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AFWAL-TR-
FOREWORD

This report was compiled by the Materials Integrity Branch, Systems Support
Division, Materials Laboratory, Air Force Wright Aeronautical Laboratories,
Wright-Patterson AFB, Oh“c¢. It was initiated under Task 24180704 “Corrosion
Control & Faijlure Analysis" with Fred H. Meyer, Jr. as the Project Engineer.
The 1987 Tri-Service Conference on Corrosion is a follow-up of eight prior
conterences held in 196/, 1969, 1972, 1974, 1976, 1978, 1980 and 1983.

This Report (Vol I, Vol II) includes all available papers from the 1987 Tri-
Service Conference on Lorrosion.

This technical report was submitted by the editor.
Proceedings of Prior Conferences are available in:
1. AFML-TR-67-329 (1967) {AD 826-198;
2. MCIC 73-19 (1972) {AD 771345)
3. AFML-TR-75-42 Vol 1, Vol II (1974) (ADA 021053, ADA 029934)
4, MCIC-77-33 {1976} (ADO 49769)
5. MCIC--79-40 (1978) (AD A- 73054)

6. AFWAL-TR-81-4013 Vol I, Vol 2 (1980) {ADA 106€803)
{ADA 115785)
7. 1983 Tri-Service Corrosion Conference Proceeding Naval Ship R&D Center
Annapolis, MD 20084.

The surpose of the 1987 Conference was to continue interservice Coordination
in he areas of corrosion research and corrosion prevention and control.
Specifically, the objectives were to make Department of Defense personnel,
contractors and interest individuals aware of the important Corrosion problems
in Military equipment, to present the status of significant corrosion research
projects cudrrently pursued by the military services and to provide a general
forum for exchange of corrosion prevention and control information. (ﬁr-gw-dﬁ} N
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-HYDROGEN EMBRITTLEMENT SUSCEPTIBILITY OF
HIGH STRENGTH ESR 4340 STEEL ALLOYS FOR
BALLISTICALLY RESISTANT/TOLERANT COMPONENTS

BY
Louis Raymond
L. Raymond & fssocitites
Newport Beach, CA 92658-7925

and

Albert A. Anctil
Army Materials Technology Laboratory
Wacertown, MA 02172-0001

ABSTRACT

This program focuses on the reed tc improve the resistance of high
strength steels to hydrogen embrittlement or hydrogen stress cracking.
Variations in heat treatment and modifications in alloy composition of
electroslag remelted 4340 steel at 53 HRC were extensively explored. Target
goals were established in terms of threshold stress intensity parameter, and
damage tolerance index. In gereral, all alloy additions improved Klhem. The
addition of 0.1% vanadium appears to be the most significant individual
medification to ESR 4340 steel in that it alone provides the same gains as the
more heavily alloyed ESR 4340 steels. The results must be somewhat qualified
because the hardness of ESR 4340V was 50 HRC instead of the intended 53 HRC.
Silicon additions of about 1.5% tended to maximize the benefits from alloy
modifications. Although within an alloy system the heat treatment effects
were minor or secondary relative to alloy additions, the use of an
intermediate quench and subzero cooling appeared to maximize the benefits from
heat treatment. Increasing the threshold Klhem was not directly related to
tempering temperature as anticipated. Overall, Klhem was increased from 10
ksi SQR(in.) to a maximum value of about 15 ksi SQR(in.). Other improvements
must be based on nonconventional approaches to thermal processing,

1,0 INTRODUCTION

Ballistically resistant advancad haelicopter-cteel components can use
either high-strength or high~hardrass {53HRC) ESR-steels, or pay a weight
penalty and use thicker, lower-hardeness (43HRC) ESR~-steels. Reoccuring
hydrogen embrittlement problems in fracture c¢ritical members is the reason
many designers are making this change and paying the weight penalty. Because
of the extensive use of high-strength steels in current designs, the solution
of going to lower-strength steels has limited viability, until the weight
penalty becomes too severe. These weight penalties can only be avoided by
improving the hydrogen embrittlement resistance of high-strength or
high-hardness (53+1HRC) ESR 4340 steel.
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The susceptibility to hydrogen assisted stress cracking or hydrogen
embrittlement is often measured in terms of a threshold stress intensity
parameter under conditions of stress corrosion cracking, KIscc. Implied is
testing under conditions of an open circuit potential in an aqueous solution.
During test, cathodic charging conditions are used that represent conditions
of galvanic coupling often found in a service environment. A -1,2V potential
is applied that simulates the sacrificial anodes of a zinc coating on steel.
Because of this difference, the threshold stress intensity parameter under
conditions that produce hydrogen embrittiement is designated as Klhem for the
purpose of this report. Under these conditions, atomic hydrogen is produced
on the surface while the sample is under stress,

Other authors report the data as KIscc as a function of potential, but
enough data exists to support the contention that they .shoud be treated
separately. Often KIscc and KIhem are identical, but other times the
difference is significant enough to influence alloy selection, as will be
illustrated in this report.

The objactive of this program is to find an allor modification or heat
treatment that would increase the resistance to hydrogen embrittlement or the
hydrogen stress cracking threshola of ESR 4340 steel at 53HRC. Quantitatively,
in terms of the threshold stress intensity parameter for hydrogen assisted
stress c¢racking (Klhem), the goals can te identified from the results on a
split heat of 4340 steel (Ref 1), where one half the ingot was vacuum arc
remelted (VAR) and the other half was electroslag remelted (ESR).
Schematically the measured threshold stres- intensity results for hydrogen
stress cracking, recently presented at a Sagamore conference (Ref 2) are
Tisted in the following table illustrating projected improvements from 10 to
43 ksi. SQR (in) as the hardness is dropped and VAR is used instead of ESR.

THRESHOLD STRESS INTENSITY, KIhem

53HRC 43HRC
10 - -2 15 - = > 29 - - > 43

2,0 TECHNICAL APPRUACH

It is the intent of this program to use a selected group of commercially
available alloy ESR 4340 type steels that have been relatively well
characterized to address the use of alloy modifications or heat treatment to
improve the resistance to hydrogen assisted stress cracking instead of melting
special heats of steel. A matrix of five materials and four heat treatment
conditions were used to evaluate the problen.

The five materials represent two basic alloy steel modifications: (1)
increased silicon additions, and (2) increased amounts of carbide formers to
affect the secondary hardening characteristics.



Alloying additions were considered because their general effect is te require
a higher temperature for a given holding time to secure a given hardness, thus
potentially permitting a greater stress relief, when compared to conventional
carbon, quenched and tempered steels, The generic guideline being evaluated
was that higher tempering temperatures produce increased resistance to stress
corrosion cracking for the same hardness level of a tempered martensitic

steel.

Modifications in silicon were selected to represent non-carbide forming
alloying elements., Increased amounts of silicon are known to improve the
resistance of a quenched steel to softening. Amounts varying from as much as
°G,5% to 2.0% have been shown to increase the hardness after tempering by as

much as 4HRC,

Therefore, three of the five steels selected represent one grouping
designed to illustrate the effect of increased amounts of silicon from 0.25%,
to 1,5% to 2,5%. Conventional alloy steels of ESR 4340 (baseline), ESR 4340M
or ESR 300M, and the new ESR HP310 alloy steels, respectively, were used to

represent this variation in silicon content.

The presence of appreciable amounts of strong carbide forming elements,
such as chromiun, molybdenum or vanadium may cause softening to be' retarded,
or may result in an actual increase in hardness when tempered over a certain
range of temperatures. This “"secondary hardening" effect should provide a
greater hardness for a given tempering temperature than would be obtained with
a lower alloyed steel (such as 4340 steel). Therefore, a second grouping
reflects an increase in the amount of carbide formers from the conventional
ESR 4340 to ESR 4340V that has an additicnal amount of 0,1% vanadium. The
third ESR steel in this group is comercially designated as D6Ac steel. In
addition to the 0.1% vanauium D6Ac also has an increase in the carbide formers
of chromiun and molybdenum, with a concurrent decrease in the amount of
nickel, The increase in molybdenum is almost negated by the decrease in
nickel, when the effective resistance to softening of these allnying elements

is compared.

Four heat treat conditions were evaluated to address the effect of
altering either the residual stress or the amount of retained austenite, which
might in turn further affect the resistance to hydrogen assisted stress
cracking. In addition to the normal quenched and tempered heat treatment,
marquenching was used as an a'ternative design to reduce the amount of
residual stress. Since this delayed quenching treatment might also increase
the amount of retained austenite, a 1iquid nitrogen quench was used as a
subzero cooling treatment to complete the austenite to martensite
transformation. This treatment was applied as an alternative to both the
conventional and marquench heat treatments. Retained austenite as a factor
that inhibits or accelerates hydrogen assisted stress cracking has not been

clearly established.
Abnormal quantities of retained austenite are affected by the combined
action of increasing alloying coatent, and an excessively high quenching

temperature, It should also be recalled that coarse grain and the presence of
austenite stabilizing elements, such as nickel and manganese, also favors the

retention of austenice,
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Transformation of retained austenite upon tempering at a given temperature
will be in accordance with the isothermal transformation at that temperature

level. Treatments to reduce residual stresses tend to increase the amount of
retained austenite.

This program addresses the factors affecting susceptibility to hydrogen
stress cracking not from a completely research mechanistic analysis, but from
a screening survey type program to identify significant processing parameters,

3,0 EXPZRIMENTAL PROCEDURES

3.1 Equipment: Instead of the conventional test method to determine the
threshold Klhem, a modified, low-cost technique was employed. The
proposed methed uses the rapid inexpensive, modular (RIM) SCC-testing
system. Only a maximum of five Charpy-sized specimens are required to
obtain measurment of Klscc instead of 13 or more large size cantilever
beam or wedge opening load (WOL) specimens, conventionally used to obtain
one measurement ¢f theshold KIscc or Klhem, as per our designation,

The time of test is also 8-hrs for the RIM SCC-testing system as compared

to as many as 5,000 hrs per run-out on a conventional cantilever beam or
WOL test.

3.2 Specimens: Charpy-sized specimens will be used in all cases. The
RIM SEC-test method is described in Ref. 3. The paper prcvides
hackground detail of the test method utilized to minimize program cost.
A machined (crush ground) notched surface was used instead of a fatique
precracked notch. The depth of the notch was 2mm (0.078in.). The root
radjus was about O0.lmn (3-4mils). A 300F stress relief was employed
immediately after ali grinding operations.

The test specimen orientation was LT in all cases. As per ASTM E399, the
specimen orientation is designated by two letters with the first letter
(L) designating the direction of the normal to the crack plane and the
second letter (T), designating the crack direction, where L, T and S
(short transverse) are the orthogonal directions of the ingot.

2.3 Test Methods: To measure Kihem with the Rim SCC-testing system, one
specimen is 1o0aded to fracture to obtain the maximum fracture load, If
the fracture load is less than the ultimate tensile strength of the
material in magnitude; i.e., 2501b for a 250ksi steel, then the specimen
is fracture toughness critical. The full scale Toad on the chart is then
adjusted to be slightly more than the fracture load.

A second specimen is then placed in a hydrogen producing einvironment,
which is a 3.5% salt water solution maintained at -1.2 volts vs a
saturated calomel electrode. Conventionally, the specimen is then
step-loaded until crack initiation occurs. Initial step-loads of 50, 65,
75, 80, 85, 90, 95, and 100% of the fracture load are used. The specimen
is held for one hour at each step. A third specimen is then used to
refine the value of the c¢rack initiation load, Pi; for example, if the
second specimen initially cracked at 75% of the fracture load, then to
more accurately measure the crack initiation load, step-~loads of 50, 65,
68, 70, 72, 74, 76 and 78% are used.




ghe threshold Kihem is then estimated as thre2 tenths of the initiation
load, Pi.

Since five srecimens did not exist for each test condition, the aoplied
step~loads were modified for this program. A large number of small step
increments were used with the limited number of sampies available. The fewer
the samples, the smaller the increments; the larger the number of steps, the
longer the duration of the test, which is equivalent to decreasing the strain
rate in a slow strain rate .cnsile.

Fracture toughness per ASTM E399 can be measured either by conventiocnal
slow strain rate techniques to measure KIc or dynamically with an instrumented
impact test machine to measure the dynamic fracture toughness, KId. Once
crack initiation occurs or Pi is measured, the crack can be extended by
fatigue to a crack depth ratio of one-half. To insure specimens were free ot
hydrogen, they were baked prior to fatigue precracking.

4.0 RESULTS

The KIhem results as a function of heat treatment (ultimate tensiln
strength) are plotted in FIG, 1. The target tensile strength range has been

shaded.
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FIG. 1 Threshold Klirem vs Ultimate Tensile Strength.

KIher, KIc and UTS are plotted in FIG. 2, An overlay of tensile
strength illustrates the sensitivity of KIc and Klhem to this parameter. The
results are positionad to rank the steels in order of increasing resistance

to HEM from left to right,
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FIG. 2 Relative measures of KIhem and KI¢c for each alloy with
corresponding Ultimate Tensile Strength.

FIG. 3 contains a plot of all of the test results.

Superimposed is the

trend line (TL) maximum and (TL) minimum taken from the ratio anaiysis
diagram (RAD) developed by Pellini (Ref. 4).

40
© ® 4340 (hem)
35 D 4340V (hem)
TLmax
A 4340M (hem)
— %0 T~ see & HP310 (hem)
Z x DBAc (hem)
8 < 4340V (scc)
% 20 ®. 4340M (scc)
X o * D6Ac (scc)
15 N Al s - TL sce(max)
—~ x hem - TL sce(min)
10 ,,
TmeA/ TL=Technology
5 , Limit for SCC
240 250 260 270 280 290 300 310 from RAD
UTS (ksi)
FIG. 3 KIhem and KIscc vs Ultimate Tensile Strength,




Interestingly, the variation in results of this program encompass the min-max
range shown in the RAD. This observation suggests that the scatter in the RAD
to a Yarge degree, reflects differenccs in test methods. It should be noted
the TLmax for SCC from the RAD coincides with tha Klscc or open circuit

(-0.6V vs SCE) test results; whereas, TLmin for SCC from the RAD coincides
with the Klhem or -1.2V vs SCE test results. The shaded area identifies the
target tensile strength range. The program goal is to increase Klscc from a
Tow value of about 10 ksi SQR(in) to TLmax. The horizontal bar at 17ksi
SQR(in) reflects the maximum achievements of this program.

4,1 DTI Ratio Analysis: Tha ratio of the c¢ritical stress intensity for
fracture (KIc) or for sustained load subcritical crack growth in an
environment (KIscc) to the yield strength (YS) is an index of damage
tolerance (DTI) because it is related to a critical crack size for
fracture or environmentally assisted cracking. In turn, the DTI-ratio is
related to the level of nondestructive testing required for qualicy
assurance.

As an example, for a center cracked panel the critcal crack size (ac) is
given by:

2

a =0.250F5 o DTI-ratio2

c
where FS = Factor or Safety or Yield Strength divided by the
applied stress.

’ *
and DTI-ratio = Kl¢ of Klscc/Yield Strength (YS)

Obviously, as the factor of safety or DTI-ratio increase, the critical
¢rack size increases, both for fracture, when KIc is used or for
environmentally assisted cracking, when Klscc is used in the above equation.

The region of interest in the RAD diagram is above 200ksi yield, or a
zone, intersecting with a DTI-ratio for fracture at unity or Kl¢c = YS. The
following information can be extracted from the RAD djagram if the estiamte
that YS + 40ksi = TS (Tensile Strength) is used.

CRITERIA utrs = > 240 260 280 300 ksj
YS => 200 220 240 260 ksi

Fracture (TL-F) 1.0 0,7 0.5 0.4 SQR(in)
KI¢c DTl-ratio 31,6 22,1 15.8 12,6 SQR(mil)

(TL-scc) 0,7 0.3 0.15 0.12 SQR(in)
Env DTI-ratio 22,1 9.5 4,7 3.8 SQR(mil)
KISCC/KIC
(TL-scc)/(TL~F) 70 43 30 30 %

* For 100% structural integrity, a proof test is required when ac <

.050in or DTI > 1 / (2FS).

9




4.2 DTl-ratio: Using the previous Tahle as a guideline to give
perspective to the program and establish tarjet properties, the follwing
comparisons can be made with regard to properties measured on the ESR
steels tested in this procram.

With regard to fracture toughness, proposed research programs on
innovations to high-strength steel technology have cited DTI-ratio goals
of 120/300 (TS} = 120/260 (¥S) = 0,4SQR(in) and 60/350 (TS) = 60/310 (YS)
= 0.2S0R(in). These goals are consistent with the RAD for they fall on
the TL-Fmax curve.

Our target tensile properties are 280+10kis or about 240ksi yield (YS),
converted from 53+1HRC. From the RAD, the maximum DTl-ratioc for fracture
is about 0.55QR(in) &t TL-Fmax.,

The measured properties are nominally 50/240 or about 0.25QR(in) or 40%
TL-Fmax, FIG, 4 is a plot of all measured test results.

TL-F, SGR(mil)

316 22.1 15.8 12‘.6

12 —— :

11

10 09
= g
3 N\
T 9
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Q X
w * x‘\ A 4340M ESR
o 7 A HP310 ESR
3] . x DBAC ESH
= ® 4340 Split Heat
u- ESR/VAR

5

SQR(mil) = 31.6 SQR(in)
4 —t- e
240 250 260 270 280 2390 300

UTS (ksi)

FIG. 4 Average frdcture DTI-ratio vs Ultimate Tensile Strength,

With regard to stress corrosion or in our case, hydrogen embrittlement,
the target DTI-ratio is 0,15SQR(in) or 4.7SQR(mi1) from the RAD TLmax-scc
curve. The mcasured properties averaged 0.05 to 0.06SQR(in) or 1.3 to
2,05QR(mi1) or about 35% TLmax-scc. FIG, 5 is a plot of all measured
test results.
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FIG, 5 Average environmental DTI-ratio vs Ultimate Tensile Strength,

FIG, 5 contains average DTI-ratio and UTS for five ESR 4340 alloy steels
positioned in order of increasing resitance to hydrogen stress cracking.
The shaded band identifies the target tensile properties with 4340V
slightly helow minimum.
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With regard to the ratio of (KIscc or Klhem)/Kic, a target value is 30%
based on TLmax values. The measured properties are about 24% for ESR
4340, 21% for carbide formers, and 30% for silicon additions, primarily
reflecting variations in Klc.

5.0 SUMMARY

An increasing number of hydrogen embrittlement failures in ESR 4340

steel at about 53HRC has created a need to improve the resistance of this
alloy steel to hydrogen stress cracking. This program was designed to
illustrate the effectiveness of alloying and heat treatment on commerical
alloys (all ESR) that were selected to represent one group of steels with
increasing silicon content and another group with increasing carbide
formers. The basis for this selection was the contention that alicying
can raise the tempering temperature required to produce a given hardness
and thus provide more stress relief., This effect wus not found to be true.
Above 500F, a decrease is observed,

The objective of this program was quantified by attempting to reach a
threshold stress intensity level measured with vacuum arc remelted steels
at the same hardness level; i.e., raise Klhem from 10 to 15ksi SQR (in).
From this point of view, success was only with 4340M at 300ksi and D6Ac at
250ksi UTS., '

Results show that only slight modifications in chemistry, such as the
addition of 0,1% vanadium, can sigificantly help to attain the desired
vandium goal. Use of 1.5% silicon (4340M, which also has 0.1%V) showed
the best promise, Increasing the silicon to 2.5% (HP310) did not perform
any better, although both alloy steels performed better than those with
additional carbide formers. The gains with the carbide formers were
ususally at a sacrifice in strength, The suggestion is that the strength
is a more significant variable than the use of a higher tempering
temperature.

This program represents & rather exhaustive study that clearly illustrates
the difficulty in generating a major advancement such as raising the "
threshold level to 30-40ksi SQR(in) as with ESR or VAR 4340 steel at W
43HRC. The program also clearly illustrates significant differences in !
stress corrosion testing under an open circuit potential (KIscc) as

compared to testing in a cathodically charged hydrogen producing y -
environment, kIhem, which is defintely more severe. This last observaticn b
suggests that caution be exercised in using stress corrosion test results Ay
for design purposes unless the test conditions are clearly scrutinizeaq, W

Additional information related to this program may be obtained in REF 5,




6.0 CONCLUSIONS

7.0

A 1arge number of possiblilities (five ESR type 4340 alloy steels and
four heat treatments) were examined to illustrate that improvements in the
resistance of ESR 4340 steel at 280+10ksi ultimate tensile strength, to
hydrogen embrittlement are small with conventional variations in heat
treatment such as subzero cooling and marquenching. At best, Klhem
increases to 15Ksi SQR(in) from 10ksi SQR(in) are obtained, A threshold
of fifteen corresponds to a value measured from a split heat of vacuum arc
remelted steel at the same strength or hardness {53+1HRC) level.

Silicon additions of 1.5% ESR 4340 steel (300M or 4340M) are more
effective than increasing carbide formers, especially if the strength is
to be maintained. Additional amounts of silicon to 2.5% (HP310) did not
add further improvement to KIscc at this lower strength level. HP310
steel was designed for use at 310ksi ultimate tensile and therefore should
also be evaluated at this strength level.

No direct correlation to tempering temperature could be established.
Similarly, no distinct advantage was found with marquenching to reduce the
severity of the quench or varying the amount of retained austenite by
subzero quenching. Although, in general, the least resistant condition of
the alloy steels to hydrogen embrittlement appears to be with a
conventional quench and temper heat treatment.

The conclusion from nbservations related to the DTI-ratio is that
there is room for improvement in raising KIsc¢c or Kihem to TL-maxscc, and
also in raising KIc to TL-Fmax. +ocusing on alloy and heat treatment
modifications that improve fracture toughness will not necessarily produce
concomitant increases in resistance to hydrogen assisted stress cracking.
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POLYITACONIC ACID MACROMOLECULE PRIMER FOR ADHESIVE
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T. Sugama, L. E. Kukacka, and N. Carciello
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Upton, NY 11973

ABSTP.*CT

When polyitaconic acid (PIA) macromolecules are applied as water-soluble pri-
mers in polyurethane (PU) adhesive/aluminum adherend joint systems, they interact
preferentially with the hydrated oxide aluminum to form hydrogen bonds, and with
the 1socyanate groups in the adhesive to yleld polymer-—to-polymer chemical bonding.
This chemical coupling between the adhesive and adherend acts significantly to pro-
mote interfacial adhesive bonds. The arrangement of a near monolayer of PIA inter-
mediate film plays a key role in governing the adhesion durability of the joint
system and the corrosion resistance of the aluminum upon exposure to corrosive
fluids. The bond stability and the corrosion resistance are due primarily to
the formation of interfacial reaction products which are less susceptible to
hydrolysis.

INTRODUCTION

The results from investigations to determine the nature of interfacial inter-
actions which play key roles in promoting adhesive bonding and in improving adhe-
sion durability at interfacial contact zones in PU adhesive/polyacrylic acid (PAA)
primer/FPL-etched aluminum (Al) adherend joint systems, have been reported (1). It
was concluded that a near monolayer thickness of an intermediate PAA primer film
should be applied as a means of occupying all of the available functional groups at
the PU adhesive and Al adherend sites. The primer preferentially 1lnteracts both
with the hydrated oxide of the Al adherend to form hydrogen bonds, and with the
isocyanate groups in the PU to yield polymer—to-polymer chemical bunding. The
chemical crosslinking resulting from the thin PAA film played a significant vole in
promoting interfacial adhesive bouds and improved adhesion durability in the jeint
systems.

When the crosslinking nature and the intecrplay of polycarboxylic acids were
considered on theovetical grounds, it was presumed that PJA macromolecules which
have two functicnal carboxylic acid pendant groups combined to the same backbone
carbon atom would be a more effective crosslinking material than PAA which contains
a single functional group. The present of a PIA intermediate monolayer will also
improve the adhesion bond and its durability at PU/PIA/Al interfacial joints.
Therefore, the present gtudy is to report the continuing investigations of the
crosslinking nature and the role of the PIA intermediate layer in the PU-to-Al
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joint systems. Emphasis was placed on the interface between the carboxylic acid
groups of PIA and the PU adhesive or Al adherend. 1In addicion, the nature of the
interface produced by intermolecular reactions was studied to determine its role in
the corrosion resistance of alumninum upon exposure to corrosive fluids.

