APPLIED TO ALL PANELS AT ONCE ACCORDING TO 
MANUFACTURES INSTRUCTIONS. m 

H. THE CONTROL FOR EACH SET OF PAINTS BEING TESTED IS MIL-P- 
24441, TYPE 1 (NAVY FORMULA 150, 152 AND 151). 

TEST PROCEDURES 

A. SALr SPRAY (ASTM B 117) FOR 3240 HOURS 

B. DEIONIZED 180°F HOT WATER IMMERSION BLISTER RESISTANCE 
TEST FOR 10 DAYS 

C. MARINE TEST SITE LONG TERM IMMERSION TEST 

D. FIELD TEST BEST PERFORMING TOUCHUP PAINTS ON NAVY SHIPS 
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MARINE TEST SITE 

FOUR CONDITIONS ARE TESTED. 

A. GALVANICALLY ISOLATED; UNSCRIBED (2 ALL RUSTED PANELS) 

B. CONNECTED TO A ZINC ANODE; UNSCRIBED (2 ALL RUSTED PANELS) 

C. CONNECTED TO A ZINC ANODE; SCRIBED (2 HALF PAINTED AND 
HALF RUSTED PANELS) 

D. CONNECTED TO A ZINC ANODE; UNSCRIBED (2 HALF PAINTED AND 
HALF RUSTED PANELS) 

PANELS IMMERSED IN SEAWATER FOR 3 MONTHS IN A DARK TANK. 
SEAWATER FILTERED TO PREVENT HARD FOULING, ONLY SLIME IS 
PERJWTTED. ' s *        k 

PANELS ARE AIR DRIED FOR 2 WEEKS IN A HUMID TANK. 

CYCLE REPEATED UNTIL PANEL FAILS OR SIX CYCLES. 

TO ENSURE BETTER REPEATABILITY IN FUTURE TESTING THREE 
PANELS INSTEAD OF TWO SHOULD BE TESTED. 

RESULTS 

RE 'JLTS FOR BLST PFRFORMING PAINTS ARE GIVEN AND COMPARED TO 
THE COiMiROL (TYPE 1; F-uO, 152 AND 151 POLYAMIDE EPOXY).  THE 
FOLLOWING RZoULTS WERE OBTAINED FOR 2 3 PAINTS TESTED.  r±^SE 
PAINTS CONSISTED OF: 

?jiÄ£i 

.£&-■ 

A. HIGH SOLIDS SOLVENT BASED EPOXY 

B. WATER BASED EPOXY 

C. PRETREATMENTS 

D. 100% SOLIDS EPOXY PAINT 

BEST OVERALL PERFORMING PAINT AT THE MARINE TEST SITE WAS A HIGH 
SOLIDS SOLVENT BASED EPOXY. 
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RATING PANELS 

1.   PANELS ARE RATED FOR THE FOLLOWING: 

A. % CORROSION USING EXTENT DIAGRAMS. 

B. BLISTERING USING ASTM D 714. 

C. UNDERCUTTING OF THE SCRIBE. 

D. DE:"MINATION USING EXTENT DIAGRAMS, 

2.  PANELS WITH EXCESS CORROSION (5% OR GREATER) DR EXCESS 
BLISTERING (MEDIUM DENSE OR GREATER) FAIL AND ARE REMOVED FROM 
THE TEST. 

ACCELERATED BLISTER RESISTANCE TEST 

TEST PROCEDURE:  180°F, DEIONIZED WATER, 10 DAYS DURATION; OVER 
RUSTED PANEL 

RESULTS 

A. CONTROL:      3.5 * 

TYPE 1 F-15C, 152, 151 POLx^MIDE EPOXY 

B. BEST PERFORMING PAINT IN THIS TEST:   5.5 

ONE COMPONENT ALUMINUM PIGMENTED SOLVENT PAINT 

C  HOW DID A GOOD HIGH SOLIDS SCL,TENT BASED EPOXY 
PAINT PERFORM IN THIS TEST?    4.7 

*  RATINGS FROM BLISTER POPULATION AND SIZE 
- 10 BEST WITH NO BLISTERS 
- 0 WORST WITH TOTAL AREA BLISTERED 
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SALT SPRAY RESULTS 

HJB PAINTED  - HALF RUSTED PANELS 

SCRIBE: NO UNDERCUTTING 

ALL RUSTED PANELS: 

0% CORROSION AND 0% BLISTERING. 
SCRIBE: NO UNDERCUTTING. 

THIS TEST? 

HALF PAINTED  - HALF RUSTED PANELS 

S^SM   cÄSirAND^TLISTER 
SCRIBE: NO UNDERCUTTING 

ALL RUSTED PANELS: 

0 01% COHESION AND 6 M BLISTERING. 
SCRIBE: NO UNDERCUTTING. 

MARINE TEST SITE 

SCREEN COATINGS AND ACHIEVb A V-W 
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MINIMUM PERFORMANCE SPECIFICATION FOR WARM WEATHER TOUCHUP PAINTS 
AFTER SIX CYCLES 

Immersion Resistance Results.+ 

%Corrosion  Blistering Undercutting 

1. Attached to Zinc 
Anode, All Rusted, 
Unscribed 

0.1% 

2. Electrically       0.3% 
Isolated All rusted, ;. 
I' scribe-: 

2-8 MD 

2-8 M** 

None 

None 

Top  Bottom  Top   Bottom 

0.1%  0.1%  2-8 MD  2-8 M** 

0.1%  0.1%  2-8 MD  2-8 MD  1.5" 

3. Attached to 
Zinc Anode, 
Unscribed 
Half Rusted 

4. Attached to 
Zinc Anode, 
Scribed 
Half Rusted" 

+ For at least 2 of 3 panels, ignore effects within 
one inch of any edge 

** 8 MD Blisters allowed 

Top   Bottom 

None  None 

1.5" 

OVERALL RESULTS 

THE NAVY HAS INVESTIGATED SURFACE TOLERANT COATINGS USING 
THREE SHORT TERM TESTS AND FIELD TESTS ON NAVY SHIPS. 

FOR THE MARINE TEST THE BEST PERFORMING COATINGS BECOME 
APPARENT IN 21 MONTHS. 

A TESTING PROTOCOL FOR SURFACE TOLERANT PAINTS HAS BEEN 
DEVELOPED.  THE RESULTS FROM THE FIELD TEST CORRELATE WELL 
WITH THE MARINE TEST. 
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Non Chromated Epoxy Primer for Aerospace Applications 

*Mr. Dennis Vorse, Chemist 
Mr. Joseph Gausman, Chemist 

Lord Corporation 
2000 West Qrandview Blvd. 

Erie, Pennsylvania    16514-0038 

Abstract 

Aeroglaze® 9740 is a low volatile organic content, chromate free, two- 
component, solvent based epoxy primer.  Its primary use is for aluminum 
surfaces with a proper surface treatment. 

Aeroglaze 9740 contains no photochemically reactive solvents nor 
any known or suspected carcinogens. Aeroglaze 9740 Part A is made 
up of a difunctional bisphenol A resin, calcium metasilicate pigment, 
monoazo pigment, dispersant, suspension additive and solvent. 
Aeroglaze 9740 Part B consists of a polyamidoc nine, an line and solvent. 

Aeroglaze 9740 Non-Chromat3d Enoxy Primer can be applied by 
brush and roller.  It can also be appliea by Electrostatic, High Volume 
Low Pressure (H.V.L.P.) and conventional spray equipment.  Aeroglaze 
9740 adheres to a broad range of substrates and treatments which will 
be addressed in the body of the paper. 

Introduction 

Aeroglaze 9740 can be applied via siphon, high volume low pressure 
and electrostatic spray.  It also can be successfully topcoated with a Mil- 
C-83286, Mil-C-85285, or any of the various Aeroglaze urethane 
topcoats. 

When Aeroglaze 9740 Part A and Part B are mixed 3 to 1 by volume or 
100.00 to 22.35 by weight and allowed to induct for 30 minutes, it will 
produce a coating that exhibits the characteristics found on Data Table 1. 
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Aeroglaze 9740 was tested over1 Parker Amchem Alodine® 1200, 
2San Chem® full process, 3Allied-Kelite Chemidize® 727A and Lord Sol- 
Gel process. The Parker Amchem Alodine® 1200 treatment is a 
chromate containing system. The San Chem® full process, Allied- Kelite 
Chemidize® 727A and Lord Sol-Gel process are all chromate-free 
treatments. These treatments were done on 2024T3 Alclad aluminum. A 
.9 mil dry film thickness of Aeroglaze 9740 was sprayed on panels over 
each treatment. Three panels for each treatment were primed and 
topcoated with 2 dry mils of Mil-C-85285 Gloss White and 3 primed 
panels for each treatment remained untopcoated. 

The previously mentioned aanels and treatments were then scribed 
using a pointed punch at approximately a V/32" wide scribe line making 
sure that the Alclad layer was penetrated. After being scribed, the panel 
edges were waxed and placed in the salt fcg running the test as outlined 
in ASTMB117. 

Failure in the salt fog was characterized by any blistering or corrosion 
1/8" beyond the scribe line or panel edge. 

In addition to the salt fog test, several others were performed: 

• 7-day distilled water immersion at ambient conditions, after 
immersion adhesion test to ASTM D3359 

• Dry adhesion to ASTM D3359 

• Gloss of Mil-C-85285 0"er Aeroglaze 9740 on each individual 
surface treatment. 

The results can be found on Data Table 2. 

As shown by the results, Aeroglaze 9740 performs without failure after 
water immersion adhesion testing and dry adhesion.  The coatings have 
excellent gloss over each surface individual treatment.  Salt fog 
resistance over each individual treatment varies but clearly Aeroglaze 
9740 performs well over the San Chem® full process, Parker Amchem 
Alodine® 1200, Lord Sol-Gel process and Allied-Kelite Chemidize® 
727A, in that order. 

In addition to the screening tests over a variety of different surface 
treatments, Aeroglaze 9740 was evaluated against MH-P-23377F Type I 
Class II specification. A summary of these results can be found in Data 
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Table 3, which shows that Aeroglaze 9740 meets or exceeds all physical 
test requirements of MÜ-P-23377F Type 1 Class II specifications. 

Other substrates that Aeroglaze 9740 adheres to are chromic and 
sulfuric acid anodized aluminum, sanded fiberglass laminates, sanded 
epoxy graphite composite, galvanized steel and sand blasted steel. 

Some additional evaluations have been performed over sand blasted 
steel. The steel panels were blasted to a 2 mil profile and MEK solvent 
rinsed. Aeroglaze 9740 was spray applied at a dry film thickness of 1 mil 
and 2 mils. Three panels were Mil-C-85285 topcoated at 2 dry mils and 
three panels remained primed only for each individual-primer thicks ss. 
Using a pointed punch approximately a 1/32" wide line scribe was made. 
After being scribed, the panel edges were sealed with wax and subjected 
to salt fog as outlined in ASTM B117. Results of the testing are 
summarized in Data Table 4. 

This shows that Aeroglaze 9740 performs best at higher primer film 
thicknesses on blasted steel surfaces topcoated or untopcoated. 

Conclusion 

Aeroglaze 9740 has a broad range of compatibility with different 
substrates, treatments ana topcoats. 

Substrates Treatments 
Aluminum • Chromate conversion 
Steel • Non-chromate conversion 
Composite        • Anodized 
Fiberglass        • Zinc phosphate 

• Galvanized 

Topcoats 
Mil-C-83286 
Mil-C-85285 
Aeroglaze moisture 
cure urethanes 
Aeroglaze two- 
component 
urethanes 

In addition, Aeroglaze 9740 can be easily applied by brush, roll 
electrostatic, conventional and H.V.LP. spray. 

This cr.n benefit the manufacturers and repair facilities of aircraft, 
space-structures, satellites, ground vehicles and ground support 
equipment. 
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Data Table 1 

Aeroglaze 9740 
Typical Mixed Properties 

Volatile organic content mixed 

Color mixed ready to apply 

'Solids content ASTM D2S89-87 
Vo by weight 
Vo by volume 

Initial viscosity ASTM D1200, 
#4 Ford cup at 77°F (25°C) 

4 hour viscosity ASTM D1200, 
#4 Ford cup at 77°F (25°C) 

8 hour appearance 

Seconds 

Seconds 

24 hour apDearance 

Theoretical coverage ft2/gallon/mil 

Dry to recoat at 77°F and 50% R.H. 

Coating film dry weight theoretical 
Lbs./ ft2/mi 
Gm/ ft2/mil 

Paint Resistance, 4Ransburg® meter 

312 g/liter 
2.6 Ibs./gal. 

Bright yellc 

75 
64 

30 

60 

Highly viscous 
liquid 

Gelled solid 

1,030 

5 hours minimum 
18 hours maximum 

.0077 
3.49 

.2 megohms 

#i- 
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Data Table 2 

Aeroglaze 9740 
Salt Fog Results 

Pnmed       Primed/Tonnoatert 

Parker Amchem, Alodine® 1200 
Sanchem, Full Process 
Allied-Kelite, Chemidize® 727A 
Lqrd, Sol-Gel Process     .» 

2,000 hours 
Ongoing 
500 hours 

1,000 hours A 

Distilled Water Immersion 

Primed 

Parker Amchem, Alodine® 1200 
Sanchem, Full Process 
Allied-Kelite, Chemidize® 727A 
Lord, Sol-Gel Process 

'Pass 
'Pass 
'Pass 
'Pass 

Dry Adhesion 

Primed 

Parker Amchem, Alodine® 1200 
Sanchem, Full Process 
Allied-Kelite, Chemidize® 727A 
Lord, Sol-Gel Process 

'Pass 
*P-ss 
'Pass 
'Pass 

Gloss 

Parker Amchem, Alodine® 1200 
Sanchem, Full Process 
Allied-Kelite, Chemidize® 727A 
Lord, Sol-Gel Process 

1,500 hours 
3,000 hours 

500 hours 
1,250 fvurs 

Primed/Topcoated 

'Pass 
'Pass 
'Pass 
'Pass 

Primed/TnprnatPH 

'Pass 
'Pass 
'Pass 
'Pass 

Primed/Topcoated 

60°/94 
60°/93 
60°/93 
60°/92 

'Pass constitutes no adhesion loss when tec'.sd to ASTM D3359 or in the 
case of water immersion, no blistering or discoloration besides no 
adhesion loss. 

Mr 
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Data Table 3 

Aeroglaze 9740 Non-Chromated Epoxy Primer 

Tested to MN-P-23377F Specification Type I Class II 

Primer Aeroglaze 9740 .9 dry mils 

Topcoat^:'C-85^5 Gloss V\ lite g.O dry mils J£ 

lesi 

3.6.1. Color Bright Yellow 
3.6.2. Odor Pass 
3.6.3. Viscosity, mixed Pass 31 seconds 
3.6.4. Pot life, 4 hours Pass 61 seconds 
3.6.6. Storage stability, one year In progress 
3.6.7. Accelerated stability Pass 
3.7.1. Surface appearance Pass 
3.7.2. Dry time Pass 
3.7.3. Lifting Pass 
3.7.5. Adhesion Pass 
3.7.6. Flexibility Pass 10% 
3.7.7. Strippability Pass 
3.7.8. Infrared reflectance N/A 
3.8.1. Water resistance Pass 
3.8.2.1. Salt spray Pass 
3.8.2.2. Filiform Pass 
3.8.3. Solvent resistance Pass 
3.8.4. Fluid resistance Pass 
3.9.1. Mixing Pass 
3.9.3. Application Pass 
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Data Table 4 

1 dry mil of Aeroglaze 9740 

1 dry mil of Aeroglaze 9740 
2 dry mils of Mil-C-85285 topopat 

Hours of Successful Completion 

500 

500 

2 dry mils of Aeroglaze 9740 

2 dry mils of Aeroglaze 9740 
2 dry mils of Mil-C-85285 topcoat 

1,000 

1,000 

References: 

1- Parker Amchem, a division of Henkel Corporation, 32100 
Stephenson Highway, Madison Heights, Michigan    48071 
Phone:   313-583-9300 

2' Sanchem, Inc., 1800 South Canal Street, Chicago, Illinois   60616 
Phone:  312-733-6100 

3' Allied-Kelite, a Witco Company, 2701 Lake Street, Melrose Park 
Illinois   60160 
Phone:   800-323-9784 

4- DeVilbiss-Ransburg, P.O. Box 913T, Toledo, Ohio   43697-0913 
Phone:   419-470-2000 
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Effects of Alloy Chemistry Changes 
on Sacrificial Aluminum Anode Performance 

Dr. John N. Murray*, Mr. Richard A. Hays 
and Mr. Douglas W. Smith 

Carderock Division, Naval Surface Warfare Center, (CDNSWC) 
Marine Corrosion Branch, Code 613 

3A ^eggett Circle 
Annapolis, MD 21402 

ABSTRACT 

The set of aluminum alloy sacrificial anodes taken from the 
upper starboard stern array from a Navy submarine was evaluated at 
CDNSWC to determine the cause of non-uniform utilization during 
the approximately 30 month anode service period.  Physical data 
from the used anodes as well as electrochemical characterizations 
were determined.  The evidence indicated that the three distinct 
levels of anode weight change (and estimated discharge current) 
could be attributed to distinct levels of mercury contamination in 
the three heats of alloy from which these particular anodes were 
taken.  The experience shows that reasonable vendor care in alloy 
preparation and anode casting must be taken for uniform anode 
performance to be achieved in multi-anode array applications. 

~x-/. 

INTRODUCTION 

A US Navy submarine was outfitted with a ship set of Galvalum 
Hi,  indium activated, aluminum alloy sacrificial anodes during 
the February 1990 post shakedown availability.  The anodes had 
been procured by the Electric Boat (EB) Division of General 
Dynamics using an EB purchase specification.  The EB purchase 
specification was modeled on a CDNSWC draft version of a military 
specification (Draft MIL-SPEC), "Anodes, sacrificial, aluminum 
alloy".  Anodes from essentially all heats of the procurement were 
selected by the EB inspectors, shipped to CDNSWC and subjected to 
the QA/QC procedures by CDNSWC as outlined in the EB purchase 
specification.  In general, the electrochemical performance of the 
anode heats was found to be acceptable.  However, Heat 3069 was 
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The anode installations and various outfitted tanks and spaces were rein- 
spected in early October 1992. In general, the anode consumption rates were found 
to be as expected for the approximately 30 months of service exposure. The tanks 
and voids were also found to be protected with little paint deterioration or metal 
corrosion which might be attributed to improper anode installation or inadequate 
anode performance. However, there was a rather marked non-uniform anode 
consumption which was observed on each of the four stern array anode strings. 
A typical view of the first 11 of the 21 AHC-10 anodes from the upper starboard 
array is shown as Figure 1. Counting from forward to aft. anodes 2. 3, 7 and 11 
appeared to be essentially unused. On-site visual estimates of 40-60% al' >/ con- 
sumption of the majority of the anodes were made. Simple o- site checks of the 
mountir,_-bolt-to-alloy-bod>' electrical continuity showed all anodes of the uppt;"" • 
string were electrically connected to the hull. Although there were only 17 of 84 
anodes on the stem which had this "unused" appearance, the behavior was of 
sufficient concern to warrant a low level investigation as to cause. It should be 
noted that the 67 "good" anodes would be sufficient for cathodic protection of 
the stern. One possible assumption of cause of anode non-use was that these 17 
anodes were "dead", that is. the surface oxide coating which had formed during 
the 6 months following fabrication and before wetting in the estuary waters was 
sufficiently tenacious that the pieces were completely passivated. ie.. inactive. 

Figure 1. Upper stern aluminum alloy array. 688 Class. 30 months service. 
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If one makes hat assumption, then removing and evaluating the anodes from the 
array after they became exposed in the dry dock environment carries the risk of 
different reactivations in the subsequent laboratory test environment. This might 
suggest the laboratory test results would not relate to the anode status just prior to 
drydocking. In addition, the submarine sat pierside for an undisclosed period 
prior to drydocking, during which time metal ion impurities (such as copper from 
the anti-fouling coating system) could have electrodeposited on the sacrificial 
anode surfaces affecting the general electrochemical performance characteristics. 
With at least these two caveats, as the stern arrays were to be replaced with new 
aluminum anodes, a decision was made to mark and return the upper stern array 
to CDNSWC for further analysis. The initial effort was to be limited to weighing 
the anodes and simple electrochemical testing. 

Therefore, the overall objective of this effort was to attempt to determine if 
the cause of non-uniform anode consumption could be identified This paper 
summarizes the effort and findings of the study. 

EXPERIMENTAL 

The anodes were purchased by EB in accordance with the EB material specifi- 
cation. Material chemistry and electrochemical performance data of samples taken 
from unused anodes from all of the heats were determined previously and selected 
values are included later in the Results and Discussion section. 

The tagged, 6 x 12 x 1.25", AHC-10 anodes from *'ie upper starboard stern 
array were received at CDNSWC, weighed in the as-received condition, nylon 
brush cleaned under flowing water, dried overnight at ambient conditions and 
rewei^hed. The heat numbers of m^iy of the anodes were still legible on the 
"backside" of the anodes and these were noted. Physical dimensions of each 
anode were also recorded. 

Two types of electrochemical tests were performed. The full sized, cleaned 
anodes were positioned vertically in a 12" x 12" x 12" polyethylene tank. A 
carbon steel plate counterelectrode was positioned approximately 7 inches from 
and parallel with the test anode. The electrochemical reactivating characteristics 
were determined by monitoring the anode potential for roughly a one day period 
while discharging the test anode at a constant current of 288 mA. This current 
was selected as approximating the discharge current density of 4 mA/in2 used in 
the previous smaller sample QA/QC test effort. The 288 mA current assumes 
only the alloy surface facing the counterelectrode contributed appreciably to the 
discharge process. 
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All testing was performed at laboratory ambient temperature (20-23°C, 
68-75°F) using aerated ASTM-D-1141, substitute ocean water. The electrolyte 
bath was not changed until after testing three anodes, as the small amount of 
accumulated anode reaction products was judged not to be affecting the electro- 
chemical performance. 

Three anodes, selected as typical for each observed type of repassivation 
behavior, were tested further. Two preselected pairs from these three anodes were 
subjected to an overnight galvanic couple experiment, followed by full potentio- 
dynamic scans in the range of - 1200 to - 700 mV. vs. saturated calomel reference 
electrode (SCE). Several additional runs were made with new zinc and new 
Galvalum III anodes as well as used zinc and estuary-exposed Galvalum III 
pieces. After the test electroly* was contaminated v;ith zinc anode reaction 
products, another zinc anode was tested or the test cllrwas replenished with 
fresh test solution. 

fr 

RESULTS AND DISCUSSION 

The weights of the cleaned anodes are summarized in Table l by tag number 
which should correspond to the linear position coming aft in the upper starboard 
stem array. The anode tag numbers of the four anodes which showed little con- 
sumption do not quite agree with the photographic data and notes from the 
inspection but the tag numbers will be utilized throughout the rest of this report. 
Subtracting the used anode weight from the 3951 gram alloy average initial 
weight as well as the 272 gram steel strap weight determined previously for the 
AHO 10 anodes (and correcting for the machined leading and lagging taper of 
the two end anodes), results in the approximate weight change values shown in 
Table 1 for the anodes during *he approximately 30 month exposure. The weight 
change values were converted to averaged anode currents utilizing 90% averaged 
Faradaic efficiencies determined previously. The calculated current data are then 
summarized as Figure 2. A column of percentage used (or percentage consumed) 
is included in Table 1. As the actual values of the "active" anodes ranged from 
15 to 35%, the availability of a set of comparative visual standards would prob- 
ably have resulted in better estimates than the 40-60% range made during the 
drydock inspection. 
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Table 1 
Anode Weights Calculated Weight Changes and Anode Currents 

Anode 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Cleaned 
Weight (s) 

3061.1 
2924.9 
4042.0 
4122.0 
2811.5 
3145.9 
2955.2 
4225.4 
3290.8 
3126.9 
4215.7 
3108.2 
3251.9 
3469.6 
3414.6 
3212.1 
3623.8 
3066.1 
3519.6 
3019.5 
2437.7 

Calculated 
Weight loss (g) 

1095 
1298 
181 
101 

1418 
1077 
1267 

if    o 
932 
1096 

7 
1093 
971 
753 
808 
1011 
599 
1157 
703 
1204 
1719 

Percent Calculated (mA) Heat 
Used Anode Current Number 
28 134 *3160 
32 159 3070 
5 22 3069 

3 12 --69 
36 174 3130 
27 132 -130 
32 155 3130 
0 0 3069 

24 114 3070 
28 134 3130 
0 1 3069 

28 134 3130 
25 118 3130 
19 92 3070 
20 99 -070 
26 124 3130 
15 73 3070 
29 142 3130 
18 86 3070 
30 147 3130 
44 211 3130 

* = incorrect heat-number 

240- 

• Estimate from Rel 2 ^estimate irom nei  t 

200 — 

1.60-     t3. 

1   120 — re I 
UJ 

80- 

/^' 
Extrapolated 
from Data. Rel 3 

"D-- D D 

--a 3- 
c _- .-d 

.Q--0 

9 11 13 15 17 19 21 

Anode Position AFT—►■ 

#S: 

Figure 2.   Calculated anode currents by anode position in stem array. 
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Two reference lines are included in Figure 2. The upper horizontal line 
represents the average anode current expected using the formula published by 
Waldon and Peterson2. The lower curved line is an estimated current distribution 
derived from experimental data from a six anode array which showed the end 
anodes to contribute more current than the inner anodes in a linear array3. Al- 
though there is considerable scatter and associated risk in drawing conclusions 
with these estimated weight loss data, the calculated currents tend to indicate the 
first ten anodes in the array contributed somewhat more protection current than 
the anodes further aft excluding the last two anodes. The electrical and mechani- 
cal linkage of the propeller through the shaft to the hull does occur forward of the 
array and 'he potential drop through the hull may accc JLII for the apparent 
maldistribution. An equivalent argument could be nade regarding the > stribution 
of ionic currents which wffeld allow the greater consumption at the aft end of the 
string. Unfortunately, the computer program BEASY cannot be used to model 
this problem as electrical current through the metallic elements is assumed to be 
uniform4. 

*r 

The four under-utilized anodes at positions 3, 4, 8 and 11 obviously would 
not be explained by the current distribution considerations. However, as one 

45- 

40 — 

35- 

30- 

3   25 1 
s. 
O 20- 

I   15- 

10 — 

5- 

U#21 

D#5 

B#20 
#18 

B#6,10,12 

D#9 

D#15 
D#14 
D#19 

D#17 

B 

□ #3,4 
#11 

Numbers correspond to position 
in array forward to AFT 

"^#8 
3069 

T 
3070 

T 
3130 

Heat Number 

Figure 3.   Percentage of alloy contained in 30 months vs. heat number. 
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might have observed in the Table 1 data, the four anodes in question were the only 
anodes associated with fabrication Heat 3069. Anode consumption is plotted 
against the heat number as Figure 3. Interestingly, the amounts of alloy consumed 
fell into three groups which then were associated with three particular heats. 

The reactivation (constant current, voltage-time) data also tended to group 
within the same heat number pattern. Nearly all the 21 anodes allowed an initial 
on-current potential of -0.9 V vs SCE, inferior to the maximum required potential 
level of < -0.98 V vs. SCE. The Heat 3130 anode potentials started to decrease 
(become more negative) somewhat rapidly after about 3 hours exposure, still 
decreasing at a slower rate from the 20+ hour end-of-test exposure of approxi- 
mately -1.01 V V6 SCE. Heat 3069 anodes tended to stabilize at a potential of 
approximately -0.95 V vs.§CE at 10 hgurs exposure whereas Heat 3070 anodes 
tended to stabilize at a higher potential of -0.92 V vs SCE. The general anode 
voltage behavior patterns are summarized in Figure 4  An examination of the 
short-term QA/QC electrochemical test data from these three heats also shows the 
same general trends but somewhat lower potentials which might be expected with 
fresh chemically cleaned metallic surfaces exposed only to laboratory air prior to 
electrochemical testing. The relevant electrochemical test data are presented in 
Table 2. 

IV 

-850 

-1010 

Figure 4.   Summary of reactivation time characteristics, 288mA 
constant current, full size, used anodes. 
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Table 2 
Anode Potential Data from QA/QC and Reactivation Tests 

Heat QA/QC Potentials 
Number 1 Hour  3 Hours 24 Hours 
3069 -1.016     -1.017 -0.993 
3070 ' -0.971     -1.023 -1.070 
(av. 3) 
3130 -1.094     -1.101 -1.110 

Reactivation Potentials 
1 Hour   3 Hours  20 Hours 
-0.930     -0.950     -0.955 
-0.900     -0.905     -0.910 

-0.910     -0.920     -1.005 

In addition, the QA/QC test, Faradaic efficiency (r\) of Heat 3069 was L.bserved 
to be particularly high at 95 % (weight loss efficiency, wt r|)  nd 9°% (efficiency 
from evolved H2 gas rate, H2 ri). ■£: 

The Q VQC electrochemical test results were attributed to the presence of a 
high degree of mercury contamination which was introduced into the process in 
Heat 3069. The mercury contamination was diluted in Heat 3070 and subse- 
quently found to be at very low levels by Heat 3104. The specific chemistry 
results for the relevant heats, the specification ranges and the averaged values for 
the purchase lot are represented as Table 3. As can be seen, the mercury contami- 
nation appears to be one factor of importance at these contamination levels. 
The mercury activated aluminum alloy composition, Galvalum I1 corresponds to 
the chemistry found with this heat and previous testing had shown the mercury 
activated aluminum alloys were technically acceptable as sacrificial anodes.5 

The Navy rejection of utilization of mercury activated aluminum alloy anodes 
was based on potential environmental (sea water) contamination considerations. 

■0.700 - 

•1.000 ■ 

■1.100 ■ 

■1.200 ■ 

0.926 vs SCe 

1.090- 

83 mA 

0.065 vs SCE 

\ 
«20. Heat 3130 

■2.000 

LOG (I'area) 

Figure 5.   Polarization curves from Anode 20 (Heat 3130) and 
Anode 4 (Hea 3069) after overnight galvanic coupling. 
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Figure 6.  Polarization curves from Anode 20 (Heat 3130) and Anode 14 
(Heat 3070) after overnight galvanic coupling. 

Table 3 
Chemistry Values for Relevant Heats 

Element 

Zinc 
Silicon 
Jndium 
Iron 
Copper 
Mercury 
Tin 
Bismuth 
Cadmium 
Titanium 
Magnesium 
Lead 
Boron 

MH-A-24779 
Remainder   <0.020 each, <0.10 Total 
(Added in 1992)      Hs and Sn .0010 each 

Specification Heat Heat Heat Lot 
Min. Max. 3069 3070 3130 Avs. 
2.5 6.0 4.5 4.0 4.0 4.2- 
- 0.210 0.10 0.113 0.11 0.098 
0012 0.020 0.003 0.013 0.0125 0.0127 
- 0.090 0.046 0.049 0.020 0.046 
- 0.CM 0.006 0.005 0.003 0.004 
- 0.020 0.027 0.0006 0.0001 <0.0001 
- 0.020 <0.004 <0.004 <0.004 <0.004 
- 0.020 0.0046 0.0032 0.0035 <0.0020 
- 0.020 <0.001 <0.001 <0.001 <0.001 
- 0.020 <0.002 <0.002 0.004 <0.002 
- 0.020 <0.001 <0.001 <0.001 <0.001 
- 0.020 <0.002 <0.002 <0.002 <0.002 
- 0.020 <0.001 <0.001 <0.001 <0.001 

Zn Si In Fe Cu 
4.0-6.5 0.08-0.2 0.014-0.020 <0.19 <0!004 
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As might be expected, the galvanic coupling of a Heat 3130 anode with an 
anode from Heat 3069 or 3070 showed the Heat 3130 material to protect the 
inferior material cathodically at a low level of between 5 and 10 mA. Polarization 
curves obtained following the overnight galvanic couple runs are presented as 
Figure 5 (Heat 3130 sacrificial anode, Heat 3069 protected "cathode") and 
Figure 6 (Heat 3130 anode, Heat 3070 cathode). 

Evans-type diagram is-included in the figure and the anodic/cathodic inter- 
cept currents agree with the measured galvanic couple currents. Although these 
data show the different levels of mercury contamination can result in an anode 
which could be cathodically protected, in the real application, coupled with a 
moderate current source, the anodes would probably all be involved in the dis- 
charge process but at significantly different rates. 

The anodic curves from each heat can be used to quantify the nonunif ^m 
consumption rates. Each anode maintains the same potential as determined by the 
overall protection system current demand. In Figure 5 as an example, if the 
overall requirements are such that Heat 3130 anode is at -0.925 V (vs SCE) 
consuming 100 mA current, the Heat 3069 anode also held to or polarized at 
-0.925 V would consume 22 mA current or 18% of the total. If the demand were 
slightly lower so that the potentials were -0.95 V, then the anode from Heat 3130 
would consume 83 mA whereas the Heat 3069 anode would decrease to 12 mA 
(12% of total). As can be seen in the figures, if the current consumption were 
sufficiently high so as to polarize the anodes to approximately -0.82 V, the anodes 
would consume equal currents. 

Previously, a question was raised as to the resulting performance from a 
mixed aluminum alloy anodes and zinc anodes in a given installation. Several 
experimental runs wer3 made using either a previously used or a new zinc anode 
in combination with several oi the used Galvalurn in aluminum alloy anodes. 
The effort was intended to demonstrate the mixed potentials and the probable 
cathodic protection of the zinc by the aluminum alloy. One, frustrating and 
perhaps interesting, result reoccurred when the two anodes were kept in the same 
28 tank for longer than 3 hours during the non-coupled, pre-run electrolyte soak 
period; the zinc anode potential would decrease to that of the aluminum alloy 
anode. The polarization curves taken at that point would indicate approximately 
the same anodic activity. Possibly indium ion (introduced from the native corro- 
sion of the aluminum alloy) into the electrolyte may have electrodeposited onto 
the zinc anode resulting in a surface alloy with lower (more negative) potentials 
than is usually observed and reported. This would suggest that for a mixed anode 
system in a closed tank application, the potential of the zinc would change and the 
current would essentially match that of the Galvalum in alloy. 
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However, on open sea stern arrays, where the ionic reaction products should 
be more completely removed, no indium addition to the zinc surfaces would be 
expected and the aluminum alloy should consume the majority of the cathodic 
protection current. Successful polarization runs were made by pre-soaking the two 
anodes m separate tanks for the 24 hour pre-run period and then limiting the co- 
exposure to approximately two hours. A comparison of the polarization curves 
for a new aluminum alloy anode (Heat 3253) and a used zinc anode tested using 
the modified test protocol is presented as Figure 7. As can be seen, the aluminum 
alloy anode with the more negative discharge curve would consume the majority 
of the current. The zinc discharge curve tends to show one smooth transition from 
the corrosion potential to the current limit. The discharge potential range is also 
in the same general range as the potential inflection in the aluminum alloy dis- 
charge curve. Natishan et al.« studying surface implanted binary alt .Tiinum alloys 
had considered the ir. .ection to be the pitting potential of aluminum, shifted to 
these low potentials by the presence of zinc in the alloy. However, the inflection 
as seen in Figure 7 would also appear to be associated with the onset of the anodic 
oxidation of zinc itself and not necessarily a pitting process in aluminum. Addi- 
tional work would be required to determine the relative role of each process 
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Figure 7.  Polarization curves from new aluminum alloy anode (Heat 3253) 
and used ?inc anode after overnight soaking. 
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SUMMARY 

The objective for this study was to attempt to determine if the cause of non- 
uniform anode consumption on the stern hull array could be identified. 

- A test protocol was constructed demonstrating that the electrochemical 
characteristics of used, air dried aluminum alloy anodes can be evaluated after 
removal from an installation. 

- The evidence clearly points to the cause of non-uniform anode consumption 
as being the initial material composition used in fabricating the anodes. 

- Anodes shown to b. associated with a h avily mercury con'^minated 
aluminum alloy (Heat 3069) were shown to have mere.positive Qess negative) 
anodic potentials than properly fabricated material. Anodes with what might be 
considered as a minor mercury contamination (Heat 3070) were also shown to be 
affected. The anodes with the more negative potentials would subsequently 
consume more of the cathodic protection current and exhibit greater weight and 
dimension losses. 

- Properly fabricated aluminum alloy anodes could be substituted into 
existing zinc anode arrays and would tend to be selectively consumed. 

CONCLUSIONS 

- The significant non-uniform consumption of Galvalum m, AHC-10 alumi- 
num alloy anodes in a linear array on the stern of the submarine was the result of 
differences in anode alloy competition and not the result of passivated a ".ode surfaces. 

- Reasonable care must be maintained by vendors to adhere to the required 
chemical composition for the aluminum alloy in fabricating anodes. The presence 
of even low levels of mercury contamination in the Galvalum in composition is 
sufficient as to affect anode discharge rates. 

- For the case of ballast or CHT tanks, installed but unused zinc anodes (eg., 
located high in tanks) could be left in place, replacing only the lower anodes with 
the aluminum alloy pieces as consumption allowances dictate. 
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USMC Corrosion Reduction Program: Vehicle Corrosion 
Surveys at Camp Lejeune, Camp Pendleton, and 

Twentynine Palms Marine Corps Bases. 

Mssrs. E. B. Bieberich*. T. J. Jackovic, and R. M. Janeczko 
Naval Surface Warfare Center, Marine Corrosion Brancn 

? \ Leggett Circle, Annapolis Maryland, 2140^-50(57 

INTRODUCTION 
The United States Marine Corps (USMC) has recently identified 

corrosion of vehicles as a major problem area. Higher life cycle costs of 
equipment, reduced operational availability, and excessive manpower 
requirements to maintain operability are some of the problems associated 
with corrosion. Current corrosion control methods have been identified as 
deficient, either in effectiveness or ability to be implemented.   The 
Amphibious Warfare Technology Directorate (AWT) of the Marine Corps 
Systems Command (MARCORSYSCOM) tasked the Naval Surface 
Warfare Center (NSWC) Marine Corrosion Branch to conduct research 
and development of new materials, procedures and design improvements 
which will reduce corrosion of USMC vehicles. 

BACKGROUND 
As an amphibious force, the United States Marine Corps is 

required to transport most of its equipment by ship and deliver it over-the- 
beach to shore. To permit rapid response in fulfillment of its mission, 
Marine Corps bases and equipment stockpiles are situated close to ocean 
ports. Forward-deployed equipment is primarily stowed in prepositioned 
ships. Not surprisingly, the primary operating environment of Marine § 
Corps equipment is a marine environment, including seawater immersion 
during amphibious operations, splash and salt-spray during ocean 
transport and on the beach, as well as salt-laden air. This is a most 
agressive corrosion environment, and requires higher initial investment in 
equipment specifically designed to resist salt water corrosion and higher 
maintenance to achieve required vehicle lifetimes, ref 1-4. 

Other than amphibious assault vehicles, most Marine Corps 
equipment is purchased by the US Army, whose inland mission removes 
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most of their equipment from exposure to the ocean environment. Neither 
Army bases nor training areas are normally located near saltwater areas, 
and as a result, no driving impetus exists in the Army procurement system 
to absorb initial higher costs associated with corrosion resistance to the 
marine environment. Marine Corps vehicles can be expected to have 
higher corrosion failures and associated maintenance burdens than Army 
(or Air Force) equipment. 

For the most part, high initial procurement costs for moro corrosion 
resistant equipment and vehicles eliminates the option of buying new 
materielle for all armed services that are suffiently corrosion resistant to 
prov!He adequate maintenance-free service for the Marine Cc.rs. 
However in some cases, upgrading to improved standards will provide 
cost savings fcr all. Forjnstance, it may be possible to upgrade some 
non-structural parts to non-metallic materials that are inherently corrosion- 
free and cheap. Some design aspects (such as drain holes in frames) are 
prudent for any service vehicle. 

For those vehicles and equipment procured specifically by and for 
the Marine Corps only, it makes very good sense to include corrosion 
resistant design in the specifications. Improved availability for service and 
reduction in maintenance man-hours should provide ample cost- 
justification for some moderately expensive improvements during 
procurement, while some design aspects which impart improved corrosion 
performance are essentially free when included in the initial design. 

Although corrosion control maintenan ,e actions are currently 
required at each of the different maintenance echelons for USMC 
vehicles, little data has been summarized on the extent of use and 
resulting effectiveness of the various corrosion control measures specified 
for USMC application. These corrosion control measures consist 
primarily of the application and maintenance of various coatings and 
compounds which are intended to exclude the corrosive environment from 
a corrosion-susceptible base metal. Manuals are available for vehicle 
types and maintenance echelons, but the use of these manuals is erratic 
and service performance data on the recommended methods is limited. 
In order to identify research and development approaches which will 
provide cost-effective payback upon implementation, the effectiveness 
must be determined of presently specified corrosion control methods in 
reducing corrosion problems in service. 

a-- 

APPROACH 
Four interconnected subtasks have been identified by NSWC to 

improve corrosion performance of Marine Corps vehicles: 
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The first effort is to conduct inspections of Marine Corps vehicles 
by corrosion engineers to identify those components, materials and 
design aspects common to most vehicles which result in high corrosion 
susceptibility and resulting maintenance costs, which can not be 
substantially improved by present corrosion control efforts. A high 
payback R&D effort should result when the most expensive problems are 
then addressed for solution. 

