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

*Dasara V. Rathnamma
N---al 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
§urf§ce beneath-- a process known as hot corrosion. We present here the
Implications of a theoretical model of hot corrosion rate that is limited by
@ffusional dissolution of oxide species into the melt for the design of burner-
rgs to test the corrosion-resistance of superalloy materials. Parameters
expec.ted to govern the dissolution rate of a given oxide are the rate of
deposﬁion of the multicomponent(sulfate-vanadate-oxide)'solvent'-
liquid liquid-layerthickness,and composition-dependent physical properties
of the deposit, such as density and viscosity. The solid portion of deposit
mass, peing relatively inert with respect to hot corrosion, will not correlate
well wnth experimental corrosion rates. These hypotheses are tested by
comparing our model-predictions with one set of burner-rig corrosion rate
;E:Iasuremer@ made during the combustion of vanadium-containing liquid
ﬂndiseEd'ed'w‘th the same concerjtration of various metallic additives. Our
direcr:tgs indicate that the‘totgl weight .(solids + liquid) of the deposit has no
o effcorrespondence w!th |t§ corrosive potential. However, additives that
e ectlye IN suppressing Ilqu1q phase formation will, in general, reduce

corrosion rate equally effectively. Liquid mass arrival rate and oxide
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solubility in the liquid are quantities of relevance to the problem, but the best
correlation of experimental data with theory is obtained for the oxide
dissolution rate (which is approximately inversely proportional to the liquid
layer thickness). Thus, burner-rigs designed to simulate either of these two
parameters will reproduce the hot-corrosion characteristics of the engine
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 technologies are:
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, ~efractory and corrosion-resistant oxide-layer on the gas-side of
the coating. The following mechanism has been proposed[1] for 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 trailing-
edge 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. 2n deposit. Therefore, they
suggest that the melting-point temperature, T the 'threshold' temperature
for initiation of the sulfidation attack-- and the dewpoint temperature, Tgp—-
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 combustors. 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




pointed out[11] that the thickness of the salt deposit is a key variable, often
overlooked in mechanistic studies, in determining the transport of oxidant
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 experimentally[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
corrosic 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 salt 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
fully[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:

Jow K (Wou Wq) 1

where w, is the oxide mass fraction at the melt/oxide interface (w) or in bulk
liquid solution (b), and kp,, 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”.

oT m, o« j
5~ [2u/( a”) M * L owyim (2)

(
X x=0 pI

with the inclusion of the dissolved oxide contribution to the total liquid mass.
Here, is the liquid viscosity, (9T, JoX)o 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., Na,S0,(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 ~ amplex Chemical Equilibrium Calculetion (CEC) computer program,
originally developed at |JASA Lewis Rese. rch Center[23] ard 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: Na,SO,(1), NaV0,(1) and V,04(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 Na,SO, 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 iisted above comprise most of
the condensate, with minimal amounts of higher order vanadates (Na,V,0,
Na,VO,). They have treated NaVO, as Na,V,0s and assumed that the
Na,S0,-Na,V,0, mixture can be treated as an ideal solution. While their
thermochemical analysis, which is extended over a wide composition range,
necessarily deals with ternary Na,SO,-Na,V,04-V;0s solutions, at the
vanadium concentrations we are interested in, a simplified binary analysis
(Na,S0,-Na,V,0,) 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,




cadmium, cobalt, manganese, and nickel are the most effective suppressors
of dissolution-limited hot corrosion, whereas cerium and aluminum aré
among the less effective. Added sodium and potassium enhance the
corrosion rate. These trends are in excellent agreement with the
experimental findings[13]; A more detailed comparison of theory and
practice in this regard is in literature[18). Our concern here rests more with
the effect of additives on several deposition-related quantities, and on
whether the predicted effect on the oxide dissolution rate systematically
parallels the effect on observed corrosion rate.