Materials

The aluminum used in the experiments was 2024-T3 clad aluminum (Al) sheet con-
taining the following chemical constituents: 92 wt%Z Al, 0.5 wt% Si, 0.5 wt% Fe,
4.5 wt% Cu, 0.5 wt% Mg, 0.1 wt% Cr, 0.25 wt% Zn, and 0.15 wt%Z other. The oxide
etch of the Al was prepared in accordance with a well known commercial sequence
called the Forest Products Laboratory (FPL) process. As the first step in the pre-
paration, the surfaces were wiped with acetone-soaked tlssues to remove any organic
contamination. They were then immersed in chromic-sulfuric acid (NapCry07¢2H90 :
HyS04 : Water = 4 : 23 : 73 by weight) for 10 min at 80°C. After etching, the
oxide surfaces were rinsed with deionized water at 25°C, and subsequently dried for
approximately 15 min at 50°C. For the purpose of comparison with the PIA macro-
molecule used as a crossliunking primer, three water-soluble polymers, polystyrene-
sulfonic acid (PSSA), polyacrylamide (PAM), and polyvinylpyrolidone (PVP), were
also employed. All of these macromolecules having an average molecular weight in
the range of 40,000 to 120,000, were dissolved in water to prepare a 0.05 to 1.0%
polymer solution. In order to deposit these polymer films on the FPL-etched Al
surfaces, the Al substrates were immersed for 5 min in the polymer solutions at
25°C, and then dried in an oven at 150°C for 30 min. PU cesin was applied as an
elastomeric topcoating. Polymerization of the PU was initiated by incorporating a
50%2 amine curing agent.

RESULTS AND DISCUSSION

The thickness of the primer film deposited on the adherend surfaces was deter-
mined using auger electron spectroscopy (AES) in the same manner as was described
in our earlier paper (1). The average thickness of the films prepared using
macromolecule concentrations of up to 1.0% ranged from approximately 1,0 to
approximately 50 mm. With all of the wmacromolecular specles used in this study, a
concentration of <0.1% produced a filw thickness <4nm. The use of a 0.05% macro-
molecule concentration produced a near monolayer.

The polyurethane {PU) adhcsive wae placed onto the adherend surface that was
covered with the macromolecule primer, and the PU~coated adherend specimens were
then subjected to a 0.1 M NaOH solution at 80°C for 24 hr. All the edges on the
adhesive/primer/adherend joints were left unprotected im order to evalate the
degree of susceptibility of the interfacial bonding nature to the hot .lkaline
solution. This evaluation was accomplished on the basls of data obtained from 180°
peel strength tests performed before and after exposure. Some of these data are
shown in Figure 1, as a function of macromolecule conceuntration in the aqueous
solution applied on the treated Al surface. The strength value represents the
average of three measurements made for each primer concentration.
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Flgure 1. Peel strength as a function of primer concentratlion for PU/PIA/AL (o),

/PvpP/ (@), /PAM/ (Q), and /PSSA/ () jolnt systems before and after
exposure for 30 hr to hot alkali at 80°C.

As seen in Figure 1, the peel strength of the unexposed PU/ALl control speci-
mens prepared without the use of primers, was increased by more than three times
when a PIA intermediate primer layer was applied. When a primer concentration of
only 0.05% was used, no peeling occurred, and a strength of at least 8.7 KN/m was
attained. This value appeared independent of the primer concentration. In con-
trast, the use of PVP, PSSA, and PAM primers was less effectlive. For PVP systenms,
the use of a primer concentration of 0.05% increased the strength by approximately
90%, and this value also appeared to be independent of conceantration. However, the
strengths for both the PAM and PSSA jolint systems are dependent upon the primer
concentration. Increases Iin streangth were attained when coucentrations of up to
0.057 were used, but further additions resulted in strength reductions.

These can
be attributed to the weakness of the primer films.
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Egg When the joint specimens were expcsed to a hot alkall solutisn, the strength
:Y of the control specimen dropped dramatically to a value of 0.05 KN/m, a reductinn
E*: of 98% from its original streagth. A partial separation of the PU film from the Al
surface was visually obsecrved.

The durability of PIA-primed jolnt systems depended mainly on the PIA concen—
tration. The deposition of a thin PIA film (approximately 1.0 am thickness) deriv-
ed from the addition of a 0.05% concentratinn, resulted in a strength reduction of
only 22%. The addition of 0.5% PIA which corresponds to a film thickness of
approximately 8.5 nm, resulted f1 a strength retrogressioa of approximazely 80XZ.
Further strength retrcgression was noted when a 1.0% concentration (approximately
50 nm thickness) was used. The possible reason for the strength reduction is
hydrolytic dissolution of the PIA layer which contains abundant residual hydro-
philic carboxylic acid (COOH) groups. This leads to the conversion of the p:imer
from the solid state into a gel state, resultirg in Increased water absorption,
penetration, and swelling phenomena at the Interfactal region, and ultimately
fallure. It 1s, therefore, obvious that the poor durability of the adhesion bonds
is due to railure of the primer. from these observatlons, it can be coacluded that
PN the formation of a thin film of a near monolayer thickness wuuld be much less sus-

" ceptible to hydrolysis because of the presence of fewer free hydrophilic groups in
- the intermediate layers. 1In this case, most of the COOH groups in the monolayers
would chemically react with the available reactive groups occupying the outermost
interfacial sites on both the PU and Al, and the progression of this interfacial
reaction would coatribuze to tha transformation from a hydroiytically unstable
interface to a staple one. Producing this transformation at the interfaces is the
most important factor in achieving long-term boad durability in chemically aggres-

sive environments.
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When compared with the results obtained with PIA primers, the PVP-, PSSA, and
PAM- primed joint systems exhibited considerable strength retrogression after
exposure to hot alkali. The data also indicated that the rate of strength

Wi
ti} reduction increased with primer concentration. This trend was quite similar to
7, that obtained from the PIA-primed joint systems.
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o Based upon these results, it appearz that the appllcation of a PIA macromole-
) cule primer with a near monolayer thickness will significantly improve adhesive
bonding and the durability of the bond in PU/Al joint systems.
"‘
M
ﬁ*ﬁ In order to substantiate the nature and mode of the interactions between
)} PIA and Al and Pu, which are responsible for the improvements described above,
~ additional studies were performad. The studies were accomplished nsing X-ray
‘q photoelectron spectroscopy (XPS) and specular reflectance infrared (IR) spectra.
?;? Figure 2 shows the results from XPS high-resolutiva examinations of the Cig
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region of a bulk PIA polymer surface and a PIA-Al iaterface. The C;g peak of the
bulk polymer surface (Figure 2-a) was resolved to show the presence of two-carbon
species in the binding energy (BE) range of 290.0 to 2824 eV. The predominant peak
fixed at 285.0 eV as an internal reference, was calibrated with the contribution of
the hydrocarbon—type carbon. According to literature data, the component 1at
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i
288.9 eV can be assigned to - C - O - in the carboxylic acid of PIA and in the
0

5
—Z

—

the two adjacent COOH groups located cn the game backbone carbon, during the baking
process at 150°C {5,6). 1In the spectrum for the PIA/Al interface (Figure 2-b),
attention was given to the COOH group peak shifting to a lower BE. The decrease

in BE of 0.4 eV seems to suggest that an intermolecular hydrogen bond is present at
the interfaces. Since the FPL treatment not only provides a fresh Al,03 layer
covering the Al substrate, but also induces the chemisorbed hydrous layer into the
cutermost surface sites of Alp03 (7-9), the interaction between the carboxylic acid
and the hydrous Al;03 can be predicted as follows.

itaconic structure, 0 , formed by intra-dehydration reactions between

%50
Cis

iéT 1 | i | 1 | 1
T T T KT
BINDING ENERGY, eV v
"

Figure 2. Cjg spectra from bulk PIA surface (a) and PIA/Alp03 interface (b).
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The nature of this interface produced by a strong ionlc Interaction serves an
essential role {n promoting the bond strength at PIA/A1203 interfaces. Further—
more, the formation of a hydrogen bond provides the maximum resistance to water
displacement, thereby improving the adhesion durability in a wet environment.

The most effective crosslinking mechanisms for PIA primers which would promote
interfacial bonding and enhance the bond durability, would result from a molecular
bridge consisting of a uniform monolayer film contalring enough functional groups
to occupy all of the available polar sites on both the adhesive and the adherend
surfaces. As mentioned earlier, some of the free COOH groups in the PIA macromole-
cules form a hydrogen bond with the free protons on the hydrated Al;N3 surfaces.
The other free COOH groups can react with the PU adhesive.

To assess the PIA-PU interfacial bond mechanisms responsible for the improve-
ment of polymer-polymer adhesion, specular reflectance IR analyses were made. The
samples were prepared by spin~casting the PU resin ontns PIA-primed aluminum micrors
at 4000 rpm, and then curing them in a vacuum oven for up to 3 hr at 110°C. The
resultant IR spectra, shown in Figure 3, wera recorded over the frequency range of
2500 to 1390 cm~l. The assignments of absorption peaks for the PIA film and the
uncured PU resin, marked in Figure 3, are summarized in Table 1. Interesting
spectra were obtained from the PU/PIA/Al joint specimens recorded as a function of
heating time at 110°C. Of particular interest was the appearance of a new band at
1680 and 1630 cw~ !l which can be assigned to unsaturated amine, C = N, groups. The
C = N peak at 1630 col is due to the conjugation with the neighboring phenyl. The
intensity of these new peaks increases conspicuously as the heating time is
extended; whereas, that of isocyanate, - N = C = 0, groups in the PU resin at 2260
col tends to decrease. This seems to prove that isocyanate groups in PU adjacent
to the PIA macromolecules can form a chemical bond with the carboxylic acid of
PIA. Therefore, the increasing C = N intensity with extended heat curiag time can
be explained as a further progression of the intermolecular reaction between the
isocyanate of PU and the carboxylic acid of PIA. This interaction mechanism is
ziven below:

0 0
] 1

—@—N=C=O+[{O—-C-—— —eee =N =(C = OHY ~—- ) — C —

It is believed that this chemical {ntermolecular reaction is a very important
mechanism which greatly enhances the adhesive strength and the bond durability
of PU/PIA/Al03 joints.
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Table 1. TR Peak Asslignments for PIA Film and PU Resin on Al Mirrors

e okt a2t e B i o o i o o b ol e g -t ¥ s oy = = e w1 o oy vt o e o 3 e o i

__PIA 1
Functional group Frequency (cm™l) Functional group Frequency (cm“l)
Itaconic (-C=0) 1850 ~N=C=0 2260
Itaconic (-C=0) 1770 Amide I (-C=0) 1715
-COOH 1730 Phenyl 1592
=Cy- 1400 Amide II (-C=0) 1525
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The experimental work was extended further to determine if the interfacial
reaction products could be correlated with the results from corrosion testing at Al
surfaces in halide-based corrosive fluids. As recently reviewed by Foley (10), the
localized corrosion (pltting corrosion) of Al alloys is initiated by the adsorption
of the reactive anions such as chloride ions, on the oxide~covered Al surface, and
then the adsorbed anions chemically react with the Al ion in the Al;03 lattice or
the precipitated Alp03 hydrates. This chemical reaction leads to the transforma-
tion of Al703 and hydrated Alp03 into colloidal transitory Al compounds such asg
A1(OH)Cly and A1{OH),Cl, and complexes such as A1C12* and Al(OH)4 . The presence
of these water-soluble aluminum salts could be related to the nature of the unsta-
ble oxide surface. Hence, the adsorption activity of chloride or other aggressive
anlons can be described as a preliminary step in promoting pitting corrosion on
oxlda-covered Al. '

In an attempt to galn information regarding the effectiveness of the inter-
facial reaction products as a corrosion protective layer oun FPL-etched Al surfaces,
the polarization behavior of Al surfaces in PIA/Al and PU/PIA/Al joint systems was
determined. The tests were conducted in a deaerated 0.5 M NaCl solution at 25°C.
For these tests, the PU deposition on the 3.5-nm thick PIA-coated Al and uncoated
Al surfaces was applied by spin-coating at 4000 rpm. The thickness of the deposit-
ed PU film was approximately 500 um. Figure 4 shows the typical polarization
curves of log current density vs potential for the FPL-etched Al, PIA/etched Al,
PU/etched Al, and PU/PIA/etched Al systems, .From the shape of the curves, the
potential axls at che transition polnt from cathodic to anodic is normalized as the
corrogion potential, Ec. The anodic polarization side of all specimens was
characterized by a rapld increase in the current density at a certain voltage
expressed in terms of the critical pit initiation potential, Egyr (11,12).

For the etched-Al surface specimens, noteworthy features of the curve are the
Eg of ~0.75 V, the current peak of 1.2 x 107! pa/cn?, and the Egp of —-0.73 V.
A reduction Eg and Egp to less negative potentials was achieved with the thin
PIA film overlald on the Al surfaca. A possible interpretatlon for this is that
the magnitude of susceptibility to the colloidal narure of hydrated Al)03 was
reduced by the formation of hydrogen bonding between the hydroxyl groups of Al0j
hydrates and the COOH groups of PIA. This suggests that the hydrogen bond-based
interfacial reactlon products have an ability to protect Al surfaces from
aggressive corrosive fluids.

Sugama, 8
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Figure 4, Polarization curves for uncoated, PIA-, PU-, and PU-PJA-coated aluminum
imnersed in deaerated 0.5 M NaCl solutioa at 25°C.

On the other hand, an overlay of PU on the Al adherend
resulted in a notable reduction in EC»
Ec, because of the thick (approximately

aithout PIA primer
Ecr, and the relative curreat density at
500 nm) coating. A further reduction in

these elements to less negative
muitiple layer PU/PIA/Al systems

potential and current densi*y was obtained with the

From the above results, it is apparent that the mechanisms and nature of the

reaction products formed in the interfacial re
tecting Al substrates from corrosion.

glon are lmportant factors in pro-

CONCLUSION

The use of PIA nacromelecules, which cont
located on the same backbone carbon atom, appe
soluble primers in PU adhesive/Al adherend Joi
between the COOH groups and the hydroxyl group
ate on PU gurface sites lead to intermolecular

aln two funetional COOH groups

ar to have great potential as water-

nl systems. Preferential reactions

8 0f hydrated Al703 and the isocyan-
bridging mechanisms which chemically

Sugama, 9




couple the adhesive and the adherend, thereby promoting interfacial bond strength.

A near monolayer thickness of PIA intermediate film is enough to occupy all availa-
ble functional groups at the adhasive and the adherend surface sites. 1In addition,
the intermolecular reactions contribute significantly to reduce the susceptibility

to hydrolysis of the interfacial regions. The nature of this progressive interfa-

clal transformation acts to protect the Al substrate from corrosion.

The use of other hydrophilic macromolecule primers which contain functional
0 0 0
f il /-

/
- §-0H, -C - Nip, and - N;\ pendant groups seems to be less effective in
[ '

0
improving adhesive bonding and durability.
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CORROSION AND CORROSION INHIBITION OF METALS/ALLGYS IN
METHYPHOSPHONIC DIFLUGRIDE

CHESTER V, ZABIELSKI AND MILTON LEVY
ARMY MATERIALS TECHNOLOGY LABORATORY
WATERTOWN, MA 02172-0001

ABSTRACT

Electrochemical potentiodynamic polarization studies have been carried ocut
for a variety of ferrous and non-ferrous metals in methylphosphonic
difluoride. Studies of the effect of organic inhibitors on the corrosion
rate of 1020 steel, 316 and 304 stainless steel and magnesium in
methylphosphonic difluoride were also carried out.
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INTRODUCTION

Binary munitions in which two different constituents are kept in separate
compartments until activation will constitute a significant fraction of *he
chemical weapons in the United States. Because these munitions will be used
under extreme circumstances, they must be stock piled over very long periods
of time up to 30 years and still be able to operate reliably when the need
arises. A very high reliability of the storage container is essential to the
subsequent activation of and availability of this weapon system. The failure
of the storage container 1s a hazard in itself because of the toxic nature of
one of the constituents.

The principal cause of failure will be the corrosion of the storage
container by the highly corrosive methylphosphonic difluoride (DF).

This compound will react with alcochol in the weapon system to form the active
agent (GB). The hygroscopic DF interacts with the minor amounts of water
which may be present, to form hydrogen fluoride. DF is not used in pure form
but contains significant amounts of chlorides and cathodic impurities such as
iron, copper and nickel which further increase the corrosion rate of most
metals/alloys. Although polymeric liners are being used, they may slowly
interact with HF in the DF and the substrate metal/alloy must be able
therefore to withstand corrosion and pitting attack. Pitting attack could
lead to rapid perforation of the container.

The objectives of this program are: to invectigate the kinetics and
mechanisms of corrosion of Al 60661 T6 and candidate metal alloys in
methyiphosphonic difluoride (DF); to establish effective corrosion inhibitors,
and to ultimately incorporate or immobilize inhibitors into coatings which can
provide protection above the liquid line. Vapor phase (thin electrolyte film)
corrosion has been shown to be the primary failure mode in GB munitions and
is prevalent in DF systems. DF is a major constituent of GB, Electrochemical
studies for metals/alloys in methylphosphonic difluoride were initiated under
a joint MTL-CRDC program.
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EXPERIMENTAL PROCEDURE

MATERIALS :

The DF for this study was utitized in two purities 97.1% and 99.8%. The
complete compositions are shown in table i. Neutral aqueous fluorides and
dilute acidic fluorides solutions were also studied. Potential organic
inhibitor materials were added to DF to determine their effects on the
corrosion processes and to provide a means for protecting the alloys against
corrosion.

A variety of metais/alloys were utilized. Nominal compositions for the
ferrous and non-ferrous metals/alloys are contained in tables 2-6,

Test Specimen and Procedures

The corrosion cell.was a modified polarographic trielectrode ceil
constructed from teflon”. The reference electrode in the DF solution was a
silver wire in 0.1M silvar nitrate in acetonitrile. The working electrode was
an alloy cylinder, 1.2cm™ surface area. The counter electrode was a spiralled
40 gauge platinum wire. In order to describe the anodic and cathodic
procasses, anodic and cathodic polarization measurements were made utilizing
the potential sweep method of potentiostatic polarization. The electrode
potential was continously changed at a constant rate of 5000my/hr and current
simultaneously recorded. Corrosion rates in mils per year were generally
determined by extrapolation of the cathodic portion of the polarization curve
and pitting scans were performed to elucidate mechanisms of passivation or
pitting. One hour potential-time data were obtained for all alloys in all
environments in order to determine the corrosion potentials. In addition 9
selected cylindical specimens e.i. modified polarization specimens 1.2-4,.5 cm
were exposed up to 180 days at room temperature to DF-22 vapor by positioning
the specimen above DF-22 solution with and without added organic inhibitors.

ELECTROCHEMICAL RESULTS

Selected Alloys

Potential-time curves for a group of alloys in both DF-2 and DF-22
solutions are shown in figures 1 and 2 respectively. Generally equilibrium
potentials were obtained within 30 minutes. Except for Hastelloy B and
Hasteiloy C which contain chromium and molybdenum, the corrosion potentials of
the other metals/alloys were more active e.i. negative in DF-22 the higher
purity solution. The corrosion potential range for the metals/allecys was
(+#0.71V to -0,644V) in DF-2, the 97.1% solution and (+.254V to -1,100V) in
DF-22, the 99.8% solution

Polarization curves in DF-2 and DF-22 for Hastelloy B, Hastelloy C,
titanium, A1 6061 TE and 1020 steel are shown in figure 3 and for Ta-10M,
Monel, Ta, and 1020 steel in figure 4. Al: the metals/alloys exhibited lower
corrosion current densities in DF-22, the higher purity 99.8% solution




than in DF-2 (97.1%) solution. Current densities in the passive region were
less than 100ua/cm™ with the exception of 1020 steel.

Pitting scans for Ta~10W in DF-2 and DF-22 solution are shown in figure
5, and in figure 6 for Al 6061- T6 in DF-2 solution and Hastelloy C in DF-22
solution. Pitting tendency as determined from potentiodynamic pitting scans
disclosed that pitting did not occur for any metal/alloy in the DF-2 solution
but that pitting was evident in DF-22, the higher purity solution for Monel,
Ta-10W and Hastelloy B and C. The chromium content of Hastelloy B and
Hastelloy C and the tungsten content in Ta-10W may impart susceptibility to
pitting in the purer CF-22 solution. OF-22 vapor exposure data, also shows
that Hastelloy B, Hastelloy C and Ta-10W undergo pittiny.

The polarization curves for 1020 steel in aqueous fluoride solutions are
shown in figure 7. The curve for .2% HF and 0.IM (NH,)} HF, have similar
current densities, The addition of .2% NaCl to .2% H& displaces the curve
toward significantly higher current densities. The curves for .1M NaF and
+IM KF in comparison to the .2% HF, solutions show lower current densities and

more active or negative potentials.

The corrosion rates of the metals/alloys in DF-2 shown in table 7 were
significantly higher than those in OF-22, The impurities in the DF-2 cnlution
cause an increase in the corrosion rate. 1020 steel had the highest corrosion
rate in both solutions. Al 6061~ T6, Hastelloy C and Ta-10W have corrosion
rotes <1 mpy in both solutions.,

The corrosion rates for 1020 steel in acidic fluoride solutions were
higher than those for neutral fluoride solutions. The corrosion rates in mils
per year were 14.9 for .2%HF and 17.0 for .IM (NH,) HF,. These corrosion
rates were similar to the value of 17.5 obtained 1n thé higher purity DF-22
solution. The corrcsion rate in 0.2%HF + 0 .2% Nall solution was 173.5 mpy
which exceedea the value of 99.2 mpy in DF-2, the solution which contains .22%
chloride,

ATuminum Alloys

Polarization curves for aluminum alloys are compared for DF-2 (97.1%) and
DF-22 (99.8%) solutions in figure 8, The poiarization curves for aluminum
alloys in DF-22 solution are characterized by lower current densities. Al
7075, A1 5033, Al 6061 and A1 2090 develop passive regions in both solutions
with current densities less than 20 ua/cm™. Table 8 1lists the corrosion rates
determined from the extrapolation of the cathodic and anodic Tafel slopes.
Four aluminum alloys, A1 7075, A1 5083, Al 5061 and A} 2090 have corrosion
reves <1 mpy in both DF-2 and DF-22 solutions. Pitting scan data in table 3
for the DF-22 solution indicates that Al 5083 which contains 4.,5% magnesium
and A1 2090 which contains 2.4% Vithium underge pitting., Visual examination
of the polarization snecimens after completion of the pitting scans confirmed
the occurrence of pitting in A1 50683 ana A1 4043. DF-22 vapor exposure data in
tahle B revealad pitting in A1 5083 and A1 6061 T6.
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Copper Alloys

Polarization curves for selected copper alloys are compared for DF-2
(97.1%) ana DF-22 (99.8%) solutions in figures 9 and 10 respectively. The
polarization curves, for copper alloys in DF-22 show lower passive current
densities (100 a/cm™) than in DF-2 solution. The addition of zinc to pure
copper displaces the curves toward more negative potentials. Table 8 lists
the corrosion rates in DF-2 and DF-22 solutions determined from the
extrapolation of cathodic and anodic Tafel slopes. The corrosion rates in
DF-2 solution for pure copper and the copper alloy containing 38% Zn, 2%Pb
\this alloy was machined from a brass valve used in a one ton GB agent
container) exceed 20 mpy and are significantly higher than those for the
copper alloys in DF-22 solution. The corrosion rates in DF-22 solution were
between 1.53 and 3.06 mpy, except for Cu (38% Zn, 2%Pb) which had a rate of
.28 mpy. Pitiing scan data in table 8 for the DF-22 solution disclosed that
pitting occurs. Visual examination of the polarization specimens after tho
campletion of the pitting scans confirmed that pitting does indeed occur.
DF-22 vapor exposure data showed that Cu (30% Zn) undergoes severe pitting.