An evaluation of improved maintenance practices based on state- 
of-the-art corrosion control in both private industry and all military services 
will lead to immediate improvements through technology transfer, while 
identifying promising technologies requiring R&D evaluation for USMC 
applications. A literature^review is in progress.   t 

Design analyses will be conducted of present and proposed vehicle 
and equipment designs to identify life-enhancing backfits for existing 
assets and to permit inclusion of corrosion control criteria in purchase 
specifications which will lead to extended service life. 

Research and Development Test and Evaluation (RDT&E) will be 
conducted for improved materials, designs, repairs and backfits to identify 
comparatively outstanding candidates for fleet evaluation and ultimate 
integration. 

In order to develop cost-effective corrosion countermeasures for 
USMC vehicles, the current corrosion problems require definition. The 
first part of this task is to identify the corrosion problem areas of operating 
vehicles and review current corrosion control procedures and their overall 
effectiveness. In order to accomplish this, corrosion inspections of 
vehicles and equipment are being performed at major USMC bases and 
maintenance facilities. At these sites, inspections and discussions are 
conducted with personnel responsible for corrosion control and 
maintenance of vehicles. 

During early FY94, personnel from NSWC visited Camp Lejeune, 
Camp Pendelton, and Twenty-nine Palms Marine Corps Bases. These 
sites were selected due to the variety and amount of vehicles, and the 
differing environments. Most of the inspected vehicles were in operational 
condition and had been in typical environments around their respective jjf 
bases since their last major refurbishment or overhaul. Future inspections 
are planned for vehicles at Depot Level Maintenance Activities (5th 
echelon) and vehicles ^turning from deployment aboard ship. Vehicle 
types inspected included Amphibious Assault Vehicles (AAV), High 
Mobility Multipurpose Wheeled Vehicles (HMMWV), Light Armored 
Vehicles (LAV), Logistic Vehicle Systems (LVS), M1A1 Main Battle Tanks, 
5-ton trucks, and various heavy landing support equipment. This report 

617 

m 



summarizes the inspections, reviews current maintenance practices, and 
provides initial identification of general corrosion problems affecting 
USMC vehicles. These initial inspections will provide a baseline for 
corrosion control recommendations for present vehicles and will direct the 
research and development of future vehicles. 

CORROSIVITY OF LOCAL ENVIRONMENTS 
In general, the severity of marine environments is directly related to 

salt water exposure time. For equal time periods, severity of exposure is 
generally highest for direct immersion, followed by splash/spray, and then 
salt air exposure as a function of distance from the ocean ref 5. 
However, any exposure that results in collection of salt (chlories) in 
meul crevices will continue to#ause corrosion in any humid environment 
until the salt is flushed out. 

In the atmosphere, corrosivity increrses as the moisture level and 
the chloride concentration increases. The two primary sources of 
chlorides in the atmosphere are sea salt near coastal locations and road 
salt which is used primarily for deicing roads. For Marine Corps vehicles, 
the effect of road salt is expected to be insignificant when compared to 
the effect of sea salt in the marine atmosphere. 

Transportation and Operation 
Marine Corps vehicles are subject to salt water immersion during 

coastal and amphibious operations, and to salt spray during transportation 
aboard LCAC's and assault ships. These factors contribute to a severe 
service environment in which corrosion is a major maintenance 
consideration.   Particular consideration should be given to proper 
application of corrosion control materials and procedures before and 
during ship transport. 

Base Location 
The corrosion surveys revealed the operating location of the 

vehicles to be a major factor in determining the amount of corrosion 
observed. In general, the vehicles inspected at 29 Palms had the least 
corrosion. Those inspected at Camp Lejeune had the most corrosion. 
Those inspected at Camp Pendleton had slightly less corrosion than 
those seen at Lejeune but markedly more than those seen at 29 Palms. 

The primary influences at both Camp Lejeune and Camp 
Pendleton would be exposure to the marine atmosphere and the use of 
vehicles for amphibious operations. The vehicles at 29 Palms are not 
subject to either of these influences and have very little corrosion. The 
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factors differentiating between Pendieton and Lejeune are less obvious. 
They consist of total precipitation and the number of days with rainfall as 
well as the concentration of industrial pollutants. 

No surveys were conducted of III MEF vehicles on Okinawa. As 
Okinawa is an island, the chloride concentration in the atmosphere is 
likely to be higher than at any of the other locations. Therefore, the 
corrosion of vehicles based on Okinawa is expected to be greater than at 
the other sites. 

GENERAL VEHICLE CORROSION PROBLEM AREAS 
Coatings 

In general, the use of Chemical Agent Resistant Coating (CARC) 
was considered a problem by most of the maintenance activities. 
Although CARC appeared to have adequate performance if applied 
properly, the environmentally strict application allowances severely limited 
its overall effectiveness. Only one quart per day per area is permitted 
according to volatile organic compound (VOC) regulations. This greatly 
restricts reapplication of a poor coating and allows very little touch-up. 

Because of the problems associated with CARC, Zn-Silicate IC-531 
coating has been proposed as an alternate coating for USMC vehicles. 
IC-531 has a zero VOC rating so it can be applied without the restrictions 
found with CARC. It has already been applied on a few vehicles at Camp 
Pendelton for in-service testing. However, poor controls were exercised 
during application, coatings experts were not involved, and the resulting 
applications poorly documented. In addition to a better controlled 
evaluation of the IC-531 sysU n, more comprehensive research is needed 
on possible CARC e'^natives. 

Certain areas on the vehicles suffer severe environments where 
coatings often failed and a more effective coating was needed. These 
included high temperature areas on the engine and exhaust systems. 1st 
Recon. at Camp Pendelton was field testing a high heat aluminum paint 
overcoated with Amlguard on certain high temperature connectors on the 
LAV engine. A coating was also needed on the underside of motor 
transport vehicles. Heavy amounts of corrosion were found in areas 
where coatings had failed or where coatings had not been applied. 

Electrical Connectors 
Electrical connectors were found to be consistently corroded on the 

various inspected vehicles. The design and geometry of these aluminum 
connectors leave these components susceptible to corrosion. Crevice 
areas were found to be the primary problem, especially under locking 
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collars and rubber seals. These crevices allow moisture and salt deposits 
to build-up which then caused accelerated attack. 

Certain corrosion control methods were being attempted, but the 
effectiveness of these methods was unclear. Primarily, Amlguard or 
similar coatings were used in an attempt to exclude the connectors from 
the environment. Sometimes the connectors were wrapped with electrical 
tape. It is not known whether the observed failures were from improper 
application of these methods or whether the methods themselves were 
inadequate to prevent corrosion. More failures were observed at Camp 
Lejeune. It could be that the Amlguard-type coatings may work well for 
Camp Pendleton's drier environment but can not adequately withstand the 
harsher environment of Camp Lejeune. Howe /er, it is also )0ssible that 
the application procedures a*re more easily followed at Camp Pendleton 
(drier surfaces during application), and better training is required at 
Lejeune. Field testing is needed where application of the coatings are 
documented and known to be correct, and performance of the coatings 
subsequently tracked. 

If the current corrosion control methods prove to be ineffective, 
then other methods may require research. While the backfit of aluminum 
electrical connectors with non-metallic bodies may provide adequate 
performance, water exclusion methods from the present aluminum 
connectors involving coatings and/or plastic tapes or wraps could be 
comparatively evaluated. 

One method approved for use with topside electrical connectors on 
Navy ships is cold-shrink tubing. Cold-shrink tubing is similar to heat- 
shrink tubing, but requ:res no heat guns or other application appliances. 
Application of cold-shrink tu jing should work better than properly applied 
electrical tape and is easier to a^ply. The Navy has conducted an 
extensive evaluation of various methods (tapes, heat and cold shrink 
tubing) to reduce corrosion of electrical connectors. The comprehensive 
Navy report of those evaluations recommended cold/heat shrink tubing as 
interim corrosion control methods, until more corrosion resistant 
connectors could be fielded. 

Seawater Leakage Through Turrets 
On the amphibious and light armor vehicles, leakage of seawater 

through turret areas (particularly during LCAC transport) was found to be 
a major problem. The turrets were found to be ineffectively sealed and 
allowed seawater to leak through during any waterborne operation or 
transport on ship where seawater splashed on the vehicles. This typically 
caused corrosion of components below the turret area including 

620 



connectors, fittings, fasteners, etc. These components are usually 
inadequately protected since they are inside the vehicles and not 
designed for direct exposure to seawater. 

Although some maintenance activities were concentrating on 
applying protective coatings to the susceptible components beneath the 
turrets, an effective sealing method for the turrets would be a simpler and 
less labor intensive fix. Development of a nonmetallic skirt or boot for 
installation around the turrets is one possibility. 

Vision B^cks 
The steel frame around th%.vision blocks in the turrets J 

amphibious and light armor vehicles were often corroded. This becomes 
a problem when the steel corrosion products leak onto the glass surface 
and subsequently impair vision. The current sealant appears to be 
ineffective in keeping moisture from coming into contact with the steel 
frame. 1st Recon. Bn. at Camp Pendelton reported this to be a poor 
sealant application at the depot level so they remove and reseal vision 
blocks on newly acquired vehicles. The performance of properly applied 
sealant should be tracked to assess its effectiveness and whether a new 
sealant or method is needed. 

Water Collection Areas and Crevices 
Water collection areas are areas that allow build-up of pockets of 

water, or moisture and deposits which increases the rate of corrosion due 
to the prolonged exposure to a corroding environment. These areas were 
found in many instances on the inspected vehicles including the frame of 
the HMMWV, hatch areas or the LAV, spot welds on trucks and trailer 
beds, and battery boxes for trucks. Proper corrosion control design of a 
vehicle should minimize any areas where moisture could be trapped. 

Certain actions could be taken to limit the problems associated with 
water build-up. Drain holes can be drilled which allow water to leak out of 
trapped areas. This is especially needed for the frame of the HMMWV 
where holes in the side of the frame allow water in, but the bottom of the 
frame does not contains any holes to allow the water to drain out. Some 
newly acquired frames had drain holes but this was not always the case. 
The various maintenance activities could drill drain holes on any HMMWV 
frame without them. Battery boxes could also use better drain holes. 
Another option for battery boxes would be to also include a plastic insert 
which houses the batteries and allows the acid/water mixture to drain 
without coming into contact with the steel box. A new development, which 
should be tracked for general performance, is the introduction of plastic 
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battery boxes on m800 series trucks. The effort could easily be expanded 
to include their evaluation on other vehicles, and perhaps to include tool 
boxes as well. 

To eliminate crevices from spot-welding, a continuous weld should 
be considered on future manufactured vehicles. On existing vehicles, an 
evaluation could be made of thin water displacing compounds which may 
fill crevices by capillary action, and provide some measure of corrosion 
resistance. 

Fasteners 
Failure of the cadmium electroplating was often observed on the 

Cd-plated fasteners and many of the fasteners hed heavy rusting of the 
steel substrate.   A change to a corrosion resistant coating for low 
strength bolts might provide better performance. An example is Sermetel, 
an aluminum-rich ceramic coating used with success on fasteners on 
Navy ships.   Marine atmosphere and immersion exposure tests 
(environments similar to those experienced by USMC vehicles) showed 
improved performance over cadmium electroplate, ref 6. 

Hydraulic Pistons 
On heavy landing support equipment, hydraulic piston rods often 

had pitting of the chrome plating. This reportedly causes wear and 
eventual failure of the piston seals. Alternative coating materials should 
be examined. While other electroplating materials, such as nickel, can be 
evaluated, two promising methods include superpolished high-velocity 
oxy-fueled plasma sprayed titanium (or other metals) and plasma sprayed 
maters which contain ceramics, such as C^ramax 1000*™. The 
Ceramax 1000 is used on underwater hydraulic cylinders which open and 
close canal locks (gates). 

Headlight Frames 
Corrosion of steel headlight frames on HMMWVs is a problem 

which should be easily corrected by using an alternative material  An 
aluminum alloy should be available which has the mechanical properties 
required for the steel frames but has improved corrosion performance. 

MAINTENANCE PRACTICES AND GUIDANCE 
The maintenance and corrosion control practices varied 

considerably between the maintenance activities. Although standardized 
technical manuals and guidances are available, activities follow their own 
guidelines for corrosion control. These guidelines typically incorporate 

622 



üa^v 

some of the methods in the standard guidances but often include familiar 
or available materials and practices. Both 2nd and 3rd Bn. AAV 
maintenance have developed their own manuals for corrosion control. 

The non-standard use of maintenance practices makes assessing 
the performance of the recommended methods of corrosion control in the 
technical manuals very difficult. Without standard practices uniformly 
implemented, no assumptions can be made with respect to the proper use 
or application of a corrosion control method. When a corrosion problem 
area on a vehicle was observed, it was often not determinable whether 
the recommended method had been used or applied properly, or applied 
properly '*ut still provided ineffective performance. E Jore further j? 
research and development is conducted to solve vehicle corrosion 
problems, the service performance of the presently recommended 
corrosion control methods should be quantified. If the presently 
recommended methods are effective but are not being followed, research 
and development of new methods will not provide any improved 
performance. The Marine Corps Systems Command is in the process of 
developing a new corrosion control order which should assure the proper 
use of the technical manuals and implemenation of the recommended 
corrosion control methods. Tracking of these methods in service is 
needed to evaluate their effectiveness and direct R&D efforts. At this 
point, the fastest determination of effectiveness may be to do a side-by- 
side demonstration of the recommended corrosion control methods on 
several vehicles, comparing their performance to two untreated controls. 

It is occasionally evident that no corrosion control is practiced at all 
for certain maintenance evolutions. During corrosion surveys at 
Twentynine Palms, a rebuilt engine for an AAV was observed to be in 
poor condition. Corrosion of previously identified susceptible components 
had neither been repaired nor treated with corrosion preventive 
compounds. 

The lack of authoritative guidance for corrosion control has 
permitted maintenance activities to implement new corrosion control 
methods where existing methods were presumed ineffective. In 
particular, 1st Recon. at Camp Pendelton has attempted to develop an 
effective corrosion control program for the LAV. Unofficial field tests are 
being conducted on alternate methods for problem areas including a high 
temperature Al paint for fittings on the engine. To provide benefit to the 
entire corps, the tests should be repeated under controlled and 
documented conditions. 

A recommendation was proposed by 1st Recon. to incorporate any 
corrosion control procedures into the vehicle assembly guidance. This 
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would require only the use of one manual during assembly and simplify 
the application of corrosion control. 1st Recon. had already handwritten 
their corrosion control methods in the margins of their assembly manual. 

RESEARCH AND DEVELOPMENT, TEST AND EVALUATION 
Coatings 

While new low-VOC CARC coatings are presently under 
evaluation, corrosion tests will be required to determine which primer 
coatings as well as CARC coatings provide the best corrosion resistance 
to both steel and aluminum substrates. Included in the evaluation should 
be the zinc silicate coatings which have already been applied tn several 
Marine Corps vehicles at Camp Pendleton. While fluidized bed epoxies 
should be jonsidered fc? evaluation on vision ports, alternate vision port'--- 
body materials, like aluminum or stainless steel should be considered. 

Compounds 
Most of the presently approved thin coatings for field use, except 

for the AMLGARD spray coatings, provide poor protection. Substitutes 
which provide high capillarity, water displacement and film "toughness" 
will be sought for comparative evaluation. 

Materials 
Both new materials for future marine corps vehicles and materials 

substitutions for existing components on pre?ent vehicles will be 
evaluated for life cycle improvements in performance. Aluminum alloys 
2519 and 5083 presently being considered as hull materials for the new 
amphibious assault vehicle, and austenuic stainless steel fasteners (as 
well as coated steel fasteners) which are being considered for AAV 
applications can be comparatively tested in the marine environment. 
Based on the poor fleet performance of aluminum electrical connectors, a 
significant effort is justified in the development of alternate materials 
(stainless steel or composite material) for electrical connectors. 

An aluminum headlamp retention bracket should be fabricated and 
placed in comparative marine exposure tests with the standard steel ones 
presently used on HUMVEEs and trucks. 

Exhaust system components are repaired and replaced often, and 
would significantly benefit from an aggressive evaluate n effort of 
advanced materials for backfit exhaust systems, as well as high 
temperature coatings. Both ceramic and metallic based plasma sprayed 
materials may provide improved service life for hydraulic cylinder rods, but 
require some development for specific Marine Corps applications and 
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eventual marine corrosion testing. 
Plastics and composites may provide significant relief from 

corrosion attack on some non-structural components, such as battery and 
tool boxes. An effort to utilize non metallic materials (skirts, boots, tarps) 
to exclude the environment from vehicles and components may also be 
fruitful. 

Environment Control 
One means to reduce atmospheric corrosion is to isolate materials 

from the aggressive environment. Several appi jaches are available tc 
exclude the environment from vehicles. 

Since LCAC-trarftport is considered to be among the harshest 
operating environments to which Marine Corps vehicles are exposed, a 
means to reduce the amount of salt spray to which vehicles are exposed 
while in transit may serve to alleviate corrosion damage. The use of 
covers for LCAC's would shield vehicles from the salt spray and may 
reduce corrosion by isolating materials from an aggressive environment. 

Corrosion of the internal components of some amphibious vehicles 
is worsened by seawater ingress during waterborne operations. The 
turrets generally provide the easiest path for seawater intrusion into the 
vehicle, and may benefit from the use of a skirt designed to make the 
turret more watertight. 

Another technique for environmental control under investigation by 
the Marine Corps is the use of active dehumidification. It has been found 
that maintaining a relative humidity of 30% - 40% greatly diminishes the 
effects of atmospheric corrosion. 

Active dehumidificat.un has been used by Israeli Defense Forces, 
the Swedish and Danish Air Forces, and Swedish and German Armies. It 
has been applied to aircraft by the U.S. Army, Navy and Air Force. 

Dehumidification is currently being pursued by the Marine Corps (II 
MEF), both for the preservation of materials in long term storage, and for 
active-status materials. Active dehumidification is currently used by the 
U.S. Navy for the preservation of some inactive ships. It may be feasible 
for Marine Corps vehicles intended for long-term storage to be loaded 
aboard inactive assault ships already equipped for the dehumidification of 
internal spaces. The feasibility and cost-effectiveness of storing Marine 
Corps vehicles aboard inactive assault ships should be investigated. 

Design Analysis 
The feasibility of integrating corrosion engineering into new vehicle 

and component design will be demonstrated. Particular attention will be 
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paid to when during the design process that corrosion engineering should 
be applied, as well as the initial development of standard phraseology for 
integration into design standards and specifications. 

Using the AAAV, and other new Marine Corps vehicle designs 
(perhaps the 8 ton truck), performance and materials compatibility issues 
resulting from the new designs which may require corrosion tests to 
resolve will be identified. 

Field Tests 
While comparative corrosion testing of standard coupons is often 

necessary to resolve a range of candidates for service eva.uation, there is 
also *he opportunity toimmediaWy evaluate some materials in service to % 
demonstrate improved'performance or the need to develop alternate 
materials and methods. As the Marine Corp? has not implemented many 
of their own standard corrosion control practices fleetwide, it would be 
prudent to field test some of their specified materials for corrosion control 
alongside a few alternate or optional replacement materials and methods. 
A demonstration could be conducted on two vehicle types (eg, AAVs and 
HUMVEES) of say, five vehicles each, while holding another five each as 
controls with no special corrosion countermeasures. Properly set up and 
controlled, the field tests would provide numerical justification for fleetwide 
implementation of corrosion control and an excellent training opportunity 
in corrosion control application. Field tests should probably be conducted 
simultaneously at Canps Lejeune and Fendleton, and at Okinawa. 

SUMMARY AND RECOMMENDATIONS 
Inspections of United States Marine Corps amphibious vehicles, 

tanks, transport vehicles, heavy landing support equipment and artillery 
are in progress to identify common corrosion problems which may require 
research and development to improve. Issues related to establishment of 
a consistent and coherent corrosion control program for USMC vehicles 
have been discussed in order to emphasize existing methods which may 
reduce corrosion without further development effort. The role of the 
severity of environmental exposure conditions has been identified to 
assist in the separation of materials issues from design or maintenance 
requirements. Backfit of new materials, coatings and compounds into 
existing equipment for improved corrosion performance as well as into 
new design may require comparative corrosion tests to validate life cycle 
cost payback. 
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HIGH STRENGTH ALLOYS FOR SEAWATER 
FASTENER APPLICATIONS 

Denise M. Aylor 
Naval Surface Warfare Center 

Code 613 
Annapolis, MD 21402-5067 

ABSTRACT 

Slow strain rate tests were conducted on Rene 41, Alloy 925, and 
Alloy A286.  Specimens were evaluated in 3.5% NaCI solution in both 
freely corroding and cathodically polarized conditions and compared to 
similar specimens run in air. 5000 hour statically-loaded proving ring 
tests were also conducted in natural seawater under both freely 
corroding and cathodically polarized environments to assess the validity 
of the slow strain rate method in predicting long-term environmental 
cracking resistance. The proving ring tests were performed on Alloy 
K-500, Alloy 625 Plus, Alloy 625PH, Ti-6AI-4V ELI, and Beta C titanium. 
Slow strain rate results indicated good environmental cracking resistance 
for A'loy A286 in all environm >nts evaluated.  Rene 41 exhibited a 
hydrogen embrittlement susceptibility when polarized to -1000 and -1250 
mV vs. SCE.  Alloy 925 was susceptible to hydrogen embrittlement at 
-1250 mV and showed a reduced load bearing capacity in freely 
corroding, -850, and -1000 mV vs. SCE environments. The proving ring 
results showed that the slow strain rate method is valid for assessing 
long-term environmental cracking resistance of fastener alloys. 

INTRODUCTION 

High strength materials that are utilized in Navy fastener 
applications require good hydrogen embrittlement/stress corrosion 
cracking (HE/SCC) resistance as well as galvanic compatibility with the 
components that they are fastining.  Alloy K-500 is currently an 
approved fastener material per MIL-S-1222 and is typically used in high 
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strength applications. Alloy K-500 is, however, known to be susceptible 
to hydrogen embrittlement when cathodically protected (1-3).  Due to this 
environmental cracking susceptibility and to its poor galvanic compatibility 
with noble metal components, alternate fastener materials are being 
considered. A research program assessing the HE/SCC resistance of a 
variety of nickel-base, titanium-base, and iron-base alloys has been 
ongoing for the past three years.  Slow strain rate test (SSRT) results of 
particular alloys have been previously published (4,5).  In this paper, the 
slow strain rate results of three additional fastener alloys will be 
presented.  Specifically, these alloys are Rene 41, Alloy 925, and Alloy 
A286.  Proving ring test data on nickel- and titanium-base fastener alloys 
will also be presented to assess the validity of the slow strain rate 
method in predicting lone term environmentil clacking resistance. ir 

MATERIALS 

SLOW STRAIN RATE TESTING 

The materials evaluated by the slow strain rate test method 
included Rene 41, Alloy 925, and Alloy A286.  The chemical composition 
and mechanical property data for these alloys is included in Table 1. 

PROVING RING TESTING 
The fastener alloys utilized in the proving ring tests consisted of 

Alloy K-500, Alloy 625 Plus, Alloy 625PH, Ti-6AI-4V ELI, and Beta C 
titanium. The chemical cormosition and mechanical property 
certifications by the manufacturer for these alloys was reported 
previously (5). 

EXPERIMENTAL PROCEDURE 

SLOW STRAIN RATE TESTING 
Slow strain rate tests were performed using notched tensile 

specimens (5).  Specimens were pulled to failure using a displacement 
rate of 9 x 10"7 in/sec.  Each of the fastener alloys were evaluated in 
conditions of air, freely corroding, and cathodically polarized to -850 mV, 
-1000 mV, and -1250 mV levels versus a saturated calomel reference 
electrode (SCE). The freely corroding and cathodic polarization tests 
were done in 3.5% NaCI solution.  Duplicate tests were performed per 
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condition on each alloy.  After testing, each specimen was removed from 
the test assembly and the fracture surfaces were preserved with plastic 
spray until SEM examination could be performed. 

PROVING RING TESTING 
The proving ring tests utilized the same notched tensile specimens 

as in the slow strain rate tests.  Specimens were uniaxially loaded to the 
90% yield load level based on slow strain rate air tests performed on 
each alloy.  Static load testing was conducted in ambient temperature, 
natural seawater with specimens either a) freely corroding or b) polarized 
to -1000 mV vs. a Ag/AgCI reference electrode.  Specimens were tested 
to failure or were remove^ from test if no failure *ad occurred after 5000 ** 

"hours' exposure. The urrräiled specimens were then pulled to failure in 
air using a 9 x 10"7 in/sec displacement rate, and their fracture surfaces 
were examined in the SEM. 

RESULTS AND DISCUSSION 

SLOW STRAIN RATE TESTING 
Tables 2-4.document the slow strain rate results for Rene 41 

Alloy 925, and Alloy A286.  These tables include the time to failure ' 
maximum load attained, and the air/seawater environment ratio for each 
specimen as well as a summary of the fracture surface appearance after 
the slow strain rate testing. 

The Rene 41 SSRT specimens exhibited predominantly ductile 
transgranular fracture behavior in air, freely corroding, and -850 mV vs. 
SCE conditions.  For these specimens, approximately 5% of the fracture 
surfaces contained low ductility areas but no indication of intergranular 
failure was evident.  The SSRT specimens tested at -1000 mV vs SCE 
showed a moderate amount of intergranular failure with secondary 
cracking.  The SSRT specimens polarized to -1250 mV vs. SCE 
displayed fracture surfaces similar to the -1000 mV specimens, but a 
larger amount of secondary, intergranular cracking was present on the 
-1250 mV specimens.  Although intergranular cracking was found on 
specimens polarized at both the -1000 and -1250 mV levels, a reduction 
in the maximum load data versus air was only evident for the -1250 mV 
rpecimens. The degree of secondary, intergranular cracking present on 
the -1000 mV specimens was presumably not enough to show a 
significant reduction in the maximum load attained as compared to air. 

The Alloy 925 material behaved similarly in air, freely corroding, 
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-850 mV, and -1000 mV environments. The maximum loads attained in 
all four conditions fell within the same range of values. The appearance 
of the fracture surfaces after slow strain rate testing showed ductile 
fracture combined with secondary, interaranular cracking which 
predominantly occurred at the notch root. This ductile interaranular 
failure mode indicates a reduced load bearing capacity for this alloy as 
compared to a material that fractures in a ductile transgranular mode. 

The Alloy 925 SSRT specimens that were cathodically polarized to 
-1250 mV exhibited evidence of hydrogen embrittlement.  Both 
specimens contained a moderate amount of secondary intergranular 
cracking that was concentrated at the notch root.  The maximum loa,. 
values were also reduced in comparison to the air values. 

Th   Alloy A28#SSRT specimens exhibited good er.vironmental 
cracking resistance in all of the environments evaluated.  The SSRT data 
for this alloy indicated a slight reduction in maximum load for the 
cathodically polarized specimens as compared to air; however, 
examination of the fracture surfaces did not suggest a hydrogen-assisted 
cracking mechanism. The fracture surface appearance of all of the Alloy 
A286 specimens showed ductile transgranular behavior over 95% of the 
surfaces. The remaining 5% of the fracture surfaces contained low 
ductility areas with porosity present around precipitates.   Energy 
dispersive x-ray analysis of these areas showed the precipitates to be 
titanium-rich. 

PROVING RING TESTING 
A comparison of the proving ring and slow strain rate test results 

for nicke,'- and titanium-base fastener a.'.^ys is found in Tables 5-6. The 
SSRT data in these table~ ./as reported previously (5).  With the 
exception of the Alloy 625PH proving ring specimens that were 
cathodically polarized to -1000 mV, all of the proving ring specimens 
were in test for 5000 hours without failure and then were pulled to failure 
in air at a displacement rate of 9 x 10'7 in/sec. The cathodically polarized 
Alloy 625PH proving ring specimens failed after <48 and <120 hours, 
respectively. 

The nickel- and titanium-base alloys exhibited a ductile fracture 
mode for both the proving ring and slow strain rate specimens tested in 
freely corroding conditions.  Although some cracking was present on the 
titanium alloy öpecimens, the cracking was not intergranular and did not 
indicate an environmental cracking susceptibility.  The three nickel-base 
alloys tested at -1000 mV all displayed a hydrogen embrittlement 
susceptibility in both the proving ring and slow strain rate tests. 
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CONCLUSIONS 

o Rene 41 has good environmental cracking resistance in freely 
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Moderate to extensive secondary intergranular cracking was found on all 
cathodically polarized nickel-base alloy specimens except Alloy 625 Plus •: 
SSRT specimens. The Alloy 625 Plus specimens exhibited isolated 
areas of intergranular fracture concentrated at the notch root. The two 
titanium-base alloys exhibited a ductile failure mechanism under -1000 
mV conditions in both the proving ring and slow strain rate tests. The 
slight to moderate degree of cracking evident on the titanium specimens 
was not intergranular and showed no indication of environmental 
cracking. 

The maximum loads attained on the nickel-and titanium-base 
alloys c1^ show some variability between the slow strain rate an-' proving 
ring tests.  '' the freeif corroding environment, lirhe maximum loads for *r 
the nickel-base proving ring specimens were either similar or lower than 
the slow strain rate specimens.  In the catho lically polarized condition, 
the Alloy K-500 and Alloy 625 Plus proving ring specimens were 
consistently lower than the slow strain rate specimens. These reduced 
loads were presumably due to more extensive intergranular cracking 
present on the proving ring specimens, which resulted in a reduction in 
the maximum load attained. The Alloy 625PH material exhibited similar 
maximum loads for both the slow strain rate and proving ring tests, 
corresponding to a similar degree of intergranular cracking present on 
these specimens.  For the Ti-6AI-4V ELI and Beta C alloys, the 
maximum loads attained in both freely corroding and cathodically 
polarized conditions were either similar or lowe - in the proving ring tests •■■<■:'/ 
as compared to the slow strain rate tests. 

In summary, there was good correlation between the proving ring and 
SSRT results.  SSRT res-"s for these high strength fastener alloys have 
typically shown variability in the maximum loads reported and thus, the 
primary criteria for predicting environmental cracking resistance has been ,; 

the fracture surface appearance (5). Based on the fracture surface 
evaluation of the nickel- and titanium-base alloys, the resistance or 
susceptibility to environmental cracking in the freely corroding and j||: 
cathodically polarized environments was consistent between the slow |,V 
strain rate and proving ring tests. Thus, the accelerated slow strain rate j|| 
test appears to be valid for predicting long-term environmental cracking 
resistance of high strength fastener alloys. 
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corroding and -850 mV vs. SCE conditions. This nickel-base alloy is 
susceptible to hydrogen embrittlement when polarized to -1000 and 
-1250 mV vs. SCE. 

o Allov 925 exhibited a ductile interoranular fracture n.ode in air, freely 
corroding, -850, and -1000 mV vs. SCE conditions; this interqranular 
fracture behavior indicates a reduced load bearing capacity for this alloy 
as compared to an alloy that fractures in a ductile transgranular mode. 
Alloy 925 is susceptible to hydrogen embrittlement when cathodically 
polarized to -1250 mV vs. SCE. 

o Alloy A286 displayed good environmental cracking resistance in air, 
freely corroding, and cathodically polarized environments. 

o A compa ison of short-term slow strain rate and long-term proving ring 
tests indicated that the slow strain rate method is valid for assessing the 
long-term environmental cracking resistance of high strength fastener 

alloys. 
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Cost-effective and Environmentally Safe Corrosion Prevention 
for 2nd Marine Air Wing Support Equipment 

Using Desiccam Wheel Dehumioification (DE'.V) 
■s> 

Mr. David J. McCarthy* 
Munters Cargocaire 
79 Monroe St. 
Amesbury, MA 01912 

MGSGT. Albert Sandoval, USMC (Ret) 
307 Tall Pine Road 
Havelock, NC 28582 

MSGT. Harry Miller USMC (Ret) 
2040 Wells Rd. Apt. #5A 
Orange Park, FL 32073 

Introduction . „  iU        ,   . „„ 
To reduce corrosion, equipment users and designers have essentially three cho.ces. 

change the material, coat its surf?ce or keep the item dry. 
In an effort to reduce the cost and environmental impact of maintains ,g contingency 

support equipment, the 2nd Marine Air Wing (2nd MAW) has successfully utilized desic- 
cant wheel dehumidification equipment to prevent corrosion by surrounding the matenal 

wrth dry air. 2nd MAW has found this greatly reduces the need for petroleum-based 
coatings, lubricants and corrosion-inhibitors, which improves compliance with environ- 
mental program goals while reducing costs. The DEW program also allows the 2nd MAW 
to redirect scarce man-hours to in-service equipment, maintaining high optempo capabil- 
ity in spite of reduced manpower. In implementing this program, the organization has 
reduced the need for appropriations of either capital or operating and maintenance funds 

by using existing manpower, equipment and supplies. 
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Keeping Equipment Dry 
The idea of preserving material by keeping it dry is not new. In the most obvious 

example, valuable artifacts from Egyptian tombs have been preserved by dry air for more 
than 3,000 years. 

As early as 1927, the English electrochemist W.H.J. Vernon observed the close 
relationship between the relative humidity in the environment and the rate of corrosion of 
ferrous metals (1). In more recent times, it has become clear that the number of water 
molecules adsorbed onto a surface held at room temperature is a function of the relative 
humidity of the air surrounding the surface(2). Figures 1 and 2 show the close correlation 
between the number of monolayers of water adsorbed on a surface and the rate of 
corrosion of ferrous metal as defined by Vernon in 1927. 

The intuitive theory of keeping military equipment dry to reduce corrosion was re- 
duced to practice following the Second World War. The U.S. Reserve fleet was protected 
by dry air generated by desiccant dehumidifiers, with results that were favorable enough 
to encourage the use of the method for long-term preservation of shore-side ships 7-is 
in Mechanicsburg, PA. and in Army warehouses as well. The history of this technique was 
reviewed in 1986 by the Army Materiel Command(3). 

In the early 1970's, European military organizations, notably the Swedish and Danish 
Armed Forces, began a series of trials to assess the use of desiccant dehumidifiers to 
reduce corrosion of active-duty military hardware. Unlike the U.S. Military during the 80s, 
the smaller, less-well-supported military establishments of Europe have always been 
highly conscious of the cost of corrosion in terms of required replacement equipment, and 
the environmental impact of preservation liquids and solvents. 

These tests were highly successful in terms of reducing costs and improving the mean 
time between failures (MTBF) of sensitive electronic equipment in aircraft and combat 
vehicles. (4,5.6) Consequently, dry air protection has become a common feature of 
corrosion control programs in Europe for everything from active-duty aircraft to main 
battle tanks in long-term storage. The practice is in widespread use throughout 
Scandinavia, Germany, France and the Netherlands, and U.S. Materiel stored in NATO 
depots has been protected in controlled humid:ty warehouses (CHW) since 1983. 
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As a result of these successes with desiccant technology, the Department of Defense 
initiated a DOD-wide pilot program to evaluate the economic potential of more wide- 
spread use of desiccant wheel (DEW) technology in CONUS installations. This investiga- 
tion has been underway since 1978 as part of the ongoing program to evaluate foreign 
weapons (FWE) to fulfill US requirements. For the FWE program within the Marines, the 
2nd Marine Air Wing, with headquarters at Cherry Point, North Carolina, has been the 
lead organization evaluating DEW technology. 

2nd Marine Air Wing Evaluation of Desiccant Wheel Technology 
The 2nd MAW operates both rotary and fixed-wing aircraft from four locations: Cherry 

Point, NC, New River, NC, Cecil Held, FL and Beaufort, SC. Rotary wing aircraft include 
the UH-1N and AH-1N Cobra attack helicopters, the CH-46 Sea Knight and the CH-53 
Sea Stallion transport helicopters. The primary fixed-wing aircraft within 2nd MAW is the 
AV-8B Harrier. Other fixed wing craft include the FA-18 Hornet jet, the EA-6B Prowler and 
the KC-130 Hercules tanker. Until recently, the 2nd M^W also maintained a large number 
of A-6E Hose air support jets as well. 

Maintenance for theses?ircraft includes both cganizational level tasks and the more 
specialized intermediate level tasks carried out by the Marine Aviatioi. Logistics Squad- 
rons (MALS) which are part of the air wing. These squadrons include MALS-14 at Cherry 
Point, MALS 26 and 29 at New River and MALS-31 at Beaufort. Because the 2nd MAW 
includes a wide variety of aircraft and a broad mix of maintenance activity from simple 
tasks to more complex intermediate maintenance, the organization was ideally suited to 
assess the real-world performance of desiccant technology in an operational environ- 
ment. 

While the final audit of the FWE program within the Navy is not yet complete, results 
to date are very encouraging. In May, 1994, a preliminary progress report on audit project 
#94-0016, prepared by the Naval Audit Service/Pensacola, estimates that dehumidifica- 
tion of in-service AV-8B Harrier aircraft within 2nd MAW has reduced humidity-related 
maintenance man-hours by 51%, increased mission-capable rates by 4% and lengthened 
the average avionics component MTBF by 33%. For the A-6E aircraft, the report esti- 
mates a 29% reduction in maintenance man-hours, and a 33% improvement in MTBF. 
The final report is expected in December 1994. 

Since ihe FWE program has completed its , re'iminary investigation phase, the 
prototype desiccant equipme; .. became available for ether activity within 2nd MAW. That 
equipment has now been put to use throughout the organization in an effort to reduce the 
cost and environmental impact of maintaining contingency support equipment. As of 
June, 1994, more than 4,000 pieces of support equipment including generators, power 
supplies, recharger carts and portable inert gas bottles have been placed under dry air 
protection using 20 pieces of DEW equipment, much of which was originally acquired for 
the FWE program. 

DEW Operating Principles 
Lesiccant wheel dehumidifiers produce dry, warm air continuously. The desiccant, 

which adsorbs moisture from air, is formed in-place in a wheel. The wheel looks like 
corrugated fiberboard rolled into the shape of a drum, so that air can pass easily through 
the desiccant-lined corrugations. As the air passes through the wheel, its moisture is 
adsorbed by the desiccant so the air emerges from the wheel warm and dry. For ex- 
ample, if air entered the wheel from a foggy spring morning in South Carolina at a 
temperature of 55°F and 100% relative humidity, H would leave the wheel at about 95°F 
and 11 grains per pound moisture content—which is about 4% relative humidity. 
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Figure 3- Desiccant Wheel (DEW) Operating Principles 

The desiccant wheel rotates slowly (8 rph) oetween two counter-current air streams, 
The larger air stream, called the process air, is dried by the desiccant as explained 
above As the wheel rotates through the process air and adsorbs moisture, the desiccant 
becomes saturated. But the wheel continues to rotate, passing through the smaller air 
stream called the reactivation air. That air is heated, so it can remove the moisture from 
the desiccant Since the wheel rotates continuously, it produces a constant stream of dry 
air. The desiccant wheel has a typical life of 350,000 cycles, which translates to five to 
ten years of normal operation before replacement is required. 

y The fact that the dehumidifier wheel 
rotates continuously gives it an important 
capacity advantage over the traditional 
passive desiccant storage technique of 
placing bags of desiccant around stored 
equipment. When bags of desiccant cc ie 
to equilibrium with a high-humidity environ- 
ment, they cannot absorb more moisture 
unless they are heated to drive off the 
moisture they have already adsorbed. A 
dehumidifier which operates continuously 
can remove hundreds or thousands of 
times more moisture than passive bags 
given the same amount of time. 

Most will be familiar with the cooling- 
based dehumidifiers often sold for residen- 

tial and commercial humidity control. Such equipment is quite inexpensive, but it suffer 
from two limitations which preclude its use in military applications. First, cooling-based 
dehumidifiers freeze when the weather is cool. When they freeze, such dehumidifiers 
lose all moisture removal capacity. Second, cooling-based units cannot dry air deeply 
enough to maintain the 30 to 40% rh that military organizations have found is necessary 
to eliminate the "sweating" (condensation) that causes corrosion when the weather 
moisture level rises rapidly around cold equipment. 
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Figure 4. 300 cfin DEW unit Figure 5. 600 c/wi DEW unit 

Figures 4 and 5 show typical DEW equipment used for military applications. The 
dehumidifier is mounted on a cart, which also holds the power cord and connecting 
hoses. Desiccant dehumidifiers need power for the process and reactivation air fans, 
desiccar* wheel drive motor ancRhe reactivation air heater;. The smaller unit shown here 
provides 300 cubic feet per minute of dry air, and uses 6.75 kw of either 208-230 single- 
phase or 3- hase power, or 440-480 volt, 3-phase power. Equipment shown here meets 
the appropriate military requirements, including: 

• Paint to MIL-C-46168 or MIL-C-53039 
• Technical manuals to MIL-M-7298 
• Rated for outdoor operation in temperatures from -40°F to 120°F 

Methods of Using DEW Equipment For Dry Air Protection 
DEW technology assumes that items protected from corrosion will be isolated and 

surrounded by dry air. In traditional controlled humidity warehouses, this is a simple 
condition to arrange. A tight building is equipped with a desiccant dehumidifier and dry air 
is circulated throughout the building whenever a humidistat indicates the humidity is 
above the set point. Such warehouses have been built by the hundreds all over the world 
in the last 45 years. Figure 6 shows a typical example. The structure is a small version of 
the several dozen erected in E rope to contain US military equipment assigned to NATO. 