Toward this end, we have attempted to correlate corrosion data
collected[13] with measured total weight (solids + liquid) of the deposit, as
well as with calculated quantities such as the weight of the liquid portion of
the deposit, the 'ideal’ solubility of the oxide species in the liquid, the phase
fraction of condensed material in the combustion product gases, the total
deposition rate of the liquid, the liquid layer thickness and the oxide
dissolution rate. Figures 3 through 7 represent our efforts at correlating
these potentially important parameters with the corrosion rate. In these
figures, we plot the logarithm of the nondimensionalized corrosion rate with
no additives as a function of various nondimensional parameters that were
determined for no additives. The rate and weight data used here were
obtained under the conditions reported in Figure 2 (metal-to-vanadium
atomic ratio of 6, surface temperature of 1600 F). The metallic additives
whose effects were considered here are titanium, tin, barium, strontium, zinc,
sodium, indium, calcium, nickel, iron, manganese, cadmium, cerium,
neodymium and lanthanum (at an atomic ratio of 3 to vanadium). CEC-
predicted solution compositions and condensed phase fractions
corresponding to these additives and a surface temperature of 1600 F are
presented in Table 1. Deposition-related calculations that went into the
construction of Figures 5 through 7 are based on these computed
compositions. At this atomic level of added metal, the dominant species in
solution for all additives except titanium and cerium are found to be
Na,S04(1) and Na,V,0g(1); for those two metals, the primary solution
components are Na2V206(1) and V,05(1). In the case of zing, all liquid-
phase component mole fractions are negligibly small, suggesting that the
addition of zinc results in the enrichment of the condensed phase in the
relatively benign (with respect to hot corrosion) solids.

From Figure 3, it is clear that there is no systematic relationship between
corrosion rates and total deposit weights, possibly due to the fact that the !
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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 ¢eneral,
smaller condensed liquid inventories correspond to reduced corrosion rates.
Thus, additives that suppress liquid phase formation via, e.g., homogeneous
vapor .hase 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'ou/P1 = Do, 15 (3)

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

Thus, a direct linear dependence of the corrosion rate on oxide
dissol: tion 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. CONCLYUSIONS

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 alidity. 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
tt_lough 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 teen 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 technique. 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-Ray 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 de .ector and a
precision anisotropic collimation 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 limited-thickness region from which
backscattered photons reach the detector. The selected backscattered beam falls upon a thallium-
doped $odium 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.




scattering zone
aperture 2 [ aperture 3

7 L

aperture 4

e

anode spot

detector

aperture 1 i

x-ray tube

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 sutfaces. 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 th: 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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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




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 hawinarks 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 ore 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 flov . Without porés, 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.



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. ..e 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
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Fig. 5 Scan head. One of the stepper motors and two of the feet are visible.




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
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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 aughment
and realigns the scan head as needed. If the count rate drops tS too 1. 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 6¢
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 rigure 6¢c. Large air gaps and locse material suggest the presence of
corrosion. The front layer of skin measured 0.0375" using the deconvolved plot. The expected




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.
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Fig. 7 Scan through a lap joint. Three metal layers are shown.

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 curnulative 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 sing 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 primer. 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 looseness are strong

indicators of corrosion. Beneath this is yet another air gap 0.0138" wide. The last layer is the




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 with a gap
0.0035" wide. There also appears to be some warpage since the planes of t+= 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.
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Mobile X-Ray BDP ui 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 drobe
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.




INTRODUCTION

Microorganisms have the capability to adhere to surfaces, grow and
produce biofilms. Often biofims create difficulties when they form, such as
when slimes are produced on heat exchanger tubes and heat transfer
capabilities are reduced. Sometimes corrosion occurs beneath the biofim.
Microbiologically influenced corrosion (MIC) is the term for the initiation or
acceleration of corrosion by microorganisms or their metabolites, usually on
metal surfaces.’