Magnesium, Uranium Alloys

The polarization curvas for commercially pure magnesium and OU-0_ 75%Ti
(warm worked) are compared in DF-22 solution in figure 11 with Al 6061 Té and
A1 2017. Magnesium and DU-0,75 Ti exhibit more active corrosion potentials
and highgr current densities but passive current densities don't exceed
100uajem~. Passive current densities for the Al clloys are between 5 and 10
ua/cm-. The corrosion rates in DF-22 solution listed in table 8 show that
commercially pure magnesium and DU-,75%Ti significantly exceed the rates for
A1 6051 and Al 2017 but are lower than that for 1020 steel. Pitting scan data
in tabie 3 for DF-22 solution indicates severe pitting occurs on commercially
pure magresium and slight pitting occurs on warm worked DU-.75%Ti. Visual
examination of the polarization specimens after completion of the pitting
ccans confirmed the occurrence of pitting in commercially pure magnesium.
DF-22 (99.8%) vapor exposure data in tabie 8 aiso shows severe pitting of
magnesium

Stainless and Other Ferrous Alloys

Polarization curves for stainless and other ferrous alloys in DF-22
(99.8%) solution are shown in figure 12. The increase in chromium and nickel
content displaces the stainless steels curves (in comparison to 1020 steel)
toward more noble potentials and lower current densities. The corrosion rates
for the stainless steels in DF-2 and DF-22 solutions (table 9) were 1 mpy or
less. The corrosion rates for 304SS and 31710 SS in DF-2 solution markedly
exceeded those in DF-22 solution but were lower than the corrosion rates for
1020 steel., Pitting scan data in table 9 for the DF-22 solution indicated
that siight pitting occured on 304SS and 430SS. Visual examination of
polarization specimens after completion of pitting scans disclosed slight
pitting for 4303S, 304SS, and 316L SS. The DF-22 vapor exposure data in table
9 indicaled severe pitting of 304SS and no pitting of 316L SS,

74




Nickel Allcys

Polarization curves for nickel alloys in DF-22 solution are shown in
figure 13, In comparison to the curve for pure nickel, addition of chromium
and molybdeum to nickel displaces the curves for Hastelloy B and C toward more
noble potentials and lower current densities. The addition of copper to pure
nickel shifts the curve for Monel toward more negative or active potentials.
The corrosion rates in DF-22 solution in order of increasing rates were
Hastelloy C (0.08 mpy, Hastelloy B (0.68 mpy) commercially pure nickel (1.38
mpy) Menel (1.81 mpy) and Ni 200 (2.40 mpy). The corrosion rates in DF-2
solution were somewhat higher than in DF-22 for Hastelloy C (.19 mpy) and
Hastelloy B (2.06 mpy) and markedly higher for Monel (14.97 mpy). Pitting
scan data in table 9 for the DF-22 solution indicate that the nickel alloys
Hastelloy C, Hastelloy B, Ni 200, Monel and commercially pure nickel undergo
pitting. The visual examination of polarization specimens after compietion of
the pitting scans revealed pitting of Ni 200 and commercially pure nickel.

DF -22 vapor exposure data in tabie 8 indicated pitting of Hastelloy B and
Hastelloy C.

Inhibitor Studies

1020 Steel

Table 10 1ists the percent cathodic and anodic inhibition efficiencies
for .025 molar organic inhibitor additions to DF-2 (97.1%) based on corrosion
rates determined from cathodic and anodic Tafel slope extrapolations.
Sulfanilimide was found to have the highest cathodic and anodic inhibiting
efficiencies of 74.3 and 84.2, Benzonitrile, benzothizzole, benzotriazole
additions provided cathodic and anodic inhibiting efficiences greater tnan
50%. Sulfanilimide, benzonitrile and benzotriazole are N-containing additives
while benzothiazole is an S-containing additive. These species may chemically
absorb on the surface to inhibit corrosion by acidic fluorides (HF) and acidic
chlorides (HCL). The remaining organic inhibitor additions NLS (Na salt), NLS
(free acid), henzimidazole,N-containing additives and 2-benzothiazole- ethiol,
1-phenyi-Z-thiourea,5- containing additives had cathodic and anodic inhiRiting
efficiencies lower than 50% .

316L Stainless Steel

Table 11 1ists the percent cathodic and anodic inhibiting efficiencies
for .025 molar organic inhibitor additions to DF-2 (97.1%). Benzotriazole was
found to have the highest cathodic and anodic inhibiting efficiences of 97.5
and 98.6% respectively. Pitting scan data indicated that pitting occurred.
Visual examination of specimens after completion of the pitting scan revealed
the presence of pitting. Exposure in DF-2 T1iqu d and vapor however, did not
confirm the presence of pitting . NLS (Free acid) gave the next highest
cathodic anodic inhibiting efficiencies of 40.8 and 73.8% respectively.

304 Stainless Steel

Figure 14 shows a comparison of anodic polarization curves for 304 S5 in
DF-22 with and without a .025M benzothiazole addition. The inhibitor addition
shifted the curve toward more negative potentials and lower current densities.
Table 12 compares the efficacy of the four different inhibitors.
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Benzotriazole had the highest cathodic inhibiting efficiency of 76.4 percent
followed by benzothiazole and sulfanilimide (greater than 50 percent) and
n-lauroyl sarcosine (Na salt) (below 50 percent). Pitting data scan in table
12 showed that all the inhibitor additions eliminated pitting. Visual
examination of the polarization specimens confirmed the elimination of pitting
by the four inhibitor additions. Figure 15 shows that 304 stainless specimens
exposed to the vapor above the DF-22 (99.8%) solution with .025 molar
benzothiazole were free of pitting.

Commercially Pure Magnesium

Figure 16 compares anodic polarization curves for commercially pure magnesium
in DF-22 (99.8%) with and without .0254 benzothiazole. The addition of the
inhibitor shifted the curve toward more noble potentials, showed an
active-passive transition and reduced the critical current for passivity from
100ua/cm2 to 10ua/cm2. Table 13 shows that benzothiazole had a higher
cathodic inhibiting efficiency (87.5%) than benzotriazele (71.5%). The
pitting scan data in table 13 showed that both inhibitors eliminated pitting.
Visual examination of the polarization specimens from pitting scans, however,
revealed that slight pitting was evident. Figure 17 shows that commercially
pure magnesium exposed to DF-22 (99.8%) vapor containing .025 molar
benzothiazole significantly reduces the magnitude of pitting.

SUMMARY

The corrosion rate of the metals/alloys in 97.1% DF were significantly higher
than in 99.8% DF. The C1, Fe and other impurities in the 97.1% solution cause
an increase in the corrosion rate.

1020 steel had the highest corrosion rate in both solutions. Hastelloy €,
Ta-10W, A1 6061 T6, A1 5083, Al 2090, Al 7075-T6 have corrosion rates <1 mpy
in poth solutions.

The corrosion potentials of the metals/alloys were generally more active in
the higher purity solution except for Hastelloys C and B, stainless steels 304
and 316l., Al 2090, A1 2017, and Cu (38%Zn,2%Pb).

Pitting tendency as determined from potentiodynamic pitting scans disclosed
that pitting did not occur for any metal/alloy in the 97.1% solution but that
pitting was evident in the higher purity 99.8% solution for high nickel
content alloys, pure Cu, Cu(5%Zr), Cu(30%Zn), Cu (38%Zn,2%Pb), stainless
steels 304 and 316L, A1 5083, A1 2090, A14043, Mg, and warm-worked DU-0,75%Ti.

Inhibiting efficiencies determined from reductions in potentiondynamic
polarization corrosion rates based on cathodic and anodic Tafel slope
extrapolations respectively for 0.025 molar additions of organic inhibitors
were highest in:

97.1% OF for sulfanilimide (74.3% and 84.2%) and 1020 steel and for
benzotriazole (97.5% and 98.6%) with 316L stainless steel;

99.8% DF for benzotriazole (70.5% and 76.4%) and 304 stainless steel and
for benzothiazole (87.5%) and Mg.
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Potentiodynamic pitting scans for 304SS in 99.8% DF solution with 0.025 molar
additions of benzotriazole, benzothiazole, sulfanilimide and
N-lauroylsarcosine (Na salt) ard for Mg with benzothiazole and benzotriazole
showed that these inhibitors reduced or eliminated pitting.

Visual observation of 304 stainless steel and Mg specimens after long term
expusure to vapor above 99.8% DF disclosed that an addition of 0.025 molar
benzothiazole to the liquid phase greatly reduced the extent of pitting.
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Table 1
ANALYSIS AND PURITY OF DF

- SAMPLES
ANALYSIS DE- DF-222
METALS
(ppm)
Fe 120 7
Cu 10 10
Ni 18 72
Cr 4 1
n 18 2
Mo 2 2
TOTAL METALS (Wt %) 0.017 0.004
Cl (Wit B | 0.22 0.01
PURITY (mole %)
F.P. DEPRESSION 97.1 99.8
NMR 9.8 99,9
IMPURITIES (mole %)
PERCENT ACCOUNTABLE 0.237 0.0014
PERCENT NOT ACCOUNTABLE 2.763 0.249

(a) REPRESENTS DF THAT WAS PURIFIED BY DISTILLATION IN

HASTELLOY B EQUIPMENT TO PRODUCE HIGH PURITY MATERIAL.
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Table 4
COMPOSITION OF NICKEL RALLOYS

NOMINAL COMPOSITION (%)

Cr Mo Fe Cu

Ni

ALLOY

uw

16 16

S9

c

A
ve

Has

n

6l.2

Hast.

1.3

SEl. 5

Monel

99.5

Ni 299

Pure Ni
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Table 7

CORROSION RATES IN MILS PER YERR

ALLOY DF -2 DF-22 .

1020 99.2 17.5S
MONEL 15.0 1.85PF
Ta 9.1 <.t

Ti 3.3 0.2
HASTELLOY B 2.0 2.0SP
Ta: 10% W 0.8 0.5%P
Al 6061-TE 0.1 <.1
HARSTELLOY C <.1 <.1SP

CORROSION RRATES OF 1020 STEEL

SOLUTION MPY
O.2% VF + 0.2% NaCl 173.5F
0.1M (NHgIHF» - 172.0
0.2% HF 14.9
0.1M KF 2.1
O.1M NaF 1.5

PPitiing

SPgiight Pitting

8%
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VOLTS

CORROSION POTENTIAL,

CORROSICN POTENTIRL AS A FUNCTION OF
TIME IN DF—-2 AT ROOM TEMPERRTURE
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Figure 1




CORROSION POTENTIAL, voLts

CORROSION POTENTIAL RS A FUNCTION OF

TIME IN DF-22 AT ROOM TEMPERATURE
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Figure 2
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POTENTIODYNAMIC POLARIZATION CURVES IN
DF-2 (87.1%) AT 25C, SCAN RATE: 1.388 mv.sec
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) POTENTIODYNAMIC POLRRIZATION CURVES IN
% DF-2 (97.1%) AT 25C, SCAN RATE: 1.388 mv/sec
. VeLTs |

K\
‘:* | .200

i

.:' i

?.
' 0.600 4
v:!

; 0,000

%

_:E' i Ta (10'/. W3 MONEL

3 Ta —
=

4 —D.EDDJ
e J
N

y -1.200

¥

1 )
[ 1. ] X grare T T ¥ ]
¢ oD 10! pe o2 oY pS 08 ap7 1oBNA/CME
| .
B o
B POTENTIODYNAMIC POLARIZATION CURVES IN
X DF-22 (99.8%) AT 25C, SCAN RATE: 1,388 mv/sec
el )
" veLTs
N \
B i.200 4

fi D.60D 4

.

), y

kY.

&,

o.00n A

B | Ta c1o% W

)

.'..

“% -0.e0p4 MONEL

¥

q ]
:! Ta

.A =1.<e00 J\

AV‘ ‘

08 it o2 3 oY 0S5 0B o7 10BNA/CME

Figure 4
95




c PITTING SCAN FOR Ta(i0% W) IN DF-2

. - - .
& VLTS AT 2SC, SCAN RATE: 0.5 mv/sec
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COMPRARISON OF COPPER ALLOY POTENTIODYNAMIC
.. POLARIZATION CURVES IN DF-22 (99.8%) AT 25°C;
vRaLTS SCAN RATE: 1.388 mv/sec.
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Figure 10
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COMPARISON OF STRINLESS STEEL POTENTIODYNAMIC
POLARIZATION CURVES IN DF-22 (93.8%) AT 25°C;
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COMPRRISON OF NICKEL ALLOY POTENTIODYNAMIC
. POLARIZATION CURVES IN DF-2Z2 (99.8%) AT 25°C;
vRLTS SCAN RATE: 1..388 mv/sec.
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EFFECT OF ORGANIC INHIBITORS ON pDTENTIDDYNﬂMIC
FPOLARIZATION BEHAVIOR OF COMMERCIALLY PURE Mg IN
veLTS ] DF-22 (99.8%) AT 25° C; SCAN RATE 1.388 mv/sec.
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DEVELOPMENT OF MICROENCAPSULATED DNBM

QUATERNARY AMMONIUM INHIBITORS FOR PAINTS

L.J. Bailin(l) and v.s. Agarwala(2)

Abstract

The microencapsulation of DNBM quaternary ammonium corrosion
inhibitors (dichromate, nitrite, borate, and molybdate) for use in
epoxy polyamide primers on naval aircraft has been accomplished using
a cellulose ether as the outer shell with a deactivating step applied
to render the shell impermeable to the primer solvents during cure.
The microcapsules are in the 5-30gm (micron) particle size range, and
have been prepared to contain 30, 55, and 70% DNBM. These inhibitcrs
were developed to retard corrosion fatigue and stress corrceion
cracking in high strength steels and aluminum alloys. Corrosion
testing is underway at Lockheed and the Naval Air Development Center,
Warminster.

Introducticn

The sudden, catastrophic damage caused by environmentally related
failures of high strength steel and aluminum alloy naval aircreft
parts has long bcen rccognized as a major matcerial proklem. Early
emphasis focused on improving mechanical properties of the alioys to
compensate for these defects. However, it was soon realized that
increasing the strength of the steels also increased their
susceptibility to environmental cracking or fatigue failures.
Subsequent studies concentrated on the interplay of corrosion
processes occurring at crack tips or areas of high stress
concentrations. To minimize the corrosion processes associated with
fatigue cracking, several exploratory studies were carried out based
on the feasibility of developing new inhibitor compounds, such as
guaternary ammonium salts and crown ether complexes, to be applied in
situ for the arresting of crack propagation (Ref, 1, 2)., Organic
amine chromate salts were also investigated previously as potential
inhibitors, and were found to be generally more effective than the
common inorganic primer chromates (Ref. 3); however, instability to
heat and/or light has precluded their continued development.

Several of the new compounds that have been successful in retarding
corrosion fatigue and stress corrosion cracking are described in a
recent summary of corrosion inhibition in high strength aerospace
materials, including Type 4340 and 300M steels, and 7075-T6 aluminum

(1) Lockheed Palo Alto Research Laboratory, Research and Development
Division, Lockheed Missiles & 8pace Co., Inc., Palo Alto,
California

(2) pero Materials Division, Naval Air Development Center, Warminster,
Pennsylvania
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allcy (Ref. 4). These materials have been named DNBM, an acronym for
a dark brown, high viscosity, 100 percent solids mixture of quaternary
ammonium dichromate, nitrite, horate, and molybdate. The properties
of these compounds are such that they act to:

(a) inhibit moisture entry at the crack tip, thereby inhibiting
corrosion

(b) modify the interfacial chemistry such that atomic hydrogen is
removed imnediately, thereby impeding its entry into the metal

(c) <create a chemical barrier (passive film) at the crack surface

DNBM Materials Development

As originally evaluated for corrosion inhibition, the individual DNBM
compounds were prepared in gram quantities that were adequate for
application to a crack tip or similar surface. Except for the borate
guaternary, however, none was available in quantities required for
paints. One objective of the development program, therefore, was to
prepare the D, N, and M salts in kilogram size lots. Following
initial investigative synthesis and laboratory trials, this was
achieved through a commercial supplier. At this time, scaleup to the
pilot level, in multikilogram guantities, is in the planning stages.

To illustrate the double exchange reaction, a block diagram of the
synthesis is shown in Fig. 1. The nitrite and molybdate salts were
prepared by a similar mechanism. The resultant molybdate quaternary
was a monosubstituted salt, CH3(Cg~Cjyg)3N-NHgMo207, determined from
the analytical data on Mo content and non-reacted starting material.
Table I contains percent analyzed vs. theoretical data for Cr, NO3, B
and Mo, the results having been obtained from kilogram batches of the
salts. To maintain chloride levels as low as possible, the sulfate
salt was used as the quaternary ammonium starting material.

The DNBM mixture was prepared by adding equal numbers of Cr and Mo
atoms. Nitrite was added as if it were a single unit in ~30% excess,
and the borate quaternary was added in the same and double the number
of Cr atoms.

The 100% DNBM mixture was stable in laboratory light with no change in
color or formation of Cr(III) over a period of several weeks. 1In the
presence of solvents, e.g. toluene, isopropanol, a marked change from
dark brown, Cr(VI), to green, Cr(III), was observed in several hours
to days, depending on the solvent concentration, when exposed to
laboratory light. 1In the case of toluene-DNBM mixtures, GC-MS
analysis indicated the formation of benzoic-acid, benzaldehyde, and
benzyl alcohol, illustrative of the oxidative activity of the
dichromate quaternary salt toward this solvent.

DNBM Solubility in Nonaqueous Solvents and Equilibria in Aqueous Media

The dichromate quaternary has been observed to be almost universally
soluble in aliphatic, aromatic, and chlorinated solvents. This is
also true for the nitrite, borate, and molybdate salts, with the
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exception that the borate is less soluble in acetonitrile; and the
molybdate is less soluble in low molecular weight aliphatics, such as
petroleum ether,

Of direct consequence to the performance of the inhibitor are the
following observations:

a} The salt is insoluble in distilled (ion free) water.

b) The addition of guaternary starting material does not cause
any change in solubilization in distilled water.

¢) The addition of agueous sodium chloride or other water solubhle
ions causes an orange color, Cr(vI), to develop
in the agqueous layer.

This evidence supports the concept of reversibility of the exchange
equilibria, as well as the integrity of the quaternary functionality
shown in Fig. 1.

The probable mechanism for DNBM corrosion inhibition is therefore
release of the inorganic inhibitor anions in the presence of seawater,
which, under adverse conditions, will make its way through the coating
to the substrate that is to be protected. In addition to the
hydrolysis reactions, there will form free quaternary ammonium
cations, the hydroxide, or chloride, that can act as a separation
barrier at aluminum or steel substrates. Non-dissociated DNBM can
also serve as a barrier film.

pH of DNBM Quaternary Ammonium Salt Mixtures in Seawater

An additional requirement for practical application of the DNBM
inhibitor mixtures is that the pH of DNBM in saltwater will be near
neutral. To determine the pH values of DNBM-seawater mixtures, four
samples were prepared. The salt water was natural, filtered Pacific
Ocean seawater of pH 7.9. The readings were determined after mild
stirring or contact for two arbitrary periods of 3 and 15 min. Two
levels, excess quaternary and excess seawater, were chosen as
conditions that could occur at a primer-substrate interface in the
process of failure. Stirring was slow, sufficient to maintain contact
between the two phases during the two time periods. See Table II.
The borate salt appeared to have less effect on pH than anticipated;
however, this may have been caused by a hydrolysis rate effect that
could result in somewhat higher pH readings later on.

Formulation of DNBM Inhibitors in Paints

The preferred, and most obvious location for a corrosion inhibitor in
an organic coating that is used to protect a metal surface is the
position closest to the corrodible substrate. 1In the case of naval
aircraft coatings, it is the epoxy polyamide primer. Fig. 2 shows a
cross section of the system, which for aluminum utilizes an aliphatic
polyurethane top coat; and for steel, an epoxy or polyurethane top
coat. If the DNBM mixture is added directly to the epoxy primer
system, the DNBM will dissolve in the solvents of the formulation,
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and, depending on the quantity added, may change the cure rate, water
resistance, or other properties that can be affected by the presence
of a non film-forming, solvent-soluble organic additive. When added
to part A of the epoxy formulation (diglycidyl ether of bisphenol A
resin, solvents, pigments, etc.), the dichromate quaternary will
slowly oxidize the solvents or the hydroxyl bonds of the glycidyl
ether branch, with concurrent reduction and loss of the DNBM Cr(VvI)
content in the presence of light to Cr(III). Therefore, the DNBM
inhibitor should be separated from the primer components during the
period of formulation, drying and cure. The process of
microencapsulation was selected as the means to carry out this
function.

Microencapsulation of DNBM for Epoxy Polyamide Primers

The purposes of microencapsulation are specific. The DNBM inhibitor
must be protected from contact with the solvents and uncured polymers
of the epoxy system. In so doing, the mixture is nheld in reserve in
the primer coat, such that when called for, e.g., as the result of
environmental damage to the top coat and primer, the DNBM mixture is
released into the area needed. At the same time, the shell of the
microcapsule must be sufficiently hydrophilic or water susceptible
that when seawater penetrates., the primer by diffusion or through
cracks, the microcapsules will allow the water to pass through,
thereby releasing the DNBM inhibitor from the shell. Since the shell
characteristics must be controlled, a shell deactivation process isg
required in order to accommodate the different penetration/release
rates required of the microcapsules.

The criteria used for selection of the microcapsule shell polymers are
listed as follows:

Non-solubility in coating solvents

Non-reactivity with DNBM or coating components
Well-established polymer properties

Amenable to commercial formulation and production with DNBM

Lo oW

The primary requirement is that the encapsulant polymer resist all
solvents, resins, additives, etc., that are present in the primer
formulation. The solvents that are used in epoxy polyamide coatings
are general solvents, including methyl ethyl ketone, isopropyl
alcohol, isobutyl alcohol, butyl cellosolve, cellosolve acetate, with,
possibly, small amounts of toluene and xylene. The Mil-T-81772, Type
11 (epoxy) diluent contains methyl ethyl ketone, methyl isobutyl
ketone, and ethylene glycol monoethyl ether or propylene glycol methyl
ether. The coating polymers that are insoluble in these solvents and
that are also water soluble/dispersible belong to the family of
cellulose ethers. ©Of these, methyl cellulose, hydroxyethyl
methylcellulose, and hydroxypropyl methylcellulose were the principal
test candidates. Polyvinyl alcohols, derived from hydrolyzed
polyvinyl acetate, have similar properties, and were included also.




Basic Microencapsulation Mechananisms

The bhasic mechanism involves several steps, described as follows for
the DNBM-cellulose ether system. The initial step is formation of a
stable oil-in-water emulsion of DNBM in an aqueous colloidal solution
of the cellulose ether. Methyl cellulose (MC) or cne of the alternate
polymer candidates is first dissolved in deionized water to form a
stable colloidal emulsion. Next, core material is added, and high
shear high speed mixing is appiied to disperse the DNBM. It was noted
experimentally that the ionic salt impurities (e.g. chloride, sulfate,
acetate, etc.) in the polymer commodities, particularly the polyvinyl
alcohols, were detrimental to the stability of the emulsions; this was
observed when the DNBM mixture - reacting prematurely with the
impurities - produced yellow-colored aqueous solutions of Cr(VI) ion
with a corresponding loss in stability of the colloid.

The objective at this point was to separate the water layer from the
stable colloid dispersion. Several methods were available, and were
claimed to be relatively simple to perform in the laboratory (Ref. 5).
Following preliminary coacervation and phase separation experiments,
which were only partially successful, spray drying encapsulation
techniques were applied, and these were found to give reproducible
results under defined conditions of nozzle size, flow rate, core
content, and polymer shell concentration. The advantages of spray
drying applied to DNBM-methylcellulose is the ability to handle the
lahile DNBM materials during the short contact time in the dryer, and
the economy of operation (Ref. 6). Two photomicrographs illustrate
the 30% core microcapsules. Fig. 3 illustrates in dark and bright
field the microcapsules produced in a laboratory-size spray dryer
using the D salt, quaternary ammonium dichromate, as the core

material. Particle size was mainly 5 to 30 gym (microns). Fig. 4
shows 30% core microcapsules that contain DNBM prepared in a pilot
scale spray dryer (commercial operator). The capsules are in the same

particle size range, but there are more 30uym particles than in Fig. 3.
It may be noted that some of the Fig. 4 microcapsules contain little
or no core material as evidenced by a lack of opacity. This is
attributed to extraction by the hydrocarbon immersion oil that is used
to disperse the particles for photomicrography. Similar phenomena
occur if the microcapsules are added directly to the epoxy polyamide
formulation without initially deactivating the shell surfaces.

Deactivation of Microcapsule Surfaces

To prevent uncontrolled diffusion of the primer solvents through the
cellulose ether shell of the microcapsules, a means to deactivate the
shell suirface was developed. Alkoxy silanes were applied to the
capsules by a method that is the same as that used to apply silanes to
waterproof the thermal insulation tiles on the Space Shuttle (Ref. 7)
Short chain siloxanes are produced, not silicones that would
contaminate paints (or optical surfaces on the Shuttle).

A photomicrograph of silanized microcapsules that contain 55% DNBM is
shown in Fig. 5 Except for size distribution, the particle size range
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of 5 to 30um is similar to those in Fig. 3 and 4. Microcapsules
containing 70% DNBM (not shown) were also prepared having a similar
size and size distribution. Fig. 6 drawings portray the geometry of
the three capsules.

It is likely that several silane treatment levels will be required to
achieve different diffusion or disintegration rates when the treated
particles are added to a working epoxy polyamide primer. This
conclusion is based on NaCl and water diffusivity studies in the same
epoxy system that indicate a relatively short diffusion time, a few
weeks to months, for the NaCl-H;0 system to pass through the epoxy
polyamide primer coat to the substrate (Ref. 8).