While these warehouses are certainly effective and very economical compared to 
alternative means of preventing corrosion, they are expensive when compared to the 
typical operating and maintenance budget of a Marine Air Wing. Large, dedicated con- 
trolled humidity warehouses require years of planning, and extensive military construction 
appropriations. Fortunately, there are less elaborate means of applying DEW equipment. 

■'■%%£ 
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mm 
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Figure 6. Larger versions of this t\pe of sheller have been erected in Europe to protect NATO equipment 
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Figure 7. DEW units can be connected directly to larger pieces of walker-tight equipment. 

Figure 8. If equipment must have weather 
protection when warehouses are not 
available, smaller shelters can be made 
economically and connected to DEW units. 

"naure 7 shows how DEW units can be connected directly to larger equipment This 
configuration is commonly used for active-duty eouipment which is basically weather- 
tiqht and which must be available for action with... m.nutes. Dry air from the DEW unit is 
bbwnTnt the helicopter thr ugh an 8" reinforced flexible air duct. The DEW^un, oper- 
ates continuously, purging the aircraft wrth dry air to prevent humid air from leaking into 

theFiqu're 8 shows another alternative. Heavy-duty reinforced vinyl fabric is made into 
fitted shelters which enclose the equipment under protection. Then a DEW "nit is con- 
nected to the sherter and rt circulates dry air throughout the enclosure When the cover ,s 
loose the DEW unit purges the shelter with fresh, dry air from the weather, putting the 
S under a slightPpositive air pressure to prevent humid air infiltration Wo^ 
the fabric If the cover is tightly sealed, as is the cases with semi-permanent shelters, the 
DEW unit recirculates dry air within the enclosure, which reduces the operating time 
required to maintain the enclosure below the humidity set point 

Figure 9 shows a fourth option, in which equipment is shrink-wrapped for long- erm 
storage or for ocean transport. Again, the DEW unit is connected to the «hnnk-wmpped 
enclosure to purge the equipment and prevent humid a.r .nf.Krat.on. ^nencewrth 
shrink-wrapped equipment is mixed. The method is easy to apply and can be made 
water-tight But rfthe equipment contains water inside at the t.me of wrapping, a thin film 
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Figure 9. For long-term storage or for ocean 
transport, equipment can be shrink-wrapped 
and connected to DEW units to eliminate 
internal sweating when temperatures change. 

of liquid can be trapped between the skin of the equipment and the wrapping material 
Such films are nearly .mpossible to dry out because air does not .„culate easil" between 
T^SSS^T ^ht

t
wraPPJng-or shrink-. ,apped equipment, c , air portion 

* rks best when the object is dried completely before the wrapping material is applied. 

2ndJU?W PUPPOrt Eo-uiPment D«V Al> Protection Program 

thev werel i?bleonHth
ClaSSiC' Pr°V6n meanS °f inStalling DEW unrts are cost-effective, 

!LT       y   d the resources ava"able to 2nd MAW. But the organization like 

fire |  Zn^?rPeCt °f ^^ manp°Werand further bud9et auctions in he 
decline ZtV S °r C°rr0Si0n pr°teCtion are minimal' and are like|y to 

ger^^TetrawaS n''r0^6 ^ Contin9ency suPP°rt equipment. While the contin- 
ÄTzT?^^ Z   °perat,onal use- rt must be maintained in accordance with 
rt will fancfonllll^l^U!?menlCOrrOS,0n COntr°l and Pres^ation manual to ensure 
manuS^Tf0r

Pa !S month"      ^ '?t0 aCtiVe £ervice- The Procedures outlined in the 
equipmem musf i wT       maX?Um len9th °f inactive stora9e- Twice every year, the 
S> l^me^ must be rlenf rVed'lChe(lU,ed maintenance mut be pertained and then 

SrZ^ncJrll-, >  re-preserved wrth ^e appropriate fluids and coatings. 
"■ÄS^ -w that these tedious, "by-the'book" require- 

•creative dSÄ^a^f"^^ met,?u!ous,v- However- even allowing for 
'act is that 2r^ ^w   "u^ n     r^neSe ^ When perSOnnel are overworked, the 
Power requhSr^1       ^ p,6Ces °f contin9ency equipment. The man- 

comes a subsdantirdraTnP
0?^i.^,n,enanCe °f that mUCh preSerVed «W™* be" 

AddrtbnaThTthl Skllled Personne" resources. 

*>»ventSS , easl7^T^liTC{ °f SUCh 6Xtensive use of Petroleum-based 
located at New RTer i,       V ^ 'C f'U'dS iS considerable. For example, MALS-29, 
order ,o ^^LT^Me f°r 392

w P*"® of contingency support equipment. In 

preservatbTp^Ss LuT,efherVe "1 IT8"1*1'"that eq^Pment, compliance with 
Much of that Ss c0nsXSh*   T    ^ ?3 9a"°nS °f f'Uids OVer three vears- 
Personnel in W^^ZST^?*?*' WhiCh Crea,6S an additional burden for 

Properly disposed of *    '       a °°St DUrden on the organization when it must be 

or consT^on°and the' ne^T^ manpo
k
Wer' n° budget available for caPital equipment 

the need to minimize hazardous waste generation, 2nd MAW faced a 
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considerable challenge in maintaining contingency equipment. But such situations are 
familiar in the Marine Corps, since the service is often called on to accomplish large tasks 
with minimal resources. 

The four MALS of 2nd MAW responded by using ingenuity and existing equipment to 
create dry enclosures within existing structures, and then connecting the existing DEW 
equipment from the FWE program to provide the humidity control within these enclo- 
sures. The program was entirely self-help within each MALS, requiring only minimal 
reprogramming of maintenance material for air barrier sheeting and in some cases 
support cables for the barriers. 

Example 1 - Building 4183 - MALS-14 - Cherry Point, NC 
Building 4183 was originally built as an ordnance warehouse. In some respects, it was 

ideal for conversion to a controlled humidity facility, because it was insulated and has 
fairly tight, steel-panel walls. While there is no need for insulation in a humidity control 
situation, the insulation layer helps block air, which might otherwise infiltrate through ^ 
joints in steel wall sections. The building measures approximately 70' x 100' with a 25' 
ceiling. The side-v^ll ventilation grills were cranked shut, and covered with polyethylene 
sheeting. The sheeting was taped to the building walls with ordnance tape. This cloth- 
reinforced tape is durable, and has an extremely aggressive tack. It is used for a wide 
variety of fast repairs and temporary fastening jobs. Apart from vent sealing, the only 
other air-tightening consisted of caulking obvious air leaks with standard construction- 
grade silicone sealant. 

Initially, MALS-14 installed a DEW-300 desiccant wheel dehumidifier in the building. 
However, strip-chart humidity recorders located in the space showed that 300 cfm 
dehumidification capacity was not sufficient to keep the area between 30 and 40% rh. 

•%KZgBdBK*l. 

* \-1    Left: The exterior of building 4183 

Below: The inside of the building 
showing the DEW unit and simple 
air ducting 

sä"« ■.-.:■ 
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That control level is recommended by NAVAIR 15-01-500, the Navy's aircraft preserva- 
tion manual, which outlines the use of DEW equipment for corrosion-prevention 

The 300 cfm unit was replaced with a 600 cfm DEW unit, but the humidity recorder 
still showed a failure to control humidity to 40% rh maximum. The recorder indicated that 
the building was maintained at 40% consistently between the middle of the morning up 
until about 7:00 P.M. in the evening. Then the humidity would rise above set point 
sometimes reaching 65 to 70% rh by 2:00 am in the morning. So the inside condition 
tracked the weather. Note that this pattern is typical in all climates-during the day the 
dry bulb temperature rises, but the dew point lags behind, so the relative humidity is tow 
But as the ambient temperature falls at night, it approaches the dew point closely-so the 
relative humidity registers close to saturation (100%rh). The initial assumption was that 
personnel were entering the building and leaving the doors ajar, but this was monitored 
and found not to be the case. 

■ £a?lUl investJ9ation then ^covered the fact that a 4 in. x 12 ft. air gap existed out of 
sight at the top of each garage door opening between the rolling door and the building 
wa L The gap was needed to allow the rolling door sections to move smoothly into a roll 
as the door opens. To reduce air infiltration, MALS-1 / obtained advice from the facility 
management group on base. They cut strips of 1/8 in. rubber sheei.ng about 8" wide^ 

fr!!«, 1Ztl ? L ef "St0 the bui,ding Wlth a 4" str,P of galvanized flashing material 
th ough-bo^ed to the bu.ld.ng wall. This arrangement forms a flexible wiper seal which 
aHows the door to retract and extend smoothly, but greatly reduces the humid air infiftra- 

wSTT f°   ^ Wu 6"the Weather is windy- Now the e00 <*" dehumidifier has no 
difficulty keeping the humidity below 40% rh no matter what the weather is like 

npr^nn,n.Sta,   °n °f Ih?,DEW Unit iS Very simP'e-ll sits inside th* building near the 
* the buM^lt    f,eX,b,e duCt,,aid !°°se on the ««or pulls humid air from the middle 
fil 11    9, T   6LP

0
rf°eSS a,r mlet 0f the DEW unit" ^ drV air leaves the dehumidi- 

Z^J SeZ thr°?,gh 8 round' 9alva^ed steel duct work fastened to the wall The ai 

SSEfoEÄ hf"' °Ve?e !?n! 3nd diSCharged from a Y-oonnection near the roof 
dowJ ll ,w       ,^la,r TardS the Center 0f the buildin9- and the other sends air 
£r^l?  6 W3u A hum,d,stat is 'ooated in the middle of the space, such that dry air 
does not blow on the sensing element directly ^ 

frorTlLTiu thLS inf"ation was vefVlow- The DEW unit and humidistat were obtained 
helfcootef 7hyeIxtlon ^P1^*8 <es* for "» ™E program for .he Blackhawk 
frfrm!. ,      ,ble process air,n,8t duct on the floor« recycled pre-heater hose 

S ,UnSSd°m
a,r dUCtin9-rSr the,Pr6-heaterS US6d t0 Wam <ents and "e™ 

ectZ fromJTa.HeTt ^l9alVani2ed pr0CeSS air distribution duct workwas 
ASS» matT^ °ld

f
Vfhlcle

1 
exh"aust air astern originally mounted in another building, 

wns mrtTnn       ,C°St f0r Po'y^y'ene sheeting, ordnance tape, rolling door gaskets and 

nTpÄSU^:t0 lS2rn $10°- The bU,lding WaS C°nVertfrd ,0 d^ air st-age 
mem In «£2nf W Pr° ^ Wioxunately 250 pieces of ordnance support equip- 
ment in excellent condition since that date. 

Example 2 - F-4 Training Facility - MALS-31 - Beaufort, SC 

for theVrfir^ buHdin9 was ori9ina«y b^ as a naval maintenance training facility 

and cfes^m s IHT* T ft™ ^ 15" Ce"in9S- The buiIdin9 consists of offices" 
MALS 31 c^n?^ <t°*theSS r°0mS haVS not been in use for several years. 
20 x20' wTha 15v.°re   AT r<>0mS t0&dry ™Stora9earea" The room measures 

M wrth a 15 ceiling. As the room was inside the building, and had been built for 
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Left: The exterior of the 
former F-4 Naval 
Maintenance Training 
Building. The room at the 
right formerly housed the 
hydraulic test stand 
training room and is now 
used for dry storage 

Left: A second level was 
built from plywood and 
framing lumber to 
accommodate more 
equipment under dry air 
protection. 

normal classroom use, the walls, ceiling and floor were fairly airtight in comparison to 
hangers and warehouses. Also, the room had been used for training on Mraulictest 
stands, so it was equipped with a useful garaae door so large equipment could move in 
and out of the building easily. ,.      nctr... 

Any obvious cracks between walls and floor and ceiling were caulked with construe 
tion sealant, but little preparation was required. To make ^"^^"^„er 
MALS-31 built a lumber-frame-and-plywood mezzanine above the floor level ^smaller 
pieces of support equipment, while the floor level accommodates the larger items, so that 
up to 150 pieces can be protected in this small space. 

Initially a DEW-150 dehumidifier wa3 used for humidity control. One useful feature ot 
this small unit is it's low energy consumption. It can operate on 110 volt single>phase 
power-ideal for smaller installations which generally have such current in all parts ot 
building However, the unit ran continuously, indicating it was operat.ng at or near it 
capacity in order to maintain the space at 40% rh. Additionally, a check^of the_un,t 
showed that the reactivation air temperature leaving the unrt was under 120 F. mis io 

650 



temperature indicated that the desiccant wheel was r.ot being completely dried on each 
rotation, confirming that the unit was working at or above its maximum capacity. The 150 
unit was replaced with a DEW 300, and the expected favorable results were achieved. 
The 300 cfm unit operates intermittently, indicating that it has the needed capacity to 
meet peak loads when they occur. 

In past experience with controlled humidity warehouses and tightly-sealed spaces 
such as the reserve fleet ships, dehumidifiers operate between 20 and 40% of the total 
hours in a month. Once the material stored in the facility looses its excess moisture and 
comes to equilibrium with the low humidity, the total moisture load on the dehumidifier 
reduces, and consists mainly of humid air infiltration. When air infiltration is minimized, 
the unit operates most frequently during evening hours when reductions in air tempera- 
ture cause the relative humidity to rise above the control set point of 40% rh. 

Example 3 - Fabric-on-frame Structure - MALS-31 - Beaufort, SC 
This building shows the type of buildings planned for dry storage within 2nd MAW. The 

program has achieved some impressive success at virtually zero capital cost, but nearly 
all the 58 units acquired through the termination of test programs have been redeployed. 
It will probably be necessary to invest in additional equipment in the future to continue 
gaining be-^frts from this technology. When that time comes, the organization    Trentiy 
plans to erect low-cost, but lar|?-capacity shelters similar to this building at Beaufort. It 
measures 40' x i, J' with a 30' ceiling. It now protects approximately 1,054 pieces of 
AWSE (Airborne Weapons Support Equipment). 

This fabric-on-frame 
structure, originally 
procured for another 
mission, was easily 
converted to a dry storage 
facility by the addition of 
a DEW unit and minimal 
work to seal the walls to 
the concrete slab. 

.*    * 

«•WMNVWMMMn 

Inside the structure, 
MALS-31 has placed 
approximately 1.054 
pieces of contingency 
support equipment under 
dry air protection. 
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Once again,this ^£^«<£^ S^ 
nearly ideal for dry storage, ^e rtru^fwne     g     ^^ ^ ^^     n 
joints. Over the frame, a durable, iwrfo ced vinyl ta ^ ft can be        ^ 
webbing and lanyard cord ^^iVmSÄerience in constructing bu.ld.ngs. 
without special equ.pment, by Mannes wrth nura        *v ^ prov(des 

Äa^sÄ-^ * 
Ä«*dire« «*f"~SXSndS; is dipped w*ha fcw-tech This shelter, like all the dry sto age area™*'"2nd „ ^ ^^ doof 

■moisture load reduction device".'". .°'^ ™°ol ^ rX Please keep the door shut/ Just 
which dearly states: -This is a *£*££%?££ open, so will a dry storage room 
SÄ-S^Äa.JMy^.res.aoe. 

Summer - ProgressReport Fo,-The, ft» Ai,^'HTsuccess. Each MALS 
Wfthin 2nd MAW, the dry a,r st°^XStowTnterestingly, one of the unexpected 

has plans to expand the program as res^«« a""V™,     , ^onnel. The active-duty 
aspects of the program is its W^^ÄwEÄ resistance to "another 
e^men« ™™%%££Z £n* * <™ £ment (SE) program has consider- 
new technology to learn . In,c°™r^'''n.e.? ^nsJming chore of preserving and de- 
ably reduced the unpleasant, .^"^''^^SL report that the program has 
presetving equipment with flutds and oils Soth^ ^ favorably impressed 
eniov-d support at all lev*J^^X°m™ critical mission requirements, and 

the po°nts they have made in their reports include: 

. MALS-14 Cherry Point, NC consideration for an expansion of dry air 
148 pieces of equipment are cu"en^. "n* ""^^^organization estimates that the 

protection facilities. Based on their «penance'o date the org ^ 

'projected five-vear cos« -P-P£££wr1 ££, for an estimated savings of 
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• MALS-31 - Beaufort, SC 
A total of 372 pieces of equipment were eligible for the dry air program, but the 

organization only had space to accommodate 114 pieces. Maintenance required by NA- 
17-1-125 for all 372 items was reviewed and compared with the hours required under dry 
air protection. The total requirement would have been 7,768 hours, but that was reduced 
by 1 176 hours because of the 114 dry-protected items. At the standard manpower cost 
of $16.00/hr, dry air protection allowed redirection of $18,816 in manpower resources 
over the last year. MALS-31 is seeking funding to place an additional 10,000 sq.ft. under 
dry air protection, which they estimate will allow redirection of $39,600 in manpower 
resources annually to more critical tasks in the future. 

Mals-31 has not yet completed their benefit analysis for the 1,050 pieces of weapons 
support equipment under protection as described in example 3, but responsible person- 
nel estimate that savings will be similar in proportion to the savings gained on the 114 
pieces of other equipment under protection. 

• MALS-29 - New River, NC 
392 pieces of equipment we^e surveyed for preventive maintenc  ce requirements.   * 

The total man-hours required for traditional preservation would be 535 per year, against a 
total of 7.3 man-hours for dry air protection. 

Going beyond the other squadron's analyses of labor hours, MALS-29 has estimated 
the annual fluid requirement for each piece of equipment. The total comes to 6,173 
gallons of hazardous liquid over three years with traditional preservation, against only 8.3 
gallons for the same equipment under dry air protection. 

The purchase cost of these liquids ranges between $2.93 per gallon for MIL-L- 
2104DS engine oil to $46.18/gal for P/N 75448 ferrous chemical conversion compound. 
Disposal costs vary between $4.00 and $8.00 per gallon. Using a typical disposal cost of 
$6.00 per gallon, and a typical purchase cost of $8.14 per gallon for hydraulic fluid, the 
liquid waste savings can be estimated at $50,180 to purchase and $36,988 for disposal 
over three years. In other words, in addition to freeing manpower resources, dry air 
protection provides an estimated $29,05P> that can be redirected to better uses each year 
by reducing the need for hazardous liquids. 

Differences between these reports reflect the Lot that different equip, nent is under 
protection in each MALS. Also, because this program was relatively informal and "self- 
help", there was no established test plan to bring the results to a single, consolidated 
conclusion. Now, since program results have been so positive, the Naval Aviation Preser- 
vation Program Managers at the Naval Aviation Depot at North Island, CA, have drafted 
a uniform test plan. This will be used in the coming year to simplify evaluation of future 
dry storage installations. But looking at the results of the last two years, one cannot help 
but be impressed that the working level managers certainly believe that the dimension of 
the savings is substantial, and that dry storage represents an excellent use of govern- 
ment resources compared to the expensive and wasteful practices of the past. 
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ABSTRACT 

Surface treatment of aluminum alloys based on wet chemical 
processes is subject to increasing regulations. The objective of the work 
described in this paper was to demonstrate the feasibility of applying a non- 
chemical technique to generate an aluminum oxide surface with adhesive 
bonding properties comparable to that generated with the traditional 
technique. This paper describes the use of ion beam enhanced deposition 
which meets the objective of this work. 

INTRODUCTION 

Adhesively bonded structures are being used extensively as 
structural components for both military and civilian aircraft. Proper surface 
treatment is essential in order to achieve a good bonding surface that can 
be the basis for high strength adhesive bonds with good durability in 
corrosive environments. Surface treatments based on wet chemical 
processes have been shown to create excellent surfaces for adhesive 
bonding and coating application. The most common surface treatments 

655 

iff m 



used in the United States are: (1) the Forest Product Laboratory (FPL) 
process for pickling, and (2) the Phosphoric Acid Anodizing (PAA) process. 

The state-of-the-art surface pretreatments for adhesive bonding and 
organic coatings contribute to high strength and durable adhesive bonds. 
However, Environmental Protection Agency (EPA) regulations impose 
increasingly strict limitations on the wet chemical surface preparation 
processes. Particularly, surface treatment processes such as pickling and 
anodizing which rely on wet chemistry techniques and are large water 
users, are subject to regulations. 

In order to find replacements for the wet chemical surface treatment 
techniques, a research program was initiated to develop alternative non- 
chemical techniques that do not pr duce waste det^mental to health and 
environment, and Ire compliant with present and future EPA regulations. 
An important requirement for such a technique is that it produces surfaces 
that result in mechanical strength and durability equal to or better than 
those produced by the wet chemical methods. In order to achieve the 
objective of this research program, a physical coating technique based on 
ion implantation was applied. 

BACKGROUND 

Research into the area of surface treatment of aluminum alloy 
components for purposes of adhesive bonding appears to have started in 
the 1950's, where surface preparation methods were developed primarily 
through an empirical approach1. The main increase in research activity and 
development occurred in Europe and tha United States during the '.o70's 
and early 1980's, where researchers suggested that the macroscopic 
surface morphology, and surface oxide structure and composition are 
important for the bondability of aluminum alloys2'6. In the early 1970's, 
research was concentrated on mechanical strength and durability testing of 
adhesive bonds, and the relationship between adhesive bond strength and 
surface treatment. By the early 1980's, the technology of adhesive bonding 
was fairly well established, but research into the mechanism of adhesion 
and adhesive bond failure continued. 
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Aluminum Oxide Structure And Morphology 

Some of the significant features of aluminum oxides were recognized 
as early as 1953. Keller and coworkers1 described the basic structure of 
anodic aluminum oxide films as consisting of close-packed cells of oxide, 
predominately hexagonal in shape, each of which contains a single pore.' 
Much later in the 1970's and early 1980's, transmission electron microscopy 
(TEM)2 and scanning transmission electron microscopy (STEM)7,8 analyses 
were used to gain a better understanding of the surface oxide morphology 
and how the various morphological differences could affect bondability and 
durability of adhesive bonds of aluminum alloys. 

The r..„st common anodizing pretreatments for adhesive bonding of 
aluminum alloys used m the United States is pnosphoric acid anodizing 
(PAA) . Venables and coworkers8 characterized the surface morphology of 
the PAA treated surface treatments using the STEM7"8. Figure 1 shows an 
isometric projection drawing depicting the PAA oxide morphology.   The 
figure shows that the oxide consists of a dense barrier layer with a network 
of hollow well developed hexagonal pores, and whisker like protrusions 
The porous layer is approximately 4000Ä thick. The microscopic roughness 
of the oxide film, i.e. whiskers, created by pickling is an essential feature in 
establishing the bondability of the surface to an adhesive or to a coating 
Chemically, the PAA oxide is amorphous Al203, with the equivalent of a 
monolayer of phosphate (AIP04) incorporated into the surface film.8 When 
exposed to a humid environment, water will adsorb onto the oxide film 
changing both the chemical composition and morphology of the oxide. 

The morphology of the aluminum surface has been shown to be a 
strong determining factor in the adhesive bond strength. High surface 
roughness can provide a high density of locations where the primer or 
acmesive can form mechanical interlocks with the surface thereby 
enhancing adhesion beyond that provided by chemical adhesion! Surface 
texture on a very fine scale (tens to hundreds of Ängstrom) is provided by 
tne current generation of wet chemical techniques.   Similar microscopic 
dpnnor    ?truCtUre Cfon also be Qenerated by ion beam sputtering and deposition techniques . 

WAS; 
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Ion Beam Enhanced Deposition Process 

The IBED process is implemented as shown schematically in Figure 
2. The process is carried out in a working chamber held at a vacuum in the 
1x10"6Torr range. The flux of atoms of the material to be deposited is 
produced by vacuum evaporation in an electron gun evaporator which is 
contained within the working chamber. The substrate to be coated is 
positioned such that it intercepts the flux of filming materials produced by 
the electron gun evaporator. A broad beam ion source generates a flux of 
inert atoms, usually Argon, which is directly aimed at the surface to be 
coated. Thus, the flux of filming atoms plus the secondary flux of Argon 
atoms strike the substrate surface simultaneously. The two 'luxes of atoms 
can be controlled independently allowing a wide 'atitude in the ratios of j?» 
atom arrival rates and energies. This allows complete control of the film 
deposition and growth environment, and therefore a high degree of control 
over the morphology of the deposited film. 

During the initial phases of film growth, the film atoms can be 
mechanically mixed into the substrate surface, thereby significantly 
improving the film adhesion to the substrate. After the substrate surface is 
sufficiently doped with the film atoms to effect excellent adhesion, a 
contiguous film can then be grown from the substrate surface. The 
morphology of this film can be determined by controlling the energies of the 
respective film and augmenting ion fluxes. 

Based on the present knowledge of required surface structure and 
morphc :gy for good adhesion, namely a large surface area for mechanical 
anchoring and physica.,.-hemical adhesion, the aluminum alloy surfaces 
were cleaned and coated using the IBED process. Test specimens were 
prepared similar to those prepared with pickling and anodizing, and 
subjected to mechanical testing. Durability tests were conducted after 
iterative testing to determine the resistance of the oxide surface film to 
corrosive environments. 

EXPERIMENTAL PROCEDURES 

In the first section, the non chemical technique (IBED) to pretreaf 

aluminum alloy 2024-T3 for adhesive bonding is described. In the following 
sections the test procedures comparing IBED with the standard chemical 
pickling and anodizing (PAA) process are presented. 
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Ion Beam Enhanced Deposition 

The oxide films formed on the surfaces of aluminum alloys must 
satisfy three criteria in order to promote strong adhesive bonding. These 
criteria are as follows: 

1) 

2) 
3) 

The oxide films must adhere well to the aluminum alloy 
substrate, 
The oxide films must be water and corrosion resistant, and 
The outermost layers of the surface films must have a 
morphology that promotes adhesive bonding. 

Two different types of IBED oxide film structures were deposited on 
aluminum -Hoy 2024-T3 substrates and examined. In both structures, the s 

oxide films were initially ion beam mixed into the alloy substrate to promote 
strong oxLe-substrate adhesion. In both structures, the bulk of the 
aluminum oxide (a Al203) film deposited was grown under the influence of 
a high energy inert (Argon) augmenting ion flux. This produced a dense 
microcrystalline (amorphous) oxide film, with good corrosion resistance . 
In the first type of structure the outer surface was designed to retain the 
morphology of the bulk oxide itself. This outer surface, which is micro- 
crystalline or amorphous, may be smooth and may not have the micro 
roughness necessary for good adhesive bonding. 

A second type of IBED oxide film structure was designed and 
deposited such that the outer surface presented a larger grained crystalline 
surface. In this case, the I st few layers grew as larger grained alumina 
(a Al203), and presented a surface for adhesive bonding that has a 
crystalline, as opposed to a mostly amorphous structure. 

Adhesive Bonding and Testing 

Immediately following the various surface treatments, the surfaces 
were primed with the epoxy polyamide primer Cyanamid BR 127, and were 
adhesively bonded with the epoxy polyamide adhesive Cyanamid FM 73. 
Per manufacturer's instructions, the adhesive bonding was accomplished at 
a pressure of 40 psi and a temperature of 120°C. Adhesive bonding was 
accomplished over a period of 75 minutes. 

.*-*M 
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Mechanical Testina 

In order to assess the initial mechanical strength of the adhesive 
bonds, standard peel tests were conducted. 

Peel Testing 

The floating roller peel test (ASTM D 3167)11 is intended to determine 
the relative peel resistance of adhesive bonds between one rigid adherend 
and one flexible adherend. Due to the nature of the specimen configuration 
and loading procedure the highest stresses are exerted on the interface 
between the flexible adherend and the adhesive which makes this test well 
suited to evaluate the quality of surface treatments. If this program, the 
flexible adherend was 0.025 inch thick 2024-T3 sheet with the various 
surface treatments, whereas the rigid adhererd was the same for all tests, 
namely, 0.063 inch thick 2024-T3 sheet with HN03-HF pickling treatment.' 

Durability Testina 

In order to evaluate the effect of aggressive environments on the 
durability of the surface oxides, various coated and uncoated test coupons 
were exposed to a 100% relative humidity (RH) water fog and a 5% NaCI 
salt fog environment (ASTM B-117)12. These environments were selected 
because of tneir different effects on the oxide film. Specifically, water is 
known to have a potential detrimental effect on aluminum oxide by hydration 
resulting in disbonding and subsequent adhesive failure, with no or very 
little contribution of corrosion to the failure. Salt condensate, on the other 
hand, is extremely corrosive, and the failure mode of bonded or coated 
structures exposed to such an environment will be corrosion of the 
adherend or substrate. 

Bare coupons were exposed to the water fog and NaCI salt fog 
environments in order to determine the resistance of HN03-HF pickled, PAA 
treated and IBED treated test coupons to water and chloride salts'. The 
coupons were inspected and photographed at 24 hour intervals. The bare 
treated coupons were exposed to the salt fog for 48 hours and to the water 
fog for 288 hours. 

In addition to exposure of the treated bare coupons, primer coated 
and scribed coupons were exposed to the two environments. The PAA and 
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IBED treated panels were coated with BR 127 primer, which was applied 
with a soft brush. After curing of the primer, the coupons were scribed 
diagonally with a scalpel according to ASTM D 165413. The scribed 
coupons were inspected and photographed at 24 or 48 hour intervals up to 
a total exposure time of 336 hours. 

RESULTS 

The results of this investigation are divided into two separate 
sections: (1) the effect of surface treatments on the initial mechanical 
strength, and (2) the durability of some selected surface trea*~:ents. 

Mechanical Strength 

Aluminum alloy panels were pickled, using the HN03 - HF and the 
FPL processes, and phosphoric acid anodized. The results of mechanical 
strength tests of the chemically treated panels served as reference for the 
mechanical strength of ion beam cleaned, and IBED treated panels. The 
results of the mechanical strength testing of aluminum 2024-T3 panel with 
these treatments are presented in the following sections. 

Pickling And Phosphoric Acid Anodizing 

The peel strength of the pickLd surfaces show relatively low peel 
values for the HN03 HF treated surfaces v;th an average peel strength of 
around 25 lbs/inch, with FPL etched specimens yielding higher peel 
strengths, ranging from about 25 to 45 lbs/inch. High peel strengths were 
obtained on PAA treated specimens. Figure 3 which shows a typical peel 
diagram, indicates peel strengths of phosphoric acid anodized specimens 
in the range of 70-90 lbs/inch. These values are well above the minimum 
peel strength specified by the manufacturer for the FM 73 adhesive. 

Ion Beam Enhanced Deposition 

The IBED film with a dense microcrystailine (amorphous) morphology 
had a very smooth outer surface and provided little mechanical anchoring 
for adhesive bonding. Thus, the peel tests resulted in relatively low peel 
strength value.    The IBED film with the larger grained crystalline outer 
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surface was much rougher allowing more mechanical anchoring.   This 
UeatmenTresulted in high peel strengths as shown ,n Figure 4. 

Durability 

The durability of an adhesive bond or organic coating interface is an 
««ntial charadeistic of an adhesively bonded or painted structure. In 
So LsessVhe corrosion resistance of the different oxide films and the 
dfablKy o adhere/organic primer - aluminum oxide interface testing .n 
a water fog and a 5% NaCI salt fog environment was performed. 

PAA and IBED treated, uncoated coupons and PAA and IBED 
treated coup ns, coated With BR !27 primer and sc, bed, were exposed to 
the water and salt fog environments. 

I Innoated Coupons 

The treated uncoated specimens exposed to the water fog were 
insoected anTpho'tographed at frequent intervals. As indicated in Figure 
r,he PAA treated surface is not resistant to the wet environment Pitting 
att«* was observed after as little as 48 hours of exposure. On the other 
hlnH 7RID treated surfaces (both with the 2000 Angstrom and 5000 
Angsttom «hi otdeC resisted the wet environment much longer, and 
only after 120 hours of exposure some signs of pitting was observed. 

Similar specimens were exposed to the 5% NaCI salt fog. The 
photograph n.Figure 6 clearly indicate pitting of the pickled and anodized 
suriaces after only 5 hours. After 48 hours corrosion was widespread on 
fhese surfaces The IBED treated surfaces showed much higher resistance 
to the saffoa wi h some minor attack occurring after 24 hours. Even after 
an exposure time cf 48 hours, pitting corrosion on the IBED surfaces was 

relatively light. 

Coated Coupons 

Treated test coupons were coated with the epoxy polyamide primer 
BR 127 After curing, they were scribed with a sharp instrument such tha 
the substrate metal was exposed. This test provides a good indication of 
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the quality of adhesion between the aluminum oxide and the primer Fiaure 
7, which show photographs of IBED treated and anodized coupons exposed 
to water and salt fog, demonstrate that the IBED treated coupons resist the 
wet environment much longer than the anodized coupon. Corrosion of the 
anodized panel started only after 24 hours and spread rapidly under the 
coating. Corrosion was also found in the grooves of the IBED treated 
panel, but underfilm corrosion was observed only after an exposure time of 
216 hours. 

DISCUSSION 

The results of this vork have clearly demonstrated th , feasibility off 
Ion Beam Enhanced Deposition (IBED) as a non chemical alternative to" 
Phosphoric Acid Anodizing (PAA) as pretreatment for adhesive bonding 
The program has succeeded in developing a surface that has high 
mechanical strength. Le. peel strength, which is equivalent to that obtained 
by PAA. Moreover, the corrosion resistance of the IBED treated surface 
exceeded that of the PAA treated surface. 

The parameters that are essential for good adhesion and bond line 
durability were defined. The IBED process allowed the formation of a highly 
dense amorphous aluminum oxide with no distinct interface between the 
aluminum alloy substrate and the aluminum oxide which results in very 
Ä thn?mg *etweer\the all°y and the oxide. In order to achieve a 
surface that would provide mechanical anchoring along with durability, the 

ouf^Z.T w    wa-deP°sited **h * 'arge grained crystalline 
outer surface thus providing good mechanical anchoring features The oxide 
oeposition and growth parameters used to achieve good adhesive and 
durability properties, were as follows: «»u'iöbive ana 

1) 

2) 

3) 

Clean the surface with a degreasing medium as good as or 
better than acetone-methanol. 

Apply a 5000 Ängstrom thick aluminum oxide film directly onto 
the cleaned surface, having a large grained crystalling outer 
surface. 

Following the IBED treatment, the vacuum chamber is 
backfilled with dry nitrogen gas, followed immediately with 
priming of the surface. 
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It was suspected that the above described surface was susceptible 
to water uptake and subsequent hydration, which could destroy the 
anchorinq features of the surface. To minimize exposure of the oxide 
surface to humid air, the processing chamber was back filled with dry 
nitrogen, after which the part surface was immediately primed with the 
epoxy polyamide primer. Once the surface was primed, no effect of 
humidity or water on the bondability of the surface was found. 

Although the IBED process was proven feasible, the process 
parameters need to be refined, and a mechanistic understanding of the 
growth of both the amorphous barrier layer and the crystalline top layer is 
require J to implement this procedure with a high level of confidence. Also 
the parameters foL scaling up the process such that full scale. aircraft 
components can bt treated, need to be defined such that implementation 
of the process can proceed at as low a risk as possible. 
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Figure 3.       Peel Strength Diagram of Aluminum Alloy 2024-T3 with PAA Treated 
Surface 
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Figure 4. Peel Strength Diagram of Aluminum Alloy 2024-T3 with a 4000Ä 
IBED Barrier Film and a 1000Ä Crystalline Top Film (After tne 
Treatment the Vacuum Chamber was Backfilled with Dry N2 Gas ana 
the Surface was Primed Immediately) 
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Figure 5. Photographs Of PAA And IBED Treated Aluminum Alloy 2024- 
T3 Exposed To Water Fog For 48 Hours And 120 Hours, 
Respectively 
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F'9ure 7.  Photographs Of PAA Treated Aluminum Alloy 2024-T4 
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Figure 7, Continued. 
Photographs Of IBED Treated Aluminum Alloy 2024-T4 
Coated With BR127 Primer And Scribed After 216 Hour 
Exposure To Water And Salt Fog, Respectively 
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Verification of the Boundary Element Modeling Technique 
for Cathodic Protection of Large Ship Structures 

by Harvey P. Hack' and Robert M. Janeczko 
Carderock Division, N. S. W. C, Annapolis, MD 21402-5067 

ABSTRACT 
Boundary Element computer modeling is gaining acceptance as 

a tool for predicting the distribution of cathodic protection potentials on 
a variety of large immersed structures.   This technique should be 
valuable for placement of cathodic protection anodes and reference 
cells on ship hulls.   Much has been published on this technique, 
including experimental verification on a laboratory scale.   However, 
there has been little published information on experimental verification 
of the model predictions on large structures, especially for ships. 

A 42-foot (14-m) barge was outfitted with a steel "rudder", 
copper-based alloy "propeller", zinc sacrificial anodes, and an array of 
reference cells to measure the distribution of potential over the surface 
of the hull and appendages.   The barge was exposed in natural 
seaw^er for four months.   A computer model was developed to predict 
the distribution of protection, using a boundary element analysis 
program (BEASY) and long-term, potentiostatic polarization curves as 
boundary conditions.   The model predictions are compared to the 
measured potential distributions. 

Polarization curves are presented which give good agreement 
between model predictions and the actual measurements on the 
uncoated steel barge hull under low flow conditions.   More information 
on polarization behavior for surfaces under flowing conditions is 
needed for accurate predictions to be made over a full range of ship 
operating conditions. 

ADMINISTRATIVE INFORMATION 
This project was supported by the Carderock Division, Naval 

Surface Warfare Center Ship and Submarine Materials Block Program 
under ^e administration of Code 0115.   The program manager is Mr. 
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Ivan Caplan   The work was conducted in the Marine Corrosion 
Branch Code 2813, under the direction of Mr. Robert Ferrara^ 
Outfitting and testing of the barge were conducted by the staff of the 
LaQue Center for Corrosion Technology under the direction of Mr. 
Dennis Melton.   Help with computer programming difficulties was given 
by Jon Trevelyan of Computational Mechanics, Inc. 

INTRODUCTION 
Submerged steel structures, such as platforms and ships, 

usually squire cathodic protection to minimize corrosion damage in 
seawater   This protection is provided by impressed current or 
sacr.ficial anodes located at discrete points on the structure.   . ne level 
of protection is greatest near the anodes and falls off at large 
distancesMl.   The non-uniformity of protection can lead to overdesign 
of the protection system.  This is because the overall level of protection 
must be increased until the point with the least protection on the 
structure is receiving adequate protection.   This overdesign can lead to 
wasted current or anode material, and can also lead to paint blistering 
or hydrogen embrittlement in areas near the anodes.   Cathodic 
protection system designers therefore strive for uniformity of protection 

on the structure. . . 
Uniformity of protection was, until recently, arrived at in a 

cathodic protection system design primarily by the use of rules-of- 
thumb and empirica experience.   More recently, construction of 
physical scale models has been used with some success to optimize 
placement of anodes[2].   In many cases the use of physical scale 
modeling will produce results of sufficient accuracy for optimizing 
anode placement.   There is some theoretical basis for a belief that 
there are inherent inaccuracies in this type of modeling for large 
structures in seawater, however[3].   In addition, effects of flow on 
moving structures are difficult to reproduce in scale model tests   i-oi 
these reasons, as well as for reasons of cost of model construction, m 
use of computers to predict uniformity of protection is emerging as a 
viable alternative.  Although computer modeling accuracy has been 
verified in small scale laboratory situations[4-5], there is to date litt e 
published evidence of verification of this technique on large structure. 

Boundary element computer analysis is similar to finite eleme« 
analysis in that the LaPlace Equation is solved within the structure o 
interest after first defining conditions at the edge (boundary) [6] me 
structure of concern is divided into small elements, or discretized, ar 
a series of simultaneous equations is obtained from the LaPlace 

*- 
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Equation, one for each element.[7]  The boundary element method 
requires that only the edges of the structure be modeled.[5] 

In corrosion, the boundary conditions are the relationships 
between current and potential (called polarization behavior) for the 
materials and environment.   Polarization behavior may not be single- 
valued or monotonic, requiring special consideration in programming.[8] 
This area of work is so new that only two companies have boundary 
element programs that can handle corrosion boundary conditions, and 
one of these programs has other limitations.[9]   The other program, 
called Boundary Element Analysis System (EEASY) was used fr- this 
study. 2? 

The intent of this paper is to illustrate that computer modeling 
can accurately predict the distribution of cathodic protection on large 
structures resembling ship hulls in seawater.   The polarization curves 
used to obtain the best agreement between the computer model and 
measurements on a large structure are also presented. 

m 

üS- 

EXPERIMENTAL PROCEDURE 
BARGE TESTS 

Accuracy of computer modeling for ship hulls was investigated 
by using an 18 by 42-foot (6 by 14-m) steel barge to compare with the 
computer model.  The barge was exposed without coatings for 4 
months. 