Biofilms are usually made up of extracellular polymers (exopolymers) and
a consortium of sessile organisms, debris and organic matter.'? The
extracellular polymers are seci ..ions that form a mat:iv of fibers and often
envelop the organisms and contribute to collecting other material.
Biofouling is the biological growth on surfaces in contact with natural water.?
Biofouling 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 complex than "normal" corrosion.® First, more than one corrosion
mechanism may be involved. Second, MIC is associated with extremely
diverse microbiological environments. Inspection methods need to be able
to detect diverse corrosion mechanisms on a wide variety of materials and
components.®’

BACKGROUND

Several types of corrosion mechanisms are associated with military and
commer~al power-generating facilities. These include general corrosion,
pitting, underdeposit or crevice corrosion, and MIC. Less commonly
occurring 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 is the form of corrosion /in almost every case) for which corrosion
rates are tabulateu. 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 fim-
protected (passive) metal surfaces, such as austenitic stainless steels.
Some instances of MIC may be considered a form of crevice corrosion
when the exopolymer fiim formed by the microorganisms creates a "living
crevice", as shown in Figure 1. The role of organisms relates to the
infuence of differential aeration cells forming under a biolog: al deposit
where a pit initiates and tubercle forms.’

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? They theorized that the corrosion of iron buried in an
aerobic soil was the result of activity by SRB. Since then Little and Wagner®
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 Licina® 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 biclogical 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.’ 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 inspeciion 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.ce monitoring is nut 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)




. 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 biofouling, 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 througin 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.
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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 image is recorded on
photographic film. Differences in film density are related to the thickness,
including the flaws. For example, a pit would appear as an indication on
the fim. Radiography can be very useful for MIC or corrosion related
problems. It is particularly useful for determining the extent of pitting of
weldments.

Advanced Techniques

Advanced inspection techniques vary in complexity, maturity and
capatibility. 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
tubing."" Doyle discusses how this is useful for inspection systems that can
rapidly scan the full length of a marine boiler tube, generate a quantitative
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 systam was designed to examine. [t 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 Soring, MD, is a UT system that improves the performance of
ultrasonic examinations. Conventional UT te~hniques can be imoroved by
using a focused transducer, made up of phased arrays of transuucers 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 FSIl 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 rest™s of corrosion studies conducted
on Al 2024, Al 8061, 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

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 resulits; 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 [5-9]. In
particular, EIS has been found to be very sensitive in the determination of
pitting corrosion of aluminum [10]. One of the difficulties encouricred 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
d-termined. 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
measure:ents. 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

FiG. 1 ELECTROCHEM'CAL CELL FOR
'MPEDAMCE. MEASURMENT

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
Al,O4 powder to a consistent surface finish. Three coating systems
were investigated, chromic acid anodization, Scotchweld EC 1280® 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 AND 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 irﬁo.w percent
EGME in the absence of BHT was observed to be 1.955x10™“ uA which
increased to 4814 pA 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 1.648x1(3'2 LA to 883 pA. Similar
trends were observed for solutions with DIEGME added. These results
indicate that the corrosion of Al 2024 increases as a function of FSlI
concentration and that BHT has an inhibiting effect on corrosion,
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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




with the formation of hydrogen ions. The reactions suggested are as
follows:

eHt +6¢& - > 3H,  Cathodic Reaction
hydrogen ions can also react with Al ions making aluminum hydride:

As the concentration of EGME increases the acidic group
increases which reacts more vigorously with the Al surface which in turn
increases the corrosion current as observed experimentally.

The inhibiting effect of BHT is probably due to a competitive
inhibition mechanism. BHT, being a large sterically hindered phenolic
compound, adsorbs on the surface of the aluminum “‘orming a film
several monolayers thick. The adsorbed BHT molecule competes with
EGME for the aluminum surface which eventually decreases the
corrosion rate. Phenolic compounds have been shown to inhibit
corrosion in dilute salt solutions [14]. This mechanism is evidenced not
only in the decreased overall corrosion current, but also by the fact that
the corrosion current remains fairly constant until at higher
concentrations of FSII the monolayer is broken down.

Visual and microscopic examination of the electrode after 22 days
shows that the type of corrosion for EGME was localized pitting
corrosion. The number and sizes of pits were found to increase as the
concentration of EGME was increased. This type of corrosion is
consiste. t to that found in missiles. The corrosion behavior observed
with DIEGME "vas very similar to that observed with EGME; however, the
pit was more diffuse and microscopic examination revealed the presence
of intergranular corrosion for an electrode exposed t0 4.0 percent
DIEGME. No intergranular pitting was found for electrodes exposed to
4.5 percent EGME. Investigations are continuing into this result.