Development of Optimum Size for DNBM Microcapsules

The standard epoxy polyamide primer used on naval aircraft is
controlled by Mil-P-23377, Primer Coatings: Epoxy-Polyamide, Chemical
and Solvent Resistant. The principal corrosion inhibitor pigment is
strontium chromate, an inorganic solid that is effectively insoluble
in the coating. As a result of restrictions caused by the presence of
the inorganic pigment, the range of dry film thickness is specified
from 0.6 to 0.9 mils or 15 to 23 microns. Upon initial consideration
the same requirement would seem to apply to the DNBM microcapsules.
However, the microcapsules ars liguid cores surrounded by a thin shell
of deactivated cellulose ether. Thus it is likely that the thickness
restriction will not be directly applicable, since the microcapsules
are less brittle or friable than the SrCr0O4 particles and should have
a lower (less negative) effect on cohesion than the solid inorganic
particles. The epoxy polyamide coatings may therefore be useful at
greater than 1 mil; and particle sizes greater than 23 microns, from
25 to 50 microns, may be acceptable. The optimum size remains to be
determined through formulation and test.

Current particle size development is directed at 20-40 ym, with a
minimum number of particles below 15 ym. The latter restriction
results from calculation of the wall thickness for a 15 um or less
particle that ccntains 70% by weight DNBM. The calculated wall
thickness, utilizing the following eguaticns, is 0.84 um, assuming the
density of the polymer wall and core to be equal to 1.0,

W=1r1 - 1

where W = wall thickness, rj; = capsule radius, ry = radius of
encapsulate.,
v 32V L [0 - 2 wany (3N
B dn - 100 an
where V] = volume of capsule. (Ref. 5). This is too thin to obtain

shell and silanization uniformity.
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Corrosion Testing of DNBM Microcapsules in Epoxy Polyamide Coatings

Corrosion testing is underway at Lockheed and the Naval Air
Development Center, Warminster. The MIL-P-23377 epoxy polyamide
primer is the control, and DNBM is being formulated as a replacement
for the standard SrCrO4 inhibitor. Tests include -

Accelerated neutral salt spray (fog)

Copper accelerated acetic acid salt spray (fog)
Accelerated weather resistance (xenon arc)
Corrosion fatigue (electrochemical)

oo

plus coating evaluations to determine the zffect, if any, of the DNBM
microcapsules on the working properties of the primer,
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DNBM MICROENCAPSULATION SCALE UP

FIGURE 5.

200X OPTICAL MICROGRAPH, SAMPLE NO. 8-082
$5% CORE, SPRAY DRIED, SiLANIZED
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INADEQUACIES OF LMI-OLAL MATERIAL: A CORROSION STUDY

Vinod S. Agarwala
Richard C. Pacie]j
James J. Thompson
Naval Air Development Center
Warminster PA 18974

ABSTRACY =

Electromagnetic interference(EM1) seals are mandatory for all structural
joints in naval aircraft because of the hiyh electromagnetic environment present
on aircraft carriers. Currently, a major component used in these seals is a 20%
4n/Sn coating arc-sprayed onto an Al alloy substrate. This coating was found to
causing major structural damages when exposed to naval environments. Pits up to
35 mils deep on the Al alloy nave been observed under the seal after one year ¢Z
service on F/A~18 aircraft. A study of this material, 2¢0% Zn/Sn arc-spray
coating, hnas been reported here in terms of 1ts compatibility with the
substrate metal in naval enviromments.

INTRODUCTION

All naval aircraft require protection from the high electramagnetic
environment present on aircraft carriers. The electromagnetic interference (EMI)
seals used in joints for this purpose prevent the reception as well as broadcast
of the electromagnetic energy. The seals are vital for. the proper functioning of
avionics and for lightning strike protection., Poor designs of earlier seals
have produced severe galvanic incoxpatibility. Seals made from silver-filled
epoxy (adhesive material) and Ferrex braid system, have shown excessive
corrosion damages on substrate structures, aluminum alloys. Due to the severity
of the carrier environment, the corrosion damages have been reported to be
oeyond the means of simple corrective maintenance efforts. During an Age
Exploration Prooram Depot (AEPD) inspection in 1984, extensive corrosion and
pitting, pits up to 7¢ mils deep (the maximum correctable depth is 14 mils),
were found in the aluminum alloy structural materials. A gquick solution was
instituted to replace the silver-filled epoxy in the EMI seal with a 20% 2n/Sn
arc-spray coating. Schematic diagrams of both the old and new seal designs and
an unexposed Zn/Sn/Ferrex seal are shown in Figure l.. The use of 20% Zn/Sn
coating in tne desiyn was to protect the structural alynipgm alloy cathodically.
However, within six months of carrier expusure, structura} corrosion damages
associated with the new EMI seal were reported (1,2). Figure 2 shows an example
of corrosion under the EMI seal and water intrusion on the F/A~18 Radar Nosedome
Bulkhead. Additionally, the combination of corrosion and aircraft vibrations
caused corrosive wear (dark -areas 1n Figure 2) of the Zn/Sn coating. The
formation of corrosion products may also reduce the effectiveness of the EMI
seal since most oxides are insulaturs and create a non~conductive path! Thus, o
study of this 4n/Sn coating material was made and its cerresion behavier with
respect to the substrate .netal was investigated.

Recently, a corrosion inspection of F/A-18 aircraft (AEPD, Dec 1985) was
performed-after one carrier deploymnent (3). It was reported that the Dorsal
Longeron/ieMl 4nstallation of the F/A-18 revealed large accumulation of powdery
residue, a cerrosion product. Corrosion pits were noted in areas that were
covered oy the metal spray coating. The deepest pits measured were about ¢.U20
to v.d35 inch. The inspection report concluded that, one year after the
application aof the Zn/Sn’ coating and one carrier deployment, the new EMI
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installation did not perform as expected.

The metnod used for depositing the 24n/Sn coating was cleciric arc-spray.
'ne material used for this spray process was in the form of wire. Metal
coatinys ueposited using different tnermal spray techniques ore very similar in
structure and properties. A nigh guality, uense, well bonded coating can be
produced by these procosses. iiowever, changes in processing garameters aay
cause an increase in coating porosity (voids) and oxide content (4). Figure 3
stiows a schematic of u cross sectional view of such a coating with possible
Jdefects. Ho matter what tix processing puraneters are, there will be always
some porosity involved with these coatings. 7The amount of porosity in a typical
coating can range from 16 to 15% of the total volume of the coating. It has been
shown that porosity leads to an increase in corrosion susceptibility of a
coating and also of the substrate (4,5).

The metiods to reduce porosity in coatings are 1ncreasing the thickness
and/or thermo-mecnanical treatment of the coating after spraying. A techniyue
used to reduce porosity is yglass pead plasting of the coated surface. However,
there is an inherent danger of coating de-adhesion and increase in corrosion
susceptibiltiy of the substrate with this process. Another common method to
counteract coating porosity problems is to apply a sealant to the coating wnich
covers coating defects and reduces interfacial breakdowns Jue to corrosion.
However, candidate scealants ust be conducting to allow EMI protection. In this
study, pre-treatments like glass “bcad olasting and a corrosion preventative
compound, MIL-C-4l3wY, have been tested for corrosion control.

EXPLR IMENTAL PROCEDURL
MATLRIALS:

The materials studied were: Al 7v75-T6 panels, 20% Zn/Sn wire and
arc-sprayed chips, pure Sn and Zn metal sheets, and 2n/Sn coated 7149 Al panels.
The Zn/Sn materials and iMl seal assemblies (cf. Figure 1) used in this study
were provided by McUonnell Aircraft Corporation.

TESTS:

A shipboard cuxposure test of the 20% :n/Sn arc-sprayed coating was
performed by exposing a nunber of specimens to the carrier enviromment on the
USS CONSTELLATION for six .months. Salt spray (5% NaCl/S0g) tests were performed
on both the Zn/Sn/Monel and Zn/Sn/Ferrex oruid EMI seal assemblies, as shown in
Figure 1. Also tested were 7149 Al panels with a 2v% Zn/Sn coating pretreated
with (1) a glass bead blast, (2) a coating of MIL-C~31349, (3) a combination ¢f
(1) and (2) and (4) no pretreatinent. A chemical analysis of the corrosion
product, removed fram the secal assemblies, was made after a five-day exposure to
30y/salt spray. The wlectrochemical tests consisted of the corrosion potential,
galvanic corrogion current and potentiodynavic polarization measurements, All
electrochemical tests were performed 1n a 3.5% LiaCl (ptZ) solution. No special
surface cleaning treatiments were applied to the coating before testing.

RESULTS AND LISSCUSION
Saipboard Lxposure:

The <dv% 4n/Sn arc-sprayed coating on the 7149-717 Al alloy showed severo
p1tting and yeneral corresion of tiae substrate after a six~mnonth exposure on the
carrier, US5 CONSTELLATION. voth tae unexposed and oxposed test specimens from
the carrier were as snown in Figure 4. buring the carrier's deploynent in tae
indian Jceun, pitting corresign had penetrated tnrougn the coating cnd into tne
Substrate. A cross section of un exposed carrier soccimen, in Pigure 5, shows
PIEs 1n the uluminum substrate up to 12 wils deep and, tne ures of the goncl
~oere toe 40/5n coating was removed.
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S04/8alt Spray Chamber Test:

Figure o shows severe corrosion of the dn/Sn coating in the EMI scal
assambly after exposure for five days in 5% NaCl/SOzsalt spray. The corrosion
product analyzed indicated almost 98% leaching of uinc from the 4n/Sn coating
leaving the EM1 scal enriched in sn.

A 7149 Al panel coated with 4n/Sn, wnich was ylass bead olasted und then
coated with HIL-C-813¢Y and exposed to $0z/salt spray is shown in Figure 7. Note
that only half of this specimen was sprayed witnh MIL-C-8134Y. This specimen was
exposed for approxniately 66 hours. Specimens with only the MIL-C-8lei9 compound
and no pead-blasting were kept 44 nours longer in the SUz/salt spray chamoer. In
all cases, MIL~C-8l3wY compound appeared to increase the length of time before
plisteriny occurred. As shown on tne right nalf of Figure 7, glass pead blasting
was very detrimental as it blistered the coating readily. But where tnhe MIL-C-
81349 coating was applied on tne left half of specimen in Figure 7, olisters
were observed to form at a much slower rate compared to the Zn/Sn coating
wlthout any pretreatment. 1f the blisters on the test specimens were touched by
a pin, tney would collapse implying gas (bubble) formation during corrosion.
This suggests tne ingress of corrosive environment into the coating citner along
the oxide layers (cf. Figure 3) or tnrough pores within the coating. A cross
sectional view of the Zn/Sn arc-spray coating on the Al panel, shown in Figurc
¥, 1llustrates sucn pathways.

blectrocneuical:

The corrosion potential measurwinents of the coating materiul werc and
compared with 7375-T6 Al alloy. It was found that the Zn/Sn arc-spray material
was nignly active and closer to the open circuit potential for 2Zn (-8.45 V vs,
s5Cr). However, because Zn is highly electrochenical active its depletion from
the coating is highly possible. The loss of 4n from the Zn/Sn coating during tne
salt spray exposure tests (cf, Fiyure 6) confirms this result. Depletion of Zn
means that the sacrifical protective properties of the coating is lost as its
potential reacnes closer to that of Sn (-d.L5 V), thus vecomes a cathode
instead. In otner words coatings is cnriched with sn.

A potential of -v.9Y volts was applied to the Zn/sn coated 7149 panel until
the anodic current (dissolution current for 4n) reacned zero. At tnis potential
Sn will not corrode as it will be a cathode and 4n will selectively Jissolve
away leaving the Zn/Sn coating wostly rich in Sn. Figure Y shows a cross
sectional view of sucn a panel after the controlled potential test.

Galvanic Couples:

- A galvanic couple between the 7975-16 Al and 4n/Sn arc-spray coated
material was made. The galvanic current between the Lwo specimens of cqual
surface area was measured using a zero resistance amneter and recorded &3 a
functon of time. It was found that high initial yalvunic corrosion current (5v¢
pa/an?) decreased to less than nalf of tne value in uoout two nours of uxposure.
‘his indicated that tpe Zn component of the Zn/Sn arc-spray coating is
sacrificed very rapidly, thus, limiting tne coatiny's ability to protect the Al
alloy substrate. However, a yalvanic couple made up of 7875-T6 Al and 2n/Sn
wirz(material used for arc-spraying) showed 4 siynificantly lower initial
corrosion current (lv uA/cnz) and continued to protect the Al alloy component
even after long exposures at a steaay protection corrosion currrent of
approxinately Z¢ pA/cm”. Dezincification of the n/5n arc-spray coating in the
formcr couple will result in u sn rion coating wiicn ~ill act as a cathode and
corrode the aluminun, instead of protecting it. Additionally, the corrosion
product formed curing the seloctive oxidation of zinc, wintcn 1s 16 tuae EMI scal
installation, will result in the loss of EMI protaction (clectrical continuity)
of the structure. This ayroes well witiy the fuilures ooscrved on f/Ah-lo
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specimens (cf. Figure 6).

Electrocianical Polarization:

A potential range of -1.3 to -¢.7 volts witer respect to a S.C.E. reference
electrode aixd a scan rate of U.lbb mv/sec was selected for potentiodynamic
polarization muasurements. Before the start of the polarization scan , the
steady-state open circuit corrosion potential was determined. Potentiodynamic
polarization diagrams for Zn/Sn arc-spray and wire material were as sonown in
Figure 14. ihe anodic polariczation curve for tne 2n/Sn arc-spray material was at
a slightly higher potential(less active) than the Yn/Sn wire indicating a lower
dissolution rate for the arc-spray coating. The anodic polarization plot for the
Zn/Sa arc-spray coating at potentials more positive than =950 @V showed a
decrease in the current due to depletion of Zn or enrichment of Sn; tnis curve
represented the behavior of pure Sn. If there was no uepletion of Zn, the anodic
polarization curve for the Zn/Sn arc-spray coating would ampear as the
extrapolated part as snown in Figure lU. The current densities for the Zn/Sn
wire material were slightly higner than for the arc-spray mmaterial, indicating R -
that certain chanyes nave occured in tlie 4n/Sn material during the arc-spray '
process. b

e -

, CONCLUSIONS

‘ibe sacrifical corrosion protection properties of the 2n/Sn arc-spray
coating are very temporary in natura. From the laboratory tests, it was
estimated that the protective nature of tihe Zn/Sn coating may last upto 6
months, [nitially, the coating offers a nigh degree of protection but only for
a snort period of time. This cendition changes very yuickly because the coating
pecomes primarily rich in Sn and acts as a cathode, thereby causing the
substrate, Al alloy, to corrode. The carrier exposure tests have confirmed the
limited protective ability of the Zn/Sn arc-spray, because Al alloy panels
exhioited general corrosion and pitting duriny long exposures.

The: interfacial corrosion between the coating and the Al alloy substrate
caused blistering arxd created corrosion pathways; porosity in the arc-spray
coating was the responsible factor. Glass bead blasting after the arc-spraying
caused severe debonding of the Zn/Sn coating and accelerated the rate of blister
formation. Use of Corrosion Preventative Campound, MIL-C-81349, reduced the
ingress of environment into the coating, thus enhanced the time before
blistering could be observed.
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F/A-18 EMI SEAL
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SCHEMATIC DIAGRAM OF SEAL

UNEXPOSED SPECIMEN

Figure 1 - Schematic of the F/A-18 EMi-seal and a photograph of the specimen used.
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Figure 2 - Corrosion under the EMI-seal area in the F/A-18 Radar Nosedome Bulkhead (Y128).
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EXPOSED UNEXPOSED

Figure 4

EXPOSED 70 CARRIER ENVIRONMENT FOR 6 MONTHS

Corrosion of arc-sprayed Zn/Sn coating on 7149-T7 Al in a carrier environment.

135



f 2inbi4 ;0 MaIA uORDaS-SSU) G 2rInhHl 3

INFWNOHIANI HIiydvD OL SHINOW 9 Q3S0dX3

Sfiw gt Hid3C Jid

sliv1 9




MOMEL BRAID

-

P L T At

WX ¥ ¥ X X

Figunre 6 Corrosion of F/A-18 EMI-seal specimens exposed to NaCl/SQ2 spray chamber for five days.
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STRESS CORROS:(OON CRACKING PROPERTIES OF Al-Li ALLOYS
J.B. Lumsden and A.T, Allen

Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360

Introduction

Aluminum-lithium alloys have received much attention recently [1,2] because
of their potential for weight savings, with increased stiffness, in many types of aerospace
vehicles. Conventional aluminum alloys can fail by intergranular stress corrosion
cracking {(SCC) in specific environments, which has necessitated the development of alloy
compositions and heat treatments to increase SCC resistance. Although experience with
conventional Al alloys suggests SCC could be a potential problem in Al-Li alloys, the
environmental effects for this family of alloys have been measured only to a limited
extent [3]. This work was undertaken to assess the SCC behavior of Al-Li alloys exposed
to choride solutions, examining the effects of strain rate, aging treatments and potential.

Experimental

¢

The material used in this work was British ALCAN Aluminum 8090 in the form
of rolled plate 24.4 mm-thick and a 43 mm-thick rolled plate of Alcoa 2090. The com-
positions are shown in Table I, The as-received condition of the 80%0 was solution-
treated and stretched 2%, and that of 2090 was the T8E4!l condition. Microstructural
examination of the two alloys revealed pancake-shaped grains produced during hot
working. Tensile specimens were machined from the 8090 alloy in both the longitudinal
and short transverse directions having gauge lengths of {4 mm. Following machining, the
specimens were aged in an air-circulating oven. The aging conditions were 170°C for
4 h, 170°C for 64 h and 230°C for 4 h, These thermal treatments correspond to the
underaged, peak aged and overaged conditions, respectively. Tensile specimens having a
l4 mm gauge length were machined from the 2090 material in the short transverse
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Table 1
Alloy Compositions

Alloy Li Cu Mg Zr F3 Si Al

8090 2.5 1.2 | 0.68 0.07 0.11 0.08 Balance
2090 5.6 3.0 0.25 0.15 0.12 0.1 Balance

direction and tested in the as-received condition. Tensile specimens were also machined
from 7475-T6 in the short transverse direction and tested for comparison purposes.

The SCC properties were evaluated using the constant extension rate tech-
nique [4). Specimens were dynamically strained while polarized potentiostatically in a
deaerated 0.5 M NaCl solution. The solution in the enclosed 500 m! cell was continuously
refreshed, since preliminary experiments indicated that dissolution of the Al-Li alloys
during an experiment could raise the pH of a stagnant solution as much as 3 pH units.

Pitting potentials were determined in a deaerated 3.5 M NaCl solution. The
measurements were made by scanning the potential from -{400 mV (SCE) at 20 mV/min
at room temperatu: 2.

Results and Discussions

Table 2 shows the electrochemical parameters obtained from the polarization
curves. The Al-Li alloys have a higher piiiing poieniiai than the conventional aluminum
alloy 7%75-T6, and their passive current density is typically 0.5-1.5 u/’\/cm2 less, Also,
the extent of the passive range, the difference between the pitting potential and the
corrosion potential, is greater for the Al-Li alloys. The passive region of the advanced
alloys ranges from 230 mV for 8090 to 360 mV for 2090, compared to 220 rnV for
7475-Té.
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Table 2
The Corrosicn Potential, E_,, the Passivation Current Density, ipass’
and the Pitting Potential, Epit’ for Al Alloys

Aging
Alloy Conditions Ecorr (SCE) Iass Epit (SCE)
AL 7475 T6 -1010mV 2 yA/cm? 790 mV
AL8095  170°C/4 h 960mV 0.7 uAfcm? 680 mV
AL 8090  170°C/64 h 945mV 0.9 uA/cm? 715 mV
A18090  230°C/4 h 970 mV 1.5 uAjcm? ~715 mV
AL2090  T8E4l 11020mV 1.5 yA/em? 660 my

Table 3 shows the slow strain rate results for the Al 8090 alloy polarized at
-700 mV (SCE). The elongation to failure for the three aging conditions is compared to
that in air for the tensile axis laying both in the short transverse and the longitudinal

directions. The strain rate was 10'7 s'l.

The elongation is substantially reduced by
exposing the alloy to the NaCl solution. There is no effect of aging on SCC resistance,
This SCC behavior contrasts with that of many conventional aluminum alloys, in which
precipitation hardening (aging) at ambient or higher temperatures can have pronounced
effects on SCC susceptibility [5]. Maximum susceptibility often occurs in the underaged

condition and overaging can substantially improve SCC resistance.

Figure 1 shows the effect of potential on the normalized etongation-to-failure,
which is the ratio of the strain-to-failure in solution at the indicated applied potential to
the strain-to-failure in air, for 8090 in the underaged condition, 2090-T8E41, and 7475-
Té. The tensile axis of all alloys was in the short transverse direction. The 8090 alloy
has a critical potential for SCC, -750 mV, below which there is no change in ductility (no
susceptibility to SCC). Above -750 mV, there is a rapid decrease in the elongation-to-
failure of 8090 as the applied potential is more anodic, indicating high susceptibility to
SCC. The SCC behavior of 7475-T6 is reverse that of the Al-Li alloy. The conventional
alloy is more suceptible to SCC below a critical potential (-790 mV), which correspends
to the pitting potential, and more resistent to SCC above this potential. The SCC
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Table 3
Aging Treatments and Stress Corrosion Cracking Properties of 3090
Short Transverse Longitudinal
Elongation Elongation Elorgation Elongation
Aging (Air) (-790 mV) (Air) (-700 mV)
170°C/4 h 4.2% 0.4% 8.9% 1.1%
170°C/64 h 3.9% 0.2% 6.2% 1.1%
230°C/ 4 h 3.7% 0.5% 7.1% 1.3%

Fig. 1

Potential dependence of the ratio of strain-to-failure of 8090 aged 170°C for

4 h, 2090-T8E41 and 7475-Té.

behavior of 2090-T8E4i is different from that of 8090 and 7475-T6 in that an abrupt
change in SCC susceptibility is not observed, although there is a slow decrease in the
elongation ratio as the potential becomes more anodic between -800 and -625 mV. Using
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the elongation ratio as a measure of the SCC susceptibility, 2090-T8E4l is more
susceptible to SCC in the passive range of potentials than 8090 in the underaged
condition. However, near and at the pitting potential, 8090 is much more susceptible to
SCC than 2090-T8E41.

Fractography was performed on all specimens. The fracture surface of the
short transverse and longitudinal tensile specimens of the Al-Li alloys were the same for
all aging conditions. The short transverse specimens had flat, nearly featureless fracture
surfaces with vertical steps, suggesting an intergranular fracture. The step height,
measured by stereo imaging, corresponds to the short transverse grain size. The steps on
the fracture surface correspond to transitions of the crack front from one grain boundary
plane to an adjacent one. Fracture surfaces of specimens with the tensile axis in the
longitudinal direction had numerous secondary cracks parallel to the tensile axis. The
distance between the secondary cracks were comparable to the grain size in the short
transverse direction. There was no evidence that SCC cracks initiated at pits.

Further work must be performed to determine if a hydrogen mechanism or slip
dissolution mechanism applies to the Al-Li alloys. The differences in the SCC behavior
of 8090 and 7475-T6 both as a function of potential and artificial aging suggest that the
cracking mechanisms are different for the two alloys. These differences in behavior may
arise because the crack tip chemistry is dominated by lithium in the Al-Li alloys, the
result of which is a basic crack tip solution and not an acidic one, as in the case of
conventional alloys. The observed potential dependence of SCC susceptibility above the
pitting potential and SCC resistance below the pitting potential for the 8090 can be
explained hoth by invoking either a hydrogen mechanism or a slip-dissolution mcchan-
ism. Hydrogen is generated inside a growing crack by the hydrolysis of dissolving metal
ions, which could adsorb on the unfilmed crack tip surface and penetrate the metal.
Cracking by slip dissolution most often occurs in a potential region of film instability
such as the pitting potential. SCC by slip dissolution is usually arrested at potentials
above the pitting potential by crack blunting as was the case for 7475-Té.

146



Acknowledgement

This work was supported by the Rockwell International Science Center IR&D

program.

4,

3,

References

T.H. Sanders, Jr., and E.A, Starke, Jr., Eds., Aluminum Lithium Alloys I, The
Metallurgical Society of AIME, Warrendale, PA, 1981.

T.H. Sanders, Jr., and E.A. Starke, Jr., Eds.,, Aluminum Lithiuin Alloys II, The
Metallurgical Society of AIME, Warrendale, PA, 1983,

N.J.H. Holroyd, A. Gray, G.M. Scamans and R. Hermann, Aluminum Lithium Alloys
1, Eds., C. Baker, P.J. Gregson, S.J. Harris and C.J. Peel, Institute of Metals,
London, 1286, p. 310.