The barge was first hauled and sand blasted.   It was then fitted 
with sacrificial anodes as follows: a group of six anodes at the stern 
midline, a group of eight anodes at the center midline with a group of 
four additional anodes on each end of the central grouping, and two 
groups of six anodes each at the outer eageb on both sides.  The 
anode groups were electrically isolated from the barge and externally 
connected to allow measurement of the protection current each group 
provided.  A copper-nickel plate, roughly 32 by 36-inches (0.8 by 0.9- 
m) was suspended 0.9-feet (0.3-m) below the keel at the aft portion of 
the barge and oriented athwartships.   This plate was designed to 
simulate a copper-alloy propeller and the plate-to-hull area was set to 
be representative of a real ship.  A second plate, 37 by 38.5-inches 
(1.0 by 1.0-m) square made of steel, was suspended with its leading 
edge even with the sitrn, 3-feet (1-m) behind the first, and with its top 
edge parallel to the stern and at a height even with the keel.  The area 
and orientation of this plate were set to simulate the rudder of a real 
ship.  Both plates were wired back to the hull so that protection current 
could be measured.   Finally, the barge was outfitted with an array of 34 
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silver/silver-chloride reference cells to measure the uniformity of 
protection.   The locations of the anodes and reference cells are shown 
in figure 1. 

After outfitting, the barge was placed in the water on the Cape 
Fear River in Wilmington, NC, with the port and starboard anode 
groups disconnected.   This is brackish water with a conductivity of 145- 
//mho/cm (0.81 ppt chloride).  The barge was then towed to the test 
site in Banks Channel near Wrightsville Beach, NC.  This location has 
full strenth seawater with a conductivity of 50-mmho/cm (34.99 ppt 

, chloride)    The barge wj|S moored at a location where the mean depth 
was roughly 11-feet (3:5-m).  A series of CLrrent and potentic. 
measurements were then taken daily except for weekends until the 
total exposure period elapsed.   Initially the anode groups at the edges 
of the barge were not connected, but it was determined that the barge 
required the additional anodes to get adequate protection, and so these 
anode groups were connected after eight days.  A total exposure 
period of 4 months was chosen because earlier tests at this location 
had shown that stability of protection current was reached in that 
time[10].  At the conclusion of the test, all but the aft set of zincs were 
disconnected to get a greater potential gradient along the barge length. 
Measurements were taken after the protection system had been 
allowed to stabilize for 7 days.  The barge was then towed back to the 
shipyard where measurements were taken in the lower conductivity 
water for an additional two days. 

Besides monitoring currents from rach bank of zincs, currents to 
the rudder and prop plates  and potentials of the reference cells, weigh! 
loss data was taken for each zinc to compare to integrated currents. 
This gave a check on the current measurement procedure and allowed 
for determination of zinc efficiencies. 

COMPUTER MODEL 
The exact barge geometry was modeled using the Boundary 

Element Analysis System (BEASY).   This program is designed for 
corrosion problems and can handle time-dependent analysis[11], 
although that feature was not used in this study.  The element structure 
used for the barge is shown in figure 2.  The model was symmetric 
about the ce/.terline and waterline, and non-conducting surfaces were 
placed at the mud line and at a distance of 330-feet (100-m) around 
the barge.   330-feet was chosen as it was expected that the potential 
gradients would be minimal at that distance.   These surfaces were 
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necessary since the program required that the model be totally 
enclosed. . 

The zinc surfaces were initially assigned the polarization 
conditions shown in figure 3, the steel surfaces were initially assigned 
the conditions shown in figure 4, and the copper-nickel surfaces 
assigned the conditions in figure 5.  These polarization curves were 
obtained from long-term potentiostatic polarization tests conducted in a 
previous project[10]. 

RESULTS ANrAlSCUSSION * 
BARGE TEST 

Figure 6 shows the current, in Amperes, fc each of the cathode 
surfaces.  As expected, the current mostly went to the hull.   Currents to 
all cathode surfaces initially began to fall, but jumped upwards after 
eight days when the two edge anode groups were connected.   Current 
continued to fall throughout the exposure, probably due to the buildup 
of calcareous deposits and fouling.   Another drop in current was 
experienced near the end of the exposure when all of the anode 
groups except one were disconnected.   Total current at the conclusion 
of the exposure was roughly one third of the maximum current 
experienced after all anode groups were first connected.   Figure 7 
shows the output of each of the anode groups during the same time 
period.  Current output was zero from the two edge groups until they 
were connected at day eight, and was the highest thereafter, probably 
because eacn group was so far from any other group.   Near the end of 
the exposure when all other anode groups were disconnected, current 
from the aft group increased to try to make up for the difference. 

Weight losses of each of the anodes are given in table 1.  These 
values are summed for each group and compared to the integrated 
current for that group to calculate an electrochemical efficiency for each 
anode group and for all anodes on each barge.   Efficiencies for each | 
group ranged from 65 to 114 percent, indicating that the current >_ 
measurement or integration technique was not sufficiently accurate. te 
This is probably due to sampling times for current data of 1-3 days p 
being too high.  The average efficiencies for the anodes were 86%, §■ 
which is low for zinc anodes.   Initial high currents occurred for several §■ 
hours before the first readings were taken, and c_rrents could not be b 
fead during the two towing operations for each exposure.   Both of p 
these would lead to lower measured efficiencies than were actually I 
experienced by the anode material. I 
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COMPUTER MODEL 
It was desired to determine the sensitivity of the computer 

solutions to changes in the input polarization curve shape in order to 
see how accurately polarization behavior must be determined in order 
to get an accurate solution.  To this end, a number of variations in 
polarization curve shape were tried during the modeling effort for the 
uncoated barge.  These included changing current magnitudes for the 
anodic and cathodic materials individually by multiplying the currents 
for all points for a given material by the same factor, and changing 
currents for individual pc.ts on the steel cathoue in order to change 
the magnitude and slope of the curve in the 900-1000 mV range. •* 

The shape and magnitude of the polarization curves used in the 
analysis had little effect on which area of the structure was predicted to 
receive the most or the least cathodic protection.   Curve shape and 
magnitude outside of the range where the predicted potentials will lie 
also had no effect on the results of the analysis.   Cathodic curves 
affected the predicted currents more than predicted potentials.   The 
opposite was true for the anodic curves, where the predicted potentials 
were affected more than the predicted currents.   Finally, it was easier 
to predict potentials accurately than to predict currents accurately. 

COMPUTER PREDICTIONS VERSUS ACTUAL MEASUREMENTS 

Protection Potentials 
U?e of the original polarization curves for uncoated, unfouled 

steel did not result „i gooo agreement between the compute'- prediction 
and tl.c measured potentials for the uncoated barge.   The best 
agreement was obtained if the computer model was run under the 
assumption that 50% of the cathode surfaces were electrochemically 
blocked by fouling.   This is consistent with the amount of hard fouling 
observed visually, and was accomplished by reducing the current 
densities of the cathode surfaces by 50% in the polarization curves 
used as boundary conditions.   The result of this assumption was an 
agreement between measured and predicted potentials at the various 
reference cell locations which was within 20 mV except for three 
locations which were within 60mV.   These three locations, at cells 6, 
11, and 23, were all predicted to have more protection than actually' 
measured.   Since these cells were all at the waterline, this effect could 
be due to wave action wetting more hull surface than was modeled. 
This is excellent agreement considering the number of reference cells 
and complexity of the barge structure.   The measured and predicted 
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potentials are plotted together in figure 8. 
figure are in no particular order. 

The reference cells in this 

Currents 
Table 2 lists the measured and the predicted currents for the 

barge hull, rudder plate, propeller plate, and currents from individual 
zinc groupings.  The predicted currents were always a factor of 1.4 to 
1.5 higher than those measured, and the relative amount of current 
from or to each area is the same for the predictions and the 
measurements.   This shows that current distributions are easier to 
predict than absolute values of current.  The factor of 1.4-1.5 is 
reasonable, and is in the right direction for a conservative design for a 
cathodic protection system. 

CONCLUSIONS 
Based on the BEASY computer model predictions and actual 

measurements on a 42-foot £14-m) barge simulating a steel ship, the 
following conclusions can be drawn: 

1. Computer modeling accurately predicts potential distributions and 
currents for uncoated barges when the polarization curves are adjusted 
for fouling under low flow conditions. 

2. It is easier for a computer model to accurately predict potentials 
than currents. 

3. If inaccurate polarization data is used in the computer model, 
resulting in disagreement between predicted and actual magnitudes of 
potentials and currents, the areas of the most and the least protection 
are still predicted accurately. 
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Table 1 - Anode Weight Losses for the Barge 
ANODE 
NO 

ORIG 
WEIGHT, 

g 

FINAL 
WEIGHT, 

g 

WEIGHT 
LOSS, 

g 

GROUP 
WEIGHT 
LOSS, 

9 

THEORETICAL 
WEIGHT LOSS 
FROM CURRENTS, 
g (efficiency) 

1 4996.8 3794.6 1202.2 STERN 

2 4768.0 3874.1 893.9 

3 4823.1 3862.0 961.1 

4 4813.0 3921.1 891.9 

5 4870.3 3946.4 923.9 

6 4801.2 3631.4 1169.8 6042.8 5180.6 (86%) 

7 4862.2 3592.4 1269.8 added ENDS 

8 4932.1 3981.1 951.0 to added 

9 4724.4 3830.6 893.8 anode.s to anodes 

10 4780.5 3859.8 920.7 19-22 19-22 

11 4857.2 3991.9 865.3 MIDDLE 

12 4954.3 3962.0 992.3 

13 4863.7 3650.3 1213.4 

14 4929.8 <s°19.7 910.1 

:5 4791.1 bo59.9 931..* 

16 4905.3 3965.4 939.9 

17 4773.9 3889.2 884.7 

18 4809.3 3651.6 1157.7 7894.6 5098.1 (65%) 

19 4850.2 4022.7 827.5 ENDS 

20 4844.2 4144.4 699.8 

21 4758.4 3939.8 818.6 

22 4983.6 3957.4 1026.2 7407.4 6089.0 (82%) 

23 4462.2 3710.3 751.9 STARBOARD 
24 4640.9 3977.3 663.6 
25 5000.8 4236.7 764.1 
26 5047.0 4242.7 804.3 
27 4978.9 4153.4 825.5 
28 4786.0 4023.2 762.8 4572.2 5228.2 (114%) 

29 4842.0 4135.3 706.7 PORT 
30 4655.2 3926.3 728.9 
31 4875.2 3692.2 1183.0 
32 4666.1 3791.3 874.8 
33 4766.1 3885.1 881.0 
34 4914.2 4066.2 848.0 5222.4 5223.9 (100%) 

TOTAL 164327.2 133187.8 31139.4 31139.4 26819.8 (86%) 

ist 
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Table 2 - Currents for Barge, Amperes 

COMPONENT MEASURED PREDICTED DIFFERENCE 
FACTOR 

Hull 4.20 5.79 1.38 

Propeller Plate 0.08 0.11 1.38 

Rudder Plate 0.07 0.10 1.43 

Outboard Zincs -0.92 -1.26 1.37 

Aft Zincs -0.74 -1.12 1.51 

End Midships Zincs -0.96 -1.43 1.49 

Center Midships -0.81 -1.24 A 53 
Zircs 

Figure 1 - Anode and Reference Cell Locations on Test Barge 
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Figure 2 - Boundary Element Grid 
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Figure 3 - Zinc Polarization Data 
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Figure 4 - Steel Polarization Data 
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Figure 5 - Copper-Nickel Polarization Data 
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Figure 8 - Comparison of Model and Measured Potentials 
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ABSTRACT 

Chromic acid anodizing (CAA) is an aluminum surface 
pretreatment currently used on military airc-ift and 
equipment.  Chromium VI, present ir this process, is a 
carcinogen and federal, state and local environmental 
aqencies have implemented legislation which restricts 
the use of this material.  The Naval Air Warfare Center 
Aircraft Division Warminster investigated several 
alternatives to CAA including: Sulfuric-Boric Acid 
Anodize, Sulfuric Acid Anodizing, and Phosphoric Acid 
Anodizing.  Physical performance properties of these 
processes were characterized and as a result of this 
program, the MIL-A-8625 anodize specification was 
modified to include some of these alternatives. 

INTRODUCTION 
Chromic acid anodizing (CAA) is a common surface 

pretreatment for aluminum currently used on Navy- 
aircraft, weapon systems and ground support equipment. 
This anodize process forms a -hick oxide film which 
provides protection against chemical degradation from 
the onerational environment.  i<iIL-A-8625F "Anodic 
Coatings, for Aluminum and Al Alloys" Type I covers the 
performance requirements of CAA.  While this anodize 
process offers satisfactory performance, it contains 
Chromium VI which is a carcinogen.  Recently, 
California's South Coast Air Quality Management 
District's (AQMD) Rule #1169 governing the hazardous 
emissions limits for electrolytic chromium processes 
went into effect.  A national regulation on emissions 
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from chromium electroplating operations was also issue. 
by the Environmental Protection Agency under the Clean 
Air Act Amendment of 1990 with limits similar to the 
SCAQMD Rule #1169.  Finally, the Department of Defense 
(DoD) has determined that Chromium is one of the major 
components in the waste generated by its maintenance 
depots and operations (Ref 1).  Therefore, Chromium 
must be eliminated or minimized from the emissions of 
this process. 

Two approaches are available to attain this goal. 
One approach is through the incorporation of process 
emission controls.  The other approach is to eliminate 
the source of the hazardous material (i.e. CAA) through 
the use of alternative technologies.  While both of 
«these methods reduce the amount of hazardous material 
released, the latter also solves Chromium disposal and 
handling concerns and eliminates the need for expensive 
control equipment required by 1994 under current AQMD 
laws.  Control equipment for each Navy Depot has been 
initially estimated at $500K-1,000K for capital costs 
and $250K-600K for annual operating and disposal costs. 
An adequate replacement to provide protection against 
environmental degradation is particularly important to 
the Navy, considering the severe environment in which 
it operates, as well as the cost of the aircraft, 
weapon systems and ground support equipment.  The Naval 
Air Warfare Center Aircraft Division at Warminster 
(NAWCADWAR) has an extensive environmental materials 
program aimed at the elimination of hazardous materials 
from Navy aerospace processes (Ref 2 & 3).  An effort 
under these programs was established to ev .luate 
alternative technologies to CAA.  The foil wi^g is a 
description of this program. 

DESCRIPTION OF PREPARATION AND ANODIZE PROCESSES 
Surface preparation is an essential step in the 

process of forming protective pretreatments for 
aluminum.  Surface preparation consists of several 
steps: cleaning, etching (optional) and deoxidizing. 
Alkaline cleaners, etchants and deoxidizers were used 
to remove organic contaminates and any remaining 
surface oxides prior to chemical treating.  The 
materials used in the preparation of the test specimens 
were non-silicated, non-chromated alternatives which 
are described in reference 4.  The CAA control process 
used in this investigation is covered by MIL-A-8625F 
Type I.  Specific details on CAA of aluminum are 
provided in references 5-6. 
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Several potential alternatives have been 
identified for replacement of chromic acid anodizing. 
These alternatives are: Sulfuric Acid Anodize (SAA), 
Sulfuric Boric Acid Anodize (SBAA), and Phosphoric Acid 
Anodize (PAA).  Descriptions of these processes are 
provided in References 6-10.  Thin Film Sulfuric Acid 
Anodizing is another alternative currently being 
investigated and will be reported on at a later date. 
To evaluate these alternatives, laboratory scale 
process lines were set up at NAWCADWAR.  These 
operations were used to analyze the performance 
properties of the different anodizing processes in 
comparison to CAA, both sealed and unsealed on various 
substrates.  These films were examined as pretreatments 
for standard Navy coatings using the procedures 
described below.  The results from this evaluation were 
used to determine the t£fectiveness uf these ncn-chrome 
alternatives to provide equivalent corrosion resistance 
and paint rdhesion to that provided by CAA.  The 
fatigue characteristics of these processes were not 
evaluated as part of this study and would have to be 
evaluated prior to use of any of these alternatives. A 
previous study examined the fatigue properties of SBAA 
and found them to be comparable to CAA (Ref 12). 

EXPERIMENTAL 
The performance properties of the anodize 

processes were evaluated on common aluminum alloys and 
with standard Navy coating systems.  Physical 
performance tests (i.e. bare and painted corrosion 
resistance, coating adhesion, coating weights, etc.) 
were used to evaluate the anodize films.  The following 
is a description of the substrates, loatings, and 
experimental procedures used in this investigation. 

Materials - The substrates used in this study were 
bare 2024 T-3 and 7075 T-6 aluminum alloys.  Table 1 
fists the coatings applied to these substrates in this 
NaueStigation*  Sets of test sPecimens were prepared at 
NAWCADWAR following the manufacturers1 recommended 
Procedures.  A non-silicated, non-chromated alkaline 
gleaner and non-chromated deoxidizer were used in the 
Preparation of all specimens (Turco's 4215-NC-LT and 
kmut-Go-NCB produrts, respectively). 

Anodize Seals - The chromic and sulfuric acid 
anodized specimens were sealed using the standard 5% 
bichromate seal at 93°C for 15 minutes as specified in 
^.~A"8625E.  The sulfuric/boric and thin film sulfuric 

id anodize specimens were sealed with a dilute 
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chromic acid seal which is described in reference 7. 
The Phosphoric Acid Anodize specimens were not sealed. 

mating Weight Determination - Anodize film 
coating weights were obtained using the test procedure 
outlined in MIL-A-8625E. Weights for sealed and 
unsealed films were determined on the test alloys.  Tne 
weights were recorded in mg/ft2. 

Adhesion and Water Resistance - Adhesion of 
organic coating systems to the anodize films was 
evaluated using two methods: wet tape adhesion and 
scrape adhesion.  The wet tape test is a modified 
version of the American Society for Testing and 
Materials ASTM D 3359, method A.  This test was 
performed by immersing a specimen in distilled water 
for a period of time at a specific temperature.  Three 
immersion conditions were used for this tesv: 24 hours 
at 23®C, 96 hours at 49°C, and 168 hours at 65°C. *Jpon 
removal, two parallel scribes, 3/4 inch apart, were cut 
through the coating and into the substrate.  An "X" was 
subsequently scribed through the coating between the 
two initial scribes.  A strip of 3M 250 masking tape 
was applied firmly to the coating surface perpendicular 
to the scribe lines and immediately removed with one 
quick motion.  The specimens were examined for removal 
and uplifting of the coating from the substrate and the 
adhesion rating was recorded.  Table 2 gives the 
performance description for these adhesion ratings.  In 
addition, the water resistance of the pretreatment and 
coating systems was characterized by examining the test 
panels for softening, uplifting, blistering, and other 
coating defects and substrate corrosion which may have 
resulted from the exposure. 
The scrape test was performed in accordance with ASTM D 
2197  method A on specimens with a section of the 
substra* -> surface exposed.  The instrument us^-i to 
perform this test was a SG-1605 Scrape Adhesion Test 
Apparatus manufactured by Gardner Laboratory.  The test 
was performed by guiding a weighted stylus at a 45° 
angle to the specimen along the exposed substrate into 
the coating system.  The scrape adhesion was recorded 
as the heaviest weight used without shearing the 
coating from the substrate. 

Corrosion Resistance - Five aluminum specimens 
3"xl0" of each anodize process were exposed in 5% salt 
spray (ASTM B 117) for 336 hours.  Upon removal, the 
panels were inspected for evidence of corrosion.  In 
addition, four aluminum specimens of each unsealed 
anodize film/coating system were scribed with a figure 
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"X" through the coating into the substrate.  Two 
specimens were exposed in 5% salt spray (ASTM B 117) 
for 2000 hours and two were exposed in S02/salt spray 
(ASTM G 85) for 500 hours.  The panels were then 
inspected for corrosion in the scribe area and 
blistering of the coating.  Subsequently, one panel 
from each exposure was chemically treated to remove the 
organic coating without disturbing the substrate and 
the specimen was examined for corrosion. 

RESULTS AND DISCUSSION 
Test panels were processed with non-chromate 

cleaners and deoxidizers, and then anodized with the 
subject processes.  Coating adhesion, water resistance, 
& corrosion tests were performed using MIL-P-23377 
epoxy primer, MIL-P-85582 epoxy/waterborne primer, and 
TT-P-2760 polyurethane/elastomeric primer.  Also, 
specimens primed with MIL-P-23377 and topcoated with 
MIL-C-85285 high solids polyurethane were tested. 
These coatings are described in references 13-16.  The 
following is a summary and discussion of the results. 

Table 3 shows coating weights for the anodize 
processes on the two different aluminum alloys. 
Coating weight gives an indication of oxide film 
thickness and is determined by processing variables 
such as amps/ft2, time, etc.  Both sealed and unsealed 
weights were obtained for each process except for PAA. 
Sealed PAA specimens were not evaluated since the 
morphology of PAA is not the same as the other anodize 
films and sealing is not applicable to this process. 
The relative coating weights for unsealed specimens 
ranged from 40 mg/ft2 for PAA, „o 300-600 mg/ft2 for 
CAA & SBAA, to greater t^an 1000 mg/ft2 for SAA. 

Enhanced coating adhesion is one of the primary 
function of a surface pretreatment.  These coating 
adhesion tests were performed on unsealed anodize films 
immediately after the 7 day cure time for the coatings. 
With further aging of the finishing system, adhesion 
normally improves, so these results are considered the 
minimum values.  The results of the adhesion/water 
resistance tests are provided in Tables 4 to 6. 

The results from the 24 hour tape tests performed 
°n these processes showed adhesion values of 5A (one 4A 
result) for all coating systems tested (Table 4). 
These results indicate virtually no susceptibility to 
coating-substrate disbondment upon exposure to water. 
Most aerospace coatings use this adhesion requirement. 
!n the expanded adhesion tests (4 & 7 day), all of the 
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anodize processes, with various coating systems, 
continued to exhibit good to excellent adhesion & water 
resistance (Tables 5 & 6).  The SBAA and CAA processes 
were consistently the best performing.  This is 
evidenced by the tape test 5A results after extended 
immersion in water. 

A standard aerospace requirement for scrape 
adhesion is 3 kg.  The overall scrape adhesion results 
for all processes tested ranged from 0.5 kg to 10.5 kg. 
(Table 7).  This indicated that other factors (such as 
the coating edge effects, pretreatment thickness, pre- 
paint surface cleanliness, etc.) affected the outcome 
of the tests.  The results from the sulfuric/boric acid 
anodized process ranged from 2.0 kg to 7.0 kg. and was 
the process most corparable to chrorr : acid anodizing. 

Sealed, unpainted specimens from all of the 
processes were exposed to 5% salt spray (ASTM B117) on 
6° racks and examined at 24 hour intervals for evidence 
of corrosion.  Total exposure time was 33 6 hours. 
These results are summarized in Table 8.  The PAA 
panels failed in less than 72 hours indicating poor 
bare corrosion resistance.  This is not unexpected 
considering the stalagmite structure of this oxide. 
All of the remaining anodic processes passed 33 6 hours 
of exposure on all alloy specimens without any evidence 
of surface corrosion, indicating excellent anodic 
coating performance. 

Corrosion resistance is an important property for 
Navy aircraft coatings due to the severe operational 
environment in which the aircraft are deployed. 
Therefore, most aircraft primer specifications have a 
minimum of 1000 hours exposure to salt spray as the 
corrosion resistance requirement.  The anodic coating 
plays an integral role in meeting this requirement by 
maintaining the integrity of the coating/substrate 
interface.  To evaluate this property, painted 
specimens for all anodize processes were exposed to 5% 
salt =?pray (ASTM B117) and examined for corrosion in 
the scribe area and blistering of the coating.  These 
results are summarized in Tables 9 & 10.  All of the 
anodize processes, with all coating systems, passed 
1000 hours of exposure.  There was little to no 
corrosion products in the scribe and no blistering of 
any of the coatings. 

Since all processes performed well for over 1000 
hours on both substrates, the test was continued for 
another 2500 hours.  At 3500 hours, there was still 
virtually no corrosion products in the scribe or 
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, tering of the coating on any of the specimens. 
bllS ffuently, the coatings were carefully removed from 
SUbSsurface with a chemical stripper, without 
^turbing the underlying substrate.  Upon further 

mination, there was no evidence of underlying 
*rosion on these panels. At 3500 hours, while all of 
c?r Drimed and primed/topcoated specimens performed 

11 the SBAA and CAA specimens showed the least 
ount of corrosion products in the scribe area. 

Painted specimens exposed to S02/salt spray (ASTM 
G85) were also examined for damage to the coating and 
orrosion in and away from the scribe, and these 
results are summarized in Tables 11 & 12.  The S02/salt 
soray environment simulates industrial exlSSust gases, 
such as those found on aircraft carriers from engine 
exhausts, and it is an extremely aggressive 
environment.  Most aircraft coating specifications do 
not have exposure to S02/salt spray as a corrosion 
resistance requirement.  Therefore, the exposure 
periods selected were based on differences in finishing 
system performance. 

Primed panels, after being exposed for 168 hours, 
were examined for signs of corrosion.  As seen in Table 
11, the results for this test were mixed between the 
alloys, primers and anodize films.  In these tests, the 
SBAA appeared to show the weakest performance. 
However, the diversity of these results (from passing 
to complete failure) made drawing specific conclusions 
difficult and is partially the reason why coating 
specifications do not call out this test.  The primed 
and topcoated 7075 specimens all failed between 168 
hours and 33 6 hours.  The primed and topcoated 2 024 
specimens were borderline failures at 500 hours, except 
for the CAA which failed at 336 hours.  On both alloys, 
the CAA process performed the worst of all those 
tested. 

In general, the corrosion resistance of several of 
the anodize processes, in combination with the standard 
epoxy primer or the epoxy primer/polyurethane topcoat 
coating systems, was equivalent to the performance of 
the chromic acid anodize controls.  This equivalent 
performance for these non-chromated anodic coatings as 
compared to the chromated anodic coating is due to a 
high degree of interfacial integrity between the 
coating and substrate. 
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SUMMARY 
The goal of this effort was to evaluate non- 

chromated alternatives for chromic acid anodizing used 
on current aerospace structures.  The results from this 
evaluation show that some of the alternative anodize 
processes have comparable performance properties to 
CAA.  The SBAA and SAA test results show that they 
provide acceptable performance for corrosion resistance 
and coating adhesion.  The coated PAA specimens 
performed fairly well, however, the unpainted specimens 
failed rapidly in the corrosion tests.  As stated 
earlier in the report, the fatigue characteristics of 
these processes were not evaluated and may be an issue 
for the use of these materials.  For example, Sulfuric 
Acid Anodize has».traditionally b?en considered to b#a 
fatigue sensitive process and should not be used in 
fatigue critical areas.  The MIL-A-8625 military 
specification, which covers CAA and SAA, has been 
revised to include the SBAA alternative.  In 1993, the 
SBAA was authorized by the Naval Air Systems Command as 
an alternative to CAA.  The use of a non-chromated    > 
process will allow the Navy to meet stringent 
environmental standards while maintaining operational 
readiness and efficiency of system performance.  In 
addition, significant cost savings ($M) will be 
recognized by avoiding the need to implement emission 
control equipment. 
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TABLE 1;  ORGANIC COATING SYSTEMS EVALUATED* 
MIL-SPEC TYPE FUNCTION THICKNESS 
MIL-P-23377D 1 Epoxy Primer 0.6-0.9 mils 
MIL-P-85582A 1 Epoxy Primer 0.6-0.9 mils 
TT-P-2760 1 Polyurethane Primer 0.8-1.2 mils 
MIL-P-23377D 
MIL-C-85285 

1 Epoxy Primer 0.6-0.9 mils 
1 Polyurethane Topcoat 1.8-2.2 mils 

* All coatings were applied by conventional air spray j 
allowed to cure for seven days prior to testing. 

TABLE 2. ASTM D3359 ADHESION RATINGS 

Rating      Description 
5A   -   No peeling or removal 

"f        4A *  -   Trace peeling or removal alondf* incisions 
3A   -   Jagged removal along incisions up to 1/ie I 

in. (1.6 mm) on either side [ 
2A   -   Jagged removal along most of incisions up ' 

to 1/8 in. (3.2 mm) on either side 
1A   -   Removal from most of the area of the X 

under the tape 
0A   -   Removal beyond the area of the X 

TABLE 3. COATING WEIGHT TEST RESULTS - (mg/ft2) 
ANODIZE PROCESSES 

ALLOY PAA     SBAA    CAA    SAA 

2024-T3 Sealed 
7075-T6 Sealed 
2024-T3 Unsealed 
7075-T6 Unsealed 

40 
43 

150.9 576.4 1115.2 
429.9 567.2 1731.2 
372.8 416.0 904.3 
576.0 315.5 1397.9 

T'^L ' 4. 24 HOUR P^HESION/WATER RESISTANCE TECT RESULTS 
ANODIZE PROCESSES 

ALLOY (Unsealed)       PAA      SBAA     CAA     SAA 

2024 - 

7075 - 

MIL-P-23377 5A 5A 5A 5A 
MIL-P-85582 5A 5A 5A 5A 
TT-P-2760 5A 5A 5A 5A 
MIL-P-23377/ 5A 5A 5A 4A 
MIL-C-85285 
MIL-P-23377 5A 5A 5A 5A 
MIL-P-85582 5A 5A 5A 5A 
TT-P-2760 5A 5A 5A 5A 
MIL-P-23377/ 5A 5A 5A 5A 
MIL-C-85285 



TABLE 5. 4 DAY ADHESION/WATER RESISTANCE TEST RESULTS 
ANODIZE PROCESSES 

PAA SBAA CAA SAA ALLOY—£TTnsealed)  f^PrMIL-P-23377 

7075   - 

MIL- 
MIL-P-85582 
TT-P-2760 
MIL-P-23377/ 
MIL-C-85285 
MIL-P-23377 
MIL-P-85582 
TT-P-2760 
MT&-P-23377/ 
MIL-C-85285 

5A 
3A 
5A 
5A 

5A 
3A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
4A 

TABLE 6. 7 

ALLOY. 
2024 ■ 

(Unsealed) 

DAY ADHESION/WATER RESISTANCE TEST RESULTS 
ANODIZE PROCESSES 

PAA SBAA CAA SAA 
MIL-P-23377 
MIL-P-85582 

- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

7075 - MIL-P-23377 
- MIL-P-85582 
- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

5A 
4A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
5A 

5A 
5A 
5A 
4A 

5A 
5A 
5A 
5A 

TABLE 7. SCRAPE ADHESION TEST RESULTS - (kg) 
ANODIZE PROCESSES 

ALLOY (Unsealed) PAA SBAA CAA SAA 
2024 - MIL-P-23377 0.5 

- MIL-P-85582 7.0 
- TT-P-2760 1.5 
- MIL-P-23377/ 6.0 
MIL-C-85285 

7075 - MIL-P-23377 2.0 
- MIL-P-85582 6.0 
- TT-P-2760 1.5 
- MIL-P-23377/ 4.0 
MIL-C-85285 

3.0 
3.5 
3.0 
4.0 

7.0 
4.5 
2.0 
3.5 

6.5 
9.0 
3.5 
6.0 

5.0 
7.0 
3.0 
6.0 

1.5 
3.0 
4.0 

10.5 

4.5 
5.5 
1.5 
3.0 

TABLE 8. 1% SALT SPRAY RESULTS - 336 HRS (BARE PANELS] 
ANODIZE PROCESSES 

ALLOY PAA SBAA CAA SAA 
2024-T3 Sealed FAIL* PASS PASS PASS 
7075-T6 Sealed FAIL* PASS PASS PASS 
(* Failure occurred at less than 72 hours of exposure) 
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TABLE 9. 5% SALT SPRAY TEST 

ALLOY (Unsealed) PAA 

RESULTS (1000 HRS) 
ANODIZE PROCESSES 

SBAA     CAA SAA 
2024 - MIL-P-23377 

- MIL-P-85582 
- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

7075 - MIL-P-23377 
- MIL-P-85582 
- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

TABLE 10. 5% SALT SPRAY TEST 

PASS PASS PASS PASS I 
PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 

PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 

ALLOY (Unsealed) PAA 

RESULTS (3500 HRS) 
ANODIZE PROCESSES 

SBAft     CAA SAA 
2024 - MIL-P-23377 

- MIL-P-85582 
- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

7075 - MIL-P-23377 
- MIL-P-85582 
- TT-P-2760 
- MIL-P-23377/ 
MIL-C-85285 

PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 

PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 
PASS PASS PASS PASS 

TABLE 11. S02/SALT SPRAY TEST RESULTS (168 HRS) 
ANODIZE PROCESSES 

ALLOY (Unsealed) PAA SBAA CAA SAA 
2or 4 - 

7075 - 

MIL-P-23377 
MIL-P-85582 
-"T-P-2760 
MIL-P-23377 
MIL-P-85582 
TT-P-2760 

P 
P 
§108 
P 
§168 
§108 

§108 
§168 
§48 
§108 
§168 
§48 

F 
F 

P 
§168 
§16o 

+ 
P 

P 
P 

F §108 
P 

F §108 
F §48 

(P = Pass, + = Borderline Pass, - = Borderline Failure 
and F §### = Failure at # Hours) 

TABLE 12. S02/SALT SPRAY TEST RESULTS (3 36 HRS) 
ANODIZE PROCESSES 

ALLC'.: (Unsealed) PAA SBAA CAA 
2024 - MIL-P-23377/ 

MIL-C-85285 
7075 - MIL-P-23377/  F §336    F §250 

SAA 
F   §336 

F   §168      F   §168 
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Suitability of Prepainted (Coil Coated) Metal 
and Adhesive Assembly for Military Application 

Mr. I. Carl Handsy 
U.S. Army Tank-Automotive Command 

Warren, MI  48397-5000 

«§T * Mr. -Merle T. Wolff    f 
U.S. Army Tank-Automotive Command 

Warren, MI  48397-5000 

Corrosion of  ehicles is a major cost to the Army. 

Independent Cost Analysis which agrees with our 
available records indicate a cost per vehicle per year 
of $500 to $1,100. 

Much of the fleet has 30 to 40 year old design. 
In many cases current technology for material 
selection, component design and manufacturing processes 
is not incorporated into procurement specifications. 

The Automotive and Steel Industries in recent years 
has done much research in this field of corrosion.  We 
have attended conferences by the Society for «dtomotive 
Engineering Automotive Corrosion and Prevent'on 
Committee, The American Iron and Steel Institute Task 
Fo  2 on Automotive Corrosion and the Society o^ 
Manufacturing Engineers Association for Finishing_ 
Process.  Our office is also in regular contact with 
individual automotive company engineers. 

The information obtained from all these sources 
indicates that probably the best cost effective results 
in corrosion control are achieved by a system 
consisting of: 

1.)  Galvanized Steel 
2.)  Zinc Phosphate Pre-Treatment 
3.)  Electro-Deposited Cathodic Primer 
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The Army requirements are different from the 
automobile market for many reasons, chief of which are- 

More variations and extremes in environment 
Off road use 
Low mileage with high percent non-operating time 
Chemical agent resistance requirements 

To evaluate the finding of the automotive industry 
and determine modifications beneficial to the Army, a 
study was made of corrosion of Jeep vehicle bodies with 

^different coating systems.  These bodies weife exposed 
,Jto a sea coast environment at Cape Canaveral.  This 
site was selected for these characteristics. 

Severe corrosion environment 
High humidity 
Salt laden air 
Frequent rain showers 
Frequent strong ocean winds 
Abundance of solar radiation 

After 12 months the following was reported: 

"An evaluation of the results of 12 months exposure 
testing indicate that of the body configurations 
tested, optimum corrosion protection is achieved by 
utilization of the following body coating 
configurator - i.. descending order. 

Galvani^d, Two-Sided 
E-Coat Primer (Cathodic Electrodeposition) 
High Solids Enamel Topcoat (PPG-DHT 45323) 
Rust Proofing - Per MIL-R-46164 

Galvanized, Two-Sided 
E-Coat - Primer (Catnodic Electrodeposition) 
High Solids Enamel Topcoat (PPG-DHT 45323) 

Non-Coated Steel 
E-Coat - Primer (Cathodic Electrodeposition) 
High Solids Enamel Topcoat (PPG-DHT 45789) 
Rust Proofing 

Non-Coated Steel 
Alkyd - Primer 
Alkyd - Topcoat 
Rust Proofing 
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Non-Coated  Steel 
Alkyd - Primer 
Alkyd - Topcoat 
„0 liter's opinion,   a single component change 

:i\ the most  implement to the  standard M151A2 
offer th^°^otection system of Alkyd primer, 

body's  corro^°"P^s? Proofing would be two  sided 
AlKyd toP^a^ng

ron the body  in place of non-coated 
^alVf1Z?he next lost elective single component would 
flo'use E-Coat  in  lieu of alkyd type primer. 

£S r  Ä ^-menSl^h^  one ^ma    be 

and was not rustproofed." 

of particular significance was the fact that on the 
galvanized bodies the only corrosion showing was at 

welded areas. 

While this project was continuing i^s decided to 
evaluate the potential of coil coated metal for 
military vehicles with these expectations. 

j0wer cost/Bet~er paint 
Imr-oved environment/No VOC s 
No metallurgical changes o<: steel with 
resulting corrosion sites 
No damage to zinc coating 

The following different constructions were planned 

for this evaluation: 

Group: 

Control 
1 
2 
3 
4 
5 

Steel 

C. 
C. R. 
C. R. 
C. R. 

R. Steel 
Steel 
Steel 
Steel 

Galvanized 
Galvanized 

Construction: 

Welded 
Welded 
Adhesive 
Adhesive 
Adhesive 
Adhesive 

Prime: 

Spray CARC 
E-Coat 
CARC Coil Coat 
Flex Coil Cost 
Flex Ccl Coat 
E-Coat 
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The first production of coil coatsd steel was 
disappointing in that it was learned that CARC epoxy 
primer would not take IT bend as required for the door 
hem assembly. 

The paint manufacturers tried many formulations to 
develop a more flexible prime paint that would also be 
resistant to DS2, the solvent used to clean vehicles 
after a nuclear, chemical or biological attack. 

The most suitable was a combination of thin epoxy 
and polyester. 

This more flexible paint was still subject to micr: 
fracturing when subjected to a IT bend.    *      .* 

The doors with the different systems were subjects: 
to the following tests: 

Accelerated corrosion:  General Motors 9540P 
Mechanical strength:  General Motors Truck Doc: 
Slam Durability Test 
Field Test:  Trucks at Camp Lejeune Marine 
Drivers Training School 
Coastal exposure:  Cape Canaveral, Florida 

Thirty-six sample test doors were subjected to 
extensive testing to determine the suitability_of 
prepainted metal and adhesively bonded assemblies for 
military application. 

The thirty-six doors consisted of thirteen standard 
doo.L an  twenty--hree adhesively bonded te t doors. ^ 
^e thirteen standard doors were of current p-^ductic- 
methods and techniques.  Seven of the doors werecoW 
rolled steel with standard primer and rust_proofmg- 
The remaining six were cold rolled steel with E-Coat 
primer and rust proofing. 

The twenty-three adhesively bonded test doors wer<= 
manufactured using four different material/process 
systems.  Five were cold rolled steel with CARC coil 
coated primer and no internal paint.  Five were cola 
rolled steel with flex coil coated primer and intern - 
E-Coating. 
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Ten were galvanized steel with flex coil coated 
primer and internal E-Coating.  The final three doors 
were adhesively bonded galvanized steel with E-Coat 
primer. 

Four tests were performed.  Nine were subjected to 
an accelerated corrosion test and six were subjected to 
a durability test.  A marine exposure test was 
performed on twelve doors and nine were installed on 
vehicles for a military user test.  The results of the 
tests were conclusive in that galvanized cold rolled 
rteel with an E-Coat primes is the .best combination of 
material and processes. 

It was concluded that coil coating is net practical 
for this application.  Manufacturing operations such as 
bending, tool markings, handling, blanking and stamping 
are detrimental to the prepainted surface.  The epoxy 
CARC precoat could not withstand the IT bend of the 
hemming operation.  E-Coating was found to be highly 
superior to coil coating because it is not subjected to 
these manufacturing processes.  The E-Coat application 
process also assures that all internal parts, cavities, 
seams and joints received a specific thickness of 
coating. 

Adhesive was determined to be considerably better 
than spotwelds from a corrosive standpoint. Adhesive 
is mechanically equal to ->r better than spotwelding. 

Galvanized steel was sub~_antiated as being the 
door skin.  The galvanized covering is very compatible 
with an E-Coat primer and a zinc phosphate pretreat. 

Durability Test (SLAM) - All six sample test doors 
met GM 0075-A-01-LP1C test specification requirements. 
No cracking or separation occurred in the bonded areas 
(both adhesive and spotweld) between the door structure 
and the sheet metal outer skin.  No adhesive failure 
occurred in any of the six doors even though the test 
far exceeded the normal life of the doors.  Damage, 
other than adhesive bonded areas, clearly indicates 
that other parts of the door failed long before the 
adhesive bonding. 
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Accelerated Corrosion (SCAB) - Nine sample doors 
received forty complete cycles of testing in accordance 
with GM9540-P.  The GM test was selected because it 
best correlates the test with the field life (actual 
service life) of the door.  Three of the nine doors 
were subjected to an additional forty cycles_in order 
to more nearly approach the normal service life of the 
door.  Galvanize gave the best performance.  Evaluation 
of E-Coating and coil coating did not detect any 
difference on a flat surface.  The coil coat evidenced 
degradation on surfaces subjected to manufacturing 
operations.  E-Coat performed very well with _ galvanic 
bu+- experienced a shorter" life when used by itsrlf. 