Effect of Temperature on Corrosion Current

The corrosion current as a function of time for Al 2024 in C-10 +
0.1 percent EGME at 0, 8 and 25 °C is shown in Figure 3. For a given
temperature, the corrosion current increases as a function of time;
however, the corrosion current decreases as a function of temperature.
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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 FSIl concentration on the electrode
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 __iution
and adheres as small drops on the walls of the m 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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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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Variation of Corrosion Current with Temperature for
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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 cc-rosion 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 8061 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
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FSIl concentration is probably due to the presence of 0.18 to
0.28 percent Cr in Al 7075.

2

10 | T T 1
o Al 2024
a Al A357
—_ x Al 6061
< | + Al 7075
210 -
c
L
= .0
310° t
et
O
‘0
O, -1
=10 =
o
Q
10_2 wﬁw
0 5 10 15 20 25
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 ai 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.
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Variation of Corrosion Current with Time for Coated
and Uncoated AL 2024 in C-10 Plus 7 Percent EGME




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
precipitatior nf 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 fim 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 these 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
of electrochemical testing is the significant reduction in time required to
estimate corrosion rates and the effect that pollutants (HF, HCI, and H,0) 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
résistance 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.
Slmultaneously, an electrochemical test was developed in order to perform
accelerated testing of the corrosion resistance of storage container alloys in
halon fire suppression alternatives.

* presenting author
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Experimental Details
Mass change exposures

Experiments were designed and conducted to evaluate the corrosivity
of the different potential fire suppressants during normal service in aircraft
storage containers. These experiments had to consist of exposures that
emulate the conditions under which corrosion is expected to occur followed
by 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 pitting, intergranular corrosion and dealloying. 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 onducted and the
results are described elsewhere (2).

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 a.curacy to within 10 x 106 g with a reproducibility of
no less tiian +1.51 x 10-8 g. Representative photographs of the surface of
each alloy were also taken prior to the start of testing.

Af 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 ot alloy were
used and PTEE 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 1
The Composition of the alloys listed in weight percent.

Nit Al In 304 CDA 13-8 SS AlS]
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
Sig 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 -- -- -- -- -- --
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/emn3* 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 cuirosion 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 high
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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resistivity of ~ 1.5 x 109 ohm » cm. This value is similar to that observed for
other non-aqueous solvents, i.e. acetonitrile, CHzCN (4). In order to perform
electrochemical measurements in such media a supporting electrolyte is
required (4). Unfortunately, simple inorganic salts like NaCl or Na,SOQ, 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, € = 8.93 and 4.81 respectively (5). Thus,
we have investigated tetrabutylammonium hexafluorophosphate (BusNPFg)
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.. _cenium (CpoFe0+) 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, Ill.). 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 5 x 10-2 moles/ liter BusNPF¢ (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 c¢m, or 250 ml, of CFsCHCIF
in the liquid phase in ne bottom of the cell at room temperature. A large
platinum 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
shrinkable teflon tape was used to connect the electrodes to the electrical
feed throughs and clips were used to make electrical contact.




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 ri'n 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 1um 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 Cp,Fed/+.

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 cmz2)(Goodfellow)
were investigated in 5 x 10-2 moles/ liter BusNPFg in CF3CHCIF. These
electrodes were encapsulated in glass and polished to a 1 pum 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 CpoFed/+.