G.M. Ugiansky and J.H. Payer, Eds., Stress Corrosion Cracking - The Slow Strain
Rate Technique, The Aimerican Society for Testing and Materials, Philadelphia, PA,
1979.

M.O. Speidel, Met. Trans. 6A, 631 (1975).

147




000L —

006 -

(308 ‘AW TVILN3LOd

008 - Q0L -
T

q

siyL M3

18 °'94-9LYL

1S ‘t¥381-0607

(o]

H/3.0LL

1s ‘0608

Q

,WIIIHNIIIIIAH

g

| !

Qg3HS3y43Y
Q31'v¥3av3ia
DN W S0

31VH NIVHLS MOTS

Lo.o

oL

PrLi0s

HIV NI 3HNTIVY OL NIVHLS
NOLLNTOS NI 3UNTIVY4 OL NIVHLS




{(303S "AW) TVILN3LOd

000t - 000 - 008 - 004 - 009 —
7 T ﬁ
I y
o960z ‘Y%
[ siye 93 . _
0608 %
|
U‘\\ O (o) (o)
o D e
1S '9L-SivL
— 1S 'LP381-0602 =
o)
J
| O  GaMsayday _|
) qQ3lvH3Ivia
H¥/D.0LL 1S 0608 IDEN W S0

v W

o

3LV NIVHLS MOTS

90

80

1

69vLYOS

oL

HIV NI 34NTIV4 OL NIVHLS
NOILNTOS Ni 3HNUVA OL NIVHLS

149




-

AR T ey oy S =y

T« e T W PR TV T AW R e e W W R W D e

g~ -4

" TRENDS IN UNDERWATER SHIPBOARD PAINTS
by
Karen M. Poole
Gerard S. Bohlander
George 1. Loeb, Ph. D.

Current high performance paints, both antifouling and anticorrosion, offer
the potential for long term mariune service. The primary benefit of long life
paints to the Navy is to reduce life cycle and maintenance costs, such as fuel

consumption, labor cosis for application and surface preparation, removal and

disposal costs, aud underwater maintenance.

ANTICORROSIVE COATINGS

Reducing the tendency of paints to blister has been a major research objective
in improving anticorrosive coatings. Paint blistering indicates paint deteriora-
ration and can lead to corrosion problems i1f the blisters are broken. This {is
of particular concern to the Navy because the underwater hull cleaning apparatus
ugsed to rejuvenate the standard Navy copper based antifouling paint system can
rupture blisters.. Because these blisters occur at the paint-substrate interface,
bare metal is exposed. 1In severe cases of blistering, it is conceivable that
iucreased exposure of bare metal could overstress the ship's cathodic protection
Gystems

The two specitications for shipboard underwater anticorrosive hull ccatings
are MIL-P-24441, which describes two serles of epoxy-polyamide formulations that
differ in solvent system and include primer and topcoats, and MIL-P~23236,
which 1is a performance specification for proprietary coatings. The series of
fermulations originally employed in MIL-P-24441 are the Type 1 coatings, which
contain normal butanol and suaper hi flash naphtha. The second series of formu-—

lations, Type 11, were added to the specification in 1980 as a result of air
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pollution requirements described in California Rule 66; these coatings contain
ethylene glycol monoethyl ether, ethylenc glycol monobutryl ether, and paint thinner
(mineral spirits}). !.i

Current research at David Taylor Naval Ship R&D Center (DTWSRDC) to improve
snticorrosive coating systems has been primarily concerned with blistering of
the Type I1 coating. Poor surface preparation and application procedures are
known causes of blistering. However, even with strict control over these
varlables, blistering occurs, suggesting that there may be variables within the k.%
palnt that should be controlled. These variables include cholce of solvents, S
cholce of raw material supplier, combination of raw materials from various
suppliers, and blending procedures.

Osmotic blistering occurs because hydrophilic solvents, such as glycol
ethers, collect at localized areas of the paint/substrate interface. They absorb a
water that has permeated the film, creating an nsmotic pressure difference which
swells these regions. As oxygen and cations permeate the fiim, corrosion
reaciions occur and produce hydroxyl ions (hat cause further dclamination of
the film.l Osmotic blistering is accelerated in the laboratory using hot water g&;
immersion tests. Elevated temperatures and dilute immersion solutions (less ‘ ¥
than 20 microsiemens conductivity) accelerate the blistering process. The source %?}
of cations can be in the paini; ior example, epoxy resln contains sodium ions
that remain after manufacturing. Vo

The performance of the Type I, Type II, and proprietary coatings was
compared using a hot water immersion test. A three-coat system of the green
primer (F-150 only) aund a th;ee coat system of the green primer aund the light W

gray and dark gray topcoat (F-150, F-151 and F-154) were evaluated for both Type

1 and Type 1I. For the proprietary coatings, the systems recommended by the




manufacturer were used. The Type I and Type II coatings were obtained from
seven suppliers approved on the MIL-P-24441 Qualified Products List. A coating
approved for use as a standard in the specification hot water immersion test was
also evaluated.

The test procedure was to lmmerse 3~ x 5-inch steel Q-panels coated with the
various paint systems in 180°F deionized water for two weeks. The panels were
evaluated for blistering at 3-hour intervals using a blister rating scheme
based on ASTM D714. To avoid any thermal shock to the coating, the test apparatus
was designed to allow the panel to remain completely immersed during inspection.
Blister size and blister density were rated on a scale from zero to ten in
increments of one, a value of ten indicating no blisters. The two values were
then combined mathematically using the following formula to obtain the blister
resistance rating:

Blister resistance = (blister size x blister density)1/2
Blister resistance is dependent on both blister size and blister density. The
above formula allows both factors to be incorporated into a single rating be-
tween one and ten.

The results are illustrated in Figs. 1, 2, and 3. The Type I coatings were
more blister resistant than the Type II coatings as indicated by the number of
Type 1 coatings with blister resigtance ratings greater than nine, while the Type
IT coatings all have ratings below eight. Of the five proprietary coatings
tested, only one performed better than the Type II coatings. The variation in
performance within each type of coatlng suggests that there are more than just
solvent effects. A proposed-cause of this variation wag poor quality control.

The following specification tests were performed on each of the Type I and Type

IT coatings to ensure quality: fineness of grind, perceant volatile coutent,
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welght per gallon, and sag resistance. All of the paints deviated from specifi-
cation requirements for at least one of the tests; however, no correlation was
fourd between norconformance to the speciiication and blister performance.
Another series of blister tests involved studyting the efiect of using
various combinations of MIL-P-l444l-apnroved raw material suppliers for the
ma jor ingredieunts -— epoxy resin, pnlyamide resin, polyamide adduct, and
snlvents. The raw materiale selectea are from a representative number of
suppliers presented in Table 1. An experiment was designed using analysis of

varlance to facilitate testing of the twenty-seven paints that resulted from

combination of thz major ingredients. The results of this study indicated that
chiolce of raw material supplier is significant for polyamide and polyamide
adduct and that certain combipations of major ingredients lmprove performance.

Table 1. Raw material suppliers for major ingredients.

Polyamide Polyamide Adduct

Epotuf SF7791 Epotuf SF7792
Genamid 2000 Versamid 280B75
Unirez 2810 Unirez 2180B75

Egoxz Resin

Epon 828

Araldite 6010

Der 331
Ethyleue Glycol Ethylene Glycol
Monoethyl Ether Monobutyl Ether
Union Carbide Union Carbide
Eastman Eastman
Shell

PaintrThinner

Varsol 18
Chevron 350-H
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In the ahove series of tests, three alternative solvent systems for use as
substitutes for the Type II system were aleo evaluated. The purpose of evaluating
these solvent systems was for possible replacement of the Type II solveut system
because prohibition of ethylene glycol monoethyl ether and ethylene glycol monobutyl
ether has beea proposed. The solvent systems are:

a. n-butanol, super hi-flash naphtha, isobutyl iscbutyrate;

b. propylene glycol monomethyl ether, propylene glycol monomethyl ether

acetate, paint thinner;

c. propylene glycol monomethyl ether acetate, super hi flash naphtha.

These solvent systems were also evaluated with the combinations of raw materials
tested with the Type II solvent systems. The results indicated that choice of
solvent system was also significant. The alternative solvent systems also
provided coatings with blister performance superior to Type II if the combinations
of raw materials were selected based on the blister test performance.

The conclusions from these studies are that: a) cholce of raw material
supplier for polyamlide and polyamide adduct has a significant effect on blister
performance, b) certain combinations of polyamide and polyamide adduct improve
blister performance, c) choice of solvent system has a signficant effect on

blister performance.

ANTIFOULING COATINGS

Research in antifouling coatings has been directed at high performance
coatings with lifetimes exceeding 5 years. The standard Navy antifouling
paint, ¥-121, is a conventional cuprous oxlde coating which typically prevents
fouling for 7 to 24 months. Toxicant release in F-121 occurs in two steps.

First, the soluble rosin matrix dissolves and exposes the cuprous oxide

pigment to seawater. Then the cuprous oxide is dissolved and the cuprous




complexes oxidized to cupric complexes, producing the toxic cupric ion.
Eventually, pores are created from the insoluble vinyl matrix as the soluble
components of the paint dissolve. The proposed mechanism of failure 1s the
formation of insoluble cupric salts on the surface and in the pores that block
diffusion of the cupric ion. Programs are underway at DTNSRDC to evaluate
commercial coatings that remain fouling-free longer than the standard Navy
paint. These new coatings are primarily ablative, or renewable surface type
paints, and organotin copolymer ccatings. Ablative paints slowly dissolve

as a function of water velocity and temperature providing a fresh surface for
release of toxicant. The toxicant 1s usually cuprous oxide or an organotin
compound. The organotin copolymer coatings, developed at DTNSRDC, effectively
control release rate of organotin by chemical bonding of the toxicant to the
binder. When immersed in seawater, the bond is slowly hydrolyzed and the toxi-
cant released.

There are currently twelve antifouling (AF) paints under evaluation on
ship hulls, both commercial products and Navy formulations, and other formu-
lations are being evaluated by static exposure panels and panels attached
to bilge keels. The paiuts under evaluation on ship hulls Include organotin
copolymer, organotin/cuprous oxide ablative, cuprous oxide ablative (tin-
free), and F-121 modified with ammonium sulfate. The addition of ammonium
sulfate to standard ¥-121 is proposed to inhibit formation of insoluble
copper salts. The current status of these trials is summarized in Table 2.
The DTNSRDC organotin copolymer and the commercial cuprous oxide ablative
formulations exhiblt excellént (>99% fouling free) performance against hard
fouling and soft fouling. The commercial cuptous oxlde ablative coating has

been under evaluatlon for 6 months. The DINSRDC organotin copolymer coating 1is
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Table 2. Current status of ship trials of antifouling paints.

Service Control Control
To Against Agalinst
Paint Date Hard Fouling Soft Fouling Other
Organotin 70 mos. Excellent® Some slime Release rate
Copolymer and algae unacceptable
Ablative
TBTO & Cuprous . 60 mos. Excellent Some slime
Oxide Ablative and algae
Organotin 30 mos.
Copolymer &
Cuprous Oxide
Ablative
Organotin 75 mos. Excellent Excellent Reformulation to
Copol ymer optimize release
(DTNSRDC) rates
Cuprous 39 mos. Excellent Excellent Paint has been
Oxide reformulated.
Ablative New formulation—--
6 mos. evaluation
Ammonium New trial
Sulfate

Modified F-121

* Excellent = 997 fouling free performance.
Acceptable release rate < 0.1 u /cmz/day utilizing parallel plate method.

currently being reformulated to optimize release rates of organotin to comply
with environmentally acceptable release rates of <0.lu/cm2/day utilizing a
parallel plate analysis method. The commercial organotin copolymer ablative

and TBTO (tributyltin oxide)/cuprous oxide ablative coatings are éxcellent
against hard fouling; however, some soft fouling (algae and slime) 1is present.
The release rate of the org;notin copolymer ablative coating exceeds the maximum
acceptable value for organotin. The evaluation period for the commercial
organotin copolymer/cuprous oxide ablative coating is still in an early phase,

The ammonium sulfate modified F-121 trlal began in November 1986,
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As calcareous-fdulers come under coatrol, marine microbial biofilms (slime),
macroalgae (grass), and the roughness of the paint itself are now becoming the
limiting frictional factors for ship performance. A study was performed to assess
the possible effects of microblal biufilms upon hydrodynamic drag under hydraulic
conditions that reflect realistic ranges of vessel operation. A friction disc
machine, Fig. 4, was used to measure increase in hydrodynamic frictfon created by
microbial films under various conditions of fluid flow, represented by the ro-
tational Reynold's number Ry, which is proportional to rotational speed. The

moment coefficient, Cp, is proportional to drag on the disk at a given speed, and

is calculated from measurements of the torque required to rotate a disk at con-
stant angular velocity. A plot of Cp versus Rg relates drag to hydrodynamic flow
conditions. The percent increase in drag is 100 (Cy - C,)/C,, where Cp is the
moment coefficlent of a disk covered with a biofilm, and C, is the moment coeffi-
clent for a clean disk; In order to relate the data derived from friction disk

experiments to realistic situations, a procedure developed by Granville3 can be used.

—DRIVE MOTOR

rpm SENSOR
Eﬁj'fu:TORQUE SENSOR

THERMOMETER

LIQUID———-

FRICTION [ =
DISC

Fig., 4, Hydrodynamic friction disc apparatus.
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This method makes use of semi-empirical theory to relate the frictional drag
experienced by a disk having a particular surface character to a large plate

of the same surface character. The flow about the spinning disk is characterized
by the rotational Reynola's number. However, the flow past the flat plate is
characterized by a different but related Reynold's number. Thus, the resulg

of the Granville transformation yields results over a different speed range

for the plate than for the disk. The size of the plate or vessel is important

in the calculation. Table 3 illustrates the drag of biofilms. The speeds for
the two plate lengths are obtained from from Granville transforvmations of the
friction disk experimental data and correspond to the percent drag increase

from the blofilm. Figure 5 il.-strates the effect of biofilm thickness to in-
crease the relative drag coefficlent at high speed for the rotating disk experiment.
Figure 6 illustrates the percent increase in drag from bacterisl and algal films
as predicted for flat plates. There are considerable differences in drag due

to film thickness and type of film,

Table 3. Drag change due to biofilm on smooth surface.

Drag Increase Speed (knots) of

due to Blofilm f1lmed plated*
(%) 110-m plate 140-m plate

2.2 22 17

5.0 28 22

8.0 35 27

10.0 44 34

12.0 55 43

14.0 70 54

* Hypothetical speed determined using Granville
transformations3 of data from frictlonal
disk experiments.
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The conclusions from tests on antifouling coatings are as follows: a) AF
coatings are available, both commercially and as Navy formulations, that provide
long term performance against calcareous fouling organisms, and in some cases in-
hibit slime and algae, b) frictional increments of the order of 10% are caused by
microbial biofilms. Further research is needed in the areas of roughness and
viscoelastic properties of the biofilms, their tenacity on different types of
surfaces, and methods to control these properties.2

1. Funke, W. "Blistering of Paint Films,” in: Corrosion Control by Organic

Coatings, Edited by H. Leidheiser, Jr., National Association of Corrosion
Engireers, Texas (1981), pp. 97-102.

2. Loeb, G.I., D. Laster, and T. Gracik, "The Influence of Microbial

Fouling Films on Hydrodynamic Drag of Rotating Discs,” in: Marine Biodeterioration:

An Interdisciplinary Study, Edited by J.D. Costlow and R.C. Tipper, Naval In-

stitute Press, Maryland (1984).
3. Granville, P.5. "Similarity Law Characterization Methods for Arbitrary
Hydrodynamic Roughness, David Taylor Naval Ship Research and Development Center

Report (DTNSRDC-SPD 815-01, Bethesda, Md (1978).
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CORROSION OF TUNGSTEN ALILOYS IN MARINE ENVIRONMENTS

K. L. Vasanth and C. M. Dacres
Naval Surface Weapons Center
10901 New Hampshire Avenue
Silver Spring, MD 20903~5000

AB§TRACT

Tungsten alloys are important for Navy applications because
of their high density and strength. Very little information is
available about the corrosion behavior of these alloys, although
tungsten is known to be corrosion resistant. The corrosion behav-
ior of five tungsten alloys in 3.5% NaCl has been characterized
using electrochemical and gravimetric tests. Laboratory results
are compared to results obtained from exposure to natural sea
water. The uniform corrosion rate of the alloys considered were
found to be under 2 mils per year. However, alloys designated S1
and 52 exhibited preferential local attack. The corrosion in
these alloys occur between tungsten particles where matrix alloy
precipitated. Such an attack affects the strength of these alloys

leading to fracture, particularly under the conditions of impact
and load.

INTRODUCTION

In recent years, tungsten has fcund application in many
weapon systems. In the form of a liquid phase sintered alloy
(W-Ni-Fe or W-Ni-Cu) it is commonly used as the armor piercing
core of medium to large caliber (>20 mm) kinetic energy ammuni-
tion (1). Recently tungsten alloys have also been used as pre-~
formed fragments in various anti-craft and anti-missile warheads
(1). The cited application uses a dense penetrator -core, of
either tungsten carbide or more recently, liquid phase sintered
tungsten alloy, surrounded by a ballistic sheath for aerodynamic
purposes. The industrial applications of tungsten alloys include
counter balances, gyroscope rotors, and radiation shields,

The Navy requires high density materials for armor piercing
ammunition. Of the materials with densities over 15 gm/c.c, only
two are readily available and economical - tungsten and uranium,
The latter, though an attractive option, its use is restricted
because of liealth hazards due to radiation. In addition, uraniun
alloys are known to ke susceptible to stress corrosion cracking
(scc) in a variety of environments (2,3). SCC in PHALANX penetra-
tors during long-term storage in humid air has been reported, and
the presence of oxycarbide inclusion was identified as the cause
of the observed cracking (4).




Until recently, the corrosion of tungsten alloys was not
considered a problem. Andrew, et al. (5) reported that a 90% W,
7.5% Ni, 2.5% Co alloy readily corrodes when exposed to air sat-
urated with water vapor. Levy and Chang (6) studied some tungsten
heavy alloys and reported that 97 W-2 Ni-0.7 Fe-0.3 Co alloy was
most corrosion resistant in solutions containing chloride ions.
The tungsten alloys containing nickel and iron, considered here
have not been characterized for their corrosion behavior. The
Navy's interest is to get an estimate of the strength and shelf
life in an uncontrolled environment.

EXPERIMENTAL
ELECTROCHEMICAL

Discs with a diameter of 1.2 cm and a thickness of about 0.4
cm were cut from the alloy samples using a diamond disc saw.
Specimens were mounted in epoxy and wet polished with 320A, 400A
and 600A silicon carbide, rinsed with distilled water, acetone
degreased, air dried and immediately used for elesctrochemical
investigations,

The solution used for polarization resistance measurements
and potentiodynamic scans was 3.5 % NaCl. 3.5 % NaCl was prepared
using laboratory reagent grade sodium chloride and distilled
water. All the electrochemical investigations were made using a
software driven EG&G Mcdel 351 Corrosion Measurement System and
Potentiostat/Galvanostat Model 273. The open circuit potential
(initial corrosion potential) was obtained for each system, by
allowing the specimen to stand in 3.5 % NaCl for a period of 30
minutes to an hour. The open circuit potential stakilized during
this period ( see Table 1). The potentials were measured using a
standard calomel electrode,

Polarization resistance measurements. Polarization resistance
(Rp) measurements were made using a three electrode assembly. A +
10 mV pntential range was applled to the sample surface at the
equilibrium corrosion potential (Ecorr). A scan rate of 0.1

mV/sec was used.

Calculation of corrosion rates using Rp values are difficult
because of the inherent uncertainty in the change of Tafel con-
gtants with time. However, it is an nlegant technique used to
predict the trernds in the corrosion :ate with tine.

Potentiodynamic polarization measurements. Potentiodynamic
polarization scans were made for the tungsten alloy samples to
better characterize the corrosion behavior. Alloy samples were
allowed to stabilize for one hour prior to testing. The polariza-
tion scans were run at a scan rate of 0.5 mV/sec beginning at
Ecorr at intervals of 1, 96 and 168 hours.
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IMMERSION TEST

The washed and degreased tungsten alloy samples were painted
at the bottom with AMERCOAT 90, epoxy paint, to prevent crevice
corrosion., The paint was allowed to dry in air for about 48
hours. The weight of each specimen was recorded and then kept
immersed in 400 ml of 3.5 % NaCl. The specimens were removed
from test environment after 5 months, and rinsed under running
tap water, ultrasonically cleaned in distilled water for ten min-
utes. Finally, the specimens were rinsed with acetone, air dried
and weighed.

FIELD TESTS

16 samples of each alloy have been exposed to three types of
test environments at the NSWC/Ft.Lauderadale Corrosion test
site:

a) Continuous immersion in sea water
b) Alternate immersion in sea Water
¢) Atmospheric exposure to marine environment

For the continuous immersion test, pre-weighed specimens were
mounted on sample racks and immersed in a flume containing sea
water. Fresh sea water is circulated at a rate of 0.5 gallon per
minute.

For alternate immersion tests, the specimens were immersed in
sea water for one day and for six days kept exposed to the marine
atmosphere. This test is designed to determine the combined
effect of sea water immersion and marine atmospheric exposure.

The atmospheric exposure test involves a continuous exposure
of the specimens to the marine atmosphere. In these field tests,
the specimens of each alloy type will be taken out at specified
intervals, weighed and photographed. The first set of samples
were taken out of the continuous and alternate immersion tests
after 2 months, cleancd as described in Reference 5, air dried
and weighed. The weight-loss data was used to compute the corro-
sion rates and are given in Table 2. The weight-loss data and
calculated corrosion rates obtained from the laboratory immersion
tests in 3.5 % NaCl, are given in Table 3 along with some obser-
vations. The red-brown and yellow color of the residue indicates
the formation of WO, and WO3 respectively (see Takle 4) (7). The
red-brown corrosion product might have also come from the corro-
sion of iron present in the matrix alloy between tungsten
particles.
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ENERGY DISPERSIVE X-RAY ANALYSIS (EDAX) AND SCANNING ELECTRON
MICROSCOPY (SEM)

Five sintered tungsten alloys have been investigated. These
were subjected to EDAX in the "as received" condition and after
sawing the machined surface. This was done for identif -ing any
difference between the surface ard the bulk of the alloys. The
results of EDAX analysis are given in Table 5. The EDAX spectra
of the machir.ed and sawed surface in all cases except type S2 are
similar, and showed the presence of iron and nickel as alloying
elements, the bulk element being tungsten. The spectrum of "as
received" machined surface of S2 showed traces of potassium and
calcium (Figure 1 a) in addition to the alloying elements iron
and nickel, while the sawed surface of the sample (Figure 1b)
indicated no such impurities. Potassium and calcium that were
found only on the machined surface and not in the bulk alloy
could be attributed to the use of soap and/or chalk powder in the
machine shop while handling these samples.

RESULTS AND DISCUSSION
FOLAKRIZATION RESISTANCE MEASUREMENTS

Polarization resistance measurements were made for each of
the five types of tungsten alloys in 3.5 % NaCl over a period of
about 35 days. Polarization resistance versus time plots are
shown in Figure 2. The alloys S1, S2, Tl and T2 show an increase
in the corrosion rate up to 48 hours after which the corrosion
rate reaches an approximate limiting value. On the other hand Kl
shows a higher corrosion rate up to 12 hours but from 0.5 day to
12 days the corrosion rate decreases and eventually reaches a
liniting value. This may be attributed to the building or thick-
ening of the oxide film which reaches a constant value with time.

Polurization resistance versus time plots for $2, T1 and Tz
show flat plateau regions approximately from 3 to 7 days, 9 to 26
days and 28 to 34 days. Between these plateau regions the plots
show a dip indicating increased corrosion rate. The corrosion
rate remained almost constant in the plateau regions. This corro-
sion trend indicates that an oxide film growth occurs on the
samples which occassionaly breaks down exposing the fresh surface
leading to corrosion.