Marine Exposure Test - Twelve doors were tested for 
21 months. Results indicate galvanized steel is better 
than cold rolled steel.  E-Coating is the best primer. 

Military User Test - Nine test doors were subjected 
to this 21 month test.  Both the military user and the 
marine exposure tests, have corroborated the results of 
the accelerated corrosion tests. 

Results clearly indicate the two galvanized doors 
to be better than the cold rolled steel doors. 

Our basic conclusions from these studies are: 

Cleaning and pretreatment are critical 

Zinc phosphate bQ.st pretreatment for corrosion 
resistance 

G90 Galvanizing (.75 mil) min. 10-12 year life 

E-Coat superior corrosion resistance in both tests 
About halfway from spray prime to galvanizing 

"Rustproofing" can add up to 20% life to spray 
paint; but only where applied and if replaced as 
needed 

Most cost effective crating system: 
1.)  Galvanizing 
2.)  Zinc phosphate pretreatment 
3.)  E-Coat prime 
This combination provides at least 90% of 
total corrosion protection. 
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From the observations this far in our research 
these correlations have been indicated: 

1 Year static coastal exposure = 3-4 years 
real life average exposure 

10 cycles G.M. 9540P = approximately 1 year 
real life average exposure 

Support SAE/AISI finding that the GM9540P 
accelerated test has .96 correlation to real life 

The things we foresee for future work in this area are: 

Adhesive assembly of other parts 

Further evaluation of potential of a flexible coil 
coated prime paint 

Non-CARC application of coil coating 

More extensive use of galvanizing 

More extensive use of E-Coating 

WM- 



JP 

B L A *-' ^ 

na-- 



Electroplating and Epoxy Repair Methods for Corroded 70/30 CuNi 
and Alloy 400 Seawater System Components. 

Mr. Timothy J. Jackovic* 
Mr. Edward B. Bieberich 

Carderock Division 
Naval Surface Warfare Center 

Code 613 
3A Leggett Circle 

Annapolis, MD 21402-5067 

ABSTRACT 
70/30 CuNi and alloy 400 components used for Navy seawater 

immersion applications suffer a variety of corrosion problems including 
pitting, crevice corrosion, and galvanic corrosion. An effective method for 
repair of corroded components would result in significant cost savings by 
allowing refurbishment rather than replacement of damaged components. 
Electroplating and epoxy repair methods were tested to determine their 
effectiveness for repair of these allo>..   Materials and techniques were 
selected based on availab:'"ty and current usage at Navy shipyards. 
Corrosion tests were developed which represented typical corrosion 
environments for 70/30 CuNi and alloy 400 components. Pipe specimens 
that contained both control and repair areas were tested for approximately 
1 year in static seawater. Based on the test results, recommendations were 
made for repair of corroded 70/30 CuNi and alloy 400 components using 
electroplating and epoxy repair techniques. 

INTRODUCTION 
70/30 CuNi and alloy 400 components used for Navy seawater 

immersion applications are susceptible to a variety of corrosion 
mechanisms including pitting, crevice corrosion, and galvanic corrosion. 
Problems resulting from corrosion can adversely affect overall 
Performance of a system constructed with these alloys and can result in 
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hiah repair or replacement costs. Effective, long-lasting repair methods 
would result in significant cost-savings by eliminating the need for 
replacement parti and reducing the need for reappl.cation of an 

}nd^X££$^use electrop,ating or «y coa*T° repair co^ded^urfaces on 70/30 CuNi and alloy 400 ship> seawater 
svstem components. These systems include submarine shaft seals 
seawate' pumps, seawater piping and valves, and logistics escape t unks 
to n^me a few   Copper or a combination of copper and nickel are used 
or Tr*4la?e repair   Repairs are normally accomplished in accordance 
tÄL^ll^HJ^rush Electroplate on Marine Machinery) [1]. 
Reoa^s of corded components are also made with a variety     epoxy 
2 materials   However the corrosion performance of electroplated or 
e^rSat ed surface' has not been tracked in the fleet in a systematic 
2e  

PAS a result, the service performance lifetime of the various 
woes of repa" (and on different depths of attack) is unknown. There is 
mdata base to permit selection of one repair method as the most 
sCitabe one for a particular repair application. Since no performance 
daf exists, there is no standard repair method and each shipyard or 
intermediate maintenance activity (IMA) uses ^^J^^^d 
appeared to be "successful» during previous repars   The den^fication 
superior materials and methods to repair corrosion and minor surface 
Ss would have widespread application in the submarine and surface 

fleet   Corrosion tests were developed to evaluate electroplate and epoxy 
repair methods for corroded ,0/30 CuNi ard alloy 400 components^ 
^conditions were selected to simulate a typical corrosion' env.ronme 
for these alloys. Specimens were tested with control areas without repair 
and areas which had been repaired with electroplate and epoxy 
techniques   Mthe completion of testing, effectiveness o the repairs 
versuche control areas was evaluated. The objective of this report is to 
present the results of the electroplating and epoxy repair tests and 
provide recommendations to develop standard repair procedures. 

MATERIALS AND SPECIMEN PREPARATION 
To simulate repair of O-ring sealing surfaces, a test matrix was 

desianed to comparatively evaluate seawater corrosion penprmance OT 
eÄ^nds and electroplating on 70/30 CuNi and alloy 400 pipe 

specimens, Table 1. 
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Table 1 Test matrix for electroplating and epoxy repair specimens. 

Substrate 
Material Repair Method Repair Material Depth of Repair, inches 

Specimens/ 
Substrate* 

70/30 CuNi 
MH-T-18240K 

70/30 CuNi 

or 

Alloy 400 
ASTMB 127-85 

UNS N04400 

Epoxy 

Phillybond Blue 6A 0.015" 0.025" 8 

Belzona Molecular 

Ceramic Metal 0.015" 0.025" 8 

Belzona Molecjlar 
Super Metal 0.015" 0.025" 8 

Devcon Ceramic Compound 

Type I 0.015" 0.025" 8 

Devcon Underwater (UW) ' 0015" 0.025" 8 

Electroplating 

Copper 2050 0.008" 0.015" 8 

Copper 2050 with 
Nickel 2080 cap 

0.006" Cu 

0.002" Ni 

0.013" Cu 
0.002" Ni 8 

Copper 2050 with 

Aeronikl 250 cap 

0.006" Cu 

0.002" Ni 

0.013" Cu 

0.002" Ni 8 

Alloy 400 Electroplating Aeronikl 250 0.008" 4 

* 4 specimens pe r depth of repair Total Spe cimens = 68 

Two types (type I and II) of test specimens were used to represent 
repaired surfaces, Figures 1 and 2, respectively. Type I (one wide 
groove) had the repair treatment applied to all of the area adjacent to 
and under the O-ring sealing surface (Figure 1), while the type II (two 
narrow grooves) had the repair treatment applied only adjacent to each 
side of the O-ring sealing surf ^ce (Figure 2).  Crevice corrosion of 70/30 
CuNi and alloy 400 typically occurs adjacent to O-ring sealing surfaces. 
Each pipe specimen had five O-ring repair sites and one O-ring control 
site. The pipe/O-ring test created severe crevice situation which 
permitted a relative ranking of repair techniques. 

The electroplating materials tested included Sifco Solutions 
Copper 2050* (Cu2050), Copper 2050 with a Nickel 2080* (Ni2080) cap, 
Copper 2050 with an AeroNikl 250* (Ni7280) cap, and AeroNikl 250; while 
the epoxies tested included Phillybond Blue 6A+ (Phillybond), Belzona 
Molecular Ceramic Metal R* (Belzona Ceramic), Belzona Molecular Super 
Metal* (Belzona Super Metal), Devcon Ceramic Compound type I4 

(Devcon Ceramic), and Devcon Underwater*. 

* Trademark of Sifco Industries, Inc. 
+ Trademark of ITW Philadelphia Resins, Inc. 
# Trademark of Belzona Molecular Metalife, Inc. 
& Trademark of ITW Devcon, Inc. 
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Figure 1. Electroplate/epoxy type I specimen (all dimensions in inches (")). 
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Figure 2. Electroplate/epoxy type II specimen (all dimensions in inches (')). 

710 

mmi,- •*'***rmmm 



For a given repair treatment, there were four test conditions per 
substrate material: type I (two depths of repair) and type II (two depths of 
repair). The electroplating solutions were applied to repair depths of 
0.008 and 0.O15 in. while the epoxies were applied to depths of 0.015 
and 0.025 in. 

CDNSWC tasked both Puget Sound Naval Shipyard (PSNS) and 
Pearl Harbor Naval Shipyard (PHNS) to apply the epoxy compounds and 
electroplating solutions. Each shipyard was requested to apply the same 
repair treatments and to document their application procedures. 

lip 

AS-RECEIVED CONDITION OF REPAIRS 
Before the tests were initiated, the condition of the repaired areas 

on the pipe specimens and the repair application procedures were 
examined.  Significantly different procedures were followed by each 
shipyard which varied the initial condition of the repairs.  In the remainder 
of this report, the specimens from Puget Sound will be designated as PS 
while the specimens from Pearl Harbor will be PH. 

The final surface condition was found to vary between the two 
shipyards. All of the PH specimens were machined to a smooth surface 
finish after the repairs were made; whereas the PS specimens were 
delivered in the as-applied condition.  Final machining provided a 
smoother surface finish than the as-applied condition but also reduced 
the nickel cap thickness of the electroplate repairs. 

A major difference was found between the initial surface 
preparation of the epoxy reOQir specimens.  Repair areas of the PS 
specimens were sandblasted before applying the epoxies, whereas PH 
specimens were not.  Sandblasting significantly improves the adhesion of 
epoxies compared to epoxies applied to a smooth, machined surface [2]. 

TEST CONDITIONS 
A total of 132 electroplate and epoxy repair specimens, or 792 O- 

ring sites, were immersed in natural seawater for 11 months (Dec 18, 
1990 to Nov 18, 1991) at the Naval Research Laboratory (Key West, FL). 
The pipe specimens were placed in PVC racks and immersed in a 
seawater trough parallel to the seawater flow.  Each specimen rested on 
its outer two O-rings to avoid creating additional crevices.  Seawater was 
continually refreshed at a trickle flow rate. The average seawater 
temperature during the test exposure was 27.7° C while the average 
salinity was 37.1 ppt and average pH 8.1. 
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After 11 months in seawater, the specimens were removed and 
examined for corrosion of the substrate and coating performance.  Depth 
of attack measurements were taken under and adjacent to the O-ring at 
the control site, adjacent to the epoxy coatings, and under and adjacent 
to the O-ring on the electroplate coatings. Photographs were taken to 
document the inspection. 

BESULTS^ND DISCUSSION 
After removal and cleaning of the test specimens, relative 

performance of both electroplate an^ epoxy r jpairs were evaluated. 
Each specimen had 5 repair sites; the performance of the repair method 
on each specimen was rated based on how many sites were completely 
intact (0-5 with 5 being the best rating since all sites would have passed) 

The electroplate repairs were considered to have failed when any 
corrosion damage occurred to the electroplate.  Results of this evaluatior 
are provided in Figure 3. 

The epoxy coatings were rated as having passed or failed based 
on the following conditions for failure: blistering, chipping, spalling, 
swelling, or movement of the coating. The coatings were also 
considered failures if they could be twisted off by hand. The results of 
this inspection are pr Dvided in Figure 4. 

A significant difference in performance of the repairs was seen as 
a result ->f variations in procedure between the two shipyards. The 
nickel-capped electroplaL 3pecimens which were left in the as- 
electroplated condition remained intact more often than the specimens 
which had been final machined. Also, the epoxy coatings which had 
been sandblased consistently provided better adhesion and showed less 
instances of failure than the specimens which had no sandblasting. A 
discussion of the results for each repair type follows. 

& 
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Electroplating Repair 
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Figure 3: Results of electroplate repair corrosion tests. 
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Figure 4. Results of epoxy repair corrosion tests. 
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ELECTROPLATE REPAIR 
Cu2050 performed poorly as an O-ring sealing surface repair on 

both 70/30 CuNi and alloy 400. Cu2050 was found to be less noble 
than either substrate material and subsequently the O-ring seal area was 
damaged by galvanic corrosion, Figure 5. The corrosion was most 
severe adjacent to the O-ring which suggests that crevice corrosion was 
also a factor. Cu2050 was able to suppress some corrosion of the 
substrate, including reduced attack at the control sites. However, once 
the copper was sufficiently depleted, crevice corrosion of the substrate 
initiated. Electroplating with copper over a large surface area may 
suppress corrosion for a linjited time, but the e'ectroplate will galvanically 
corrode away leaving the original damaged area.  It is recommended that 
Cu2050 not be used as a repair method on 70/30 CuNi or alloy 400. 

Ni7280 without a copper preplate also performed poorly on the 
three alloy 400 specimens tested. The electroplate was subject to 
crevice attack directly under the O-ring and also showed some evidence 
of galvanic corrosion. Electroplate repair with Ni7280 was also shown to 
perform poorly on metal-to-metal crevices of alloy 400 in previous 
CDNSWC testing.  Based on the limited data collected in this test and the 
data from previous tests, Ni7280 without a preplate is not recommended 
for repair of alloy 400 surfaces. 

Ni2080 with a Cu2050 preplate performed best of the electroplated 
repair specimens, Figure 6. The only damage on the electroplating 
repairs was seen on the finished PH specimens.  Machining of these 
specimens reduced the thickness of the nickel cap to a level insufficient 
to blanket the entire copp r preplate.  By adjusting the procedure to 
specify a minimum cap thickness, this problem should be avoidable. In 
addition, Ni2080 without a preplate applied to alloy 400 has previously 
been recommended for repair of corrosion in alloy 400 and 70/30 CuNi 
metal-to-metal crevices. Omitting the copper preplate guarantees that 
the electroplate will not fail from exposure of copper.  However, a 
Cu2050 preplate is sometimes used since it is easier to deposit and 
thicker layers can be applied before additional surface preparation 
(reactivation) is required. The maximum one layer buildup before 
reactivation is 0.007 in. for Ni2080 and 0.015 in. for Cu2050 [3].  If 
feasible, the Ni2080 should be used without a preplate.  However, if a 
preplate is necessary, a minimum Ni2080 cap thickness of 0.004 in.     ._ 
should be maintained over the entire preplate after finishing the surface^ 
completed. This is to ensure that no copper is exposed at the surface 
the repair. It is recommended that a fleet evaluation be performed of 
Ni2080 electroplate repair of either alloy 400 or 70/30 CuNi components 
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Figure 5. Control site (middle) and corroded electroplated sites 
on alloy 400 specimen electroplated with Cu2050. 

Ms 

m 

Figure 6. Control site (middle) and electroplated sites on alloy 400 
specimen electroplated with Ni2080 (Cu2050 preplate). 
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Ni7280 capped over Cu2050 was less successful than the Ni2080 
capped specimens. The NI7280 was susceptible to crevice corrosion 
directly under the O-ring and also showed signs of galvanic attack. 
Once exposed, the Cu2050 galvanically corroded under corroded areas 
of the Ni7280 causing failure of the entire repair. The machined PH 
specimens showed higher rates of failure for reasons similar to the 
Ni2080 caps (reductions in cap thickness, attack of the copper preplate). 
Based on the results of this test, Ni7280 should not be used as a repair 
for _' aft seal O-ring sealing surfaces. 

Fr- some   f the nickel capped specimens, corrosion of the 
median on the type II specimens also caused exposure of the copper 
preplates.  This occurs because corrosion directly adjacent to O-nngs on 
70/30 CuNi and alloy 400 can undercut the nickel cap. To prevent 
exposure of copper, the nickel cap should be applied to a wider area 
than the preplate. 

EPOXY REPAIR . 
The PS specimens which had the grooves sandblasted prior to 

application of the epoxy showed superior resistance to failure. When 
sandblasted, 4 of the 5 epoxies had no failures on type I specimens. A 
representative specimen showing the good performance of epoxy is 
shown in Figure 7. Surface preparation is extremely important when 
applying mechanically bonded materials [2]. The roughened surface 
produced from sandblasting significantly increases the bond strength ana 
therefore provides a longer le ^ting coating.  Wherever feasible, it is 
recommended that sandblasting be done on all surfaces which are to be 
repaired by epoxy.  Methods to sandblast limited access areas (eg., 
narrow width O-ring grooves) and to sandblast small areas on 
components aboard ship (without grit dust in the air) should be 
developed. H 

Most failures of epoxy coatings were seen on unsandblasted anu 
type II specimens. These failures were caused by poor adhesion of the 
coatings allowing seawater to leak under the coatings. The Devcon 
Underwater had the worst performance of any of the epoxy repairs, 
Figure 8   Seawater leakage under this coating caused blistering and 
spalling of the coating.  Of the 80 sites that were repaired with Devcon 
Underwater, 58 failed. Sandblasting of the grooved surface did not 
improve this coating's resistance to failure. 

The other four epoxies evaluated: Phillybond, Belzona Ceramic, 
Belzona Super Metal, and Devcon Ceramic, all showed similar modes o 
failure.  First, adhesion problems would permit water penetration, to 

716 



Figure 7. Control site (middle) and epoxy repaired sites on 
alloy 400 specimen repaired with Phillybond Blue 6A. 

Figure 8. Control site (middle) and blistered epoxy repair sites on 
alloy 400 specimen repaired with Devcon Underwater. 
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some extent, under the coating. This has been confirmed by the 
presence of stains on the substrate underneath coatings which have 
been manually removed.  A crevice situation would then develop under 
the coating causing corrosion at the edge of the repair.  For type II 
repairs, water leakage under the coatings was also a result of crevice 
attack of the median undercutting the epoxy edges. Corrosion products 
apparent at the edges of epoxy confirm the median corrosion.  Both the 
water under the coating and the undercutting of the substrate from 
corrosion of the type II median reduced the adhesion strength of the 
epoxy. This poor adhesion eventually resulted in fc'iure.      Excluding 
Devcon Underwater, about one third of the unsandolasted PH repairs 
failed.  Phillybond Blue 6A had the least amount of failures (5) suggesting 
this epoxy had the best adhesive bond strength.  Phillybond was 
followed in order by Belzona Molecular Ceramic Metal (11), Belzona 
Molecular Super Metal (13), and Devcon Ceramic Compound (24). 

The surface condition of the epoxy repairs can be qualitatively 
evaluated based on observations of the finished PH specimens. These 
specimens were compared based on surface smoothness and voids. 
The Phillybond appeared to provide the smoothest finish of the epoxies 
evaluated.  Belzona Ceramic and Belzona Super Metal both showed 
slightly rougher surfaces than Phillybond. The surface condition of 
Devcon Ceramic could not be accurately determined because PH 
specimens did not have the epoxy topcoat applied. The Devcon 
Ceramic undercoat was fairly smooth, but contained numerous voids. 
The topcoat may help to reduce the number of voids on the epoxy 
surface. The Phillybond and the Belzona Ceramic both had few voids o< 
very small dimensions. The Belzona Super Metal contained only a few 
voids, but they tended to be larger on average than for the other 
epoxies. 

REPAIR METHOD SELECTION 
Factors influencing which method is most suitable for a specific 

repair include the resistance to failure, the effect of a failure on 
subsequent system performance, the cost of the repair, and the time 
required for the repair.  Epoxy repairs and electroplated repairs both offer 

good resistance to failure if proper application procedure is followed. 
Areas with less than 0.007 in. of attack should be electroplated 

with Ni2080 whenever feasible. Although immediate repair of damage of 
this extent may not be required, it is recommended whenever time 
permits.  Early repair of damage will reduce or even eliminate the need to 
make repairs in the future.  For areas with deeper attack than 0 .007 in., 
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Cu2050 may be applied as a preplate under a Ni2080 cap as long as the 
cap has a minimum thickness of 0.004 in. Care must be taken to ensure 
that this minimum thickness is maintained after the surface is machined. 
The Ni2080 cap must also be applied to an area wider than the area 
plated with Cu2050 to ensure that the edges of the repair are properly 
covered. It is essential that no copper be exposed at the surface or 
edge of the repair. 

A proposed procedure when using a copper p-?piate, shown in 
Figure 9, would ~~ to first fill the damaged area with Cu2050 to within 
0:004 in. of the substrate.  #'ind down an area a miiYn.jm of 0.063 in. 
wider than the Cu2050 to a minimum depth of 0.004 in.   Finally, overfill 
this area with Ni2080 and finish to a smooth surface even with the 
substrate. 

If electroplating repair is not feasible, epoxy repair can be 
considered. Epoxy repairs may be more appropriate for areas with 
depth of attack greater than 0.020 in. since electroplate deposit 
thicknesses may be difficult to achieve due to cost and/or time 
limitations. Epoxy repairs should have the corroded area carefully 
cleaned and sandblasted prior to coating application.  It is recommended 
that Phillybond Blue 6A be used over a sandblasted surface although 
Belzona Molecular Ceramic Metal R, Belzona Molecular Super Metal, and 
Devcon Ceramic Compound (type I) may also provide good performance 
with this surface preparation.  Since epoxies were seen to be susceptible 
t0 seawater penetration at the edges, they should be applied over as 
wde an area as possible to achieve the best r ^hesion.  Epoxies must be 
used with caution since crevice . Drrosion may occur at the coating 
edges. 

The effect of expected service environment on repair performance, 
^d the effect of possible repair failure on subsequent component 
Performance may dictate a particular repair selection.  For instance, if an 
ePoxy coating applied to a boldly exposed surface fails, it may 
completely disbond from the substrate. This failure may be catastrophic 
^fragments of the coating may become dislodged. On the other 
Jjj"d. electroplated repairs tend to fail more gradually as corrosion 

cks the surface or the underlying preplate.  On boldly exposed 
aces or sliding seal surfaces, and for shallow repairs, electroplate 

Pars would be suggested.  However, epoxy coatings may be ideal for 
P attack in between captured surfaces, on flange faces or pump 

^9 halves, for instance 
,       The cost of a certain repair consists of the material costs and 

r- The cost of the epoxy materials and the electroplating solutions is 
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Sample cross-section of a corroded area 

Stet h   Grind out pitted area 

SIep_2:   Fill area with Cu2050 I      1 to within 0.004' of the surface 

i Minimum 
I                                "* 0.063"^  v„._^ -j 

Minimum 0.004"    '   \ 

Step_3;    Grind out at least 0.063" wider area to a depth of 0.004" 

Step 4:    Overfill this area with Ni2080 

Stsp_5i    Machine surface until even with substrate 

Figure 9. Recommended procedure for electroplating Ni2080 with Cu2050 preplate. 
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repair Ston^ica environment and labor costs, restricted 

•Brush Electroplating on Marine Machinery" [1] be followed 
suppremenTedby the instruction manual for the electroplatesoutons. 
Äco Selective Plating Dalle Process Instruction ManuaPI «as 
utilized by both shipyards. It is also «eomnended »at when a copper 
preplate is being used, a minimum cap h,*££«£*££», as 
maintained over a minimum 0.063 in. wider area man U«>H   H 

P^SÄ pre^alation was found ,o be the most important 
crrteria whfn applying epo'xies. Therefore, » is !~™™£* «hat^ 
sandblasting be performed on all surfacesrepaired w*h epoxy .The 
details on applying each epoxy type; e.g. temperature ™"|. cunng 
time etc   were unique to the ins' uctions supplied by the manufacturer 
o™ach epox^ and I, is recommended that these specific instructions be 

followed for each compound. 

SUMMARY AND RECOMMENDATIONS 
Corrosion tests were conducted to evaluate the relative 

pertar^^el^^ and epoxy repair methods P^J** 
Navy Shipyards to refurbish areas of corrosion on 70/30 CuN' ^d^toy 
400 components. In approximately one year ^^^°^fom 
both electroplating and epoxy repairs were found to offer protecton from 
corrosion in the repaired area. The performance of the s^eral repar 
methods was similar on both 70/30 CuNi and alloy 400. Test resufts 
indicate electroplating can provide excellent s^icf7^a

u'ec?e
a^ited 

repair in the shaft seals area.  Epoxy repairs shouldprobably be limited 
to captured surfaces, or ,arge areas of deep rQ^^fJ^^ 
with disbondment and subsequent dislodgement of chunks of epoxy 

0PeratiC,^hlSSop.ating materials evaluated,  NI2080 had the best 
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Performance and is recommended over Ni7280 or Cu2050   Cu2050 may 
be used to fill under the NI2080, provided a minimum cap thickness of 
0.004 in. should be maintained over a minimum 0.063 in. wider area thar 

the P^P^ epQxieSi Phil|ybond Blue 6A had the best performance on 
unsandblasted specimens and the smoothest surface finish. If the 
substrate surface was sandblasted before applying epoxy, four epoxies 
had good performance: Phillybond Blue 6A, Belzona Molecular Super 
Metal Belzona Molecular Ceramic Metal R, and Devcon Ceramic 
Compound (type I). Devcon Underwater performed poorly in this test 
and is not recommended. Epo*y repairs should t e applied on -> 
sandblasted or equivalents prepared substrate surface. 

REFERENCES 

1  MIL-STD-2197 (SH), "Military Standard:  Brush Electroplating on 
Marine Machinery," 28 March 1989, Superseding NAVSEA 0900-LP-w* 
6010, September 1972. 

2. snrfara Prepare™- The State of the Art. Proceedings of the SSPC 
Annual Symposium, May 1985. 

3. SIFCO Selective Plating. Dal'm Process Instruction Manual, 4th Editior 
SIFCO Industries, Inc., ^1985,. 
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Revision of Navy Paint specifications 

Mr. David Pulley 
Naval Air Warfare Center 

Aircraft Division 
BOX 5152 , 

Warminster, PA 18974-0591 
WfiW® 

Introduction 

The Navy maintains  a number of  specifications  for 
the organic coatings  applied to aircraft and ground 
support equipment.     These documents  are periodically 
revised and amended to  include  lessons  learned  from 
qualification testing,   improvements  in the state-of- 
the-art,   and new regulatory requirements.     To 
accomplish these objectives,   we will revise ten 
different specifications by the end of this year. 
They  include: 

MIL-C-8514  wash primer 
TT-P-1757 alkyd p-imer 
MIL-P-23377 and MiL-P-85582 epoxy primers 
TT-P-2760 polyurethai»- primer 
MIL-L-81352 acrylic lacquer 
MIL-P-52905 temporary, acrylic lacquer 
MIL-C-22750 epoxy topcoat 
MIL-C-85285 polyurethane topcoat 
MIL-C-85322 polyurethane, rain-erosion coating 

All of these specifications (including every type 
an<i class) will comply with air-pollution regulations 
that limit the volatile organic compounds (VOC) 
content.  This will be accomplished using water-borne 
or high-solids coatings technology.  The maximum VOC 
content will generally be sit at 340 grams/liter for 
Rimers and 340-420 grams/liter for other coatings. 
The use of 1,1,l-trichloroethane (exempt from VOC 
regulations) will no longer be permitted due to its 
classification as an ozone-depleting substance.  This 
solvent will be banned, along with other chlorinated 
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and fluorinated compounds, in the near future.  In 
addition, the use of hexavalent chromium is being 
restricted since it is a suspected carcinogen. 
Strontium and other chromates are the accepted 
standard for the protection of aluminum structures. 
We will continue to use them as long as possible, but 
will also include provisions for non-chromate 
inhibitors.  Finally, we are revising several 
specifications to introduce three new materials.  This 
includes a water-reducible, wash primer; a one- 
component, touch-up paint;xand a temporary, camouflage 
paint. 

1.1.1-trichloroethane 

1,1,1-trichloroethane is widely used as a 
cleaning solvent, particularly for vapor degreasing of 
metal parts.  It is also used as a solvent in 
formulating and thinning various paints.  This 
includes the following aircraft coatings: 

MIL-P-23377F, Class 3 epoxy primer 
TT-P-27 60, Class 3 polyurethane primer 
MIL-C-22750E, Type II epoxy topcoat 

A number of contractors have used these products 
to meet VOC regulations, because they involve a simple 
paint reformulation with little additional cost and 
similar application p-operties.  The viscosity is 
lower and the pot life is longer than typical high- 
solids coatings.  There are also disadvantages. 
Chlorinated solvents, such as 1,1,1-trichloroethane, 
can react with certain metals (particularly at high 
temperatures or pressures).  Spray equipment must ha 
all wetted parts made of stainless steel or other 
resistant materials.  Many high-strength aluminum, 
steel, and titanium alloys are susceptible to stress- 
corrosion cracking.  Paints applied to these metals 
must be formulated with an inhibited grade of l,!»1" 
trichloroethane (such as Dow CHLOROTHENE SM) and 
cannot be used on hot, engine parts or in areas whe 
the solvent could be trapped.  This includes faying 
surfaces and the wet installation of fasteners. 

1,1,1-trichloroethane is one of several      . 
chlorinated solvents that are exempt from current a 
pollution regulations, because they are not 
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photochemically reactive and do not contribute to smog 
(ozone) formation in the lower atmosphere.  However, 
they are members of a class of chlorinated and 
fluorinated compounds that contribute to the 
destruction of the ozone layer in the upper 
atmosphere.  All of them will be banned or severely 
restricted from use by the end of 1995.  We will 
comply by eliminating the affected types and classes 
in all Navy specifications. 

Chrc.nate Picrments 

The use of hexavalent chromium is greatly 
restricted, since it is a suspected carcinogen. 
Corrosion inhibitors such as strontium, barium, and 
zinc chromates are the accepted standard for the 
protection of aluminum structures.  They are used in 
the following primers: 

MIL-C-8514 wash primer 
TT-P-1757 alkyd primer 
MIL-P-23377 and MIL-P-85582 epoxy primers 
TT-P-2760 polyurethane primer 

'Mm 

We will continue to use ch:omates as long as 
possible, but will also include provisions for non- 
chrnate inhibitors.  Bl :nds of phosphates, 
m°lybdates, borates, and other novel compounds are 
being formulated into corrosion-resistant primers and 
self-priming topcoats.  These coatings, due to their 
low toxicity, are becoming an acceptable alternative 
for many applications.  Unfortunately, we know little 
about their performance in long-term use.  Many of our 
aircraft will be in service for 40 years or more. 
Exterior surfaces are generally stripped and repainted 
every 4-8 years.  However, the interior surfaces may 
never be touched unless there is a known corrosion 
Problem.  These areas are subject to the intrusion of 
W^ter and other corrosive media.  The use of non- 
.romate primers in such areas could involve some 

risk.  Paint manufacturers consider the formulations 
0 be a proprietary trade-secret.  We must rely 

th     °n the corrosi°n resistance requirements in 
j|e specifications to assure performance.  We will, 
refore, upgrade the requirement for salt-spray 

xposure from 1,000 to 2,000 hours to improve our 
ievel of confidence. 

727 



In addition, we will forbid the use of lead and 
cadmium compounds in all of the revised 
specifications.  Chromate compounds will also be 
forbidden in coatings other than primers.  The primer 
specifications will be divided into Class 1 (chromate 
inhibitors) and Class 2 (non-chromate inhibitors) 
materials.  Steps will be taken to prevent the 
procurement of non-chromate primers by unauthorized 
users.  Existing stock numbers will be transferred to 
the appropriate class in the new specifications. 
Warnings will be added to the documents, stating that 
Class 2  primers should only be used *ith the approval 
of the engineering authority and buyers should obtain 
Class 1 primers unless Class 2 is specifically 
requested. 

Water-reducible,   Wash Primer 

Specification MIL-C-8514 describes a wash primer, 
composed of a polyvinyl butyral resin reacted witha 
phosphoric acid catalyst.  Because of their ability to 
bond directly to bare metals, wash primers are also 
referred to as pretreatment coatings.  Zinc chromate 
is the specified corrosion inhibitor.  Unfortunately, 
the VOC content of a typical primer is about 780 
grams/liter.  Variations in the chemistry have helped 
to reduce the VOC content.  Sherwin-Williams has 
developed a water-reducible "prep primer", with the 
same corrosion inhibitor but a different acid 
catalyst, that performs well in all applications.  At 
420 grams/liter, it still exceeds the 340 grams/liter 
limit for aircraft primers.  A water-reducible epoxy 
primer from Deft, with a non-chromate inhibitor, ßonu 
to bare metal by virtue of an amine catalyst and 
adhesion promoters.  With the exception of galvanized 
steel, it adheres well to'all substrates.  The VOC 
content is 250 grams/liter, well below the limit. 

We intend to revise specification MIL-C-8514, 
without requiring a specific formulation, to achieve 
VOC compliance with both chromate and non-chromate 
corrosion inhibitors.  The performance requirements 
will be based on the Sherwin-Williams and Deft 
primers. 

One-component. Touch-up Paint 
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Courtaulds Aerospace has developed ^one^^ ^ 
component, water-bowe, Polyurethane  P^ ^ suppUed 
ideal for touch-up aPP^C^°fis easy to mix and in a single package, the paint is   y   hQurs> 
apply and has a minimum Pot life °*       *    he original 
ESsed material can be.poured Ja^nto ^^ .t .s 

container (reducing hazardous        ted to remove 
a polyurethane, the resins are P   reduces the 
all free isocyanates.  ™i%^ting

y
to be used aboard toxicity and may allow ^e coaring       ^^ Qf 

•ship.  Its performanag is almost eq   copcoats.  The 

Se VOC content is 340 grams/liter. 

•   *.   c^ have been scheduled on aircraft and Service tests have Peen    tations in oceana, 
ground support equipment at air st      ^^     The 
Patuxent River, Miramar  and Whi^ y type in 
touch-up P^1^"1^*^ (currently an acrylic 
lacquer)*'"his^oul^oeVgood fit, since both 
lllTrtlls  are one-component topcoats. 

*• 

^SlillPSIlllil 
ÄiÄfplpM'pSfsfe: 

Is 
IM 

Temporary, famouflagp. Paint 

The camouflage scheme for ^ctical aircraft^ a 
combination of various shades of gr y^ conditions 
scheme is a compromise, based on ciouy^ 
over a variety of terrain. _ During rapia  P *    to 
missions or war-game exercises  it may be n    ^ 
change aircraft colors on short notice to m 
terrain in a specific area ^f^'^f containing 
This can be done with a temporary paint con     ^ 
water-borne, acrylic resins similar £otna    isting 
floor polish.  The paint is applied over «i      or 
polyurethane coating system with a brush, r 
spray equipment.  It dries to a smooth fla      tion 
that resists common aircraft fluids witn rn 
of alkaline cleaners.  After completion of the 
mission, the paint is removed using a mila 
with no effect on the underlying coatings. 

f   Service tests on ^^.^r-rrcorductef^air 

Ä^oÄ^ and North 

729 

« 
$$$?$&■■: 

5Ä 
IffifeS 



Island.  The only problem involved some difficulty in 
removing the paint when left on for several months in 
a hot, sunny location.  The next revision of 
specification MIL-P-52905 will include provisions for 
various colors of the temporary paint.  This is an 
Army document for a similar material used in arctic 
camouflage. 
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Optimization and Prototyping of Medium 
Pressure Water (MPW) Depaint Process 

Mr. John Stropki 
Battelle, Columbus 
505 King Avenue 
Columbus, OH  43201-2693 

Mrs. Robin Lee Stearns 
OC-ALC/EMV 
Tinker Air Force Base 
OK  73145-9100 

Introduction .&. 

This research program was designed to evaluate the potential 
of a paint stripping process that utilizes a medium pressure water jet 
as a viable alternative to the current practice of paint stripping and 
cleaning of aircraft with hazardous chemicals. The means of 
determining the viability of this environmentally safer blast process 
was predicated on establishing a set of process parameters at which 
paint stripping was accomplished at an economically sound rate, while 
minimizing any possible substrate damage. 

A complete evaluation of the Aqua Miser® medium pressure 
water (MPW) blasting process and four candidate nozzles was 
conducted through three discrete tasks. Task I concentrated on (1) 
establishing depaint efficiency and (2) characterizing any potential 
subs' ate damage as a result of stripping with the MPW proc :ss. 
Tasks 2 and 3 included a field-level demonstration and evaluation of 
the Aqua Miser system on aircraft component parts and partial aircraft 
airframes, respectively. 

A description of the technical activities and results obtained 
from each of the three tasks is provided in the following text. 

Technical Approach 

A summary of several OC-ALC requirements which are 
scheduled to be satisfied throughout the next 18 months includes: 
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(i: 

(2) 

MINI-LARPS  (Large  Aircraft  Robotic  Paint  Stripping 

Facility) 

• Installed and operational in Fall, 1994 
Use confined to departing aircraft and 
component parts 

LARPS Facility 

• Installed and operational in Spring, 1995 

• "Full-scale" depaintii.g of KC-135 and B-1 
aircraft 

(3)      MPW Process 

Use confined to either touch-up or backup 
to LARPS on KC-135 and B-1 aircraft 

Use on B-52 and E-3 aircraft which cannot 
be depainted by LARPS because of facility 
limitations 

• Full or partial depainting/cleaning of aircraft 
components. 

Detailed descriptions of the various tasks conducted as a part 
of this study E.O provided in the following text. 

Task No. 1. Optimization Testing of MPW Process 

Task activities were divided into the following four subtasks: 
(1) Production Rate Assessment, (2) Qualitative Damage Assessment, 
3) spot Weld Integrity Assessment, and (4) Structural Vibrato" 

Stress Test. All four subtasks concentrated on determining the 
process parameters that produce the most efficient paint stripping rate 
with minimal blast imparted damage to common a um.num.aircraft 
alloys. Production rates obtained during all optimization testngi we re 
determined by calculating the rate at which paint is removedfrom 
panels with only water. Potential blast damage was determined by d 
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measuring any deformation which developed on the surfaces of small 
test coupons (arc height samples) after the paint removal operation, 
(2) characterizing the integrity of spot welds, and (3) measuring the 
stresses imposed on aluminum test panels that are configured to be 
representative of actual aircraft structures. 

Production Rate Assessment 

The type and dimensions of materials that were used to perform 
all optimization testing ff the Aqua Miser w?ter-ünly process with four 
(dual orifice, rotating head, fan, and LARPS) nozzles thbi were 
evaluated include: 

AL2024-T3 alclad 
inches. 

0.032 inch by 24 inches by 24 
SJM 

Individual panels were coated with several "in-service" coating 
systems which included: polysulfide primer/polyurethane topcoat, 
Koroflex primer/polyurethane topcoat, self priming topcoat (SPT), 
solvent-based epoxy/polyurethane topcoat, and water-borne 
epoxy/polyurethane topcoat. The dry film thicknesses of most 
coatings ranged between 0.002 and 0.003 inches. Panels were cured 
for 7 days in a controlled laboratory environment that was maintained 
at 72 F and 50 percent relative humidity. All panels were then 
artificially aged in an oven at 210 F for i Z hours. 

The process used for all optimization testing included a 
Government-furnished Model E25 Aqua Miser BOSS Blasting System 
that was manufactured by Carolina Equipment and Supply Company. 
By design, this electric unit is rated at 3.2 GPM @ 15,000 psi and 
capable of being adapted for use with the four different types of 
nozzles that were evaluated. 

Control of the paint removal process on all test panels used for 
Process optimization was achieved with a computer-controlled table 
assembly that was available at Tinker AFB. The horizontal axis of 
the table was capable Oi achieving speeds up to 4.0 inches per 
second and traveling approximately 24.0 inches in both directions. 
Individual test panels were mounted to the table and were positioned 
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at a minimum distance of 2 inches and at a 60-degree angle from the 

blast nozzle. 

Qualitative Damage Assessment 

The type and dimensions of the Almen specimens used to 
determine the potential blast-induced damage to thin alum.num 
airframe materials included: 

A120S4-T3 barffe- 0.032 inch by 0.75 inch by 3 inches. 

The 3-inch dimension of all specimens was oriented in tne sheet 
rolling direction. In addition, all Almen specimens were sheared from 
painted panels. Blasting of individual specimens was on the common 
face of the original panel. 

Panels from the individual Almen specimens were painted with 
each of the "in-service" coating systems and aged in accordance with 
the previously described procedures. 

The protocol used to develop arc height data (blast-induced 
specimen deformation) included a quasisaturation blasting of the 
Almen specimens. Individual specimens were not repainted between 
the initial departing cycle and after the subsequent four blast cycles. 
This form of testing represents a "worst-case" situation that may 
occur from either exc-sive dwell time during paint removal operations 
or the equivalent of an expected departing cycle of Air Force aircraft. 

The Almen specimen test fixture was mounted on the x-y table 
in a direction that ensured that the blast stream traversed the 
specimens perpendicular to the rolling direction of the Type 2024-TJ 
aluminum alloy. This alignment permitted full coverage of the test 
specimen with one pass of the blast stream. Final Ah measurements 
were made from Almen specimens that are blasted with the traversing 
direction perpendicular to the roll direction of the specimens. This 
was done to ensure that the Ah measurements were consistent with 
the procedures established by Battelle during previous Air Force paint 
removal programs. 
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Spot Weld Eddy Current Inspection Testing 

Test panels for the spot weld integrity tests were prepared 
using two panel configurations: flat and 2-inch radius bend. Bends 
applied to the appropriate panels were applied prior to spot welding. 
Panels were constructed from the following materials and thicknesses: 

A12024-T3 alclad, 0.032 inch 
A12024-T3 alclarj., 0.080 inch 
A17075-T6 alclad, 0.032 inch 
A17075-T6 alclad, 0.080 inch. 

ii^&KI 
:' *-:'.eM 

Fabrication and testing protocol for the various sets of metal test 
panels was in accordance with the OC-ALC LARPS Qualification Plan 
(paragraph 4.2.19). 