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
tis 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 senti~'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 hznce 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 ievels of the mass change rate, at 90% confidence,
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Positive Values = Scaling

Table 2
Mean Mass Change for Each Alloy in Each Agent
After 25 Day Immersion at 150°C [mg]

Negative Values = Mass Loss

Environ- Nit Al in 304 CDA 13-8 AM AlSI Agent Sid.
ment 40 6061 625 SS 172 Steel 358 4130 Avg. Dev.
HCFC-22 0.176 0.458 «0.329 0.168 3.064 <0.033 -0.087 2.847 0.783 1.3682
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 0.247 0.533 0.037 0.583 2.663 0.357 0.219 1.102 0.708 0.858
HFC-227 0.009 0.128 0.056 0.141 1.973 0.069 0.007 0.297 0.321 0.676
HFC-12§ 0.011 0.199 0.031 0.136 0.89 0.15¢ 0.029 0.673 0.262 0.333
FC-116 0.006 024 0.026 0.147 1.509 0.21 0.139 0.403 0.33% 0.491
HFC-134a Q.013 0.13% 0.103 0.069 0.229 0.088 0.014 0262 0.084 0.122
HFC-236 0.024 2479 -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 Q.15 0.381 0.281 0.232
HFC-32/129 0.3 0.587 0.146 0.241 2.263 0.492 0.211 0.227 1.96 3.851
NaHCQ3 0.396 1.038 0.079 0.262 2.182 0.8 0.259 0.89 0.738 0.677
Aoy Avg. 0.118 0.631 0.042 0.173 1.526 0.217 0.068 1.597
Std. Dev. 0.137 0.675 0.138 0.152 0.911 0.243 0.1% 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 AlS| Agent
ment 40 6061 625 SS 172 Steel 355 4130 Avg.
HCFC-221 0.079 0.113 0.088 0.057 0.331 0.042 0.05 1.28 0.255
HCFC-124]  0.045 0.091 0.048 0.04 0.294 0.072 0.103 0.099 0.099
FC-31-10| 0.04 0.079 0.028 0.035 0.107 0.07 0.046 0.173 0.072
HFC-227 | 0.034 0.043 0.018 0.025 0.159 0.063 0.02 0.047 0.051
HFC-125 1  0.121 0.117 0.044 0.013 0.018 0.014 0.007 0.091 0.053
FC-118 0.124 0.087 0.025 0.033 0.157 0.012 0.783 0.013 0.064
HFC-134a{ 0.021 0.025 0.024 0.002 0.039 0.061 0.048 0.091 0.039
HFC-238 | 0.024 1.895 0.03 0.03 0.028 0.015 0.09 0.043 0.269
FC-C318 0.04 0.602 0.065 0.054 0.072 0.014 0.109 0.035 0.124
FC-218 0.083 0.048 0.011 0.05 0.032 0.021 0.044 0.08 0.046
HFC.3124  0.033 0.324 0.022 0.037 0.217 0.14 0.035 0.122 0.116
NaHCO3! 0297 0.501 0.022 0.047 0.235 0.263 0.042 0.168 0.197
Aoy Avg. | 0.078 0.327 0.035 0.035 0.141 0.066 . 0.055 0.187




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

Table 4a
Mass Change Rate Values used in rating alloy/a
and equivalent penetration rate based on alloy n