A visual examination of the specimens after polarization
resistance studies at 35 days, showed that $§1 and S2
were attacked at preferential sites, Tl and T2 showed intense
uniform corrosion with a reddish-brown layer of corrosion product
on their surface and K1 showed moderate uniform corrosicn. The
preferential corrosion could be due to a) inhomogeneity of the
~alloy and /or b) dissolution of iron from the precipitated alloy
in grain boundaries. Assuming that the dissolution mechanism is

168

O S R ST

FrFrCrTXO RS DA OA N ™™y o 0



e T W |
- B

= Y

B X

predominant in these cases, equation 1 as suggested by Ammar, et
al. (7), and presently proposed reactions 2 and 3 may be occur-
ring in addition to the corrosion of iron to iron oxide :

1) 2 OH™ + WO, = WO, 2 + H,0

2) Hy0 + WO3 = HyWO,

3) 2 NaCl + |HW0, = NajgWo, + 2 HCl
From 2 and 3, 2NaCl + WO; + HyO0 = Na, WOy + 2 HCl

POTENTIODYNAMIC STUDIES

I'otentiodynamic scans were run for all the five types of
tungsten alloys in 2.5 % NaCl solution. The epoxy mounted pol-
ished specimens were allowed to stabilize for about an hour in
3.5 $ NaCl. Potentiodynamic measurements were made at 1, 96 and
168 hour intervals. Alloys K1, S1 and 82 showed a decrease in
corrosion rate while Tl and T2 were still corroding at 96 hours.
A typical scan for T2 in 3.5% NaCl after one hour is shown in
Figure 3. The alloy exhibits an active-passive transition. Koger
(9) has attributed the two distinct "knees" nearest to the
equilibrium corrosion potential to pure tungsten.

For the purpose of comparison, a kar chart of corrosion rates
computed trom 1 hour potentiodynamic measurements is shown in
Figure 4. It can be seen that alloy type Kl has the lowest corro-
sion rate and T2 the highest among the five types considered for
study. These results are correlated well with the corrosion
trends observed in the pelarization resistance measurements (Fig-
ure 2).

WEIGHT-1.055 MEASUREMENTS

Photographs of alloy samples immersed in 3.5 % NaCl taken
after 72 days and 5 months are shown in Figures 5 and 6 respec-
tively. It is evident that the intensity of corrosion of these
samples increased as a functicn of time of immersion.

The corrosion rates calculated based on the weight-loss data
in 3.5 % NaCl immersion test also showed that alloy K1 had the
lowest corrosion rate. Visual observation indicated that both TI.
and T2 had uniform and intense corrosion with a brown corrosion
layer on their surfaces while S1 and S2 showed corrogion at
selected/preferential sites. The weighi: loss data from 3.5 % NaCl
immersion tests showed that though S2 suffered only preferential
corrosion, it exhibited slightly higher weight-~loss than
Tl and T2.
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SEM and EDAX

The samples used for polarization resistance measurements
were immersed in 3.5 % NaCl for more than 35 days. These corroded
samples were carefully taken out of the epoxy mounting and sub-
jected to SEM and EDAX examination. Cut of five alloys. Kil, Tl
and T2 exhibited corrosion all over the exposed surface as shown
in the SEM of alloy Tl in Figure 7a. For alloys S1 and S2, only
some areas of the exposed surface were attacked as shown in the
SEM of alloy Sl in Figure 7b.

The SEM photographs and EDAX spectra of the corroded samples
are given in Figures 8-12. The common feature in these alloys is
that the structure consists of rounded tungsten particles
surrounded by a matrix alloy of Fe-Ni-W.

The EDAX examination of the precipitated matrix alloy between
the tungsten particles in sample Kl showed the presence of
W, Fe and traces of Ni,Zn,Na and Cl ( Figure 8b). Na and Cl have
obviously come from the NaCl solution in which the sample
was immersed. The EDAX of the corrosion products that appear as
lumps on tungsten particles in the SEM photograph (Figure 8a)
also showed to contain the same elements in almost similar
amounts. It can be seen from Figure 8a that the tungsten par-
ticles appear intact but some what loosened due to the corrosion
of the precipitated matrix alloy between the tungsten particles.

For alloy S1, the corrosion was observed at preferential
local sites. The SEM photograph in Figure 9a shows one such
attacked area. The attacked area consists of two shaded regicns :
light and dark gray. The dark gray shaded region on the tep side
in Figure 9a is due to thick corrosion products on the surface.
The light gray region appeared shiny and showed selective attack
between the tungsten particles. The shiny appearance of the area
indicated that the corrosion film had fallen off exposing the
fresh surface (cee Figure 7b). This was confirmed by the EDAX of
the light grey region which was found to show mostly W with
traces of Fe and Ni. On the other hand, the thick corrosion prod-
uct. was found by EDAX to contain predominantly Fe, some W with
traces of Ni and Cl as s)lown in Figure 9b.

The SEM photcgraph for $2 in Figure 10a clearly shows the
rounded tungsten particles and matrix alloy precipitated between
these particles. The sample showed preferential localized corro-
sion as observed in immersion tests. The EDAX of the corrosion
productsg showed mostly Fe, some W and traces of Ni and C1 (Figure
10b). Similar results were obtained for S1. This shows that Sl
and S2 as observed visually in immersion tests and by SEM, cor-
roded in a similar manner.




The SEM photograph for alloy Tl in Figure 1lla shows that the
surface was attacked uniformly. Some "hilly" spots of thick cor-
rosion products were found on the surface. EDAX analysis of these
spots showed very little of W, more Ni than Fe and a large pro-
portion of Cl (Figure 11b). The high content of Ni was also found
in the fresh sample as shown in Table 4, and appears to have con-
centrated in the matrix alloy between the tungsten particles.

The results of SEM and EDAX for alloy T2 (Figure 12 a and b)
are similar in nature to those found for T1 except that the cor-
rosion product contained large proportion of Fe and only traces
of Ni. Both alloys Tl and T2 showed uniform corrosion all over
the surface unlike S1 and S2, where only some areas of the sur-
face were attacked.

SUMMARY
1. The laboratory immersion tests in 3.5% NaCl showed that

the alloy K1 has the lowest corrosion rate and the alloy S2 the
highest.

2. The lowest corrosion rate observed for alloy Kl may be
attributed to the high content of tungsten and low content of N
iron as indicated by EDAX analysis.

3. The alloys K1, Tl and Tz exhibited uniform corrosion, and
preferential corrosion was observed in the case of Sl and S2.

4. The SEMs of corroded alloys showed corrosion at the matrix
alloy precipitated between rounded tungsten particles.

5. The EDAX analysis showed that all the alloys contained Fe
and Ni as alleying elements to start with.

6. The magnitude of corrosion rate for the five tungsten
alloys is less than 2 MPY.
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7= EDAX SPECTRA OF
Y TUNGSTEN ALLOY S2

B) SAWED SURFACE

A) CURVED MACHINED
SURFACE

KC
A

Figure 1
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Fioure 6,

TUNGSTEN ALLOYS AFTER 5 MONTHS

N 3,57 NaCL,
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a. b,
a) SEM OF ALLOY T1 (8x) SHOWING UNIFORM CORROSION.
b.) SEM OF ALLOY 81 (8x) SHOWING LOCALIZED CORROSION.

& S b.
a) SEM OF ALLOY K1 {500x) AFTER 35 DAYS IMMERSION IN 3.5% NaCl.
b.) EDAX OF CORROSION PRODUCT.

a. - 7 b.
a.) SEM OF ALLOY S1 (10Cx) AFTER 35 DAYS IMMERSION IN 3.5% NaCl.
b.) EDAX OF DARK GRAY CORROSION PRODUCT ON S§1.

Ficures 7 (top), 8 (CenTER) AND 9 (BoTTOM),
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b

a.) SEM OF ALLOY S2 (1000x) AFTER 35 DAYS IMMERSION IN 3.5% Na&Cl.
b.) EDAX OF MATRIX ALLOY BETWEEN TUNGSTEN PARTICLES.

a

b

a) SEM OF ALLOY T1 (506x) AFTER 35 DAYS IMMERSION IN 3.5% NaCl.
b.) EDAX OF THICK “HILLY” SPOT OF CORROSION PRODUCTS.
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b

a) SEM OF ALIC / T2 (500x) AFTER 36 DAYS IMMERSION IN 3.5% Norl.
b.) EDAX OF THICK CORROSION PRODUCTS.

Ficwres 10 (top), 11 (center) AnD 12 (BOTTOM),




CORRUSION ANv FATIGUE PROPERTIES OF FeCrB/Si METALLIC
GLASS WIRES IN AQUEOUS ENVIRONMENTS

Anh H. Le and Lawrence T. Kabacoff
Naval Surface Weapons Center, White Oak
10901 New Hampshire Avenue
Silver Spriny, Maryland 20903-5000

ABSTRACT

Measurements have been made of the corrosion and fatiyue properties of
metallic glass wires of composition Feys_yCryBygSiy (X =5, 8, 11) in air,
deionized water, 3.5 w/o NaCl and 1.0 N HoSUy. c?ear inverse relationship
was observed between the corrosion rate and the number of cycles to failure,
Fatigue limits were observed for tnose cases where spontaneous passivation
occurs (all compositions in air and deionized water, and 8 and 1! a/o Cr in
chloride solution). It was found that tne mechanism for the fatiyue failure
of specimens which spontancously passivate differs from that of metallic
ylasses in acidified chloride environment where active/passive behavior is
observed, A model is proposed to explain this observation.

INTRODUCTION

Transition metal-metalloid metallic glasses containing principally Fe and
Cr have lony been known to exhibit high strenyth and toughness (1), as well as
remarkabie resistance to corrosion (2). In spite of these outstanding
properties, commercial development of these materials has been confined to
magnetic applications, most notably power distribution transformers and
transducers. Early on, fatigue measurements clearly showed that the metallic
glasses then available were unsuitable for such struchural appiications as
tire cord and flywheels (1).

ATl of these fatiyue measurements were inade on metallic yglass ribbons
which were produced by some form of continuous chill block casting. Such
ribbons tend to have irreyular surtfaces and laryge local variations in ribbon
thickness. Recently, a new fabrication technique has been developed in which
a stream of melt is injected into a moving layer of a water solution (3,4).
The movinyg water layar is established on the inside of a rotatiny drum, The
speed of tne melt, the speed of the water, and the anyle of entry are matched
in such a way that the melt stream solidifies into a smooth, uniforu wire with
a round cross section, The quench rate achievable by this techniuue is guite
high, and wires of, for example, amorphous fe-£-Si have been producad with

diameters as nigh as 160 microns 4).

A number of fatiyue measurements have been made on wetaliic ylass wires,
mostly in an eavironment of either meist air or deionized water (5). The
resuits may be summarized as follows: (1) the fatigue propecrties of the
metallic glass wires are ygreatly superior to those of ribbons of similar
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compositinn; (2) the fatigue limit is clearly a function of the corrosion rate
regardless of whether the implicit parameter is composition or corrosiveness
of the environment; (3) Fe-based metallic glass wires with a moderate amo.unt
of Cr have fatigue properties in deionized water superior to those of 304
stainless steel, Based on the dependence of the fatigue properties on
corrosion rate, and on the results of stress corrosion measurements made on
metallic glass ribbons in an acidic chloride environment, it was proposed that
fatigue failure resuited from hydrogen accumulation, The difference in
fatigue properties between wires and ribbons was attributed to the better

surface smoothness of wires.

In this report we extend the corrosion and fatiyue measurements to
include 3.5 weight percent {(w/o) NaCl and 1.0 N HoSUs and present evidence
that the failure mechanism in the chioride solfution is substantially different
from nat has been observed previously for wires in an acidic environment
containing chloride, The compositions selected were Fe75_XCprIBSi]O(x = b,

8, 11).
EXPERIMENT

Potentiodynamic and pitting scans were obtained utiiizing an EG4G
Corrosion Measurement Console (Model 350A). The three-electrode-cell
consisted of a working electrode, a graphite counter electrode and a SCE
(saturated calomel electrode) reference electrode. Solutions of 3.5 w/o NaCl
and 1.0 N HySUy were prepared from analytical grade chemicals and deionized
water. Measurements were made at room temperaiure in aerated solutions. The
initial potential for potentiodynamic curves was set at 250 mV below the open
circuit potential. The scan rate was 1 mV/sec.

Bending fatigue measurements were made on wire specimens of each
composition immersed in either 3.5 w/o NaCl or H,S0,. In addition, selected
measurements were made in air (65% RH) and deionized water in order to
compare our results with those previously reported. The apparatus used is
illustrated in Figure 1 and is similar to that used by Hagiwara etal. (%).
The strain is produced by passing a wire specimen over a pulley, which is
immersed in the medium of interest. The maximum strain is contrclled by the
diameter of the pulley and is determined by the relation:

A =d/(d + D)

where the d is the diameter of the wire and U is the diameter of the pulley.
The measurements were made at rooin temperature in aerated solutions using the
same solutions that were used for potentiodynamic measurememts. The
repetition rate was four passes over the pulley per second.

In order to investigate tiie role of hydrogen in fatigue failure of these
metallic glass wires in a seawwater environment, wires witn 8 and |1 a/o Lr
(which exhibit a fatigue limit in the chloride solution) were subjected to
bending fatiyue in the 3.5 w/o NaCl solution as described above except that
the application of strain was interrupted prior to failure. Some wires were
then baked out in an oven at 125°C for 15 minutes (which is sufficient to
remove any accumulated hydrogen but insufficient to produce structural
relaxation, as determined by ductility tests (6). The other wire specimens
were also removed from the pulley, but allowed to sit in the solution instead
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of being baked out. Tne wires were then returned to the pulley and the
application of cyclical strain was continued, The pulley diameter was chosen
such that failure could be expected to occur in forty or thirty-eiynt minutes
(for 8 and 11 a/o Cr respectively) if the application of bending strain were
not interrupted. The baking (or “"resting" time) was fifteen minutes, as was
the time vor application of cyclical strain., Thus, the time sequence was
fifteen minutes "on" and fifteen minutes "off", cycled repeatedly.

RESULTS AND DISCUSSION

Figure 2 shows polarization curves for amorphous wires in 3.9 w/o NaCl
solution. The wires containing 5 a/o Cr display an active/passive behavior,
while the 8 and 1! a/o Cr specimens exhibit complete passivity. As expected,
the corrosion current density and, therefore, the corrosion rate decreases
with increasing Cr content. All three compositions exhibited active/passive
behavior in 1.0 N HpSU4 as illustrated in Figure 3, Unce ayain, the corrosion
current decreased with increasinyg a/o Cr.

Pitting potentials varied only slign.ly as a function of composition in
tne NaCl solution (1.20 V/SCE for b and 8 a/o Cr and 1.170 V/SCE for 11 a/o
Cr). This is illustrated in Figures 4, 5 and 6, which show pittiny scans for
5, 8 and 11 a/o Cr in 3.5 w/o NaCl, respectively. It is also apparent from
these fiqures that the hysteresis is extremely small, indicating a very low
rate of crevice corrosion. In 1.0 N H,Syy all of the pitting potentials were
the same (0.966 V/SCE).

Figures 7, 8 and 9 illustrate the number of cyclies to failure as a
function of maximum bending strain for 5, 8 and 11 a/o Cr, respectively.
Fatigue limits were observed for each composition in air and deionized water,
and for 8 and 11 a/o Cr in 3.5 w/o NaCl. Qur data on moist air and deionized
water ayree very well with previously published data by Hagiwara et.al.(7).
Comparison of Figures 2 and 3 with Figures 7, 8 and 9 clearly show the
relationship between corrosion rate and fatigue limit (or number of cycles to
failure), and that failure occurs through a corrosion fatigue mechanism.

The results of the experiment in which the cyclical application of
bending strain was periodically interrupted were somewhat surprisiny. As
described i the precedinyg section wire specimens in 3.5 w/0 NaCl were
subjected to cyclical bending strain for fifteen minutes, then baked for
fifteen minutes. Without interruption, failure would, for the strain chosen,
occur after forty minutes. This was repeated (fifteen minutes on, fifteen
off) for eiyht hours without failure (a total of four nours of strain
application). This is consistent with the hypothesis that failure is due to
accumulatign ¢f hydrogen, What was surprising is that the control specimens,
which were not baked but were, rather, kep- in the chloride solution duriny
the "rest" period, also experienced no fatiyue failures. In both cases, after
the eiyht hours testing, cyclical strain was applied without interruption
until failure. Tne time to failure in both cases was approximately the same
as would be obtained for a "virgin" specimen, Since the control specimens
remainad in the solution, there was no removal of nydrogen. Thus, the bulk
accumuletion of hydroyen could not have been the cause of the fatiyue failure
in this case,

Extensive work has been done by Hasnhimoto et.,al.(7,8) on the mechanical
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failure of metallic ylass ribbons in acidic chloride environment. This work
includes tensile testing in a corrosive environment (with interruptions and
baking similar to what was done in the present study) and examination of the
fracture surfaces. The evidence for brittle failure in an acidic environment
due to bulk accumulation of hydrogen is convincing. It is interesting to
note, however, that fracture surfaces produced by failure in a neutral
chioride environment differed from those produced in an acidified
environment. It should also be noted that fatigue limits were obsServed only
in cases of spontaneous passivation. In the case of an acidic environment or
low chromium content in a neutral chloride environment, the general corrosion
rate is relatively hiyh, with hydrogen formed uniformly over the surface. In
the case of spontaneous passivation, corrosion occurs primarily in cracks
created in the passive filin by the application of strain. Thus, it is
reasonable to assume that the failure mechanism in the two cases will be
substantially different,

A reasonapble nhypothesis for fatigue failure in the case of the
spontaneously passivating specimens is that cracks in the passive film admit
solution to the bare metal surface resulting in very rapid dissolution and
formation of a “crevice". This bare surface repassivates very quickly with
the new passive film thickening over a period of time. If strain is ayain
applied while the passive film in the crevice is still thin, a new crack will
form in the crevice, Repeated application of strain will result in the yrowtnh
of this crevice, Failure occurs when a critical size is reached, Since the pH
in the crevice can be much lower than in the bulk solution (9), it is possible
that some local accumulation of hydrogen occurs. If the cyclical application
of strain is interrupted, the new passive film in the crevice thickens until
it 1s no longer the weakest point and the next application of strain does not
necessarily form a crack in the passive film at that site, If local hydroyen
accumulation is a contributing factor to failure, the interruption in
application of strain allows diffusion of hydroyen away from the site. More
data will be needed in order to determine the validity of this hypothesis,
including measurement of the kinetics of passive film formation, rates of
hydragen diffusion in tihese metailic glasses, and a closer examination of the
effects of composition and pH on both the fatigue properties and passive film
formation, Experiments to obtain this information are in proyress.
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SURFACE CONDITIONING PRODUCTS AS TOOLS

FOR CORROSION REMOVAL AND CCRROSION PREVENTION

BY

JOSEPH J. CLAUS
SPECIALIST
3M
ST. PAUL, MN

BSTRACT

3-dimensional abrasive products have a long history of use
in corrosion prevention and corrosion repair. Not only do
they generate better surfaces for painting and cecating, thus
offering better protection, but they are used for stress
control and to remove corrosion and deteriorated coatings.

This paper describes the awnility of these products to
perform in corrosion related situations. Specific
application areas, such as munitions reclaimation, airframe
maintenance, ground vehicle repair and plant refurbishing,

o are highlighted. Additionally, the chemical nature of a :
:R surface together with its physical characteristics are shown |
N to be the foundation for corrosion prevention.

2 |
Q2

' @..

S Presented at the Tri-Service Corrosion Conferences, May,

W 1987, Colorado Springs, Colorado.
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SURFACE CONDITIONING PRODUCTS AS TOOLS FOR CORROSIQON REMOVAL AND
CORROSION PREVENTION ~ by Joseph J. Claus, Specialist, 3M,

St. Paul, Minnesota

Abstract:

3-dimensional non-woven abrasive products have a long history of use
in corrosion prevention and corrosion repair. Not only do they
generate better surfaces for painting and coating thus offering better
protection, but they are also used for stress control and to remove

corrosion and deteriorated coatings.

This paper describes the ability of these products to perform in
corrosion related situations. Specific application areas, such as
munitions reclamétion, airframe maintenance, ground vehicle repair,
and plant refurbishing are highlighted. Additionally, the chemical
nature of a surface together with its physical characteristics are

shown to be the foundation of corrosion prevention.

A few years ago the National Bureau of Standards estimated that
corrosion costs in the United States exceeded 70 billion dollars
annualiy. Although that amount may have changed some the last year or
so, the enormity of the bill is staggering. Perhaps few people are as

aware of correosion's insidious effects as are those in the Armed

Forces. Vehicles, ammunition, equipment, buildings, and other goods
are exposed to the widest variety of environments possible. Exposure
206




Everything deteriorates. Whether it is a wooden fence post in the
ground, or a plastic component of an automobile, or one of the noble
elements, say gold, as a finger of a printed circuit board, some type
of degradation of the material is taking place. The term corrosion
has been used to identify some of the more common and visible types
of deterioration that occurs arcund us. Other examples: red rust in a
pile of scrap metal; crazing, cracking, color fading of plastic
containers; the cable clamps on the terminal of a battery. One of the
laws of nature is that materials tend to return to their 1least
energetic state. In that process of returning it is the corrosion

that manifests itself to us as evidence of the return to that state,

Since corrosion most always initiates at the interface or outer
surface of materials, a brief review of the nature of surfaces seems
appropriate at this point. While the model that is presented here is
primarily for metals, the analogy can also be transferred to other

materials as well.

The surface can be considered a multi-layered transition region
between a gas and a solid,. Figure 1 depicts a conceptualized
cross-sectional view of the transition region of a metal surface. The
layer directly above the bulk material is a segregated region which is
enriched in alloying elements that are driven to the outer boundaries
from the bulk by thermodynamic forces in the natural process of energy

minimization. When elements of the segregated layer, as well as the
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to these environments is often under less than favorable conditions.
Even with the best of preventive measurements, deterioration of parts,
components, and all systems 1is experienced due to the effects of poor

protection, constant exposure, or even ordinary use,.

The purpose of this paper is to facilitate an awareness of a family of
products that have been successfully used for the preparation of
materials for corrosion prevention, and which have shown themselves to
be effective in the removal of the bi-products of corrosion. 3~
dimensional abrasive products and rotary peening materials surface
condition the metals, wood, plastics, glass, etc. which are used to
manufacture the goods and equipment that are used almost daily. These
surface preparation products work because of their open, non~loading,

durable properties.

3-dimensional nonwoven abrasive products are composed of three
materials; fiber, resin and mineral, The fiber forms the backbone to
which the mineral is held with a resin system, When used properly the
product gives controlled cut, that is, it will remove surface
materials without dangerously undercutting or gouging. In many
instances the products are ideal for spot repair and for feathering
areas adjacent to old, intact coatings. Depending on the construction
and use of the product, a wide variety of aggressiveness can be
selected: one form of these products will not even scratch glass,
another form will be so aggressive that abrasion of a hardened steel

surface can occur,



material of the base metal, combine with oxygen from the atmosphere,
the reaction products form what is identified as the oxidized layer.
On top of this develops the chemisorbed layer which contains compounds
which are formed from chemicals in the surrounding environment and
which are strongly bonded to the substrate. Finally, on top of this,
axists a region of weakly bound materials from the environment. This
outer most or physisorbed layer is easily removed, even by imaging,
but in the process new material is immediately available to take its

place. Actually, the surface is an intermixing of these layers.

A typical metal surface, such as that found on steel, and depicted in
Figure 2, has important chemical and topigraphical characteristics.
The bulk consists of iron, along with alloying and trace elements (Li,
C, Na, Mg, Al, S, Mn). The surface rcgion (some 10-80 angstroms deep)
includes the layers previously identified which are composed of Zircn

oxides, segregated element oxides, and compounds of Ca, Na, Cl, S, P.

Surface irreqularities are also typical of most steel surfaces, such
as scratches, gouges, fissures, and dents, in which rolling oils,
processing fluids, and other environmental contaminants can be
trapped. Finally the physisorbed layer contains water, carbon dioxide,

oxygen, dust, dirt, fingerprints, etc., and other contaminants.

It is clear then that mecal surfaces have a chemical nature that is

very different from the bulk metal. Frequently these chemical
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differences are detrimental and must be removed by a cleaning process
for optimum performance in coating, bonding, and other surface

sensitive application areas.

Analogously what is true of metal surfaces can alsc be extended to the
surfaces of mest other materials. In other words, there is a region
of contamination on the exterior of most materials, which

makes it difficult, and sometimes impossible, to adequately protect,

bond, weld, coat, or make proper use of.

Ideally, in preparing new materials for operation in normal or severe
environments, adequate preparation of their surfaces for the
protective system is important as a way to postpone the effects of
corrosion, Similarly, in the repair of contaminated areas the removal
of the products of the contamination also is paramount if there is any

hope of restoring a system to a protective state.