The procedures used to conduct all spot weld eddy current 
inspections are as follows: 

• Preparation of two (flat and 2-inch radius bend) panels 
for each of the four materials per LARPS Qualification 
Plan (paragraph 4.2.19). 

• Establish base' ie measurements by nondestructively 
eddy current inspecting every spot weld perT.O. IC-1o5- 
36. 

Blast panels with each of the four nozzles and optimized 
blast parameters that were obtained from testing 
performed in Subtasks I and 2. Twc stripping cycles per 
panel. 

Nondestructively inspect every spot weld on stripped 
panels per T.O. IC-135-36. 

Compare all baseline measurements with post-stripping 
measurements to determine the locatior and frequency 
of broken spot welds. 
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The soot welding of all test panels was performed at OC-ALC. 
Additionally, all pre- and poststripping eddy current inspection testing 
was conducted by OC-ALC. 

Structural Vibration Testing 

A simulated aircraft fuselage section or test box was 
constructed to perform several stress tests during th.ssu btask. The 
approximate dimensions*f the box are 9 inches by 21 inches. As 
was discussed with OC-ALC/TIESM and 0 3-ALC/LAPE- personnel 
the frame of the box was constructed from aluminum angles that are 
spaced to simulate the dimensions between ribs and stringers on an 
aircraft. Two different 8 inch by 8 inch test panels are schedulec to 
be evaluated on the frame. One panel is fabricated from 0.032-inch 
TvDe 7075-T6 bare aluminum sheet, and the second panel from 
0.032-inch Type 2024-T3 bare aluminum sheet. Panels are to be 
secured to the angles with 0.0125-inch threaded fasteners, which are 
evenly spaced around the perimeter of the panel being evaluated. The 
strategic placement of several strain gages and an accelerometer onto 
the underside surfaces of the test panels permitted a recording of all 
stress and vibration measurements. 

The intent of this test was to measure the induced strains and 
frequencies generated oy the MPW process on a simulated aircran 
fuselage section and assec~ the potential for fatigue damage. 

Construction of the test box included the mechanical fastening 
of a single test panel to the aluminum frame. No sealant was usea 
between the test panels and frame. Six strain gages were 
instrumented along the internal surfaces of each test panel, AI 
components were secured and sealed to ensure max.mum protection 
from potential water damage. 

Stresses introduced onto the test panel as a result of the MPW 
process were measured by the strain gages at several interva s 
throughout the blasting process. Various combinations «n nozze 
stand-off distance, traverse rate, and blast jet rotational rate were 
investigated. The pressure of the water Dlast stream was maintainea 
at approximately 15,000 psi. Testing did not include bicarbonate-or 

soda media. 
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Task No. 2. Prototyping of MPW Process With 
BOSS Media on Aircraft Component Parts 

Activities performed during this task concentrated on departing 
aircraft component parts at Tinker AFB. Process parameters 
established for MPW and MPW plus bicarbonate-of-soda media 
blasting of the standard polyurethane coating system during testing 
conducted at WR-ALC and OC-ALC were used. All blasting operations 
were performed by OC-ALC personnel in Building 2122. This facility 
represented a production environment, therefore, was equipped with 
the power, air, water, and drainage requirements to complete this 
task A summary of the activities performed, as well as the protocol 
for conducting this task, is provided in the following text. 

TheMPW plus media process was used o clean and/or depaint 
four (4) engine cowling parts that were selected and removed from 
B-52 aircraft. All components were painted and heavily soiled with 
carbon residues and oil contaminants. Components had a 
metallurgical composition of either A12024 and A17075 and were 
classified MISTR (Maintenance Items Subject to Repair) parts thait are 
authorized by OC-ALC to depaint with plastic media beads (PMB). 

The Model E25 Aqua Miser unit used during the water-only 
optimization phase of Task I was used for blasting all painted 
component parts. However, a controlled rate of bicarbonate-of-soda 
media was introduced into the blast stream to increase depaint 
efficiency. Process efficiency was maximized by using the results ot 
controlled testing that was performed on standard epoxy/polyurethane 
test panels that we^e depainted during Task I and at WP-ALC. The 
standard two-hanued fan nozzle was the only nozzle thai was to be 
used with the bicarbonate-of-soda media. Additional prr • nype testing 
with the LARPS mini-nozzle and water-only is also scheduled for 
depainting "select" airframe components. 

Additional activities performed as part of this task included: (1) 
on-site technical assistance and/or training of OC-ALC production 
personnel responsible for operating and maintaining the MPW system 
(2) measuring and documenting operational parameters which included 
safety and health-related hazards, and (3) an identification of all costs 
(shop    floor    time,    man-hours,    consumables,    and    equipment 
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=mnrti,ation) associated with the efficient operation of the Aqua Miser 
rocespöcess efficiency was determined by the production-level 
strip rates that were obtained at the initiation of this task. 

Task No. 3. Prototyping of MPW Process 
on Partial Airframe Sections 

Activities performed doring this task focusedI on ^inting Air 
For^= designa*-d airframe sections on large aircraft (KC/C-13S ana 
B%2) th are maintained at Tinker AFb. Integration and testing of 
the optimized MPW process was conducted in coniunction with OC- 
ALCI^durtton personnel. Optimal blasting parameters estab nhed 
for asTgle> noizte that was selected during Task I was used ,n the 
testing conducted during this task. 

On-site assistance was provided during the actual blasting 
»Derations that were performed by OC-ALC production personnel m 
Tdesgnated section of Building 2122 at Tinker AFB. Numerous 

ircraf? departing operations are performed in this> fac>ty:p—re 
the basic (air, water, and electrical) requirements of the MPW system 

are available. 

A summary of the activities that were performed, as well as the 
orotocol for conducting this task, is provided in the following text. 

Testing performed during this task is limited to the various 

aluminum (A.2024, A17075 and A17079) airfra™fL" 
able to be depainted with the MPW process. OC-ALC/LAPEP stated 
that aM departing was to be performed on select areas (approximately 
100 squarei feet) of structures on E-3 or B-52 aircraft. Possible areas 

included: 

• top/bottom sides of wing 
fuselage (2 areas) 
vertical stabilizer 
engine nacelle. 

OC-ALC personnel plan to provide Battelle with a mapping o\ 
the various coating systems applied to the structures that are to w 
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depainted. The majority of airframe structures are painted with the 
standard epoxy/polyurethane coating system. However, prototyping 
is to include a complete removal of the Koroflex primer/polyurethane 
coating system. No observable process-induced substrate damage is 
anticipated for these structures. Areas adjacent to the depainted 
structures are to be masked by OC-ALC personnel prior to testing. 

Selective stripping of any non-standard coating systems that 
are on airframe structures are also scheduled to be investigated during 
this task. This stripping process involves the removal of only the 
outermost (topcoat) protective coating from the airframe structure. 
If proper techniques are used the primer on the structure will remain 
intact after being blasted with the medium pressure water. 

The efficiency of the MPW process on aircraft rfructures is to 
be assessed by (1) determining the production strip rates for the 
various structures, and (2) visually characterizing the condition of the 
depainted structures. 

All stripping parameters selected as a result of the testing 
performed during Task I are to be used to depaint approximately 
1,000 square feet of select airframe structures. Carolina Equipment 
and Supply personnel were responsible for providing all services 
related to equipment set-up and the training of production personnel. 
On-site technical direction to OC-ALC production personnel was also 
provided to ensure that the optimized stripping parameters are 
maintained from structure to structure. This process summarized any 
problems that may develop in the production environment asa result 
of hardware limitations. 

Mn additional aspect of this task will be to work closely with 
production personnel at T'nker to measure and document a final set 
of depainting parameters that maximizes the efficiency and safety of 
the MPW   process. 

Results 

The results obtained from a limited amount of optimization and 
prototype testing that has been performed on each of the three tasks 
confirms that the water-only blasting process is capable of meeting 
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the depaint production requirements of OC-ALC. Process capabilities 
that have been successfully demonstrated during Task I testing 
include (1) selective (topcoat only) and, (2) full depaint of "in-service" 
coating systems that are on OC-ALC aircraft. To date, all testing has 
been conducted on painted test panels with water-only blasting 
parameters. No bicarbonate-of-soda media was used on partial 
airframe test panels or sections of aircraft. 

Optimization Testing 

A total of four MPW blast nozzles were evaluated on 0.032- 
inch A12024-T3 alclad/bare panels. Included in the test matrix were 
panels coated with five different paint systems. A set of optimized 
blast parameters were obtained for each nozzle/coating system 
combination. 

Results indicate that the highest production depaint rates and 
least damage on coated panels were obtained for the one-jet 
"hammerhead" or rotating nozzle and modified LARPS nozzles. 
Acceptance criteria for both nozzles were based on the quality of the 
surface finish for full and selective depainting with the MPW process. 

The production rates and damage (Almen arc heights) measured 
for the various nozzles (selective and ful' depaint) are provided in 
Figures 1 and 2. As shown, no one nozzle will efficiently depaint all 
"in-service" coating systems. The highest selective depaint rates (1.1 
to 2.3 ft2/min) were obtained for nozzles on the 
polysulfide/polyurethane coating system. Conversely, the LARPS, fan, 
and one-jet nozzles were the only nozzles capable of completely 
depainting all coating systems at an efficient (0.5 ft2/min) or 
acceptable rate. Disadvantages associated with the LARPS and fan 
nozzles, and related depaint parameters are the small standoff 
distances, narrow "footprints" and residues that remain on the 
surfaces of the aluminum panels coated with the Koroflex and 
polysulfide primers. These residues require a chemical (thinned 
version of SR-125A) clean-up prior to repaint processing. This clean- 
up is also required for the epoxy/polyurethane and 
Koroflex/polyurethane coatings that are removed with the one-jet or 
"hammerhead" rotating nozzle. 

*v 
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All depaint parameters obtained for the LARPS and one-jet 
nozzles are to be used for component parts and partial airframe 
prototyping    activities. Production    rates    on    the    "aged" 
Koroflex/polyurethane coating system of E-3 or B-52 aircrafts are 
scheduled to be obtained and compared to rates measured during 
laboratory testing. An assessment of the quality of the surface finish 
of the depainted airframe sections also will be performed and used to 
verify the production efficiency of the MPW-process. Final 
acceptance of the process will be based on the results obtained from 
the stress and spot-weld tests* 

Stress and Spot-Weld Testing 

To date, no results are available for these two tests as all 
testing has no! yet been completed. Limited depainting of spot-weld 
panels has been performed and no damage or cracking has been 
measured for the examined spot welds. Testing included 2-pass 
processing with the dual-orifice nozzle on both flat and curved panels. 
Additional testing with each of the remaining three nozzles is required 
before a final set of results are provided to OA-ALC/LAP personnel. 

Component Parts and Partial Airframe Prototyping 

All prototyping activities are scheduled for completion during 
July, 1d94. This pa.ticular task was intentionally delayed until the 
results of the stress ana spot-weld tests are available. If the results 
of these tests indicate that the MPW process is a viable production 
tool, then the aircraft prototyping activities will be completed. 

Preliminary cleaning and depainting of coating systems applied 
to the internal surfaces of B-52 engine cowlings have been completed. 
The results of these exercises have confirmed that the MPW process 
is capable of efficiently cleaning "baked on" carbon residues from the 
components. A post-blast examination of the depainted surfaces 
indicates that the process is acceptable and capable of providing a 
quick clean-up of these components. Additional cleaning and 
depainting of component parts is scheduled at OC-ALC. The results 
of these depaint exercises will be reviewed for input into the final 
report that is scheduled for issuance during September, 1994. 
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Evaluation of Environmentally Acceptable Protection 
Schemes for High Strength Steel Fasteners 

B. Placzankis, M. Levy, J. Beatty, S. Isserow, M. Kane 
US Army Research Laboratory 

Materials Directorate 
Meteor Research Branch 
Corrosion Science Team 

Watertown, MA 02172-0001 

Accelerated corrosion tests were carried out to assess the 
performance of selected coated fastener assemblies representative of 
those used in the M1 Abrams tank and Bradley fighting vehicle The 
samples consisted of various coatings on grade 8 steel bolts inserted 
through/into armor steel or Al 5083 blocks. The coatings tested included 
currently used electroplated Cadmium as well as IVD (Ion Vapor 
Deposited) Aluminum, and a proposed binary, Zn-Ni electroplate. The 
effects of co-mingling electroplated Cadmium with the other coatings 
utilized in the test assemblies were determined. Salt spray testing was 
performed in accordance with ASTM B117. In addition, salt water 
immersion tests were performed with continuous monitoring of the 
electrochemical potential.  Breakaway torque values obtained after 
completion of cither immersion or salt spray te-ts were compared against 
coefficient of friction measurements taken from the scratch tests. 

Cadmium electroplate exhibited excellent corrosion protection for 
grade 8 steel bolts in salt spray or immersion tests. The IVD Aluminum 
(chromated) and Zn-Ni coatings were the best overall alternatives to 
Cadmium plate. Co-mingling of Cadmium with the other coatings did not 
create significant galvanic corrosion problems.  Loosening of the Zn-Ni 
alloy plated fasteners will not likely occur if torque values specified for Cd 
Plate are used.  Breakaway torque values were proportional to the 
respective coefficient of friction measurements from scratch tests for all 
but the IVD Aluminum coated specimens. 

Background 

Initial corrosion testing was done by ARL Materials Directorate in 
1991 in a TACOM (Tank/Automotive Command) sponsored study to 
determine the effects of substituting Zinc or various other coating systems 
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in the place of electroplated Cadmium.  In addition to test assemblies 
utilizing a single coating, mixed assemblies comprised of various coated 
bolts and Cadmium coated washers/nuts were evaluated. The results 
were published in a technical report (MTL TR 92-40),1 which contains 
complete corrosion data and photographic documentation of the 
corrosion observed throughout the test program for Cd, Zn-Ni, Zn OD 
(Olive Drab finish), Zn-Co, Sn-Zn, and modified phosphate coatings. 
This paper will summarize these results, and add data for IVD Al. Three 
types of IVD Al are compared against the CadmLn and Zn-Ni plating. 

Program Outline '%" 

The test program and fasteners assemblies were developed by G. 
MacAllister, TACOM (retired), and M. Levy, ARL-MD (retired). The test 
assemblies consist of sections of actual armor plate and the coatings 
tested are described in more detail in the following section. The two 
methods of testing used on the assemblies were saltspray, and 3.5% 
saltwater immersion in which E-corr values were measured vs. time. 

* 

Materials 

All bolts were fabricated of SAE Grade 8, J429 steel, HRC 33-39 (Figure 
1) and meet the requirements of MS-90728. 

"Wi'"l».'.ll »•»!> Ml 

£&äbäät£j£&£l!&i»£& Ufettt 
1 mi 

SAE Grade 8 
J429, Re 33-3E 

Figure 1 - Grade 8 Test Bolt 

4130 4130 I 

■PR ^L-. 

IP 
lm§ 

•    '^' 
•■■; i 

Figure 2 - Joint A Assembly 
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Armor Steel, Class 1 
Mil-A-12560 

lllisi^^sll 

1 1 

Armor Steel, Class 1 
Mil-A-12560 

| Al 5083 

* Figure 3 - Joint B Assembly Figure 4 - Joint C Astembly 

In material and dimensions the nuts and washers were compatible with 
the grade 8 bolts.   I he two olocks in (assembly) Joint A (Figure 2) are 
fabricated of SAE Grade 4.30 steel, HRC 30. The Joint B blocks (Figure 
3) use armor steel described in MIL-A-12560, class 1 (HRC 28-33) in 
conjunction with 4130 steel . The Joint C assemblies use Aluminum 
alloy Al 5083 with 12560 armor steel. Chemical analysis of the armor 
alloys utilized is shown in Table 1. 

Table 1  - Chemical Analysis of Test Blocks 

Alloy C Mn P S Si Cr Ni Mo V 
4130 
Mil-A-12560 
Al 5083 

0.32 
0.28 

0.49 
1.36 
0.55 

0.013 
0.016 

0.002 
0.001 

0.23 
0.23 

<0.15 

0.97 
0.12 
0.10 

0.09 
0.09 

<0.05 

0.23 
0.47 

<0.01 
<0.01 

Alloy B Fe Cu Mq Ti Sn Zn I 
4130 
Mil-A-12r~ 
Al 5083* 

<0.0005 
0.002 

base 
base 
0.35 <0.05 4.2 <0.15 <0.05 <0.09 

i 
base   t 

* Denotes a lloying ele merits nc )t measu 'ed 

Coating Parameters 

Cadmium plating was performed by Cadillac Plating Corp and 
processed in accordance with QQ-P416 Type II Class 3 and baked with a 
minimum thickness of 0.0002 in.  FMC processed the Zn-Ni plating in 
accordance with their proposed specification covering the requirements 
for electrodeposited zinc-nickel alloy plating Class 3, Type II, minimum 
thickness 0.00030 in. The Zn-Ni alloy plate is 6-20% Ni. The IVD Al 
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coating was processed at Anniston Army Depot, Anniston, AL. Pressure, 
wire feed rate, and current density were all held constant. The rack 
speeds and number of passes varied. The first run of specimens post 
treated with the sodium chromate treatment had a deposition period of 25 
min and a measured thickness of 24.7 mils. The following two runs, IVD 
Al only, and IVD with Ni acetate treatment, both were deposited for about 
12 min'and measured 2.8 and 3.0 mils respectively. 

Experimental Procedure 

Accelerated corrosion tests were carried out to assess the performance 
of the coated fasteners described above. Salt foe testing was performed 
in accordance with ASTM B117." Observations were made and recorded 
every 24 hours of exposure up to 312 hours. The salt spray 
specifications for currently used electrodeposited coatings of Zinc and 
Cadmium require that these treatments shall show neither their white 
corrosion products nor basic metal corrosion products at the end of 96 
hours of salt spray exposure.  Identical specifications were applied for Ion 
Vapor Deposited Al. Due to a shortage of test blocks, the IVD Al, and IVD 
w/Ni acetate were not tested in saltspray (when sufficient test blocks are 
prepared saltspray tests will be conducted).  In addition, salt water 
immersion tests (3.5% NaCI solution) were performed in a circulating 
bath at 25°C with continuous electrochemical potential measurements 
(see Figure 5) and visual examinations made every 24 hours up to 312 
hours of exposure. 

Saturated Calomel Electrode 
To Multimeter Ground 

Bolt Head 

Bolted Joint- 

f^xxxxxxxxxxxxxxxxxxxxx;* 

Plastic 
Insulating 
Lining 

Figure 5 -   Immersion Bath Setup 
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The electrical contact was made at the bolt head by drilling a small hole 
in its center and then soldering in an insulated wire. Silicone sealant 
was used to prevent erroneous readings caused by electrochemical 
interactions with the solder or wire (Figure 6). Photographs of the 
fastener assemblies were taken before and after testing to show the 
degree of corrosion developed. The coefficient of friction of the various 
platings were determined by the CSEM Revetest Scratch Tester, where a 
moving diamond stylus "scratches" the plated surface under either 
constant or linearly increasing load. This instrument is equipped with an 
integrated optical microscope, an acoustic emission detection system 
and a device to measure the tangential frictional force (in the scratching 
direction), from which the coefficient value is determined. Breakaway 
torque values for Joints A, B, C were obtained after either immersion or 
salt spray tests were completed. " 

Insulated Wire 
Stripped Wire 

1/8" Hole 

Sealant 

Solder 

Figure 6 - Close up of immersion test bolt head 

Results 

For a h;gh strength fastener used in a corrosive environment, a serie- of 
certair ,raits is desired. The protective coating, must be inexpensiv i, 
thin, ui.ifon,,, and anodic .vith respect to the substrate material wnile not 
being so ai.wdic that hydrogen assisted cracking may result. 
Electroplated Cadmium easily meets these criteria.  However, because of 
the potential health risks posed by Cadmium, alternative coatings must 
be identified.  Further, the "environmental acceptability" of any potential 
protective coating must also be considered an important selection 
criteria.   All of the other coating materials tested are considered 
environmentally acceptable alternatives to Cd plating. 

Salt Spray, Controls 

The control assembly was used to observe the corrosion behavior of the 
bolt, nut, and washer without the influence of the joint assemblies. Table 
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S^Ä'Ä A, %res ,-,N   The Ca^^ coa ed 

the best performers. 

Salt Spray, Joint A 

The Join« A assembly has been described in Figure 2. Note «ha. both 

assembly the bolt, washer ana nm w mgde ^ & ^.^ of 

312 hours) showed no evidence of white co.ros.on products for 120 
hours of exposure. 

A 7n Ni coated bolt was tested with a Cadmium plated nut and 

.ÄesT saK spray are oon«ained in Table 2 «ure V^    A 

Ä.^ÄthfÄÄEä, S=dd?ree of 

corrosion products for 96 hours. 
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Time 
(hours) 

Controls 
A B C D 

6 N N N N 
24 N N N N 
48 N N N N 
72 N N N N 
96 N N (Stains) N N 
120 N NJ  (Stains) N N 
144 N N  (Stains) N N 
168 N N  (Stains) N 

192 N N N N 

216 N 20% WP N N 

240 N 20% WP N N 

312 N 20% WP N N 

Abbreviation Legend: 
A • Cd Plated 
B - Zn-Ni Plated 
C • Chromated IVD Aluminum 

Joint A 
A B E C 
N N N N 
N N N N 
N N N N 
N N N N 
N N N N 
N N 2% WPon Bolt ü-ad N 
N 5% WP £% WP, Cd Unaffected 

5% WP, YGS 
Cd unaffected 

N 
N N 5% WP with 

YGS in Crevice 
N 5% WP with 

YGS in Crevice 
5% WP, YGS 
Cd unaffected 

N 

N 30% WP with 
YGS in Crevice 

20% WP, YGS 
Cd unaffected 

N 

N 30% WP with 
YGS in Crevice 

25% WP, YGS 
Cd unaffected 

N 

N 35% WP with 
YGS in Crevice 

40% WP, YGS 
Cd unaffected 

N 

D - Chromated IVD Al Bolt with Cd Nut 
E - Zn-Ni Plated Bolt with Cd Nut 
YGS - Yellow-Green Stains 

WP - White Products 
N - No Corrosion 

Table 2 - Saltspray Observations, Control and Joint A 
Assemblies 

Salt Spray, Joint B 

The Joint B assembly has been described in Figure 3. The two blocks 
employed in this assembly were fabricated of 4130 steel and Armor 
Steel, Class 1 (MIL-A-12560).  For each assembly the bolt, washer and 
nut were coated with the same material. Table 4 summarizes the 
observations made as a function of exposure time.  Accompanying 
Photographs, taken at 312 hours are contained in Figures Vlll-X.  The 
coatings may be ranked in the following order of decreasing merit:  Cd - 
!VD Al (chromated), Zn-Ni. The Cadmium and IVD Al (chromated) 
Provided protection for 312 hours of exporure. The Zn-Ni showed white 
zinc oxide corrosion products but no visible rust at 312 hours. 

Salt Spray, Joint C 

This Joint C assembly has been described in Figure 4. Note the different 
compositions of the two blocks in the assembly; Armor steel and Al 5083. 
For each assembly tested, the bolt, nut and washer were coated with the 
same material. Table 4 summarizes observations made for each coating 
as a function of exposure time.  Figures XI-XIII, Appendix A, (312 hours) 
contain corresponding photographs.  There was no evidence of white 
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corrosion products or rust for either the Cd or IVD Al (chromated) coated 
assemblies throughout the 312 hours. Zinc-Nickel coatings were free of 
white corrosion products for 96 hours. White corrosion products 
appeared thereafter increasing with increasing time Of exposure. These 
coatings may be ranked in the following order of decreasing merit, based 
on a total exposure time of 312 hours: Cd, tied with IVD Al (chromated), 
followed by Zn-Ni. 

Tme 

(hours) 

Joint B 
A B C 

6 N N N 

24 N N N 

48 N N N 

72 N N N 

96 N YGS in the Crevice N 

120 N 30% WP with 

YGS in the Crevice 

N 

144 N 30% WP with 

YGS in the Crevice 

N 

168 N 25-35% WP with 

YGS in the Crevice 

N 

192 N 40% WP with 

YGS in the Crevice 

N 

216 N 40% WP with 

YGS in the Crevice 

N 

240 N 40% WP with YGS 

Coverinq 40% of Bolt 

N 

312 N 65% WP with YGS 

and YGS 

N 

Joint C 
A 

■•;   -         B 
C 

N N N 

N N N 

N N N 

N YGS in the Crevice N 

N YGS in the Crevice N 

N 1%WPwith 

YGS in the Crevice 

N 

N 3% WP with 

YGS in the Crevice 

N 

N 3-5% WP with 

YGS in the Crevice 

N 

N 5% WP with 

YGS in the Crevice 

N 

10% Chromate 

Breakdown, no rust 

5% WP with 

YGS in the Crevice 

N 

40% Chromate 

Breakdown, no rust 

10-15% WP with YGS 

Coverinq 40% of Bort 

N 

50% Chromate 
Breakdown, no rust 

50% WP with pink stains in 

crevice due to misfit of Blocks. 

N 

Is' 

Abbreviation Legend: 
A - Cd Plated 
B - Zn-Ni Plated 
C - Chromated IVD Aluminum 

WP - W   :e Products 
N - No Corrosion 
YGS - Yellow-Ga.en Stains 

Table 2 - Saltspray Observations, Joint B and Joint C 
Assemblies 

3.5% NaCI Immersion - Controls 

Figure 7 contains plots of potential measurements made for the coated 
control assemblies during the course of their immersion in 3.5% NaCI 
solution. Though not rate sensitive, this technique will show "breakdown" 
or "loss of protection" when the corrosion potential changes from the 
base value of the coating towards that of uncoated steel. Photographs of 
th.3 coated control assemblies after immersion for 312 hours complement 
the potential time data (Figures XIV-XIX). 
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Figure 7 - Potential vs. Time 
3.5% NaCI Immersion - Controls 

Cd Piated 
Zn-Ni Piated 

Untreated Steel 
IVD Al (cr-omated) 
IVD Al with Cd 
IVD Al no Chromate 

IVD Al Nickel Acetate 

Referring to Fig. 7, the potential of the uncoated steel drops markedly in 
the more active direction (from -0.231 to -0.624) within a 24 hour period 
indicative of the onset of corrosion which is confirmed by the first 
appearance of rust. The changes in potential thereafter are minimal and 
a fairly constant potential (-0.675) is achieved after 7 days of exposure 
when 50% of the steel surfaces are covered with rust. If the potentials of 
the coated parts approach or attain this potential then the coating has 
"broken down" and is no longer cathodically protecting the steel. The Zn- 
Ni coating shows a moderate rate of change of potential approaching the 
potential of corroding steel after 9 days of immersion time. In contrast, 
the potential of the Cadmium plated parts remains relatively constant 
(-0.76) throughout the 312 hours of immersion and provides the best 
protection for the steei substrate. The potentials and coating 
performanc es o< the IVD Al assemblies correlated with the t' '  <nesses of 
the IVD coatings. In the case of the chromated IVD Al, the extremely thick 
(24.7 mil) coating most greatly contributed to the favorable stable 
behavior similar to the behavior of the Cadmium plate. When mixed with 
a Cadmium nut, the thick IVD assembly behaved similar to the unmixed 
specimen although it shifted to slightly more noble behavior.  In contrast 
to the thick, chromated IVD Al, the thin IVD (3 mils) coatings, (with and 
without the Ni acttate), the zone of stable E-corr values decayed after 
about 168 hours (7 days). This fluctuation corresponded with the loss of 
coating and the appearance of rust. While both thin IVD coatings 
showed heavy rust, the nickel acetate treated control assembly retained 
a few patches of coating after 312 hours. The coated control assemblies 
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may be ranked in the following order of decreasing merit: Cd, chromated 
IVD Al, Zn-Ni, IVD Al with Ni acetate, and untreated IVD Al. 

Immersion - Joint A 

All possible Joint A coupling schemes were not tested due to the limited 
number of test blocks available. Potential measurements and 
observations were made during the course of immersion testing of the 
coated Joint A assemblies. Their potentials are plotted as a function of 
time in Figure 8. 

-0.Ü 

LU 
O 

c 

Ö 
Q. 

Cd Plated 

Zn-Ni Plated w/Cd 
IVD Al (chromated) 

IVD Al no chromate 

IVD Al Nickel Acetate 

J? 

-0.9- 

Time (days) 

Figure 8 - Potential vs. Time 
3.5% NaCI Immersion - Joint A 

Complementary photographs at 312 hours of immersion are shown in 
Figures XX-XXV: Appendix B. The potential of the Cadmium coated 
assembly remained relatively stable throughout the entire test, indicative 
of its excellent corrosion resistance. The Zn-Ni plated bolt with Cd 
washer and nut exhibited very little rust on the bolt and washer after 12 
days of immersion. This coincided with the potential stabilizing to that of 
Cadmium after an initial rapid increase over the first two days to the 
Cadmium potential. A gradual rise in potential beginning between 9 and 
10 days culminating with the appearance of rust indicated that the Cd 
coating on the nut and washer had broken down. The IVD Al specimens 
again displayed performance that was dependent upon coating 
thickness. In the case of the thick chromated IVD Al, E-corr 
measurements, while somewhat less stable, slowly increased from 
(-0.775) to (-0.750) similar to the values recorded for Cd. The two thin 
IVD coatings began negative with respect to steel at around (-0.75) and 
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rapidly climbed to the potential of steel within 96 hours. Aluminum 
sacrificial products were not visible as in the Zinc plated fasteners as they 
either dissolved or were carried away in the circulation of the bath. At the 
96 hour mark all that was visible was red rust with a few small patches of 
IVD Al which disappeared and were replaced by rust after 120 hours. 
The coated Joint A assemblies may be ranked in the following order of 
decreasing merit: Cd, chromated IVD Al, Zn-Ni with Cd washer and nut; 
IVD Al (no treatment), IVD Al with nickel acetate. 

Immersion - Joint B 

For these joint assemblies, potential-time curves are plotted in Figure 9, 
and corresponding photographs are contained in Figures XXVI-XXX. 

Cd Plated 
Zn-Ni Plated 
IVD Al (chromated) ^l - 
IVD Al no chromate *' 
IVD Al Nickel Acetate 

-i 1—i 1 1—i 1 1—i 1 r- 

5 10 
Time (days) 

Figure 9 - Potential vs. Time 
3.5% NaCI Immersion - Joint B 

It should be noted that Cd washers were not incorporated in th 
asserur3s due to the unavailability of additional steel blocks. The 
potential for the Cd plated joint was relatively stable for 10 days and then 
increased to the steel potential as rusting of the edges of the Cd plated 
washers was observed. The Cd plated bolt was free of corrosion 
products. The Zn-Ni plated joint reached the steel potential after 5 days 
immersion time when rust was observed on the washers. The IVD Al 
specimens displayed behavior similar to data observed in joint A, with a 
strong dependence on coating thickness. In die case of the thick 
chromated IVD Al, E-corr measurements remained relatively stable, 
settling in at (-0.76) after an initial peak at (-0.73) at the 24 hour mark. 
With zero visible rust after 312 hours, the thick chromated IVD Al was 
able to provide equal to better performance than Cd. The two thin IVD 
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coatings which began negative with respect to steel at around (-0.73), 
rapidly climbed to the potential of steel within 96 hours. Again Al 
sacrificial products were not visible. With no trace of the thin IVD 
coatings visible at 96 hours, corrosion of the steel bolt substrate was 
characterized as even more severe than the rusting observed on joint A. 
Due to the gross rusting present, an assessment as to which thin IVD 
coating performed better was not possible. The ranking of these coatings 
for Joint B in decreasing order of protection is: Chromated IVD Al, Cd, Zn- 
Ni, IVD Al (no treatment) tied with IVD Al, nickel acetate. 

Immersion - Joint C 
.h- 

Armor steel and Al 5083 blocks were used in this assembly. Again 
because of th3 limited number of blocks available Cd washers were not 
incorporated in assemblies containing the other coatings.  Plots of 
potential as a function of immersion time are shown in Figure 10. 

Cd Plated 
Zn-Ni Plated 
IVD Al (chromated) 
IVD Al no chromate 
IVD Al Nickel Acetate 

T ■—■ i ■ r 

5 10 
Time (days) 

Figure 10 - Potential vs. Time 
3.5% NaCI Immersion - Joint C 

A photograph representitive of each coating after 312 hours is Figure 
XXXI. The Cadmium potential was relatively stable throughout the test 
and showed no evidence of corrosion. The potential of the Zn-Ni coating 
approached the potential of Aluminum within a three day period when 
white corrosion products formed. There was little or no evidence of rust 
on any of the assemblies at the conclusion of the test with the exception 
of the thin IVD Al coatings which displayed moderate rusting of about 
10% of the total surface area. The observed moderation in corrosion 
severity was due to the presence of the Al 5083 block found in Joint C. 
The Al 5083 is anodic to steel, and provides additional cathodic 
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3.0 mils. 

Breakaway Torques 
Tables 4 and 5 contain breaking torque values for the various pints 

other Zn and Zn alloy coatings is included. 
Table 4 -  Saltspray  Breakaway Torques 

mn 

Joint  A's 
Fastener Coating 
Modified Phosphate 
Modified Phosphate w/Cd Nut & Washer 
Cd (BWN) 
Zn OD (BWN) 
Zn OD w/Cd Nut & Washer 
Zn-Co (BWN) 
Zn-Co w/Cd Nut &Washer 
Zn-Sn (BWN) 
Zn-Sn w/Cd Nut & Washer 
Zn-Ni (BWN)* 
Zn-Ni w/Cd Nut & Washer 
IVD Aluminum, (Chromated) 

Joint  B's 
Fastener Coet;nj 

I! 
it 

Modified Phosphate 
Cd 
ZnOD 
Zn-Co 
Zn-Sn 
Zn-Ni* 
IVD Aluminum, (Chromated) 

Joint  C's 
Fa^terw Coating 
Modified Phosphate 
Cd 
ZnOD 
Zn-Co 
Zn-Sn 
Zn-Ni* 
IVD Aluminum, (Chromated) 
•Zn-Ni used smaller bolts with initial torqumg at 90.0 ft lbs 

_Bre3kawayTjLr:^^ 
0.648 
0.787 
0.741 
0.926 
0.787 
0.833 
0.718 

RrPakawav Joroj^^MsmoLmsmom 
0.833 
0.833 
0.972 
0.926 
0.926 
1.019 
0.64R 
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Generally the superphosphate coated joints exhibited significantly 
reduced breaking torques indicating the fastener could loosen during 
service. In most cases, the Zn and Zn alloy coatings exhibited breaking 
torques which were either comparable to or higher than Cadmium. 
Breaking torques measured for IVD Al were sometimes higher and 
sometimes lower than readings for Cd and are inconclusive. Generally 
little evidence of corrosion was observed in the threaded portion of these 
coated bolts in the various joints and loosening in service is therefore not 
anticipated. 

Table 5 - Immersion  Breakaway Torques 

Joint  A's 
Fastener Coating Breakaway Torque, As fraction of initial torque 

Cd (BWN) 
Zn OD (BWN) 
Zn OD w/Cd Nut & Washer 
Zn-Ni w/Cd Nut & Washer 
IVD Aluminum, Anniston (Chromated) (BWN) 
IVD Aluminum, Anniston (No Seal)(BWN) 
IVD Aluminum, Anniston (Ni Acetate)(BWN) 

Joint  B's 
Fastener Coating  
Modified Phosphate 
Cd 
ZnOD 
Zn-Co 
Zn-Sn 
Zn-Ni- 
IVD Aluminum, (Chromated) 
IVD Aluminum (No Seal) 
IVD Aluminum (Ni Acetate) 

Joint  Cs 
Fastener Coating  
Modified Phosphate 
Cd 
ZnOD 
Zn-Co 
Zn-Sn 
Zn-Ni- 
IVD Aluminum, (Chromated) 
IVD Aluminum, (No Seal) 
IVD Aluminum, (Ni Acetate) 

0.787 
0.741 
0.879 
0.741 
0.741 
0.694 
0.787 

Breakaway Torque. As fraction of initial torque 
0.602 
0.741 
0.972 
0.879 
0.879 
0.741 
0.833 
0.787 
0.833 

Breakaway Torque, As fraction of initial torque 
0.787 
0.741 
0.926 
0.926 
0.833 
0.741 
0.787 
0.833 
0.972 

-Zn-Ni used smaller bolts with initial torquing at 90.0 ft-lbs 

Coefficient of Friction 

The frictional force per unit contact area (frictional stress), Ft| between the 
nut and the washer, or that between the washer and the armor plate, 
whichever is lower, will guarantee that the assembly will remain fastened 
at the set level. This force F„ is given by F, = (To1, where |i*=tan<t) is the 
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coTac.' w«h »he nuL This stress is proportional to the tensrle stress a 

within the threaded rod (bolt). 

The .notion coefficient p-=Pa +Pp.where paarc, pa«^^J^SSs 

ploughing ,c«t««*^ p^efy on atomio bonding, 

and the ploughing component   epends on surface ™9 was 

SIUtorexample Zn and Cd, are compared, then: 

Ft = P-Zn O'zn = P-Ca "'cd = P'i °'i <1' 
.   anH„-   and u-are the coefficients between two Zn, two Cd or 

the respective tensile stesses within the bolts, oZn and acd, may 

expressed by: ,2\ 
O'zn / 0"'cd = CZn / °"cd V 

hence, 
|X*zn ÖZn = M-*Cd <^Cd 

(3) 

These friction coefficients are not readily measurable, whereas those 

^X^^^^!:::X^approximate,y equal- 
Hence: lA^ 

H*Zn-Zn / ^*Cd-Cd = M-*Zn-dia / M-*Cd-dia 
(4) 

In »he present case, see Table 7 tor virgim as.oa.edsp— 

p-2l^j,488 and p-cd=0.377, hence oz„ = °-™?™™£ ™    be 22.8% 
inside the Zn-coated bolt that matota.ns good ^™«q

b
uired t°^

e 

lower than that inside me Cd-coated bolt and so may t        M va|id| 

JAK EÄ S5S »Äng salfspray or 
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immersion tests in chloride solution. Thus, for salt-sprayed specimens, 

(see Table 7) ^=0.551 and u*Cd = 0.447, anci o,, =0 81Ma« and for 
chloride solution immersed specimens, u*Zn = 0.424 and u Cd - 0.330 
,   , „   _ n 770^    hence the respective tensions inside the Zn-coatea 
Ä ffiS goodCfasteningPmay be 18.9% and 222% lower than 
ttiose inside the Cd coated bolts and so may the required torques to 
achiev^the same level of fastening. Similar calculations show 
Smparable reductions attributable to the following virgin coaftngs   Thick 
IVD Al (chromated) 39.4 %, Zn-Ni 22.8%, Zn-Co 15.3%, and Sn-Zn 

17%   TheThin IVD Al coatings, plain and with Ni acetate will require 
22 and 20.8% higher torques" respectively, to maintain the same level 

of fastening as the'cd plated parts. Superphosphate a sc> require da 
hinher toraue of 11.2%. With the exception if the IVD Al fastener,    nese 
3ata complement and support the breakaway tore,:   resurts; loosening of 
fhe Zn and Zn al oy coated fasteners will not occur when Cd torque 
values Te used, whereas loosening of the superphosphate coated 
fastened will most likely occur. No consistant trend was apparent in the 
VD Al da^a. The breakaway torque readings were inconsistent wrth the 
hction coefficients, and data measured for just the notion coefficients 
inconsistent. Continued studies of IVD Al coatings should reveal 
mo'e fStional data.  Microscopic investigation by Kattamis revealed that 
Inmostcases, the platings exceeded the thickness requirements and 
were relatively uniform, contiguous and adherents 

Table 7 - Average Friction Coefficients, u*, 
of Coated  Specimens 

Coating 
Zn-Ni 

Zn-Co 

Zn-Sn 

Cd 

Modified Phosphate 

Zn (OD) 

IVD Al (chromated) 

IVD Al 

IVD Al (w/Ni acetate) 

Steel Substrate 

Virgin 
0.532 

0.4 '-5 

0.427 

0.377 

0.355 

0.488 

0.697 
0.622- 

0.336 

0.312 

0.277 

Salt Spray 
0.472 

0.467 

0.287 

C.   V7 

0.286 

0.551 

no data 

no data 

no data 

no data 

NaQl Immersion 
0.422 

0.496 

0.406 

0.330 

0.237 

0.424 

0.390 

0.290 

0.300 

no data 

■ After thinning from 24.7 mils to 3.1 mils 
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Discussion 

in all tes, situations, »he thick chromated ™"J^ «£%$£„* 

fahUoSnces, IVD Al is a gogd replacement for electroplated Cd 
protective coatings. 