gent behavior
ominal density

Mass Chg Rate Equivalent Penetration Rate for Upper Boundary
Score  |mag/(mi2xd) pmiyear
Lower Upper Nit Al in 304 CDA 13-8 AM AIlSI
: Bound _ Bound 40 6061 625 ss 172 Steel 3ss 4130
1 0 0.1487 0.0069 0.0201 0.0064 0.0068 0.0066 0.007 0.0069 0.0069
2 04487 0923 | 00431 04249 00399 00425 0041 00434 00426 0.0429
a 0923 5 02312 06764 02164 023 02219 02353 02309  0.2326
4 5 25 1466 3382 1082 1.15 1.109 1477 1.154 1.163
5 25 125 5831 16909  5.409 5.75 5547 5883 5772 5816
6 125 600 2799 8116 2596 216 2663 2824 277 27.92
7 600 3,000 133.9 405.8 129.8 138 133.1 1412 138.5 139.6
8 3,000 15,000 699.7 2029.1 649.1 690 665.7 706 692.6 697.9
] 15,000 75,000 34398 10146 3246 3450 3328 3530 8463 3490
10 75.000 - - o - - - - - -
Table 4b
Mass Loss Rate Evaluation of Agents and Alloys
based on 25 day immersion at 150 C
Environ- Nit Al ] 304 CDA 13-8 AM AlSt Agent Std. Agent
ment 40 6061 625 SS 172 Steel 355 4130 Avg. Dev. Rank
HCFC-22 3 4 3 3 5 2 3 ) 3.5 1.07 9
HCFC-124 3 3 3 2 4 3 3 3 3 0.53 7
FC-31-10 3 4 2 4 S 4 3 4 3.63 0.92 11
HFC-227 1 3 2 3 5 3 1 3 2.63 1.3 1
HFC-125 2 3 2 3 4 3 2 4 2.88 0.83 4
FC-116 1 3 2 3 4 3 3 4 2.88 0.99 4
HFC-134a 2 3 3 3 3 3 2 3 2.75 0.46 3
HFC-236 2 S 2 3 4 3 1 3 2.88 1.25 4
FC-C318 1 4 2 3 4 3 1 3 2.63 1.19 1
FC-218 3 4 2 3 4 3 3 4 3.25 " 8
HFC-3212{ 3 4 3 3 5 4 3 3 as 0.76 9
NaHCO3 4 - 3 3 5 4 3 4 3.75 0.71 12
Alloy Avg.| 233 3.67 2.42 3 4.33 317 2.33 3.58
Std. Dev. 0.98 0.65 0.51 0.43 0.65 0.58 0.83 0.67
Alloy Rank i 7 3 4 8 S 1 6
Score Freq.
1 6 No evidence of attack (1<0.741, 50% Cl).
2 14 Some inconclusive evidence of attack (0.741(50% Cl) <t < 4.6 (99% Cl)).
3 47 Conclusive evidence of attack (1>4.6, 99% Ch.
4 22 Corrosion of little concern, (less than =1 pm/year, 3um for Al alloy).
5 7 Corrosion may be a concern
6 0 Corrosion rate should be considered in design
7 0 Corrosion about 1 to 5 mils per year
8 0 Rapid Corrosion
9 0 V-~ry rapid corrosion
10 0 Extremely rapid corrosion
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spans zero. This would indicate that we can not conclude that the corrosion
rate is a value other than zero. However, a film appeared on the surfaces of
many of these samples and there was evidence of spalling. These films
were very thin and could be detected by a color change in the samples.

Thus, it is believed that the confidence interval spans zero as a result of
scaling of the metal surface followed by the spalling of this scale which
increased the measurement scatter.

Mass increases are not uncommon during immersion testing and
usually descaling techniques are employed to remove these scales for the
determination of the remaining metal. Considerable research has been
conducted in the area of descaling. Despite this concerted effort, however,
some metal is removed in the descaling process. For long exposures or
thick films. the metal is only a small fraction of the materia] removed and errors
are small. In this study, the films are very thin and removal of any mc al by
desc ing would result in significant errors. Additionally, techniques for
descaling metals that were éxposed to organic environments are not well
developed. For these reasons, descaling was not attempted in this
investigation.

Evaluation of the relative performance of the alloy/ agent combinations
was hampered by the comparison of mass loss and mass gain
measurements. Typically, mass loss measurements are evaluated by

determination. Then, the quantity of metal reacting and rate of the reactions
can be calculated directly from the mass loss. Similarly, mass gain
it the reaction and the reaction products are

greater uncertainties, but it is clear that the relative magnitude of mass change
is still related to the reaction rate between the metallic species and the
environment.

According to Table 4b, the most suitable materials for use in storage
containers are Nit 40, SS AM3SS5, In 625, and 304 SS. The most suitable
agents for use as alternative fire sSuppressants from a corrosion viewpoint are
HFC-227, FC-C318, HFC-134a, HFC-125, FC-166, and HFC-236. This
ranking of materials and agents is based solely on smooth coupon exposure
tests, however, and may change when other corrosion tests are taken into
consideration (1).