Of course there are numerous ways in which the surfaces of materials
can be prepared., However, our 3-dimensional abrasive products offer
some unique characteristics in being able to condition surfaces for
both corrosion protection and for the removal of the products of

corrosion,

CORROSION PREVENTION:

Removal of contamination from new materials is certainly important in




preparing them for the application of protective coatings or for good
bonding or oﬁher surface sensitive application areas, Contamination
can come from two sources as can be seen from the following examples:

In one case, aluminum sheets with the surfaces in the "as received"
condition cannot reliably be resistance spot welded on a production
bases. However, sheets whose surfaces have been abraded with 3-
dimensional abrasive products passed the "Weld Reliability Test" and
were able to do so even after 90 days of plant storage. Analysis of
the surface chemistry of the 5182-T0 Alloys was useful in determining
the differences in the surface chemistry for the "as received" and
"brushed" aluminum. Figure 3 compares the elemental composition of
the two surfaces. Specific notice is to be made of the magnesium
donminant in the "as received" material over the brushed specimen.
This suggests a heavy MgO layer on the "as received" sample which is
removed by brushing the surface. It is evident that a magnesium-
aluminum-oxXygen composition occupies the outer surface of the "“as
received" sample for a thickness of nearly 200 angstroms. After

brushing, the oxide layer grows to a depth of only 25 angstroms.

It is the high electrical resistance of the Mg-Al-0 compound (1700

"as received"

micro ohms which causes the poor weldability of the
alloy and therefore promotes poor tip life. The thin oxide layer of
the brushed metal has a low resistance (250 micro ohms) and

contributes to ths improved weldability and extended tip life.

In the second case, the poor performance of a paint system over steel
caused excessive corrosion. Many may remember the corrosion problems

on our automobiles during the mid and late 70s. The poor protection



of the paint system was eventually traced back to a layer of carbon on
the surface of the steel that prevented good bonding between the steel
substrate and the paint coats. Investigation of the surface of the
steel revealed that the carbon was deposited on the surface during the
annealing process. The hydrocarbons in the rolling and protective oils
and also in the annealing gases would bake out on the surface of the
steel and could be removed most effectively only by mechanical means.
Figure 4 reviews Auger scans of the surface of "good" and "bad" steel
showing that the bad steel has considerably more carbon on the outer
sur face. Figure 5 compares the distribution of the surface carbon
(the white area) on a bad steel surface and that same surface after it
has been cleaned with the 3-dimensional abrasive product. Greater
care in the annealing practices and the brushing of the steel surface
as part of the application of such protective coatings as Zincrometal,
has encouraged the automakers to the point where they now offer 5 and

7 year warranties against perforation type corrosion.

These two examples are cited so that it is clear that contamination is
can come from two distinct sources: from the exterior environment

that the surfaces see, or from the migrating or segregating of
material from within the bulk itself. In eithexr case it has been
shown that processing the surface with a 3-dimensional abrasive
product produces a substrate which is free from the detrimental
contaminants and which promotes subsequent processing for improved

rer formance,

Surface conditioning abrasives remove contaminants and produce an

active surface with uniform, predictabile chemistry while removing
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only a small amount of the base material. The resulting surfaces
allow coating systems and bonded areas to have optimum adhesion and
corrosion protection. To further demonstrate better corrosion
protection and better coating adhesion, examples of steel panels were
selected. (Figure 6) One was cleaned with only an alkaline cleaner.
The second was alkaline cleaned and conditioned with a 3-dimensional
abrasive product. Both panels were coated with a zinc phosphate and
a 0.5 mil acrylic enamel. Next the panels were scribed to bare metal

Both surfaces were then subjected to salt spray tests.

Note that corrosion has crept under the paint in surface "A" and
blistering has appeared, while there is virtually no corrosion or
blistering under the paint of surface "B" which has been processed

with the 3-dimensional abrasive precduct.

CORROSION REPAIR

Materials will and do corrode. Repair of these materials is not

difficult if the effect of corrosion is caught early in the initial

stages. Spot repair of areas effected is often easier than allowing a

whole unit to become courroded. 3-dimensional abrasive products lend

themselves very admirably to spot repair of corroded areas. The

following examples serve well to illustrate the effectiveness of the
3-dimensional abrasive materials:

- On aircraft aluminum skins, corrosion can be removed with

flap brushes on straight shaft portable tools, or with non-

woven discs on right angle grinders. Residual paint can be

readily removed without noticeable loss of Alclad surface.
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These surface conditioning abrasives have been approved for
use on many types of military aircraft to clean and control
corrosion as is spelled out in Air Force T.0.1-1-1 and Navy

Corrosion Manual NAVAIR-509.

On ship bulkheads, corrosion areas and old coatings can be
removed with either non-woven discs or unitized wheels. Spot
repair and feathering into the old intact coatings makes

for an easy maintenance operation.

Utilizing extra coarse grade discs and wheel products has
demonstrated superior corrosion and paint removal on 155 mm
munitions over wire brushes, leaving a cleaner surface in o
shorter time period while not damaging the brass or
fiberglass components. Renovation of Ordnance has been
recently demonstrated at both Tully and the Mieseau Army

Depots.

For heavy deck corrosion and coatings removal, rotary
peening products are more effective than needle guns, disc
sanders or deck crawlers, leaving a 1 mil or greater profile

required to repaint U.S. Naval ships.

To reduce the possibility of stress corrosion cracking on
critical surfaces, specialized rotary peening products can
be utilized to retcurn the surface to the desired Almen

intensity.
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SUMMARY :

Surtace contamination or corrosion of materials is a common conceran of
the military and industry. There exists a family of products whose 3-
dimensional abrasive nature makes their use possible for the removal

of contamination for the application of protective coatings and also

for the removal of the effects of corrosion, without significant stock
removal, damage to the material, and which can leave the surface, at

least initially, free of residual inhibiting materia. reflecting the

-

materials bulk composition., These materials are easy to use,

r effective, and very versatile. They work because they remove

v -

contamination and corrosion for only a micron or so of a material's

\ surface, thus creating a region which can be coated with a protective

of a protective coating, or to remove the products of a corroded area so

j material. Thus, whether it is to prepare a surface for the application

that new protection can be applied, these 3-dimensional abrasive
products can be used to stop the inroads which corrosion is making

today.
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Figure 1. :
Conceptualized cross-section view of transition region of a metal surface.
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Figure 2.
Conceptualized cross-section of cold rolled auto body steel surface.
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X POSITIVE GRIDS IN LEAD~-ACID BATTERIES

M " by

W. A. Ferrando and K. L. Vasanth
Corrosion Technology Group

K.

*} Naval Surface Weapons Center, White Oak

] Silver Spring, MD 20903-5000

b (202) 394-3527

%

A

% Abstract

3y

ﬁ Positive grid failure by various corrosion mechanisms is

N an important life-limiting factor in lead-acid secondary
batteries. A 5-6 year life cycle is currently typical for

" such batteries in both commercial and military use. Signifi-

& cantly increased ship availability and cost savings to the

A Navy can be anticipated with the incorporation of batteries

$ of reinforced positive grid design into its vessels.

il

& This paper presents the results of comparative data on

" titanium wire reinforced and unreinforced large lead alloy

= positive grids under an accelerated positive potential float

X corrosion test. We report on uniform and intergranular cor-

o rosion and grid growth. These studies have provided a

N reliable estimate of reinforced grid service life. In turn,

A a confident projection of at least a 10 year cell opera-

" tional 1life can be made.

i

Introduction

E N )

.-
» -

Current lead-acid secondary batteries in both civilian
and Naval use typically achieve a 5-6 year service life.
Replacing a battery set is a costly and time consuming oper-
ation, often requiring a prolonged port call for the ship M
involved. A battery lifetime of at least 10 years, therefore #
has been set as a goal by the Navy. This achieved, the bat- L
tery overhaul schedule can be made to coincide with other v ]
required major docking maintenance. Substantial cost savings .
will be realized., In addition, higher volumetric energy den- ]
sity eventually may be reguired in future system batteries
to handle greater power demands which can occur on the mod- o
ern ships during reactor emergencies. Cells fabricated with '
thinner electrodes, made possible using the reinforced grid
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construction might help attain this increased energy density
in the near term, until cther advanced battery systems are
developed.

Backdground

The most prevalent failure modes experienced in lead-
acid batteries can be attributed to corrosion reactions tak-
ing place in the positive grids. At the cell operating
potential, the positive grid is subject to both uniform and
intergranular corrosion in the electrolyte at operating
potential.

Uniform corrosion acts to thin the grid cross section.
The grid gradually weakens and its current carrying capabil-~
ity decreases. Often, the active material pellets loosen and
lose electrical contact. Although this type of corrosion
cannot be eliminated, it can be reduced substantially by
auspicious choice of grid alloy. Pure lead itself exhibits
the lowest uniform corrosion rate, but is too soft for long
term grid stability. Alloying produces a stronger grid, but
at the penalty of an increased rate of uniform corrosion.

Intergranular corrosion, being a preferential corrosive
attack along metallic grain boundaries, is abetted in bat-
tery grids by aggregation of alloying species in these
regions, Practical effects of intergranular corrosion prod-
uct accretion in the lead-~acid hattery grid are at least
twofold: (1) gradual grid embrittlement to the point of
extreme fragility and (2) physical growth of the grid due to
spreading of the grain boundary regions by wedging action of
the corrosion products.

The addition of a suitable reinforcement to the lead
alloy grid has been found virtually to arrest intergranular
corrosion. In addition, since the reinforcement signifi-
cantly strengthens the grid, cell failure due to positive
electrode shape change is largely eliminated. This becomes
especially important after several years service. Moreover,
the reinforced electrodes, being stronger, might be con-
structed thinner in future cell design. This will lead to a
higher volumetric energy density.




Experimental

Corrosion of Th tanium inforceme

Figure 1 shows the camponents of a 75X size (5.5" X
16.25" X 0.125%") lead-acid cell employed in an accelerated
corrosion test. This work is concerned with corrosion pro-
cesses taking place in the titanium reinforcement (A) and
positive grid (B). The reinforcement preform is made of com-
mercially pure 40 mil titanjum wire laser welded at all
intersections. This preform is sized and positioned to be
cast in the center of the lead alloy grid. The corrosion
rate for pure titanium in the Hy504 electrolyte as a
function of potential ig shown in Figure 2. This indicates a
rate of about 0.02 mm./year (0.75 mils/year) in the PboO,
positive electrode operating potential range. At this corro-
sion rate, even an exposed portion of the titanium preform
will far exceed the 10-12 year lifetime requirement. Previ-
ous reports (1) and (2) have explored some metallurgical and
corrosion effecta in grid alloys and titanium reinforcement.

Test Cell Construction/Data Acquisition

We present here the results of comparative accelerated
corrosion tests on both reinforced and unreinforced (con-
trol) MFX lead alloy (Pb-1.45%Sb-1.45%Cd, GNB, Inc., Lang-
horne, PA, proprietary alloy) grids of the above described
type. Two sets of 21 test cells, each containing four rein-
forced or unreinforced positive grids, respectively, were
constructed with daramic separators and five Pb-Ca negative
grids. After filling with 1.28 gram/cc. specific gravity
H;804 electrolyte, they were immersed, seven each, in
temperature baths at 50°C, 60°C and 70°C, respectively. One
cell from the unreinforced and reinforced groups each was
removed from each temperature bath every month.

Specific comparative data has been obtained on: (1) uni-
form corrosion by weight loss, (2) grid growth and (3)
intergranular corrosjon. While real time cell cycling and
other tests still must be performed, the accelerated methods
enable cell design modifications to be incorporated as rap-
idly as possible. Three months accelerated testing at 70°C
as described above is approximately equivalent, corrosion
wise, to six years of ambient temperature tests., Data avail-
able at the three temperatures allows Ahrrenius type corro-
sion.rate versus temperature relationships to be plotted.

222



Grid Corrosion under Accelerated Test

Using geometrically calculated grid electrode areas and
weight loss values, corrosion rates were determined. Figure
3 shows these computed rates for the reinforced (top) and
unreinforced (bottom) grids, respectively, versus immersion
time at the three test temperatures. Corrosion rates in the
range of about 1-10 mils/year (mpy) are observed for both
grid sets. This result indicates a lack of influence of the
reinforcement upon uniform grid corrosion. In each case, the
data show an initial decline in corrosion rate with time,
followed by an increase after several months immersion. One
explanation for this could be the initial formation of a
partially protective corrosion product layer. In time the
layer thickens and loses its adherence. As this falls away,
the metal surface kecomes again more completely exposed and
the corrosion rate rises.

Figure 4 shows the data at 4 months immersion replotted
as corrosion rate (mpy) versus temperature (©C). A linear
dependence has been drawn above 50°C. The curved, dotted
portion below 50°C indicates that a rnonlinear relationship
exists at lower temperature, allowing for the observed
ambient temperature corrosion rate. The reinforced and
unreinforced grids show virtually the same uniform corrosion
rate behavior,

Grid Growth and Intergranular Cracking

Up to this point, the presence of reinforcement appar-
ently has little effect on the grid corrosion properties. We
will observe such a conclusion to be premature. A small
fraction of the weight loss, heretofore recorded as unifornm,
is in fact due to intergranular corrosion. This corrosion
component, while having only a minor impact on weight loss,
contributes substantially to growth and aging fragility of
the grid. The corrosion products act as wedges between the
metallic grains, driving them apart and decreasing ductil-
ity. The intergranular corrosion mechanism is abetted in the
presence of tensile stresses in a structure, as is the case
with the battery grids.

The reinforcement must encompass all grid members, being
fabricated in the form of a one piece welded wire mesh or
preform. It previously has been reportedz, that isolated
wire reinforcement has only a limited ability to control
grid growth due probably to insufficient bonding strength at
the Ti wire-lead alloy interface. The welded Ti preforw, by
contrast, locks the grid members at each intersection point




and does not rely upon the interfacial bonding for its effi-
cacy. Use of the preform, therefore, produces a type of
p.eudo-composite. It is a rather special case of the appli-
cation of structural reinforcement.

Figure 5 shows the grid measurement points employed in
these tests. A sufficient number was chosen to assure rea-
sonable accuracy. Figure 6 shows the measured average verti-
cal (top) and horizontal (bottom) grid member growth of the
preform reinforced and unreinforced grids, respectively,
versus time in the accelerated immersion test. Growth of
bcth the vertical and horizontal members proceeds in the
same way. The unreinforced grids show an exponential type of
growth over the test period. It is noteworthy that, despite
the rapid increase in growth rate, the ~0.5% end cof test
growth is quite small, recalling that a maximum growth of
about 2% is allowable to maintain a reasorably low probabil-
ity of cell failure by electrode edge shorting. This indi-
cates that MFX is among the better performers as a positive
grid alloy.

Discernible growth of the reinforced grids begins only
at about 5 months into the test. Their growth of ~0.1% at 6
months testing or about 12 years service is virtually negli-
gikle. Electrodes fabricated from these grids simply will
not fxil by grid growth over the anticipated life of the
cell.

Figure 7 shows cross-section photographs of the unrein-
forced control MFX alloy grid members as they undergo corro-
sion in the immersion test at 70°C. The sequence begins at
lower right with the grid member prior to immersion (the
dark surrounding areaz is a portion of the plastic cold
mount). It proceeds counterclockwise, showing grid members
immersed for 2,4 and 6 months, respectively. The metallic
grain boundaries are visible especially in the 2 and 4 month
samples. Already at 2 months, corrosion is evident around
its perimster clearly following the grain boundaries. At 4
months, corrosion has proceeded deeply along the boundaries
leaving long, finger-like protrusions around the perimeter.
Finally, by 6 months, the protrusions have corroded away.
The intergranular corrosion continues, isolating outer
grains and significantly reducing grid strength and electri-
cal conductivity.

Figure 8 gives some visual comparison of the extent of
corrosion in the reinforced and unreinforced grids immersed
at 70°C for 6 months. A reinforced member cross-section
prior to immersion is shown at top right. The Ti wire has




floated during casting in the research mold, causing it to
lie off~-center in the grid. Such will not be the case with
production grids, as preform a special guide wire system has
been devised to assure proper alignment.

A reinforccd grid member cross section after 6 months
immersion at 70°C is shown at top right (in this case,
titanium wire of a somewhat larger diameter has been used).
The arrows indicate the extent of corrosion at the grid-wire

| interface and at the grid surface. Some intergranular corro-
) sion is evident. Although this can scarcely be termed super-
ficial, it, however, has not sent cracks deeply inte the

) cross-section interior. Grid integrity and current carrying
capability are quite well maintained. The unreinforced qrid
(lower left), at this stage, is characterized by deep cracks
. (arrows) which continue to penetrate the grid cross-section
! along the grain boundaries. The relieved tensile condition
achieved by reinforcement, in a sense, allows the metal
grains to remain tightly together, retarding the intergranu-
lar corrosion. ' . '

| Summary

(1) A welded titanium wire preform reinforcement cast
: into lead alloy positive battery grids will be very effec-
! tive in extending grid service lifetime from the present 5-6
years to more than 10 years, even in the case of partial
exposure of the wire to the electrolyte.

(2) Uniform grid corrosion is unaffected by the addition
of reinforcement. The rate of uniform corrosion probably
g will set the ultimate limit on reinforced grid lifetime for
a particular lead alloy.

(3) Deep penetrating intergranular corrosion has been
sharply reduced by the addition of the reinforcement.

(4) As a consequence of reinforcement, the average
growths of both horizontal and vertical grid members have
undergone at least a five-fold reduction. The accelerated
test indicates a negligible grid growth through at least 10
years service.

" (5) Overall grid durability and end-of-life fragility
)

have been improved dramatically by the presence of the pre-
form reinforcement.
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RECENT ADVANCES IN METALLIC/CERAMIC COATINGS FOR CORROSION

CONTROL IN MILITARY APPLICATICNS

Mark F. Mosser
Sermatech International Inc.
ABSTRACT:

This paper describes recent advances 1n metallie/ceramlc
coatings meeting the MIL-C-81751B specification and related
corrosion/oxidation resistant chromate/phosphafte finishes. A
brief history of the generic coating family is followed by
detalled descriptions of the improved coating processes,

oy

Coatling advances are described 1n three general areas., In
the first, improved sealed coating systems are presented. These
sealed coatlngs have superior corrosion resistance and improved
erosion resistance when compared to conventional coatings. Test
documentation is 1included and examples are gliven 1n which these
coatings are described in applications on turbine compressor
components, fasteners, and marine hardware,

- u W e
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The second area of coating improvement relates to coating
processes deslgned for gun barrels and other ordnance hardware,
These emissive coatings are shown to provide the thermal shock
resistance, corrosion protection, and lateral heat transfer
necessary for improved barrel life.

The third area described includes coatings specifically
designed for operation 1n harsh acid raln environments including
' SOx, NO_ and acid halide exposure conditions. To slmulate these
exposure conditions, test results are presented 1n which coatings
are evaluated 1n several acldic test environments 1ncluding CASS
(ASTM D-368). Test results include heat cycling and acid
exposure data on several alloys used 1n turblne compressors.
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INTRODUCTION ;

A2

Metallic/ceramic coatings such as are described in this paper
have been in use for over twenty five years. In 1969 the
origlinal coatlng system based on thls technology was incorporated
into a militagy specification, MIL-C-81751. This coating, known
as SermeTel W , became the Type 1 coating described by this
speclfication. At the time the specificatlion was written little
was known about the chemlstry of the coating. Since then, the
environment has worsened and military/aerospace hardware has
changed. It 1s not surprising that improvements in the coating
system have also occurred. Before reviewing the improvements, it
18 necessary to review the original coating and describe the
various processing steps used to produce the different classes,

Type I coatings within this specification are generically
unique(ggint—on slurry coatings. Pirst described by Charlotte
Allen » these l1lnorganic coatings consist of a plgment,
aluminum powder, and a binder material. This binder material is
an acldic solution consisting of metalllc phosphates and
dichromates. After the coating has been applied, usually by
spray paigting, %t is given a thermal treatment by heating to
about 650°F (343°C). At this temperature, the dichromates and
phosphates undergo a serles of chemical reactions that produce a
well bonded glassy inorganlc polymer matrix with aluminum
plguentation. The binder material becomes a ceramic-like
structure during the curing process. It is amorphous and
insoluble in most solvents, including bolling water.

Although this coating binder matrix contains acidic chromates
and phosphates, the chemlcal reactlions involved in coating
formation are complastely different from the reactions that
produce a wlde varlety of common metal pretreatments based on
phosphates and chromate/dichromate chemistry. Common phosphate
coatings use specific formulations to produce 1ron, zinc,
manganese and other phosphate layers on steel as well as on other e
metals. These phosphate layers can have falr corrosion !
resistance but are widely used as paint pretreatments. These
coating layers usually are formed by the reaction of an acidic

¥ A reglstered trademark of Teleflex Inc. and a product of
Sermatech International Inc.
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phosphate and an oxidizer wilth a ferrous metal. The resulting
phosphate layer 1is alkaline in nature, highly crystalllne and has
a limited temperature resistance. Similarly, chromate
pretreatments are used on 2inc, aluminu~, magnesium, ferrous
metals as well as on phosphate layers. In each case, the
coatings formed are a result of the chemical reaction between the
chromate ion and the substrate metal. The corrosion resistance
of such films is fair; the coatings being primarily used as bases
for pulnt. '

In contrast to the coatings just described, the Type I
metalllc-ceramic coating can be applied to most metallic
substratzs. Little or no surface reactlon occurs other than
bonding reactions. As a result, the coating can be applied to
carbon steels, stalnless steels, nickel alloys, cobalt alloys,
refractory metals, aluminum alloys, glass, ceramlcs, organic
polymers, composites, and other materials which can be expoged to
%he 8r§scribed cure temperature, which can be as low as 375 F

191°C).

MIL-C-81751 divides the Type I coating into four classes.
Note that thes¢ four classes are based on exactly the same
coating slurry, but use different processing steps. The classes
are shown in Table I.

TABLE I

MIL-C-81751 Classification of Type 1 Coatings

1.2 Classification - Metalllc-ceramic coatings shall be
furnished in the following Types and Classes, as
specified (see 6.2):

Type I - Class 1 - Coating cured at 650 % 25°F

Class 2 - Coating cured at 650 % 25°p
and post treated at elevated temperature

Clgss 3 - Initial coat(s) cured at 650 %
25°F, and burnished prior to apglying top
codt that 1is cured at 650 £ 25 F

Class U - Coating cured at 650 £ 25°F and
post treated by burnishing

Bt w WAL SRS AU ATE S\ B\ GMPLEAPY BRI, ERAPT SN AR A B M M WML B L L WIS LS P SR WS LS P S L M PP TG LA N P L T Bk P SLBER LA R AU U R AL L LT M T
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To understand the coating and 1its various classes, 1t 1s
useful to review the various coating structures. Flgures 1
through 4 are SEM photomicrographs showlng the surface of each
coating class. In Figure 2 the individual aluminum particles are
visible, each surrounded by the bonding layer of chromate/phos-
phate polymer.

The classes are described as follows:

1) Class 1 - Two (or more) coating layers are appliead
and cured according to the following procedure:

a. Vapor degrease

b. Dry or wet blasting with 100-250 mesh abrasive
grit

c. Spray applicatlion followed by 175°F oven dry
for 15 minufes

d. Cure at 650 F for 15 minutes minimum

e. Repeat steps 3 and 4

2) Class 2 - The coating that has been applied per the
Class 1 requirements 1s _exposed to a temperature between
953 and 1050°F (510-566°C). This heat treatment, or
post cure as 1t 1s often called, causes a reactlion to
occur between the alumlnum particles and the
encapsulating chromate/phosphate layer producing the
reactive lonic compound, aluminum phosphlide. Since this
compound 1s semlconductive, electrical conductivity 1s
established across the coating surface and throughout
the coatling volume. This occurs without disruption of
the coating structure or diffusion of aluminum into the
base metal. Note that the coating structure (Figures 1
and 2) remains unchanged.

3) Class 3 - One coating layer 1s applled and cured per the
Class 1 procedure. The coating 1s then mechanically
abraded or "burnished" with abrasive media such as
alumina or silica. This causes compression of the
coating layer and particle to particle weldlng of the
aluminum plgment. The coating layer produced resembles
that shown in Figure 3. 1t 1s electrically conductive.
The layer 1s then topcogted wilth a second coating layer,
dried, and cured at 650 F. The final surface structure
is the same as shown In Figures 1 and 2 since the final
layer 1s not burnished.

262
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L) Class 4 - The coating is applied and cured in the manner
of a Class 1 coating; typlcally two coats are appliled
and cured. Use of alumina or silica abrasive at low
pressure in a blast cabinet produces the burnished
surface shown 1n Filgure 3. If glass beads are used, the
surface of the coating shows the orange peel appearance

shown in Figure 4. Figures 2 through 4 clearly show the
extent of surface changes caused by impingement of
particles on the surface of cured Class 1 coatings. The
surfaces are severely cold worked in Figures 3 and 4,
but no welght loss 1s observed as a result of the
processing and all the coatings treated 1n this way are
electrically conductive,

Taking one coatling slurry and producing four different
classes of coated products cause complication and confusion.
These classes are necessary because the additional processing
steps produce other coatings wlth other desirable propertles,
All classes share the following properties:

Temperature resistance - up t8 1600°F

Thermal shock - 11757F to wafter quench

Heat cycle/salt spray - 16 hrs. 1OOOOF/32 hrs.