Conclusions 
m      cadmium exhibited the best corrosion per unit coating thickness 
(1)      pÄn ?or grade 8 steel bolts in salt spray and immersion tests. 

In situations where coating thickness is not an issue, IVD Al 
performs comparably to Cd in protection of steel. 

On a oer unit coating thickness, Zinc-Nickel coating was the best 
ove'aR alternative to Cadmium plate and met the corrosion 
resistance requirements for Zinc plating. 
Co-minqling of Cadmium with the other coatings in the Controls or 
SSrtA snowed little or no effect on Zn-Ni and thick chromated IVD 

Al coatings. 
The substitution of Al 5083 for one of the steel blocks in Jo mtC did 
not diminish the performance of Cd, chromated IVD Al , and zn INI 
coatings when compared to both joints A + B and improved the 
performance of the thin IVD Al coatings. 

Loosening of the Zn-Ni or thick IVD Al coated fasteners will not 
likely occur when Cd torque values are used (under wet 
conditions). 

(2) 

(3) 

(4) 

(5) 

(6) 

Recommendations 
(1)      Use Zinc-Nickel plating as an alternative to Zinc plating. 

(2) 
Continue to implement the TARDEC policy of using the torque 
values for fasteners which are currently P^öe^n techno 
manuals regardless of co-m.nglmg of Cd and Zn plated 

mm 

m 

Wm: ■mm 
**WF awßvBKf3 rwMi 
:1Sä* 

^raKR?*'^ 
säSsBlß, 
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•    *■     rn niatP alternatives including IVD Al in 
{3)     «nuSS«C^^ non.chromate »realments. 

References K       The Effects of 
,> M. Levy, a«^*^ £ Ä Behavior o, 

SEfeffffiE 5STB92-40, (V 1992) 

2) T.Z. Kanals, R Huie, ^^^X^fTc^o^ 
Micros« ucture, Adhesion and Tnboogrcr   P   SubmitteQ for 
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Appendix A 
Saltspray Test Assemblies After 312 Hours 

Figu'O I - Cd Plated Cdnttoi 

Fiquio il - Chiomated IVD MI Contra. 

Figure III - Zn-Ni Plated Control 

Figure IV - Cd Plated 
Jomt A Assembly 

Figure V - Chromated 
IVD Aluminum Joint A 
Assembly 
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Appendix A (continued) 
Saltspray Test Assemblies After 312 Hours 

figure \ I - Zn-Ni Plated Joint A 

Asst-mhK 

Figure VII - Zn-Ni Plated Joint A 

Assemhlv Mixed with Cd 

Hjuiiv Vlll - (Al Plated Joint B 

WemhK 

fagiuv I.\ - Chromated l\ D Al 

Joint B AssemhK 
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Appendix A (continued) 
Saltspray Test Assemblies After 312 Hours 

Figure X - Zn-Ni Piated Joint 
B Assembly 

Figure XI -Cd Plated Joint C 
Assembly 

Figure XII - Zn-Ni Plated Joint 
C Assembly 

Figure XIII - Chromated IVD Al 
Plated Joint C Assembly 
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Appendix B 
Immersion Test Assemblies After 312 Hours 

Figure XJV - Cd Plated Control 

Figure XV - Zn-Ni Plated Control 

Figure XVI - Chromated IVD Al Control 

■ i^Wr 

Figure XVII - Chromated IVD Al Control 
with Cd Nut 
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Appendix B (continued) 
Immersion Test Assemblies After 312 Hours 

Figure XVIII - IVD Al (3 mil, No Treatment) 

Figure XIX - IVD Al (3 mil, Ni Acetate Treated) 

Figure XX-Cd Plated 
Joint A Assembly 

Figure XXI - Chromated IVD 
Al Joint A Assembly 
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Appendix B (continued) 
Immersion Test Assemblies After 312 Hours 

v 

Fiyi. ,e XXII -Zn-Ni Plated 
, l.j.-it A Assembly 

m* 

Figure XXIII -Zn-Ni Plated 
joint A Assembly. Mixed with 

Cd. Disassembled to Show 

Amounts of Corrosion 

Figure XXIV - IVD Al (3 mil. No Treatment) 
Joint A Assembly 
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Appendix B (continued) 
Immersion Test Assemblies After 312 Hours 

Figure XXV - IVD Al (3 miTTNi Acetate Treated'  Join' ". Assembly 

m 

Figure XXVI - Cd Plated 
Joint B Assembly 

Figure XXVII - Chromated 
IVD Al Joint B Assembly 
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Appendix B (continued) 
Immersion Test Assemblies After 312 Hours 

Figure XXVIII - Zn-Ni Plated Joint B Assembly 

Figure XXIX - iVD Al (3 mil. No Treatment). Joint B Assembly 
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Appendix B (continued) 
Immersion Test Assemblies After 312 Hours 

nt B Assembly 

YYYi   iVDAlOmil No Treatment). Joint C Assembly 

Large Al 5083 Block, as Observed in All Other Joint C Assemblies. 
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ELIMINATION OF CHROMATE CONVERSION 
COATINGS FROM ARMY TACTICAL VEHICLE 

MANUFACTURING PROCESSES 

Mark Ingle 
Ocean Gty Research Corporation 

ABSTRACT lm$M* 

Many United States Army light tactical vehicles are fabric; 4«d from armor-grade 
aluminum. Aluminum-hulled tactical vehicles are coated with the Army's standard 
Chemical Agent Resistant faating (CARC) system. The CARC system includes 
chemical p- treatments, epoxy primers, and polyurethane topcoats, "^e MIL-C- 
5541 chromate conversion coating pretreatment process included in the CARC 
specification contains hazardous chromic acid. Chromic acid is a SARA Title HI 
extremely hazardous substance and air emissions of the material will be regulated 
by the 1990 Clean Air Act Amendments. In 1989, Red River Army Depot (RRAD) 
staff investigated replacing the hazardous chromate conversion coating with a more 
environmentally acceptable production process. The Army Acquisition Pollution 
Prevention Support Office reviewed the RRAD results and tasked Ocean City 
Research Corporation (OCRC) to conduct a comprehensive coating performance 
assessment and develop appropriate non-chromate production process control 
documents. The evaluation program demonstrated that chromate conversion 
coatings may be eliminated from aluminum-hulled tactical vehicle painting 
operations without degrading overall coating system performance. 

KEY WORDS: Military, corrosion, coatings, painting, chromates, conversion 
coatings, abrasive blasting. 

1.  INTRODUCnor 

The United States Army currently manufactures light tactical vehicles (i.e. armored 
personnel carriers, rocket launchers, and self-propelled artillery) from armor-grade 
aluminum. The 5000 series (Al, Mg, Mn, Cr) aluminum alloys used to manufacture 
these vehicles are inherently corrosion resistant.(l) Thick aluminum (i.e greater 
than 1.0 inch [25.4 mm]) sections are typically welded together to form the tactical 
vehicle's hull. 

The vehicle hull manufacturing process includes the application of Army's Chemical 
Agent Resistant Coating (CARC) system. The CARC system is a family of 
chemical pretreatments, epoxy primers, and polyurethane topcoats. CARC coatings 
are produced in specific camouflage colors and are designed not to absorb toxic 
chemical warfare agents.   The CARC system materials and associated production 

Pi 
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ESST«"? dTn'red in 1fL-C-53072' "Chem^ Agent Resistant Coating 
(CARC) System Application Procedures and Quality Control Inspection." 

All CARC system coatings are lead-free and many do not contain soluble 
chromates. However, the CARC approved chemical pretreatments for aluminum 
alloys do contain hexavalent chromium. Hexavalent chromium is a known human 
cyanogen, a SARA Title m extremely hazardous substance, and is included in the 
iswu Clean Air Act Amendment's Hazardous Air Pollutants (HAPs) list (2) 
Because many Army production/maintenance facilities have already adopted the 
£f.r?.8! f^r*6/68 CARC «>^ngs, these aluminum pretreatments are 
frequently the only hazardous chromate source in the paint shop. 

«d Sr ATyr!C (RRAD) re-manufactur« aluminum-hulled tactical vehicles 
and applies the CARC coating system.   The RRAD painting production proces 

jtihzes the following CARC matciials: * 

S: P 5?1;nCTemiC,8l.^nVerSi0n COatiD8 f°r A1UnÜnmn «nd Aluminum Alloys." 
IS:til,SO 'C^  •  ^m"^- Co™ion ^b^g- Lead and Chromate-Free.- MlL-C-22/50,   Coating, Epoxy-Polyamide.' 
MTL-C-46168D, "Coaüng Aliphatic Polyurethane, Chemical Agent Resistant.' 

Lemat'l^ P.erSOnne, initiate<l M CValuati0n °f aJtemative environmentally acceptable production processes that might be considered alternatives to the 

ab^fve bfl°mate COnVerS10n COating Pr°CeSS- RRAD «aff identified a two-stage 
atcTp7able r"8

a/
r0CeSH "■ * "^ ^^^ ^ this environmentally 

21 ,T f productton Process « a replacement for chromate conversion 

S200 08ooZlc M CC RRAD'S year,y r3W material «*» * »PP-ximat ly 5200,000 and could save approx.mately $3.000,000 in potential air emission control 

SS A""*   EVCn *™* ad0ptinß *-—tall Tceptab alternate production process was economical, RRAD staff were reaui red to 
generate adduional coating system corrosion control performance dataT obtain 
alternative production process approval. 

In 1990, the Army Acquisition Pollution Prevention Support Offic- " APPSC» 
•mtiated a cooperative program with RRAD to generate me data r quired tc^Zm 

atPerp°tVab.e Ltrrn
Pl:Cing ^7^ ^"^ ""^ ^ « ^me^l acceptable alternate production process.    The AAPPSO tasked  Ocean  Citv 

Research Corporate (OCRC) to conduct a comprehensive coating iLTZosl 
control performance assessment and to use the performance assesTmem TesZto 
generate production process control documents for RRAD  The A APPSOI      , 
research program inc.uded a natural manne ^^^^^X 
complex, armor-grade aluminum specimens, numerously specific adteS^ 
assessments, and a production process demonstration program 
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2. TECHNICAL APPROACH 

2.1 Realistic, Long-Term Perfonnance Assessment Table I presents the coating 
system corrosion control performance evaluation program test matrix. The matrix 
presents both the chemical pretreatments and the alternative production processes 
used to produce test panels. The alternative production processes listed in Table I 
include the current RRAD production process, abrasive blasting with aluminum 
oxide media, and no pretreatment other than a solvent wipe. The current RRAD 
production process includes removal of old paint using AISI 303 stainless steel shot, 
hull rework, final abrasive blasting with garnet media, and primer application. 
Although RRAD currently uses only the MIL-P-53022 solvent-based epoxy primer, 
the test matrix also includes the MIL-P-53030 water-reducible epoxy primer. The 
water-reducibie primer was included in the program to ensure results would be 
applicable to facilities that have already adopted this lower Volatile Organic 
Compound (VOC) content primer^ All systems were lopcoated with the two 
component MIL-C-46168 material. 

Two test panel types were used during the program. Complex test panels were used 
to evaluate coating system corrosion control performance in the natural marine 
atmosphere. Flat laboratory test panels were used in various adhesion and 
electrochemical evaluations. 

Figure 1 shows a schematic of the complex marine atmosphere exposure test 
specimen. These complex specimens were fabricated by sectioning 1/4 inch (6.3 
mm) thick armor-grade aluminum panels into two parts. These two parts were then 
single penetration fillet welded to produce an L-shaped panel. By creating the L- 
shape with a single penetration weld, a crevice was established that would present 
a "worst case" for localized corrosion. The panels also included a hole that would 
be inherently difficult to coat. The flat test specimens were fabricated from the 
same stock as the complex panels. Flat panel dimensions were nominally 4x9 
inches (102 x 229 mm). 

Both test panel types were pretreated and coated using u.e systems described in 
Table I. An Elcometer 300 dry film tnickness measurement gauge was used to 
measure coating thicknesses. After inspection, the complex test panels had a 1/4 
inch (6.3 mm) diameter hole cut through the coating and into the substrate 
aluminum. This intentional defect was added to create favorable conditions for 
substrate corrosion and coating undercutting. 

The complex atmospheric exposure test panels were placed at OCRC's Sea Isle, NJ 
.marine test site for two years. The panels were placed on racks facing south at an 
angle of 45 degrees and subject to daily seawater spray. During the two-year 
exposure period, substrate corrosion was evaluated in accordance with ASTM D 610 
(modified to account for the alun.:.ium substrate) and panel blistering was evaluated 
in accordance with ASTM D 714.3(4) Underfilm corrosion around the coating 
defect was also measured and recorded. 

W> 

mmsm 

wm 

773 



The laboratory test panels were evaluated for adhesion in the wet and dry 
conditions. The dry adhesion test (ASTM D 2197) used a weighted stylus to scrape 
the coating away from the aluminum substrate (greater stylus loads are associated 
with more adherent coatings). Wet adhesion was evaluated in accordance with 
Federal Standard 141C, Method 6301. The wet adhesion test used flat panels with 
two parallel scribes. After soaking the scribed panels in room temperature water 
for 24-hours, adhesive tape is applied over the scribed region. The tape was 
removed and the area of paint pulled away from the panel evaluated. Large areas 
of paint stuck to the adhesive tape indicated poor wet adhesion performance. 

Additional laboratory tests were conducted to determine coating system resistance 
to the Army's powerful DS-2 chemical warfare cleaning agent. DS-2 is a strong 
alkali used in actual chemical warfare and during training. Because alkalies can 
strip paints, test panels with intentional defects were evaluated. Panels were soaked 
in a 140 F (60 C) DS-2 solution for 24-hours and then inspected for coating 
delamination or undercutting. Coating blistering was evaluated in accordance with 
A*STM D 714 guidelines. 

2.2 Trial Production Process Implementation A pi eduction process control 
document was created for the modified, non-chromate based coating process. The 
document was generated in the current RRAD Depot Process Control Pamphlet 
(DPCP) format to ensure acceptance by shop personnel. This new DPCP, given the 
code number 0026 by RRAD staff, described the non-chromate aluminum hulled 
armored vehicle coating system production process and the required engineering 
controls. In addition, DPCP 0026 included a training material package to allow 
each worker, in a Total Quality Management (TQM) mode, to understand the 
overall process and contribute to successful coating application. 

The modified, non-chromate production process was implemented on the test M577 
over a four-week period. The M577 was tracked through each production phase 
and evaluated in accordance with MIL-C-53072 and DPCP 0026 guidelines. 
Parameters measured during the production process trial included; surface 
cleanliness, surface profile, coating wet film thickness, coating dry film thickness, 

"id  coating adhesion. 

3.  RESULTS & DISCUSSION 

3.1 Realistic, Long-Term Performance Assessment Table II summarizes marine 
atmosphere test panel coating system corrosion control performance after two-years 
of testing. The coating systems listed in Table II correlate with those described in 
Table I. The ASTM B 610 and D 714 data show all panels maintained a 10 rating. 
The 10 rating signifies no substrate corrosion or coating blistering was apparent. 
The scribe undercutting data show that no panels exhibited undercutting. The 
qualitative weld crevice corrosion and coating failure (i.e. near the hole) data also 
show no degradation over the two-year period. These "real-world" test results prove 
that CARC coated, armor-grade aluminum test panels prepared with and without the 
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chromate conversion exhibit equivalent, excellent marine atmosphere corrosion 
control performance. 

Figure 2 shows laboratory ASTM D 2197 scratch adhesion test results. Given that 
lower scratch failure loads are associated with less adherent coatings, the Figure 2 
data show that specimens with the chromate conversion pretreatment were less 
adherent than panels prepared with the phosphoric acid rinse or those prepared with 
two primer coats. The specimens prepared with the RRAD standard abrasive 
blasting technique performed less effectively man those with the chromate. 
However, panels prepared using the phosphoric acid rinse process outperformed the 
chromated specimens. The only systems that performed poorly in the scratch 
adhesion test were those with no surface preparation other than a solvent wipe. 
These systems scratched at loads that were significantly lower than those for better 
performing systems. Figure 2 data show that chromate conversion coatings are one 
of many alternative, acceptable surface pretreatments that provide superior adhesion 
to unprepared (solvent wiped) surfaces. 

The wet adhesion test results indicated that only the specimens with no surface 
treatment (i.e. solvent wipe) produced failures. All solvent wipe test panels 
exhibited significant wet adhesion failures. These findings tend to confirm the 
trends observed in the Figure 2 data. 

Figure 3 shows the laboratory DS-2 test data. The Figure 3 ASTM D 714 blistering 
data include both a numerical rating and a qualitative description of blister density. 
Given that higher numerical ratings are associated with smaller blisters, Figure 3 
data show that chromate conversion coated test specimens had larger and more 
frequent blisters than all but the panels prepared with just a solvent wipe. These 
Figure 3 data show that panels prepared with the chromate conversion coating were 
more susceptible to DS-2 induced blistering than virtually any other pretreatment. 

Overall, these realistic coating system corrosion control and laboratory performance 
tests demonstrate that chromate conversion coatings are only one of many 
alternative surface pretreatments that jffer adequate overall performance. These 
results demonstrated that chromate conversion coatings could be replaced by 
mechanical surface preparation. Based on these findings, AAPPSO staff tasked 
OCRC to develop a n . chromate production process '•introl technical data package 
and conduct an implementation trial. 

32 Trial Production Process Implementation The production process technical 
data package was developed by modifying existing RRAD production processes to 
address research findings. Whenever possible, current RRAD equipment and 
processes were used to simplify transition from the chromate to the non-chromate 
surface pretreatment production process. The key issues identified during the 
technical data package development program were that an adequate sv-face profile 
was essential to overal. performance and that a high degree of surface cleanliness 
would help ensure effective coating adhesion. 
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Generating a consistent and adequate surface profile was complicated by the current 
RRAD abrasive blasting processes. RRAD currently removes coatings using an 303 
stainless steel centrifugal shot blast cabinet. This device produces a heavy surface 
profile of between 2.8 and 3.5 mils (0.071 to 0.089 mm). After this coatine 
removal operation, vehicles are reworked, welded, and refitted. To remove the 
oxides and contaminants deposited on the hulls during these various manufacturing 
operations, the vehicles are blasted with 20 mil (0.5 mm) garnet media just before 
final painting.  The fine garnet media actually reduces the surface profile. 

Table m presents final profile data from four standard production aluminum hulls 
As shown, average profiles varied considerably between 1.60 mils (0 04 mm) and 
3.72 mils (0.09 mm). In addition, the profiles varied on the individual vehicles 
Because test data indicated that heavier surface profiles would improve adhesion' 
the production process control package was developed to ensure workers obtained 
a minimum profile of 2.0 mils (0.05 mm). 

The surface cleanliness analysis proved vital to overall program success. Many 
KRAD production processes contaminated the hull spaces with lubricants and 
waxes that were extremely difficult to remove. If these contaminants remained on 
the hull ui the paint shop, the final coatings would exhibit virtually no adhesion 
To address surface ckanliness, the process control data package includes both 
training and quality assurance provisions. Workers in the final garnet blasting area 
were trained to identify the oil/wax contaminated regions and effectively remove the 
materials. Workers in the prepaint preparation shop were provided with a simple 
water break test to verify surface cleanliness before painting. Thus the 

production process controls maintain an internal verification of surface cleanliness. 

Figure 4 shows the final mechanical surface preparation production process flow 

verification Pr°°eSS ^^^ *"* *"*"* Pr°fl]e md cleanliness 

Figure 5 shows a similar flow chart for the primer application process. In the past 
an initial stage of this flow chart would have been chromate conversion coating 
application. As shown, the proposed production process does not use hazardous 
chromate materials. 

The Figure 4 and 5 production processes were used as a basis for trial coarine 
app .cation to an M577 vehicle in March 1993. The vehicle was successful y 
coated and inspected by RRAD quality assurance personnel.    All inspecTons 

fiomTsI: MH
577

 ?*°" *:chromate wnversion ^w- »<««S" from a standard production vehicle. 

Based on the successful implementation trial, RRAD staff are awaiting final Army 
approve for chromate conversion coating elimination. Up-n obtaining final Army 
approval, a comprehensive training program will be initiated to ensure workers 
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understand the chromate elimination process and the importance of effective process 

control. 

4. CONCLUSIONS 

The following are the program conclusions. 

, Natural marine atmosphere exposure test **<^*£«^ °Z 

failures or substrate corrosion. 

7 Scratch adhesion test data indicate that the chromate conversion coating is 
L of ma^v acctptable pretreatment processes. Panels pretreatedi with abrasive 
7JLZlowedtd a phosphoric acid solution offered the most effect™> scratch 
"adtfn^ce We't alsion test results indicate th.t_.pnly panels without any 

form of pretreatment exper need failures. 

3 DS-2 blister test data suggest chromate conversion coatings were.erne.of^e 

east effective surface pretreatment, Panels prepared by *j™ "^«^ 
aluminum oxide offered significantly more res.stance to blistering than those 
prepared with the chromate conversion coatings. 

4 Production process controls that emphasize surface profile and cleanliness 
are essential o effectively applying CARC coatings to non-chromate conversion 
coatrdlminum^noredIvThiclle hulls. When implemented effective production 
"ocesstZls allow aluminum-hulled armored vehicles to be coated without the 

use of any hazardous chromate bearing materials. 
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Table II 
Two-Year Marine Atmosphere Exposure Test Results 

System 
Number 

ASTM D 610 
Rating (avg.) ASTM D714 

Scribe 
Cut-back (avg.) 

Weld Area 
Corrosion 

Hole 
Corrosion 

1 10 0 0 None None 

2 10 10 0 None None 

3 10 10 0 None None 

4 10 10 0 None None 

5 10 10 0 none None 

6 10 10 0 NOI.J None 

I 10 10 0 None None 

8 10 ■«Vio 0 None None 

9 10 10 0 None None 

10 10 10 0 None None 

11 10 10 0 None None 

12 10 10 0 None None 

13 10 10 0 None None 

Table III 
RRAD Surface Profile Data 

Average Profile    Maximum Profile Minimum Profile 
Vehicle (mils/mm) (mils/mm) (mils/mm) 

M113AT34 
M112AT24 
M577LH24 
M577LH17 

1.60/0.04 
2.56/0.06 
2.76/0.07 
3.72/0.09 

2.20/0.06 
3.00/0.08 
3.00/0.08 
4.00/0.10 

1.20/0.03 
2.00/0.05 
2.50/0.06 
3.00/0.08 
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VERIFY MEDIA AND AIR 
SYSTEM CLEANLINESS 

FAIL 

FAIL 

WELDED AND REPAIRED HULL. 
ALREADY STAINLESS STEEL 
SHOT BLASTED. CONTAMINANTS 
INCLUDE SMUT, WAX, AND 
LIGHT OIL 

1 
ABRASIVE BLAST TO 
0.002 - 0.004 INCH PROFILE 

BLAST GROUND AREAS AND 
INSERTS TO REMOVE OIL/WAX 

FAIL 

PASS 

USE DRY VACUUM TO REMOVE GARNET. 

CONTINUE TO COATING APPLICATION 
CHART (MAXIMUM 12-HOUR INTERVAL). 

R,i>M{n 

rf{04iivisPM:M 

Figure 4 Dry Aluminum Hull Blasting Process 
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BLASTED 
ALUMINUM HULL 

ALKALINE CLEAN. 

RINSE WITH MINIMUM 

100« F WATER. 

FORCED AIR DRY FOR 

30 MINUTES AT 15CF TO 

18CF 

MASK AND SOLVENT WIPE 

ANY AREAS EXHIBITING 

WAX OR OIL 

CALCULATE TARGET RANGE 
FOR PRIMER WET RLM 

THICKNESS. APPLY EPOXY 
PRIMER TO 0.0015 • 0.003 INCH 

(DRY RLM THICKNESS) 

^    HULLSTHATARE" 
I        NOT CLEAN SHOULD 

~\ BE ABRASIVE 
BLASTED AGAIN 

PASS 

REWORK AS 
REQUIRED 

ALLOW COATING TO 
CURE 

FA. 

INSPECT FOR 
SAGGING. 

CRACKING, ETC 

AS PER 

DPCP002S. 

FAIL 
HIGH 

VERIFY DFT IN 
ACCORDANCE 
.   WITH DPCP 

0026. 

FAIL 
LOW 

PASS 
PASS 

CONTINUE TO TOPCOAT 

/." PLICATION. 

Figure 5 Primer Application Process 
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EVALUATION OF ENVIRONMENTALLY ACCEPTABLE 
MULTI-LAYER COATING SYSTEMS AS DIRECT SUBSTITUTES 

FOR CADMIUM PLATING ON THREADED FASTENERS 

MarkW. Ingle 
Ocean City Research Corporation 

Alexandria, VA 22304 

I. Carl Handsy 
TI S. Army Tank and Automotive Command 

Warren, MI 48397 

B. S. Schorr 

ABSTRACT 

Cadmium has been identified by the United States Army's ^nk and Automotive 
Com™™ as a threat to worker health and the environment.   Based on a ready 
compTeted     dmLm substitute testing, an evaluation program was conducted to 
auS üJ  performance of environmentally acceptable, multi-layer coatings that 
Ä^-Ltutcd for cadmium on threaded fasteners. The performance 
ssues  mvesugated  included  coating  system  lubricity  and  corrosion  control 

SS^TSt* were generated from both natural «^^T^SZ 
ests and laboratory evaluations. \ *t specimens were prepared by app ymg, sacnüciai 
plating layers and lubricous topcoat mc' rials to commercially available  /2-20 UNC 
Fine Grade 5 fasteners. Expenmental analyses included ^^^^ 
development, marine atmosphere ^~" l^63f ^^^ tte 
evaluations. Program findings indicate that ASTM B 633 one coanng y 
Type H or IE chromate passivation treatment) exhibited torque tew  ehavior 

Z directly comparable to that of the cadmi™ «P™£a ™^yi^ng 
control performance test results indicated that regardless o'«J^ »^J 
chemistry systems topcoated with Everlube 6i 08 performed as well as the 

experimental controls. 
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INTRODUCTION 

1989.    Cadmium is conside£d ££S™? V^T"P'°K»• 
enwonment and poses a threat to worker health   r»l 'y 'mpacts 'he 
threat to workers that the OccupafoZ siet lnH » ^ " '' C°"Sidered SUCh 

recently revised their cadmiumrl"ai™*£^f • ^T'"™'«' (OSHA 
"Occupational Exposure to Cadrni™ F^Rufef^ IfT*** U- "« 
concentration of cadmium in the wort-pZt 95%ffiömlhl '^ *ib«* 
Perrmssible Exposure Limit or PEL). CoS ^ ,£ OSHI FT"* aCCepted 

» expected to cos, domestic industries SIsSS^^" CadmUm Stand« 

The environmental unacceptabilitv of cadmi„m k„ 
countries to develop regulations or wrfhT, hES, PI°mp,ed many «her 
enacted a comprehensivlcadmTumJ,985 2 TT1 ,*" ^^ Sw<*« 
usage in 1992 and Germanv Z21,l) Flnland als0 restri«ed cadmium 
compounds^) Y       proh,b,noi's W the use of some cadmium 

Given the environmental and worker h^nt, „„M 
cadmium use, many Army activiti^r., P °    "" assoc'ale<l ™th continued 
metal.   The Wso has    en research^8 '°H T 'heir apP'iCati°"s for <» 
completed a major environm   ,™pfabeTelf ""'^ ^ I9W aad 

1991.(4) Based on the AAPPSO sponsored ^ T       .SCreemng pro«ram » 
results, and private sector i'tlrZlln^^T fT™ ^^pr°8™ 
Command (TACOM) ^'JZ^^2*£^ 

cadmium substimte was likely toT.H,v.CJu 'ha' "° Un,Versai- ""ne-for-one" 
staff felt that by combW„glVrific at     'I'"the "Mr ft"ure- How™r. TACOM 
system «ha, would St^Sj^ f? '"" ,UbriC°US '°PCOa,S' a «*N 
and corrction co,.l0l) c   se y" ™uTh l^allo ' f'™ f"8 (b°th -1«e-<ensio 
yehicle- could be developed   The devl ?'.Subs,"u,io" °" Army tactical 
would allow TACOM to avoid II hi I     P        °f ""S "direct" substi,ute ™"ting 
yehtcle maintenance manu°        ,   fr T aSS°C'a,ed ™h ^ting all the Arm 

developed using cadmiurcol,SfctenersqUe reqU'remeraS «" ™' °"^ 

TACOM s,aff commissioned Ocean Cilv Res^n-h r„ 
—« - P^m w,,b ,he overall .Ä5&8SÄÄ 
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Class 3 Type Ü cadmium coatings on Grade 5 carbon steei rare 
«aÄr better) substrate corrosion control performance. 

TECHNICAL APPROACH 

TEST MATRIX - Table . presents the ™''^fZ" tf*e7aeS 
,«, matrix and targe, coating thickness sumn, *  "m 'tst^t 

| KÄ'Ä'Ä wi« be used throughout this dtscusston. 

The plating layers deseed in «he Table 1 test matrix were applied in accordance 

with the following Federal or consensus specifications. 

Cadmium 
Zinc 
Zinc/Nickel 
Zinc/Cobalt 

Federal Specification QQ-P-416E, Class 3, Type II 
ASTMB633,TypeI 
Draft ASTM specification 
Commercial specification 

1.      •     O.;H   hased   oassivation   treatments   are   considered 
Because   chromic   acid   based   passiv   v passivated 

environmentally unacceptable, none of the test cadmium ^^f^^ce 
with these solutions.  However, because many ^^^^^ the 

and are not plated from a cyanide bath. 

SACI 445A coating was applied from an aqueous bath and conta 
carbonates and sulfonates. The Alumzite 132 coating oonstste o auminum p 

in an organic binder Finally, the Molykote M3400A (a ^^^t™0^appiied 
disulfide dry film lubricant) was included in the program even thoug^£$>   A 

material contains more than 5 lbs/gallon VOCs.   Bee^^^^„^ 
lubricants are widely used by the Army, this material was mcluded in the 
as an experimental control. None of the lubricous topcoats contained 

chromates. 
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TEST SPECIMENS - Figure 1 shows a representative cadmium coated test 
fastener set. Each test fastener set included a 3-inch long, 1/2-20-UNC Fine, Grade 
5 threaded bolt, a mating nut, and two 1/2-inch washers. The fasteners were procured 
from commercial suppliers and were not undersized to accommodate subsequent 
coatings. Plating vendors were required to coat entire specimen lots using the same 
military or commercial specifications. Topcoat vendors were also instructed to coat 
the plated fastener lots using the same "best practices" on each item. 

COATING THICKNESS QUALIFICATION - An Elcometer 300 film thickness 
gauge was used to measure non-magnetic coating thicknesses. Because the Zn/Ni and 
Zn/Co coatings might have exhibited magnetic properties, their thicknesses were 
initially measured using representative metallography. Metallographic thicknesses 
were found to correlate well with Elcometer 300 readings and this device was used 
for all subsequent measurements.- After the plating and topcoatffg processes, layer 
thicknesses were measured at replicate sites on individual nuts, washers, bolt heads, 
and bolt shanks. After coating, ten representative fastener sets were selected from 
each plating/topcoat system group. The thickness data from these representative 
fasteners were then collected and analyzed. 

TORQUE-TENSION TESTING - Figure 2 shows the program torque-tension 
measurement apparatus. The apparatus is an evolutionary design based on devices 
described in published literature and in the SAE Recommended Practice J174, 
"Torque-Tension Test Procedure."(6,7) The apparatus shown in Figure 2 consists 
largely of conventional automotive mechanic's tools. These conventional tools were 
combined with extremely accurate compression and torque sensors to allow both 
realistic and accurate data collection. The Omega DP-41-S strain gauge and DP-80 
digital strain indicators were calibrated by the vendors (+ or - 0.25%) and 
programmed to directly convert the torque and strain sensor inputs into foot*lbs and 
kips uni for direct, rea.-tima scaling on an ,\-Y recorder. The use of actual 
mechanics tools, similar to tnose available in Army tactical vehicle r^intenance 
shops, allowed fastener head slippage, galling, and misfits to realistically contribute 
to the data collection process. 

The bolt head shown in Figure 2, Detail A was placed in a fixed socket and the 
instrumented torque wrench was ;nounted on the nut. To minimize program variables 
and address specific Army needs, only unlubricated (no oil or grease) fasteners were 
tested. As shown in Detail A a series of machined stainless steel spacing washers and 
a leveling device were mounted on either side of instrumented compression load cell 
(calibrated to measure compression loads up to 100 kips or 444,820 Newtons [N]). 
The leveling device consisted of a nested hardened steel convex disk and concave 
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compression cell directly generated a data plot on an 

X-Y recorder. 

FXPOSURE TESTING - Test fasteners were exposed at the Ocean City Research 

.3 nlrinfL fasten^ test ^emblies were subject to daily seawater spray. 

Fieure 3 shows two of the marine atmosphere exposure test rigs. The fasteners 
Figure i snows iwu threaded onto non-conductive 

snecimens were torqued uniformly to create an estimated 10 kips [44,482 N] tensile pecimensweretorqu , ^ disassemble groups of 

ItX" 
a»e^ 
ZoTion in accordance with a modified ASTM D 610 rating scale. The ASTM D 
ToZZä was modified to compensate for the difficulties associated with 
accurately measuring corroded areas on complex fastener surfaces. 

The horizontally mounted fasteners with the rxposed shanks shown in Figure 3 

werl   tended to create conditions favorable for ^f^d^^lTZ 
corrosion cracking. These loaded fasteners were initially torqued to crea   a fasten 
tensile load of 10 kips [44,482 N].  During testing, these fastener  will be^furthe 
tensioned at regular intervals to absorb any system compliance or supportJframe 
deformation.   These specimen sets were also inspected for visible corrosion 
accordance with the modified ASTM D 610 rating scale. 

SALT FOG TESTS - Salt fog tests were performed in accordance with ASTM 
B 117 Three replicate test specimens, from each test coating system group, were 
m^^ä on insulated racks. The assembled «P-™^ 
exposed to the salt fog atmosphere for 1000 hours. During ^^^"^ 
were inspected for visible corrosion in accordance with the moddeASTM.D -6£ 
rating scale. These salt fog tests are intended to generate resulti;ha^ay

sta
D
ff 

compared with the Army's historical salt fog test data-base.    TACOM 

m- 
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acknowledge that salt fog tests have limited usefulness in evaluating corrosion. 
However, they feel such results could be compared with existing historical data. 

RESULTS AND DISCUSSION 

COATING APPLICATION ACCURACY - Table II summarizes the average 
coating thicknesses on the test fastener sets. As shown, the average actual test 
coating thicknesses varied both above and below the specified target thicknesses. Of 
the twenty-one test systems (including the cadmium experimental controls), four had 
average thicknesses lower than those specified. The remaining seventeen systems 
were thicker than specified and in ^ur cases thicknesses were more than three times 
(3 00%) greater than those specified. 

The standard deviation data shows that in addition to the overall average 
thicknesses being inaccurate, many systems varied around those averages by almost 
as much as the original target system thickness. For example, the actual cadmium 
thickness standard deviation is 0.19 mils which is almost as large as the specified 
target thickness of 0.2 mils. Nine of the test systems actually had standard deviations 
thai were greater than the specified coating thickness. These data, when combined 
with previously reported findings, suggest that specified plating thicknesses on 
commodity grade fasteners are poorly controlled.(4) Thus, provided cadmium 
alternative system performance is acceptable, thickness variations assembly should not 
disqualify environmentally acceptable alternative coatings. 

TORQUE TENSION RELATIONSHIPS - Torque-tension curves were 
generated using replicate as-received fasteners Initially, fifteen to twenty fasteners 
from representative coating lots were evaluated using the Figure 2 apparatus. The 
resulting raw c ata fr-n th.se tests were a series of X-Y recorder plots, o facilitate 
analysis torque intervals of 20 ft*lbs [27 N*m] were arbitrarily selected and 
corresponding data points on the X-Y plots were identified^ Tension values 
corresponding to these torques were then interpreted from each of the individual raw 
data plots and loaded onto a computer spreadsheet. These interpreted data are 
presented in the following figures. 

An initial analysis was conducted to determine if coating system torque-tension 
data distribution were "normal" or "Gaussian." Figure 4 shows the tension data 
attribution for twenty replicate cadmium coated fasteners at an applied torque ot SU 
ft*lbs [108 N*m] As shown, the distribution is nearly normal and as such descriptive 
statistical analyses would be applicable. Figure 4 and all figures in this paper were 
initially generated using english measurement units.   For clarity, these units are 
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retained in the figures. SI unit conversions are provided in square brackets below the 

plot labels and on the actual plot axes. 

Figure 5 shows a tension data distribution histogram generated using fifteen 
reolicate zinc-Molykote M3400A coated fasteners. An applied torque of 100 ft lbs 
f5 N*m] was selected as the basis for comparison. Again, the distribution appears 

nirly noL and justifies the application of descriptive statistic All tested fastener 
groups exhibited similar "normal" data distributions. 

Figure 6 shows the complete torque-tension data from the twenty replicate 
cadmium coated fasteners used to generate Figure 4. Figure 6 »dutatewW 
minimum, maximum, and standard deviation data. The most important featue c this 
Zb the sigm cant data scatter. The te&ion data range at an app. ed to que of 80 
KÄ varies between 7,510 kips [33,406 N] and 10,580 kips 47,062N^ 
This ranse is approximately 36% of the average tar: et tension.   The standard 
delt on al WsTorque value is also quite large at 720 kips [972 N], Understanding 
S^Se to wi generated from the cadmium experimental control, this wide 
c tt r suggets that alternative coatings may also exhibit considerable torque-tension 
aTscattS still be considered acceptable cadmium substitutes. For the purposes 
%£Z£L, a substitute will be considered acceptable if its torque-ten.on curve 
lies within + or - one standard deviation of the cadmium results. 

Figure 6 also shows that cadmium coatings exhibit relatively consistent behavior 
over Z entire measured torque-tension range. Cadmium coated as ener tension 
increased at a slightly decreasing rate as a function of increasing applied torque, lo 
oTco^sidered acceptable, any potential cadmium alternative coating would have to 

exhibit similar, consistent behavior. 

The Figure 4 5 and 6 results were generated by evaluating many replicate 
fasteners. To improve program efficiency, average and standard' ^«^™ 
smaller sample sizes were compared to those generated from fifteen or twenty 
replicates The objective of this analysis was to identify the minimum number ot 
Z^s required* produce representative data. Figure \^V^^ 
torque-tension curves generated using five, ten, and fifteen W^*^«£* 
with the Zn-M3400A system. Using the previously stated + or - one, standard 
deviation criteria, Figure 7 shows that results generated *^™££™ 
fasteners would be as representative of the overall population as those generated from 

ten or fifteen specimens. 

WfHk 
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Figure 8 shows the torque-tension data generated from five replicate test 
specimens with the zinc plating layer substrate and the six alternative topcoats  The 
cadmium experimental control data has been included on the plot as a reference   Wit* 
the exception of the Zn-Xylan system, all of the alternative's torque-tension curves' 
have slopes greater than that exhibited oy the cadmium experimental control These 
greater slopes signify that the alternative coating systems are appreciably more 
lubricous than cadmium. Because many Army tactical vehicle maintenance manuals 
specify application torque values, the use of an appreciably more lubricous coating as 
a direct" cadmium substitute would result in higher than anticipated clamping forces 
and possibly cause fastener tensile overload failures.  Thus, none of the lubricous 
topcoat based systems exhibiting slopes greater than cadmium would be considered 
acceptable substitutes. 

However, Figure 8 also shows that the non-topcoated zinc and the Zn-Xylan 
systems were quite similar to cadmium in overall torque-tension performance The 
zinc curve falls almost exactly over the cadmium plot and easily satisfies the one 
standard deviation criteria a> an acceptable cadmium substitute. These data suggest 
from a torque-tension standpoint, that zinc plating would be an effective cadmium 
substitute. 

The performance similarities between the Zn-Xylan system and cadmium are 
surprising. Xylan is a PTFE based coating that is supposedly lubricous. However 
the Figure 8 data show the material was actually less lubricous than the uncoated 
plating layer. Although the Zn-Xylan data falls slightly outside the one standard 
deviation range, it is interesting that the Zn-Xylan system actually produced torque- 
tension relationships quite similar to those exhibited by the cadmium controls. 

Figu, ■ 9 shows the torq'ie-tension data generated from five replicate test 
specimens with the Zn/Ni plating layer substrate and the six alternative lop^ats The 
trend* discussed during the Figure 8 analysis apply to the Figure 9 data almough to 
a lesser degree. The Figure 9 results show both the un-topcoated Zn/Ni and the 
Zn/Ni-Xylan systems were slightly less lubricous than cadmium. However unlike 
Figure 8, the Zn/Ni-Everlube 6108 system was only slightly more lubricous than 
cadmium and falls just outside the cadmium data one standard deviation range Thus 
although the performance of the Zn/Ni-Everlube system is similar to that of cadmium 
it would not be considered a direct cadmium substitute. 

Figure 10 shows the torque-tension data generated from five replicate test 
specimens with the Zn/Co plating layer substrate and the six alternative topcoats The 
trends discussed during the Figure 9 analysis apply to the Figure 10 results   Again 
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both the un-topcoated Zr^Co and ^^^^^W^ 
lubricous than cadmium. However unlike Figure 9, the Zn/Co-SAU 445A system, 
S^Sube 6108, was only slightly more lubricous than cadmium and is just 
outside the range to be considered apotential cadmium substitute. 