Electrochemistry
Cyclic voltammetry of CpoFeo/+

A cyclic voltammogram for a Pt electrode in a solution containing 5 x
10-2 moles/ liter BusNPFg reveals the onset of oxidation of the system at 1.2
V (vs PtQRE) and the reduction of electrolyte begins at -0.96 V (vs.
PtQRE). The magnitude of the wave at -0.96 v/ varies each time the cell is
reassembled and is thought to be the result of water contamination. This is
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Fig. 2: 0.1 V/ s CV scan of ferrocene on a Pt electrode in CF3CHCIF with 5 x
10-2 moles/ liter BugNpFe.

Fig. 3: 1 mV/ s anodic polarization scan of Pt, 304 SS, and CuBe in
CF3HCIF with 5 x 10-2 moles/ liter BusNPFe.

supported by other experiments which demonstrated that the magnitude of
the reduction wave scaled with the level of controlled H,O 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 BugN+ in CHaCN
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 ¢ ~cur on platinum.

Pertorming the saine experiment with 5 x 10-¢ 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. Fora
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 ferrocere (3, 5) by assuming that the
wave is reversible. The Randles-Sevcik equation (3) yields a diffusion
coefficient of 3.26 x 10-56 cm2/s. The anodic and cathodic peaks of CpoFed/+
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.

CpoFe%+ Reference Electrode

The well defined nature of the Cp,Fe0/+ reaction may be used to
fimly 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 Cp,Fe0/+ 0.56 V (vs PtQRE) in the
same solution, we can calibrate the potential scale of similar experiments
performed i a ferrocene-free electrolyte by meast'ring the potential at which
the onset of electrolyte breakdown occurs on platinum (vs a quasi refe. 2nce
electrode) and set the numerical value to -2.58 V vs CpoFel+, Thus, in the
remaining portion of this manuscript the potential scale is referenced to
E1/2(Cp2FeO/+) =0.0 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 pA/emz2, 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 corrosivity of
metals in halon alternative media.

Conclusions

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
Mmaterials 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
alterative 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.




Research at the University of Wisconsin, Milwaukee (Caro-
lyn Aita); has provided @ characterization scheme (metastable
phase maps) for refractory metal oxide sputter depositions. These
results have depended on careful spectroscopic plasma character-
ization and determination of the crystallinity of films with x-ray,
XPS and other methods. The University of Michigan (Bilello,
Yalisove and Srolovitz) refractory metals laminates project where
synchrotron topography and double crystal diffractometry tech-
niques and theory aré being applied to monitor and predict residual
stresses and properties of nanolaminate materials.

A current program in chemical analysis with low and medi-
um energy ion beams is underway at Vvanderbilt University (Robert
Weller). A new form of backscattering spectrometry using medium
energy ions and time-of-flight detection has been developed that is
particularly useful for characturizing surfaces anc! thin films.
Currently some scaleup of the results is being accomplished with
the cooperation of Semitech and Sandia National Laboratory.

A. ChemicaI/Bioloqical Defense:

Previous work at the University of Connecticut, Koberstein,
in the mid to late 1980’s was cofunded by the National Science
Foundation and related to surface tension measurements of poly-
mer blends. At the same time at Cornell Kramer began seminal
work to measure true diffusion coefficients of organics in polymer
glasses with Rutherford Back-Scattering Spectrometry. After this
work completed new efforts applying positron annihilation meth-
ods to pc', /mers were started and are continuing. Their aim is wJ
determine polymer free volume and its relationship to aging and
transport in polymers (Case Western Reserve, McGervey, Simha
and Jamieson).

B. Surface Modification/Beam Technology:

Although initially work was aimed at identifying unique
properties of beam-treated materials, a growing awareness arose
concerning environmental problems with plating wastes and the
chemical solutions required for routine coating. This caused a
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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 lan 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 lon Implantation (PSIl). 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 wth
relatively uniform doses.

C. Adhesion and Adhesives:

The previous sections as they relate to honding 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 (Ilg 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 Saarbrucken.
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
Mmaterials. Additionally, several new small business programs have
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been initiated addressing NDE needs in chemical biological materi-
als.

. 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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