The torque-tension data presented in Figures 8-10 show zinc coatings would be 

to tor^e «e^ion curves fdl jus. outside of .he cadrmum data one standard 

deviation range. 

BREAKING TORQUE ANALYSIS - Figure 11 shows average (five data sets) 
A V7nr AeWDerforming" cadmium substitutes identified during the Figure 

Ä us^on   £ÄS Presented includes the applied clamping t.   ue 
8-10 discussion,   ine ™4 H of fastener tension and the 

torque values). 

Comparing the Figure 1 1 average applied clamping and b*|W*^ 

Zo uTerfacial corrosion was visuaUy detected The shgh,«em he h etog 
torque relative to the clamping . ^rque for the un-topcoated ™cF«™» « ™ 
statically significant, but does suggest that longer term »»^"£££5 
(to be presented in October 1993) must oe carefully reviewed^ If thu^topcoated 

fine fLner breaking torque values increase w,th extended "™~ j^* be 
exposure, the acceptability of this system as a cadmrum substttute would 

questionable. 

MARINE     ATMOSPHERE/SALT     FOG     CORROSION     CONTROL 
PERFORMANCE-    Figure 12 presents the average, mochfieI A    M 

substrate corrosion control ratings generated by ™«W**^ DXnance 
representative, replicate test fasteners. Manne site ™™*™mf°lf"X?™ 
data was collected after 2500 hours of atmospheric exposure.   Salt fog 
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collected after 1000 hours of ASTM B 117 exposure. An initial review of the Figure 
12 data shows that the salt fog test results do not correlate well with the marine 
atmosphere exposure test results. For example, the marine atmosphere data shows 
the following four systems exhibited no substrate corrosion after the 2500 hour 
exposure period; cadmium, Zn-Everlube 6108, Zn/Ni-Everlube 6108, and Zn/Co- 
Everlube 6108. The salt fog data exhibited a completely different trend. Based on 
the salt fog data, the systems offering the most effective corrosion control 
performance were: Zn-Everlube 6108, Zn/Co-Xylan, cadmium, Zn/Ni-Xylan and 
Zn/Ni-Alumzdte. Because the salt fog results do not accurately reflect the corrosion 
control performance trends apparent at the marine atmosphere exposure site, the 
remainder of this discussion will focus on the marine atmosphere results. 

A comparison of the "best performing" cadmium sub 'itutes identified during the 
Figure 8-10 discussion with the Figure 12 results snows the un-topcoated zinc 
systems that mimicked cadmium's torque tension performance so closely, performed 
relatively poorly in the marine atmosphere corrosion control tests. However, the Zn- 
Xylan and Zn/Ni-Everlube 6108 systems that appeared to offer roughly comparable 
torque-tension performance to the cadmium controls also appear roughly comparable 
in the corrosion control tests. Because the Zn-Xylan and the Zn/Ni-Everlube 66108 
systems offered comparable corrosion control performance and exhibited torque- 
tension performance comparable to cadmium, these two systems might be considered 
as possible cadmium substitutes. 

CONCLUSIONS 

The following are the program conclusions to-date: 

1. The act aal, a- -*rage applied thicknesses on seventeen systems wei _ thicker than 
so<*c; "ed and in four cr ~es thicknesses were rr. jre than three times (300%) greater 
than specified. In addition, variations within groups were frequently as large as 
the original target thickness. These data suggest that only the most significant 
fastener thickness variations should impact the cadmium alternative selection. 

2. Torque-tension analyses indicate that cadmium coatings are not appreciably more 
lubricous than ASTM B 633, Type I zinc plating layers and that the addition of 
a lubricous topcoat may actually allow excessive fastener tension for given torque 
levels. On the basis of torque-tension tests, a simple zirx coating appears to he 
the most effective cadmium substitute coating. 
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3 Corrosion control performance data show ASTM B 117 salt fog test results do 
not accurately reflect marine atmosphere corrosion control performance. 

4 Corrosion control performance data show that any plating substrate, when 
'  topcoated  with Everlube  6108  provided  corrosion  control  performance 

comparable to that of the cadmium experimental controls. 
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TABLE I 

-Coating System Test Matrix „nrt «r,„ , IflgUakifflai 
SYSTEM    PLATING     TARGET ^Bwcous     TARGET 

NUMBER    LAYER THICKNESS 
(pm)(mils) 

TOPCOAT 

Control      Cadmium 

1 Control    Zinc 

2 Zinc 

3 

4 

5 

6 

7 

Zinc 

Zinc 

Zinc 

Zinc 

Zinc 

8 Control    Zn/Ni 

9 Zn/Ni 

10 

11 

12 

13 

14 

Zn/Ni 

Zn/Ni 

Zn/Ni 

Zn/Ni 

Zn/Ni 

15 Conuol    Zn/Co 

!6 Zn/Co 

17 

18 

19 

20 

21 

Zn/Co 

Zn/Co 

Zn/Co 

Zn/Co 

Zn/Co 

5.1/0.2 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

5.1/0.2 

None 

None 

Xylan 

E6108 

E9000 

M3400A 

Saci 445A 

Alum ate 

none 

Xylan 

E6108 

E9000 

M3400A 

Saci 445A 

Alumzite 

none 

Xylan 

E6108 

E9000 

M3400A 

Saci 445A 

Alumzite 

™~— T0TAL 
THICKNESS     SYSTEM 
0un)(mils) TARGET 

THICKNESS 
(pm)(mil$) 

0.0/0.0 

0.0/0.0 

12.7/0.5 

25.4/1.01 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

0.0/0.0 

12.7/0.5 

25.4/1.0 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

0.0/0.0 

12.7/0.5 

25.4/1.0 

12.7/0.5 

12.7/0.5 

12.7/0.5 

12.7/0.5 

5.1/0.2 

12.7/0.5 

25.4/1.0 

38.1/1.5 

25.4/1.0 

25.4/1.0 

25.4/1.0 

25.4/1.0 

5.1/0.2 

17.8/0.7 

30.5/1.2 

17.8/0.7 

17.8/0.7 

17.8/0.7 

17.8/0 " 

5.1/0.2 

17.8/0.7 

30.5/1.2 

17.8/0.7 

17.8/0.7 

17.8/0.7 

17.8/0.7 
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SYSTEM 
NUMBER 

PLATING 
LAYER 

LUBRICOUS 
TOPCOAT 

TABLE D 

^.*~r Sv»lem irr""* TMctacii 

AVERAGE ACTUAL TOTAL 
SYSTEM SYSTEM 
TARGET THICKNESS 

THICKNESS (ujn)(miU) 

(um)(mils) 

ACTUAL 
SYSTEM 

STANDARD 
DEVIATION 

(Hm)(mils) 

Control Cadmium None 5.1/0.2 

,     1 Control Zinc None 12.7/0.5 

2 "*inc Xylan             ^ ,   25.4/1.0 

3 Zinc E6108 38.1/1.5 

4 Zinc E9000 25.4/1.0 

5 Zinc M3400A 25.4/1.0 

6 Zinc Saci 445A 25.4/1.0 

7 Zinc AJumzite 25.4/1.0 

8 Control Zn/Ni none 5.1/0.2 

9 Zn/Ni Xylan 17.8/0.7 

10 Zn/Ni E6108 30.5/1.2 

11 Zn/Ni E9000 17.8/0.7 

12 Zn/Ni M3400A 17.8/0.7 

13 Zn/Ni Saci 445A 17.8/0.7 

14 Zn/Ni Alumzite 17.8/0.7 

15 Contro 1     Zn/Co none 5.1/0.2 

16 Zn/Co Xylan 17.8/0.7 

17 Zn/Co E6108 30.5/1.2 

18 Zn/Co E9000 17.8/0.7 

19 Zn/Co M3400A 17.8/0.7 

20 Zn/Co Saci 445A 17.8/0.7 

21 Zn/Co Alumzite 17.8/0.7 

8.44/0.33 

9.89/0.39 

36.86/1.45 

30.92/1.22 

83.66/3.29 

27.77/1.09 

60.70/2.39 

24.88/0.98 

11.57/0.46 

36.87/1.45 

18.75/0.74 

65.67/2.59 

28.36/1.12 

61.60/2.43 

29.22/1.15 

15.69/0.62 

39.94/1.57 

22.20/0.87 

69.55/2.74 

30.76/1.21 

61.07/2.40 

29.75/1.17 

4.79/0.19 

5.98/0.24 

13.80/0.54 

13.78/0..-« 

45.59/1.79 

15.17/0.60 

28.06/1.10 

11.96/0.47 

5.65/0.22 

11.02/0.43 

6.62/0.26 

24.50/0.96 

20.49/0.81 

29.72/1.17 

12.08/0.48 

8.45/0.33 

12.93/0.51 

8.48/0.33 

23.21/0.91 

14.43/0.57 

35.98/1.42 

7.84/0.31 

ifoj 
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tSWSsSSBSBBSS. 
Figure I Representative Test Fastener Set (1/2-20 UNC Fine, Grade 5) Coated with QQ-P- 

416E, Class 3, Type II Cadmium Plating. 
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Figure 2 Torque-Tension Measurement Apparatus. 
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Figure 3 Marine Atmosphere Exposure Test Racks Showing Alternative 
Specimen Orientations. 

6-7 7-8 e-9 

TENSION RANGE (kips) [kN] 

MO 10-11 11-12 12-13 
[53-5B] 

Figure 4 Tension Distribution Histogram Based on Twenty Replicate Cadmium 
Coated Fasteners at an Applied Torque of 80 ft • lbs [108 N     m]. 
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11-12 12-13 13-14 14-15 15-16 

TENSION RANGE (kips) [kN] 
16-17 

[71-76] 

FigUrC 5 'SSST^ff? HiSt0gram BaSCd °n F,f,een ReP,icate Zinc-Molykote 3400A Coated Fasteners at an Applied Torque of 100 ft • lbs [135 N * rn]. 

162274] 

Figure 6 

Torque (fflbs) 
[N*m] 

m™7Znr7 DT ??m TWCnty RepllCa,e Cadmium Coated 1/2-20 UNC Fine, Grade 5 Fasteners. 
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10      20      30      40      50      60      70      80      90     100 
Torque (ft*lbs) l" ' 

[N*m] 

Figure 7 Torque-Tension Plots for Five, Ten, and Fifteen Duplicate 
Zinc-Molykote 3400A Coated Fasteners. 

20 40 60 80 100 
Torque (fflbs) 

[N*m] 

120 160 
[217] 

-— AlumziteYZ132- 

-•- Molykote 3400A 

■ Cadmium 

Plain 

-*-Everiube6108 

-*- Sad 445A 

Everlube 9000 

Xylan 

Figure 8 Torque-Tension Data From Five Replicate Fasteners Coated with 
Zinc and the Alternative Lubricous Topcoats. 
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20 40 60 80 100 
Torque (fl*lbs) 

[N*m] 

120 140 160 
[217] 

• Alumzite YZ132 — Cadmium 

• Molykote 3400A -s- Piain 
Everlube 6108 

Saci 445A 

Figure 9 

- Everlube 9000 

•Xylan 

Torque-Ten ion Data From Five Replicate Fasteners Coated with 
Zn/Ni and the Alternative Lubricous Topcoats. 

20 40 60 80 100 
Torque (fflbs) 

[N*m] 

120 140 160 
12171 

Alumzile YZ 132 Cadmium 

Molykote 3400A -e- Plain 
Everlube 6108 

Sad 445A 
Everlube 9000 

Xvlan 

Figure 10 Torque-Tension Data From Five Replicate Fasteners Coated with 
Zn/Co and the Alternative Lubricous Topcoats. 
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Figure 11 

600 1.0°° 

TORQUE (ta*lbs)[N*ml 

Averse Applied Torque Required to Tension Fasteners to 10,000 kips [44.482] and to 
l3 Tcnrioned Fasteners Loose After 2500-hour-, of Manne Atmosphere Exposure. 

*....; 

sss^^m^^^^^ 
■■■^^■H 

Figure 12 

2 4 6 6 10 
RATING (ASTM 0 610) 

Average Coating System Corros.on Control Performance "Measured 
by 2500-hour Marine Atmosphere Exposure Testing and 1000-hour 

of ASTM B117 Salt Fog Testing. 
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Adhesion Promotion and Corrosion Prevention 
from Coatings Based on Sol-Gel Technology 

Dr. Lynn C. Yanyo 
Staff Scientist 

Lord Corporation 
405 Gregson Drive 
Cary, NC y27511 

Using a unique form of sol-gel technology, thin organic/ceramic 
(ceramer) coatings have been applied to metal surfaces to enhance such 
surface properties as adhesion promotion and corrosion prevention 
Isotropie coatings derived from tetraethoxysilane, for example, have been 
found to effectively inhibit corrosion while being only 100-1000 A thick. 
The formation of anisotropic (functionally gradient) coatings permits 
greater flexibility over the resulting properties. Using combinations of 
monomers with appropriate reactivities permits the single-step synthesis 
of anisotropic coatings that can both promote adhesion and prevent 
corrosion. 

Introduction 

Sol-gel processing is a method whei-by small molecules can be 
converted into polymeric or ceramic materials [1-7]. Typically, one starts 
with molecules of the form MR4, where the R groups are either organic 
radicals, such as CH3CH2- and CH3CH20- or halogens. The metal (M) is 
typically silicone but can be many other species such as titanium, 
zirconium, aluminum, etc. [1].  Representative compounds include 
tetraethoxysilane, dimethyldichlorosilane, and titanium isopropoxide. 
These small molecules are mixed in an appropriate solvent with water 
and a catalyst. After a period of time the monomers condense into a 
matrix that can later be dried and perhaps fired to form solid three- 
dimensional objects. Depending on the nature of the metal and tne K 
groups, one can form anything from organic polymers such as 
polydimethylsiloxane to inorganic ceramics such as silicon dioxide. 

Sol-gel coatings can be applied to substrates using two different 
methods. The first, and most widely used, involves making a coating 
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mm 

mfIf I ! J   ™, the ^id-catalyzed hydrolysis and partial condensation of 
«,hSrS      ?S* uThls material is sPread> diPPed or spun onto the 
substrate and subsequently cured or hardened. An alternative, patented 
[8-10] approach reported in this paper is the base-catalyzed growth of 
coatings directly on the substrate. 

In this method, metal alkoxides are mixed with solvent, water and a 
basic catalyst in the presence of a substrate (such as aluminum).' As the 
monomers condense, some of them react with the surface of the 
mnrt 2le" ^the c™densation continues a coating is deposited onto, or 
more correctly reacted with, the substrate. 

matl! ÜE in-wa' "A9 SO,Ution is formulated such that it contains several 
fnfmiwalk?Ldes of d,f erm9 reactivitythen the nature of the coating being 
2?1 be a funct'°n of time. The lowest layers of the coating will be 

derived from the most reaotive monomers while t^ upper layers will be 
made from the least reactive monomers. V 

th* ™e Properties of the coating can be optimized so that each part of 
the coating provides optimum properties. One might choose for 

in>!aÄii?r!    fir+
St layer t0 interact stron9'y witn the substrate, an 

intermediate layer to provide some sort of barrier, and a final layer to 
provide compatibility with a subsequently applied top coat (e a oaint 

KÄ'-I HPr0fertieS that canybePaP.tered aPs atSnPoa "depth 
nto the coating include elastic modulus, free volume, density, index of 

ÄÄ ref clivity> barrier properties-electrical and therma 
conductivity and extent of crosslinking. 

Experimental 

pnnnTAt ^bfrates usfd for corrosion testing were thin films (1000- 
ontrmte« m (9^"%) °r iron (99+%>that had been evaporated onto glass microscope slides or coupons of 2024-T3 aluminum 
uorrosicn testing was oerformed in either 0.1N NaOH or 0 1 N HCI (for 

ÄS t°h?H 3 t,,fTer V°r ir0n' potassium acid Phthalate/HCi) by ° 
SsäSpri     rPntne "Ce ?' ^ ^^ ^ ^ ™^Y Until it disappeared   Corrosion testing of metal coupons was performed by 

NaOH S?90    M HH °rright '°SS °f samP'es exposed 5, either 0.?N 
xpc   °;;1 ,  HCL. The C0LJP°ns were bonded as lap shears with a 2 5 
LhL     0rlr'ap USmg Tynte 7520 (Lord Corporation) two part urethane 
before'testino6 ÄH^ ^ ^ 4 day* at ro°™ temperature De ore testing   Selected samples were exposed to boiling water for 24 
hours in an all glass apparatus y 

70 J5 pL9nen|C?7tin? S,°lutions' Unless othe™ise specified, contained 
hJdraxWP «n2 tL Iiml ° Water' 3 ml °f concentrated ammonium nydroxide and the silane monomers of choice (typically 6 mh   SamnlP<; 
were treated by immersion at room temperature forTo minutes fo 2? 
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prior to testing. ^„PmQw with 4kpV araon ions. Atomic 

adventifcuscarbon peak abiding energy o       432A42B41 nul, point 

was Performed on a Rudolph ^m™ M      Thickness values were 
SÄÄÄÄ' assumption »ha, the index or 

refraction of the coating was 1.4 [11]. 

OCH2CH3 

CH3CH20 — Si OCH2CH3 

OCH2CH3 
Hydrolysis 

TEOS 
CH3CH20  

Condensation. 

OH 

Si OCH2CH3 

OCH2CH3 

CH3CH20 OCH2CH3 

| I 
CH3CH20— Si —O— Si —OCH2CH3 

CH3CH20 OCH2CH3 Silica 

f- 0 — Si — o — Si -f- Continued 
Reaction 

Figure 1. Reactions involved in the hydrolysis and condensation of TEOS to 
amorphous silica. 

WM*#* 
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Results and Discussion 

Isotropie coatings can be made by reacting a single monomer (or 
multiple monomers with similar reactivity) with an appropriate substrate. 
The substrates used in this work were films of aluminum or iron that had 
been evaporated onto glass or aluminum coupons. Isotropie films were 
made on these substrates by allowing TEOS (tetraethylorthosilicate or 
tetraethoxysilane) to react with water in a solution containing ethanol and 
ammonium hydroxide. As the hydrolysis and condensation reactions 
proceed (Fig. 1) colloids are formed in solution, causing the solution to 
become blue then milky white. At the same time, the silane species are 
reacting with active sites on the substrate surface, forming a thin coating 
consisting of SiC>2 (and aluminosilicates in the case of the aluminum 
substrate). .    ~. .   „„    .   * 

linder typical reaction conditions, it takes approximately 20 minutes 
for the coating to reach its maximum thickness of about 400-700 A 
(Fig. 2). This thickness was determined by ellipsometry and was 
confirmed by several other techniques, including ESCA sputter depth 
profiling, profilometry, gravimetric analysis, and other techniques. The 
coating that results from this treatment is invisible to the unaided eye. In 
scanning electron microscopy at 10,000-10O.0OOX, the coating has few 
discernible features other than those of the substrate. 

Thickness 
(A) 

800 

600- 

400 

200- 

-T-//-T-1 1—■ I ■ I ' I ' I 

0  10  20  30  40  50  60  70   1500 

Time of Coating (min) 

Figure 2. Coating thickness by ellipsometry as a function of the time that aluminum 
samples (2000Ä thick on glass) were immersed in the reacting solution of ethanol, water, 
concentrated ammonium hydroxide and TEOS. 

The corrosion protection afforded by the isotropic coating was 
quantified in several ways. The simplest method involved analysis of the 
mirror-like evaporated metal samples described above. The time 
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coupons. 

Table 1. Corrosion protection Irom sol-gel coatings 

Sample 

Untreated Aluminum (1000 ft) 
Aluminum with 1 coat 
Aluminum with 2 coats 
Aluminum with 20 coats 

Time (min) to 
corrode in 

n.1 N NaOH 

3 
1500 

1500-2000 
2200 

Time (min) to 
corrode in buffered 

water. PH 3 

Time (min) to 
corrode in 
0 5 N HCI 

420 
74,880 

1000-4000 

Sample 

Untreated iron (200Ä) 
Iron with 1 coat 

The properties of the coating can be changed by varying the 
amounts and types of ingredients used and the react.on conditions. 
F^ure 3 showsya plot of the thickness of the resulting coatingya-a 
function of the amount of TEOS present. As the amount of TEOS 
Eases   ha Thickness of the coating increases in a straightforward 
manner  This esu't is consist with the theory that the coating is limited 
Ke    by the availability of silane monor,.jrs in the so utions 
ThPse monomers are used up by the reaction with the substrate and by 
rS™foTm oolloids in scLlon.   If the number of nucleate srt « m 
Son is relatively unaffected by the TEOS concentration, the thickness 
of the^surfacecoating and the diameter of the solution colloids should 
increase as the amount of TEOS increases observed when the 

This hypothesis is also consistent with the effect °b.fp^
e_amTe in the 

colloids are allowed to form partially before imme
n

r^n^n
h
eVavailable for 

solution   In this case most of the monomers are no longer avaiaDie TO 

?eäJ!ion with the surface; only pre-colloids anc^^^l^egral 
likely to attach to the surface '" a well-pack^ «the 
coating. As the length of time between formulation of tne 
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immersion of the substrate increases, the thickness of the coating 
decreases (Fig. 4). 

10000' 

Coating        1000 ■; 
Thickness 
(A) 

Hf- 

1001 

TEOS Added (mL) 

Figure 3. Coating thickness by ellipsometry as a function of the amount of TEOS added 
to the reacting solution. Aluminum samples (2000Ä) were coated for 24 hours and baked 
dry at 100 °C for 60 minutes prior to testing. 

Remarkably, the ability of the coatings to prevent corrosion of the 
underlying substrate does not seem to be directly related to the thickness 
of the coating. Figure 5 shows a plot of the time necessary to corrode 
2000Ä of aluminum in aqueous base after being treated with coating 
solutions containing various levels of TEOS.  Protection increases 
slightly as the level of TEOS is increased from 0 to 0.003 ml. Between 
0.003 and 0.01 ml of TEOS, the corrosion protection increases by a factor 
of nearly 100. Additional TEOS seems to do little to further increase the 
corrosion protection.  In fact the maximum corrosion protecticr is reached 
while th i coating is significantly less than 100Ä thick. 

li .o thought that the corrosion protection of aluminum is actually 
being provided by a layer of aluminosilicate formed by reaction of TEOS 
with the native oxide on the aluminum.  Further coating material (Si02) 
that builds up above the aluminosilicate layer provides little additional 
protection. This hypothesis is supported by data obtained by corrosion 
testing of samples with multiple coatings and ESCA. 

The application of multiple coats does not significantly increase the 
corrosion protection over that offered by one coat. (Table 1) Even a 
sample with 20 coats that is thick enough (1 mm) to offer significant 
scratch and wear resistance has a corrosion resistance similar to that of a 
sample with one coat.  If the entire coating had been acting as a barrier, 
one would expect that 20 coats would be significantly more effective than 
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one coat   If it is a layer of aluminosilicate at the metal surface that is 
actually providing the protection, it is not surprising that additional silicon 
dioxide above it does not improve the protection. 

700 

600 

500 

Thickness 400 - 
(A) 

300 - 

200 - 

100- 

Premix Incubation (min) 

Figure 4. Coating thickness (by eilipsometry) as a function of the time between mixing 
the solution and the immersion of the substrate. Aluminum samples (2000A on glass) 
were coated for 24 hours and baked dry at 100°C for 1 hour prior to testing. 

loooo-i—/V* 

Time to 
Corrode 
(min) 

1000 

100 

10      100 0     0.0001 0.001   0.01 

TEOS Added (mL) 

Figure 5. Corrosion protection as a function of the amount of TEOS added to the 
reaction solution. Aluminum samples (2000Ä on glass) were coated for 24 hours ana 
baked at 100°C for 1 hour prior to corrosion testing in 0.1 N NaOH. 

ESCA analysis also supports the contention t^at corrosion protection 
is provided by the aluminosilicate layer.  Figure 6 shows the EbOA 
analysis of the coated surfaces used in the corrosion testing ot Mgureo. 
When very thin Si02 coatings are applied, the binding energies ot tne 
silicone atoms on the surface are similar to those obtained for tne 

fesM-i 
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aluminosilicate materials but not to those for silica gel [12]. As the 
amount of TEOS is increased, the average binding energy gradually 
shifts toward that of silica gel. The corrosion protection is essentially at 
its maximum when the surface begins to look like silica gel. 

104' 

Silicon       l°3 

Binding 
Energy 
(eV) 

1021 

t^««w,5««5K^a« 

:>»l8SiSi«WÄ>«^^ 

I Onset of Significant Protection 

101' 
0.0001     0.001       0.01 0.1 1 

TEOS (mL) 
I.OT/A 

0.8 - 

Silica Gel 

s*H Aluminosilicate 
(Si/Al-1) 

10 

SiASi + Al) 

0.6 

0.4 

0.2 - 

Pi I I*I^ 

0.001 

I Onset of Significant Protection 
l   III ia^      l 

0.01 
1MMT"r'i»«^'  i   9 urn 

0.1 1 10 

TEOS (mL) 

Figure 6. ESCA analysis of aluminum surfaces coated with various amounts of TEOS as 
in Figure 5. Top: Silicon binding energy corrected for charging by assigning the 
adventitious carbon peak a value of 284.6 eV. The binding energies obtained for a 
typical aluminosilicate and for silica gel are shown tor reference. Bottom: The atomic 
proportion of silicon to the total of aluminum and silicon. 

Likewise, Figure 6 shows the relative abundance of silicon on the 
aluminum surface as the coating is applied.  In this case, the maximum 
corrosion protection has been reached in samples where the aiuminum 
is just covered by the silica. Again, significant quantities of silica on top 
of the aluminosilicate do not contribute to corrosion protection. The 
mechanism by which this aluminosilicate layer provides protection may 
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be similar to that afforded by traditional silicate coatings that have been 
used in anodic protection of aluminum surfaces [13].   

The addition of certain organic moieties to the ceramer coating might 
be expected to lead to better adhesion between organic adhes.ves and 
the coating, just as traditional adhesion promoters function. One 
drawback however, is that the addition of many organic species leads to 
a decease^corrosion protection of the coating. If one could design 
wSfwhere Rttle or no organics were incorporated until an effective 
SSe?had fulfy formed, one might avoid the problem ol' tne> presence o 
organics within the coating, reducing the erosion protection   Obviously 
such layered structures can be formed in multiple steps, but rom an 
engineering or processing perspective, this would be much less 
desirable than producing a layered effect in one step.      ... 

•he key to formation of functionally grao ent coatings in a sir lie s_p 
is controlling the reactivity of the various components in the reaction. The 
silanes that react more quickly coat the substrate first and as time 
oroceeds the coating forms from less and less reactive materials. One 
then only needs to control the reactivity to such an extent that the desired 
materials end up in the desired places in the coating. 

There are three methods of controlling the reactivity of metal 
alkoxides in solution. The first is to change the metal. Titanium alkoxides 
are for example, much more reactive than silicon alkoxides. A second 
method is to influence the reactivity of the metal alkoxide through the 
nature of the non-alkoxy groups attached to the metal. 
Methyltriethoxysilane is less reactive than tetraethoxysilane by a factor of 
more than 100. This method of reducing reactivity is limited because 0f 
the usual reason for me incorporation of organic groups is to effect the 
physical properties of the coating not just the process. 

The final way of controlling the reactivity of these materials is through 
the alkoxy group itself. Larger alkox, groups are less reactive both for 
stehe and electronic reasons. One can order the reactivity of alkoxy 
groups as follows: 

methoxy > ethoxy > isopropoxy > s-butoxy 

In practice one can gain a measure of the reactivity of various silanes 
by mixing them into a reaction solution and observing how long it taKes 
for colloids to form. Using this information, one could-J°[c^a

a
n^

p^'havina 
control the relative reactivity of a vinyl s.lane to a methyl silan.by.having 
different alkoxy groups on them. To form a,coatmgs w. h methy^silane in 
the lower regions of the coating and vinyl silanes nea the surface, one 
could use methyltrimethoxysilane and vinyltnethoxysilane. 
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In addition to the ability to use various simple alkoxy structures, one 
can obtain further control by using other ligands attached to the metal 
atom such as acetoxy, phenoxy, halides, hydrides and hydroxyls. 

Applications 

There are, of course, a wide range of potential applications for such 
anisotropic coatings. Combination of corrosion protection and adhesion 
promotion is a case where a single isotropic coating cannot provide the 
same benefits as anisotropic or layered coating. Adhesion promotion by 
aminosilanes is a widely practiced technology, and 3-aminopropyl- 
triethoxysilane is an effective adhesion promoter for bonding aluminum 
substrates with a urethane adhesive (while TEOS alone is not). 

Conversely, coatings de-'ved from TEOS prov:dr significant 
corrosion protection while those derived from aminosilane do not. In fact, 
in mixed coatings of TEOS and aminosilane, it is most important for the 
N/Si atomic ratio to be low (<0.05) for optimum corrosion protection and 
high (>0.1) for optimum adhesion promotion.  If one makes coatings 
where the lower regions are primarily derived from TEOS (forming a 
corrosion resistant barrier) and the upper regions are primarily 
aminosilane (promoting adhesion) then one can get both properties 
optimized at once, a feat not possible with a single isotropic coating. 

Table 2 illustrates the dramatic effect of silane reactivity and its 
distribution within the coating on adhesion and corrosion. TEOS is more 
reactive than 3-aminopropyltriethoxysilane which is more reactive than 
TBOS (tetrabutoxysilane).  In formulations where the aminosilane is not 
at the surface of the coating, adhesion in poor.  In formulations where the 
aminosilane forms the base of the coating, corrosion protection is poor. 
In the formulation of TEOS and 3-aminopropyltriethoxysilane, corrosion 
protection is conferred by the TEOS and the aminosilane is at the surface 
to provide adhesion promotion. 

Concisions 

Anisotropic, multilayered coatings can be formed by taking 
advantage of the relative reactivity of monomers present in sol-gel 
reactions. These anisotropic coatings permit the properties of different 
regions of a coating to be independently optimized for different functions. 
Anisotropic coatings can, for example, provide corrosion protection as 
effectively as silicate only coatings and provide adhesion promotion as 
effectively as organically modified coatings. There are instances where 
underbond corrosion must be prevented in order to attain maximum 
environmental resistance in bonding to metal.  In these cases, both 
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adhesion promotion and corrosion prevention must be simultaneously 
optimized, as is obtained from anisotropic coatings. 

Table 2  Bond strengths of joints made from aluminum alloy coupons with various 
coaUras usfng a two part commercial urethane adhesive, Tyrite 7520. The pints were 
SpSsed to Slfng water for 2 hours prior to testing. The table also shows corrosion rates 
for evaporated aluminum samples with similar coatings in aqueous base. Highlighted 
formulation shows both properties optimized. 

poatina Innredients 

None 
TEOS only 
Aminosilane only 

TEOS + Aminosilane 
TBOS + Aminosilane 
TEOS + Aminosilane + TBOS 

Two step coatings 

TEOS, then Aminosilane 
Aminosilane, then TEOS 

Bond Strength 
(isa/iü2) 

15 
0 

475 

620 
75 
30 

580 
0 

Corrosion Rate 

1 (by definition) 
0.002 

0.6 

0.002 
0.01 
0.003 

0.002 
0.3 
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FAX:    (301)-743-4153 

MR HAROLD T  MICHELS 
LAQUE  CTR  FOR  CORROS   TECH   INC 
HWY 76 & AUDITORIUM CIRCLE 
WRIGHTSVILLE   BEACH  NC     28480-0001 
(910)-256-2271 
FAX:    (910)-256-9816 

PROF  RALPH     MITCHELL 
HARVARD  UNIV 
DIV  OF  APPL  SCI 
PIERCE  HALL 
CAMBRIDGE  MA     02138-0001 
(617)-495-2846 
FAX:    (617)-496-1471 
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DR JOHN N MURRAY 
NAVAL SURFACE WARFARE CTR 
CARDEROCK DIV 
CODE 613 
3A LEGGETT CIRCLE 
ANNAPOLIS MD  21402-5067 
(410)-267-3151 
FAX: (410)-293-4885 

MR THOMAS  NAGUY 
MATLS ENGR 
US AIR FORCE 
WL/MLSA BLDG 652 RM 55 
2179 TWELFTH ST STE 1 
WRIGHT-PATTERSON AFB OH 
(513)-255-5117 
FAX: (513)-476-4600 

45433-7718 

LCDR MICHAEL A NEUSSL 
US COAST GUARD 
USCG ARSC ^^ 
ELIZABETH CITY  NC     27909-5001 
(919)-335-6556 
FAX: (919)-335-6463 

MR CHET  OGRABISZ 
MKI SYSTEMS 
STE 1000 
6564 LOISDALE CT 
SPRINGFIELD VA  22150-2205 
(703)-719-7200 
FAX: (703)-719-9302 

MR WILLIAM  PALDINO 
EM CORP 
ONE JOHN DOWNEY DR 
NEW BRITAIN CT  06051-0001 
(203)-224-9148 
FAX: (203)-224-9172 

MR BRIAN F PLACZANKIS 
US ARMY RES LAB 
AMSRL-MA-CC 
ARSENAL ST 
WATERTOWN MA  02172-0001 
(617)-923-5198 
FAX: (617)-923-5219 

MS KAREN M POOLE 
NAVAL SURFACE WARFARE CTR 
CODE 641 
3A LEGGETT  CIRCLE 
ANNAPOLIS  MD     21402-5067 
(410)-293-2275 
FAX: (410)-293-3052 

DR BRÜCK G POUND 
SRI INTL 
MATERIALS RES LAB 
333 RAVENSWOOD AVE 
M/S PS323 
MENLO PARK CA  94025-3493 
(415)-859-5527 
FAX: (415)-859-3678 

MR DAVID F PULLEY 
NAVAL AIR WARFARE CENTER 
PO BOX 5152 
CODE 6062 
WARMINSTER PA  18974-0591 
(215)-441-1904 
FAX: (215J-441-1925 

DR DASARA V RATHNAMMA 
RES CHEMIST 
NAVAL SURFACE WARFARE CTR 
CODE 64 2 
3A LEGGETT CIRCLE 
ANNAPOLIS MD  21402-5067 
(410)-293-2677 
FAX: (410)-293-2839 

MR CHRIS B RAWLINS 
ROCKWELL INTL CORP 
M/S ZK-36 
PO BOX 21105 
KENNEDY SPACE CTR FL 
(407J-861-4596 
FAX:    (407)-861-0908 

32815-0001 

MR RONALD W  REDFERN 
HQ  MARINE   CORPS 
303 3   WILSON  BLVD 
ARLINGTON  VA 
(703)-696-1059 
FAX:    (703)-696-1079 

DR ROBERT  R REEBER 
US  ARMY 
PO  BOX  12211 
RES  TRIANGLE  PARK NC 
(919)-549-4318 

27709-0001 

MR ROBERT R RENNELL 
ARINC 
STE 500A 
5600 LIBERTY PKWY 
MIDWEST CITY OK  73110-2833 
(405)-739-0939 
FAX: (405)-739-0003 
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M 
MR WILLIAM RHINESMITH 
ROCKWELL INTL CORP 
M/S ZK36 
PO BOX 21105 
KENNEDY SPACE CTR FL  32815-0001 
(407)-861-4594 
FAX: (407)-861-0908 

MR RICHARD W RUSSELL 
NASA 
TV-PEO-12 
KENNEDY SPACE CTR FL 
(407)-861-4168 
FAX: (407)-867-3139 

32899-0001 

CHANDRA P SANKHLA 
DOD INSPECTOR GENERAL 
M/S ROOM 801 
400 ARMY NAVY DR 
ARLINGTON VA  22202-2884 
(703)-614-6298 
FAX: (703)-614-8542 

MR KENNETH  SEBEK 
US AIR FORCE 
OC-ALC/LACRA  STE  2AC489D 
3001 STAFF DR 
TINKER AFB OK  73145-3019 
(405)-736-3832 

DR JOHN A SEDRIKS 
PROG MGR 
OFC OF NAVAL RES 
M/S 332 
800 N QUINCY ST 
ARLINGTON VA  22217-5660 
(703)-696-4402 

DR BARBARA A SHAW  *' 
THE PENN STATE UNIV " 
DEPT OF ENGR SCIENCES 
207 HOLLOWELL BLDG 
UNIVERSITY PARK PA  16802-6804 
(814)-865-7828 
FAX: (814)-863-0490 

MR GEORGE  SHAW 
US ARMY TACOM 
AMSTA-QHS 
WARREN MI  48397-5000 
(313)-574-8738 
FAX: (313)-574-8725 

MS JOY M SIEJA 
TRW 
STE 115 
1650 RESEARCH DR 
TROY MI  48083-0001 
(810)-689-6354 
FAX:    (810)-689-0488 

W 

KR JAMES  A  SMITH 
US  NAVY  RES   LAB 
M/S   6314 
4555  OVERLOC      &VE  SW 
WASHINGTON  DC     20375-5000 
(202)-767-2784 
FAX: (202)-404-7297 

MR EUGENE A STOHRER 
NAVMAR APPLIED SCI CORP 
STE B-104 
65 W ST RD 
WARMINSTER PA  18974-0001 
(215)-675-4900 
FAX: (215)-972-0597 

MR STEPHEN J SPADAFORA 
NAVAL AIR WARFARE CTR 
M/S 6062 
PO BOX ^152 
WARMINSTER PA  18974-0591 
(215)-441-2704 
FAX: (215)-956-4141 

MR MARK R STOUDT 
NATL INST OF STDS & TECH 
BLDG 223 RM B254 
GAITHERSBURG MD  20899-0001 
(301)-975-6025 
FAX! (301)-926-7975 

MR JOHN T STROPKI 
BATTELLE 
OC-ALC/EMV 
505 KING AVE 
COLUMBUS OH  43201-2693 
(614)-424-5414 
FAX: (614)-424-3457 

DR TOSHIFUMI  SUGAMA 
BROOSHAVEN NATL LAB 
DEPT OF APPLIED SCI 
BLDG 526 SIXTH ST 
PO BOX 5000 
UPTON  NY     11973-5000 
(516)-282-4029 
FAX:    (516)-282-2359 
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MR EDWIN S TANKINS 
NAVAL AIR WARFARE CTR 
M/S 6063 
STREET 6 JACKSONVILLE 
WARMINSTER PA  18974-0001 
(215)-441-2075 
FAX: (215)-441-1773 

MR ISHMAEL L VILLALVA 
NAVAL AVIATION ENGRG SERVICE 
NAS CECIL FIELD 
BOX 152 NAS 
JACKSONVILLE FL  32215-0152 
(904)-778-6161 
FAX: (904)-778-6480 

MS KATIE  THORP 
UNIV OF DAYTON RES INST 
300 COLLEGE PARK 
DAYTON OH  45469-0168 
(513)-255-1138 
FAX: (513)-258-8075 

MR DENNIS  VORSE 
LORD CORP 
2000 W GRANDVIEW BLVD 
PO BOX 10038 
ERIE PA  16514-0038 
(814)-868-3611 
FAX: (814)-864-8066 

illtffi 

DR MARIANNE  WALCH 
NAVAL SURFACE WARFARE CTR 
CODE R301 
15526 PLAID DR 
SILVER SPRING MD  20903-5640 
(30D-394-4839 
FAX: (30D-394-4841 

MR JAMES A WHITFIELD 
NAVAL AVIATION DEPOT 
CODE 35420 STOP 9 
CHERRY POINT NC  28533-0001 
(919)-466-7342 

DR DOW WHITNEY 
UNIV OF FLORIDA 
DEPT OF SCI & ENGRG 
123 RHINES HALL 
GAINESVILLE FL  32611-2066 
(904)-392-6687 
FAX: (904)-392-6359 

DR JOHN  WIKSWO JR 
VANDERBILT UNIV 
STATION B 
PO BOX 1807 
NASHVILLE TN  37235-0001 
(615)-322-2977 
FAX: (615)-322-4977 

MR SAM R WINTERS 
ALLISON GAS TURBINE 
M/S S-52 
PO BOX 420 
INDIANAPOLIS IN  46206-0420 
(317)-230-5117 
FAX: (317)-230-3356 

MR RICHARD A WOLF SR 
BOEING DEF & SPACE GRP 
M/S K86-83 
3801 S OLIVER 
WICHITA KS  67277-7730 
(316)-526-8820 
FAX: (316)-523-2972 

MR MERLE T WOLFF 
US ARMY 
WARREN MI  48347-5000 
(810)-574-8834 
FAX: (810)-574-6501 

DR LYNN C YANYO 
LORL C~. P 
THOMAS LORD RES CTR 
4 05 GREGSON DR 
CARY NC  27511-7900 
(919J-469-2500 
FAX: (919)-460-9648 

MR THOMAS H YENTZER 
US AIR FORCE 
WR-ALC/TIEDM 
ROBINS AFB GA  31098-0001 
(912)-926-4489 
FAX: (912)-926-6619 

DR CHESTER  ZABIELSKI 
US ARMY RES LAB 
AMSRL 
WATERTOWN MA  02172-0001 
(617)-923-5332 
FAX: (617)-923-5219 

ip.- 
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