S/S for six cycles

Bond strength - >8000 psi

Solvent Reslstance - Reslstant to water, olls,
greases and organlc
solvents

Other general coating properties are listed in MIL-C-81751.
Certaln properties vary wlth the coatling class. As previously
described, Class 2 and Class 8 coatings exhibit surface and
volume electrical conductivity. Class 3 coatings show the same
conductivity until overcoated. It has been found that these
classes of coatlings are not Jjust electrically conductlive, they
are also galvanlcally active, sacrificlal aluminum-rlch coatings.
Because of this property scribed coatings of Classes 2,3 or U,
when applled to steel substrates, will show no red rust after
1000 hours of ASTM B1l17 salt fog exposure. Little difference has
been seen in the performance of {(lass 2, Class 3 or Class 4
coatlngs when compared in selt spray testing. A table of
comparative galvanic potentlals 1s gliven in Table 2. Results are
in agreement. with literature values such as those reported by
Mansfeld (3).

2673
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TABLE II
Galvanic Series (2)

Material Millivolts
Zinc plating 975-990
Cadmium plating 760~ 765
Type 1 Class 2,3,4 coating 730-760
AA3003 Aluminum T720-T45
AA2024T3 Aluminum 590

1010 Steel 565

Potentlals were measured at 20°C in aerated 3.4% NaCl against
a saturated calomel electrode.

A summary of the differences in the Type 1 coating classes 1s
gilven below in Table IlI,.

TABLE III
MIL-C-81751B TYPE I COATING CLASS DIFFERENCES

Property Class 1 Class 2 Class 3 Class 4
Thickness 1.5-4 mils Same Same Same

(38-102 utm)
Electrically No Yes No Yes
Conductive on
surflace

Sacrificlal No Yes Yes Yes

Surface 35-60R, 35-60R, | 35-60R, 25-TOR
Finish

Erosion »100 >200 >100 >100
resistance/
{(liters/mil .

per ASTM D968)
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This coating system is un®*que - combining sacrificial actilon,
high temperature resistance and good eroslon characteristics.
These properties make the various classes of thls coating 1ideal
candidates for steel components in a wilde variety of
applications. Of the four classes, Class U4 has the broadest
range of uses. This coating class 1s used on fasteners, turbine
compressor hardware,(e.g., blades, vanes, cases, etc.,) alrcraft
landing gear and a wide varlety of other alrframe components.
The Class 2 coatling 1s often used on large turblne components,
such as engine cases that are exposed to high temperature. 1In
many applications, the coatling has replaced silicone aluminum
paint and diffused nickel/cadmium plating because of improved
periormance in high heat applications coupled with corrosive
environments. No other paint-on coating system offers similar
performance.

High performance protective fllms such as these coatings
requlre care 1n application to achleve best results. Because the
coating material is a water borne slurry and 1s highly filled
with aluminum pigment, it has the lnherrent problems of & water
borne coating. Without humidity and temperature control during
application, applled coatings will vary 1in thickness and surface
roughness. Additlionally, since an inorganic slurry 1s being
applied, great care must be taken to assure complete absense of
0il, grease and other organic contamlnants,., These concerns
become of greater 1importance as surface smoothness and thickness
control become more important.

Improved Coating Systems - When the military specification
for this coating was written, the coating process had been 1n use
for about eight years. At that time, the Class 1 coatlng was
predominant, with Class 2 and Class 4 coatings becoming more )
wldely used, By 1970 these coating systems had been specifled by
most turbine and alrframe manufacturers in the world and were
being applied in many countries.

Information from users is essential for product improvement.
To answer the question, "How can thls coatling be improved?", four
lines of development work were followed:

1. Improvement c¢f surface finlsh
2 Creatlon of a topcoat system

R
-

P
- -
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3. Decrease 1in coating porosity
4, Addition of corrosion inhibitors

During the decade of the 1970's, two of these lines of
coating improvement/development were followed. One area of
development related to application of smoother coatings; the
other had to do with sealed coatings having greater corrosion
resistance. These developments were mandated by customers facing
the fossll fuel crisis of the early 1970's end the growing ecid
rain problem, respectively.

Surface Finish Improvements

Development work in surface finish improvement resulted in
the introduction of a new smooth processed coaﬁing for turbine
compressor applications, SermeTel Process 5375 . Although the
coating process met the requirements of MIL-C-817513 Type 1 Class
4, 3t also provided enhanced compressor performance through
improved surface finish on alrfoils thereby reducing fuel
consumption and turbine exhaust gas temperatures. Additionally,
the corrosion protectlon properties of the origlnal coating were
malntained by the new process providing sacrificial protection in
corrosive environments without extensive formation of white
corrosion products. Excesslve corroslon products would have
caused surface roughness which would have resulted in effilclency
loss. Eventually, surface finish profiles of 16-25 microincies
AA were produced by this process. Actual profile was dependent
on part geometry. This process saw extensive use on a wide
variety of turbine compressor components, since 1t was
specliflically designed as a coatlng process for airfoils and was
not applicable to marine hardware or general airframe components.
Although the enhanced surface flnish improved corrosion
reslstance slightly, the improvement was not dramatic; corrosion
resistance was simllar to other Class 4 coatings. The surface
was stl1ll primarily aluminum metal.

Sealed Coatings

Colncident to the development of smoother coatings conforming
to this specification, another line of development sought further
Improvement in the corrosion reslstance of the aluminum coating.

266
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TABLE IV
CORROSION RESISTANCE OF COATING CLASSIS
Class Hours to Red Rust (ASTM B~117)
1 < 168
2 > 1000
3 > 1000
4 > 1000

Substrate - mild steel

The data presented in the above table IV 1lndicates that a
Class 1 coating 1is not sacrificlal and 1is only a falr barrier
agalnst penetratlon by the corrosive test solutlon, Classes 2, 3
and 4 show superior resistance to the salt spray environment,
because the coatings are galvanlcally active, but white corrosion
preducts can be seen on coated surfaces. Corroslon of the base
metal has been replaced with corrosion of the coating as 1s
always seen 1n sacrificlal coatings. Thls corroslon decreases
the life of the coating system. Clearly, sealing the coatlings by
topcoating should result in Ilmproved anti-corroslon propertles by
combining additional barrier protection with sacrificlal
protection.

Figure 5 shows a metallographic transverse section of a 2 mil
(50 m) thick Class 4 coating at 500X magnification. Figure 6,
like Figure 1, shows an SEM photomicrograph of the coating
surface of a Class 1 coating at 1000Y magniflcation. By studying
these figures, 1t 1s clear that the ccating e¢tructure 18 oven and
porous, susceptible to molsture absorptlon and corrosion atiack.

While many film-formers could be used to topcoat this porous
coating structure, a specilflc group of topcoats was devised which
utilize the same basic chkromate/phosphate chemistry as the
basecoat materlal. By uslng this approach, virtually all the
requirements of MIL-C-817%1B Type I can be met by a topcoated
system. By utilizing simllar chemistry, the same application
equipment and cure conditions can be employed.

Sermatech International has developed several of these
topcoats. SermeTel 570A was the first topcoat developed. This
coating continues to be widely used. SermeTel 842 has the same
properties as 570A but is black 1In color. SermeTel TCS 1s used
as a topcoat sealant for certain proprietary coating systems and
produces a superlor surface finish,
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The topcoats are usually applied over grit burnished, Class
4, vasecoated surfaces. After topcoat application, the coating
surface 1s no longer electrically conductive, yet the conductlve
layer, which 1s covered and sealed 1n these topcoated systems,
will still supply galvanlc protection to steel components 1in
saline environments., When coupled to a calomel electrode, the
galvanic potential remains at 750 millivolts, the same as the
basecoat materlial (See Table II). Because of the sealing
effects, little white corrosion 1s seen after long term salt
spray exposure.

SermeTel 570A applled over a Class U4 coating 1is shown in
Figure 7 1n a SEM photomicrograph at 1000X magnification. This
coating combination 1s Xnown as SermeTel 725. Figure 8 shows a
SEM photomicrograph of the same coatlng system in transverse
section. The 570A topccat seals the surface and fills all
avallable coating porosity at or near the surface with a hard
corrosion resistant layer. The topcoat 1s 0,1 - 0.3 mils (2.5 -
T7.5mum) thick.

Use of the topcoated syfﬁﬁms began in 1977 on the PT6 TU00
Twin Pack helicopter engine . While the specific basecoat,
SermeTel 709, does not meet the military specification, it is a
generically simllar system designed to have superior corrosion
resistance and to be very thin. Specification approvals of these
coatings followed on a varlety of turbines including the LM2500,
LM5000, T700, T64 and J85. Additional widespread use of these
coating systems was seen on power gencration turbines and for
ove(g?ul of other non-specified components. In 1980 Wanhill et
al described the successful evaluation of these coatings on
helicopter compressors 1n acidified environments attesting to the
corrosion protection supplied by these coatings even under
extreme conditions. The use of the topcoat sealer extended the
range of uses for the basecoat materlal.

The performance of these topcoated systems led to evaluation
in several ma(ége environments, In one serlcs of tests reported
by Jankowsky » SermeTel 725 was a candidate ceoating for 17-4
PH steel and 4130 steel. During an eleven month exposure on the
USS Amer.ca of which seven months were in the Indian Ocean,
coated samples were exposed to a high humidity/high salt fog
environment. The SermeTel 725 ccating system was rated best of
coatings tested on these alloys.

Additional tests(vﬁre conducted by NAVSSES and reported by

Rogus and Vapnilarek In these tests, simulated valve shaped
speclimens were exposed to a seven day schedule which included two

268
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eight hour exposures to 925°F, a total of 32 hours of cool down
time and 120 hours of salt fog. Additional stud/nut specimens
were also coated and tested. SermeTel 725 was among the
candidate coatings for both valves and stud/nut assemblies.

The tests were run for 146 days. At the end of that time period,
the SermeTel 72% coating was the sole survivor of the fastener
coatlngs tested and the only coating recommended for fastener
use. As a coating foir the valve simulations performance was
rated "satisfactory", but not equivalent to sealed wire sprayed
aluminum. The wire sprayed aluminum was significantly thicker
(4-24 mils) making comparisons difficult.

Based on these tests and others, the SermeTel 725 System has
been specified on the following U.S. Navy hardware:

(1) Nelson type and clamp type plpe hangers (CGUT class
crulsers).

(2) Bolts, nuts, studs and washers conforming to

MIL-S-1222G.

SUBSAFE level 1 bolting.

Threaded fasteners for steam valves

Boat davit systems,

Other weather deck hardware.

PV W VN
(0200 QR —g Wi}
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Ten years of experlence with these coatings has allowed the
following general conclusions to be drawn:

1. Sealed coatings have lmproved atmospheric corrosion
resistance agalnst saline environments and aclild rain
conditions.

2. Sealed coatlings have improved barrler properties
eliminating white c¢orrosion products, but malintalning
galvanic activity of the basecoat.

3. Sealed coatings have superlor resistance to corroslon
induced by galvanic couples,

. Sealed coatings have smoother surface p.o>files.

5. Sealed coatings allow thinner total coatlng systems to

be applled.

Sealed Coatlngs for Gun Barrels - A loglcal application for
these sealed coatlings,; such as SermeTel 725, 1s on gun barrels.
Severe ccrrosion problems exist on 20 mm and 30 mm cannon systems
slnce they are exposed to rapid heating, thermal shock und
saline environments, Therse problems are seen on naval guns as
well as those that are alrcraft mounted.

To evaluate the performance of candidate coatings, Robbhlns
Alr Force Base conducted a test on 20 mm Vulcan cannon barrels.
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Three coatings were evaluated (1) SermeTel 725, (2) MIL-C-46010
Corrosion Inhibiting Dry Film Lubricant, and (3) Phosphate and
paint. The exteriors of two barrels were coated with each
coating before assembly into the six barrel gun.

The test consisted of firing 200 round bursts from the gun at
the rate of 4000/6000 rounds/minute cycled with salt spray
expgsure. During the firing, muzzle temperatures reached about
700°F, 1in the coolest area 8f the barrel. Other areas reached
temperatures exceeding 1000°F. After 31,000 rounds had been
fired through each barrel, the gun was disassembled.

Upon examination, the barrels conated with dry fllm lubricant
and the phosphate/palnt system were severely corroded. The
SermeTel 725 coating had darkened but showed no red rust or
adheslon loss.

A further coating benefit was observed when the barrel bores
were examined. Although 31,000 rounds had besen fired through
eacl; barrel the barrels coated with SermeTel 725 showed little
bore erosion. It was estimated that although 47,000 rounds 1s
considered maximum barrel 1ife, the barrels coated with SermeTel
725 still had another 40,000 rounds of l1life. Presumably, the
dense sluminum fillcd coating not only protected the outside of
the barrel against corrosion and oxidation, but provided improved
lateral heat transfer eliminating hot spots and keeping the
barrel cooler, thus slowing the softenling rate of the chromium
plating in the bore.

These sealed coatings have been specified on the GE
Goalkeeper gun system,

Further Coating Improvements - The introductions of smoother
coatings and sealed coatings conforming to MIL-C-81751B were the
first two lines of coating process development work completed. A
further development combined the best features of the improved
processes to result 1p a coating system that 1s both smootn, like
SermeTel Process 5375 and sealed like SﬁrmeTel 725. The
resulting process, SermeTel Process 5380, has an extremely
smooth surface finish (10 microinches AA at 0.10 cutoff) and
hecause of the topcoat/sealer layer can maintain that smooth
surface through long term exposure to sallne environments and
thermal cycling. An additional benefit of the coatling system 1s
the improved eroslon resistance deslgned into the coatlng by
pigment selection.

The concept of pigmcent selection 1s essentlal to the third
area of coating improvements. That Improvement centers around

270




Page 13

methods of decreasing the porosity of coatings that conform to
MIL-C-81751B Type I. It was reasoned that by reducing porosity
internally in addition to adding a sealant topcoat layer, coating
performance could be further improved. Thils was done
experimentally by elimlinating the conventional atomized aluminum
powder generally used in the coating and substituting a speclally
preparerd aluminum powder having improved partlcle slze, shape and
particl. size distrlbution.

The results of these evaluatlons indicated that by proper
plgment selection 1improved coatlings could be produced. These
improved coatlings have greater uniformity 1n pigment packing
resulting in improved particle to particle bonding, improved
surface finish and decreased porosity. The result 1s improved
corrosion resistance. Use of thls lmproved baseconat which
conforms to MIL-C-81751B Type 1 Class 4 with topcoat/sealer
layers has resulted in a further improvement in smooth sealed
coatings for turblne compressgr alrfolls. The new coating
system, SermeTel Process 5380 D.P. not only has all the
properties of preceeding sealed coatlings, but also has improved
eroslion resistance and surface finlsh. Thls data 1s summarlzed
in Tables V and VI.

TABLE V
EROSION RESISTANCE COMPARISON

(ASTM D968)

Coating System Erosion Coefficlent
(I1ters/mil)

MIL-C-81751B Type I Class U 100
Process 5380 300
Process 5380DP > 500

TABLE VI

SERMETEL, SURFACE FIN1SH PROGRESSION

Date Process Surface Finish
{Mycroinches AA at 0.10 cutoff)

1970 MIL-C-81751B 55%
Type I Class U
1973 Process 5375 35
271
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1977 Process 5375 15-25
1980 Process 5380 10
1985 Process 5380DP 3~-5

*Measured on individual blades, values may vary depending on part
geometry.

This advanced coating system results from 15 years of
development work, each incremental step resulting 1In some
improved coating property. This development work 1s still
continuing.

Coatings for Acidic Environments - One last area of coatlng
development relates to improved coatings for severe environments.
In the last quarter century, acid rain has increased corrosion
rates significantly. The presence of sulfur and nitrogen in
fossli fuels results in SO, and NO_ after combustion. These
gases readily dissolve i1n aater fofming acidic condensatlon
having pH values as lcw as 3.5. Conditions on fossil fuel
powered ships and in turbine engines are worse causing severe
pitting damage to a wide varlety of hardware. Thls pitting
failure 1s of particular concern when failure occurs 1n
applications where coatings normally resilstant tc salt fog are
being used.

An area of concern in any development program lg acceptable
test methods for evaluating candldate coatlngs. In evaluating
coatings for acldic raln conditlens, standard salt spray testing
1s not a useful tool. Figure 9 shows results of standard salt
spray testing of four coated samples on mlld steel panels. The
four coatings listed are 1) W4 (SermeTel W Class 4, conforming
to MIL-C-81751B Type 1 Class 4), 2) 725 (SermeTel 725 - as W4 but
sealed with SermeTel 570A), 3) 2241 (SermeTel Process 2241 - an
improved smoother sealed coating with a basecoat conforming to
MIL-C-81751B Type 1 Class &), aud 4) STS-EP-1 (a coating
specifically formulated for acldified environments.) Note that
all coatings tested reslst neutral salt spray and show no base
metal corrosion after 1000 hours. The conclusion is that the
salt spray test 15 not a good tool for sorting these candldate
coatings.

A list ?g)accelerated test methods taken from a recent
publication i1s shown 1In Table VII. Unlike the other acldified
test methods, the copper accelerated acetlic acid salt spray or
CASS test (ASTM B368) 1is standardized, repeatable and widely
used. A conventional salt spray chamber 1is used. However, the
test method does not model any specific environment.
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TABLE VII

ACCELERATED TESTING METHODS

Test pH Salinity Temp. Contamlnants
Neutral salt spray 6.5-7.2 54 NaCl 35°¢C None
(ASTM B117)
CASS (ASTM B368) 3.1-3.3 5% NaCl 49 Acetic acid,

CuCl2
Kesternich (DIN 1,0-2.0 None 4o S0, and
50018) otger gases
SO2/sa1t spray 4.0 59 NaCl 36 802(' 2ous)
HC1l/salt spray 1.0 9% NaCl 36 HC1(1%),
‘ FeCI2(0.1%)

H,SO_/NaCl 4,0 5% NaCl 76 H2303, 0
i e?sion (.32 atm?

Panels representlng the same four coating systems were tested
in the CASS environment. Results are shown in Filgure 10. Note
that, unlike salt spray test results, failure can occur 1in less
than 100 hours and that the coatings divide into three groups:
(1) a sacrificial aluminum coating exposed to the environment
falls first, (2) a pair of sealed coating systems performs
significantly better, (3) a coating specifically designed to
operate In the acidified envircnment 1is best.

These results are conslstant with the nature of the acidic
epvironment. At the pll of the CASS test there 1s no sacrificial
acticn possible. Aluminum does not sacrifice, 1t corrodes
rapldly. The se¢aled coatings have no aluminum pigment exposed to
the acldic environment, but eventually through porosity or
condensation the top coat fllm is compromised and corrosion
occurs.

The STS EF1 coating is designed to utllize the best of the
developments previoucly described. It utilizes a topcoat sealer
to reduce corroslive attack on the aluminum pigment. It utilizes
aluminum pigments selected for maxlimum pigment density and
packing to eliminate plnholes and porosity. Further, 1t
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i..corporates corrosion lnhibitors to neutralize any corroslve
media that penetrates the topcoat/sealer.

Because tlie greatest corroslon problems observed have
included both acld rain exposure and heat cycling, two additional
tests were performed that combined these features. Figures 11
and 12 1llustrate the performance of the four coatings under
86 conditions. Figure 11 shows results after hLeat cycling to
MOO F for 6 hours, 2 hours cooling and 16 hours in CASS. This
cycle is repeated up to ten times. Similarly, Filgure 12 shows a
heat cycle CASS test in which the cycle temperature is 850°F.
Note the rapid failure of all systems except the coating
specifically designed for the acld rain condition.

The STS EF-1 coeting 1s a new system. It 1s urdergolng
extensive testing 1in a wide variety of acidic environments.
Unfortunately, the coating does not meet the military
specification because the additional performance requirements
make modifications of the basic composition necessary.

Conzlusion

Coatings designed tc meet MIL-C-81751 have been in use for a
gquarter century. During this pericd the coatings have been
improved as conditions of operation have changed. Now, topcoated
systems are almost universally used because of superior
performance. Work continues to extend the possible uses of this
adaptable coating system.




SEM PHOTOMICROGEAFHS OF 111L-C-8175:B

TYPE I COATING CLASSES (SERMETEL W)

Figure 1: Class 1, 2 and 3 Coatings, Figure 2: Class 1, 2 and 3 coatings,
300X, 45° angle. 1000X, 45° angle.
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Fipure 3¢ Class 4 coating, grit Figure 4: Class 4 coating, glass
B " burnished, 1000X, 45° angle. bead burnished, 1000X
275 45° ang;lc.




Figure 5: Cross Section optical photomicrograph 3
of a Class 1 coating (SermeTel W) 500X . "

Figure 6 SEFM Photomicrograph ‘A
of a Class 1 coating surface 1000X N




Figure 7: SEM Photomicrograph Figure 8: SEM Phoromicingraph [

of the Surface of a Sealed Class 4 of a cross section ol a scaled O

coating (SermeTel 725) 1000X Class 4 coating (Sermelel 725) 0
1500X%




COMPARATIVE PERFORMANCE OF VARIOUS SERMETEL
COATING SYSTEMS IN ENVIRONMENTAL TESTS

FIGURE 9

SALT SPRAY (ASTM B117)

HOURS
1000

728 2241

STS-EF-1

FIGURE 11

400° F./CASS CYCLING

CYCLES TO RED RUST
101

wa 728 2241

FIGURE 10

CASS (ASTM B368)

HOURS TO RED RUST
250#

200t
150+

1001

STS-EF-1

FIGURE 12

850° F./CASS CYCLING

CYCLES 10 RED RUST
104

41

| .
wa 728

2241

STS-EF-1
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ABSTRACT

The interfaclal region between a polymer coating and a metal
substrate was studied using three techniques. Each technique per-
mitted interface integrity and was performed under normal atmo-
spheric pressure conditions. Infrared analysis of the polymer at
the interface was accomplished by using an internal reflectance
technique through an optically thin metal film. A second infrared
technique employed photoacoustic spectroscopy of thin polymer films
on high surface area metal substrates. Emission Mdssbauer spec-
troscopy, made surface sensitive by depositing less than a mono-
layer of 7Co on a cobalt substrate, permitted evaluation of the
chemical changes occurring on the cobalt substrate as a result of
polymer coating application and cure. Each technique revealed the
presence of metal carboxylates wituin the interfacial region.
These carboxylates may provide primary bonding between coating and
substrate.

INTRODI'CTION

One of the major uses of polymer cocatings is metal substrate protection
against corrosion. Protective organic coatings have intimate contact
between coating and metal. Such contact may yield chemical interactions
between the organic and metal components which may beneficially or adversely
affect the utility of the polymer/metal system.
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The research described herein is part of a program designed to under-
stand better the protection provided by organic coatings to metal sub-
strates. A focus of this research is to understand the chemistry of the
interface between coating and substrate and to predict its influence on
coating performance. One of the polymers under study, polyimide (PI), is of
current interest because of its applications in the fabrication of elec-
tronic devices. Polyimide is a tough polymer with outstanding thermal and
electrical properties. The results described herein may be applicable to
other polymer systems that have intrinsic or latent carboxylate moleties.

This paper describes some of the methods selected to probe the chemistry
of the interface and presents data for polyimide and poly(acrylic acid) on
cobalt, copper and zinc, as well as our current hypothesis for the interfa-
cial chemistry.

BACKGROUND

LY -

Acquiring information on the interfacial region between coating and
metal substrate is no trivial task. Because the interface represents the
Junczion between two dissimilar bulk materials, shown schematically in Fig- %
ure 1, experimental methods suitable for one component may not be suitable b
for the study of the other. Further, direct experimental access to the
interface i{s hindered by the two components which make up the interface.
This second problem has been eliminated in the study of coating/substrate
interfaces by a number of investigators by peeling the coating from the sub-
strate and then carefully analyzing both halves of the interface separately.
Such techniques suffer from the disadvantage that the subject of interest,
the interface, has been destroyed.

-

[ A

-

SN

We have chosen to keep the interface intact during our analyses.
Indeed, fulfilling the following criteria would constitute an ideal study of
the interface.

1) The method should be Iinterface-specific.

Wl iy ) e

2) In keeping with criterion #1, the method should provide infor-
mation on both the coating and the substrate.

3) The method should be non-destructive.
4) The method should be widely applicable to many systems.

5) The method should allcw for concurrent analyses and/or envi-
ronmental control.

The techniques we have chosen to analyze the coating/metal interface are
internal reflection infrared spectroscopy, photoacoustic IR spectroscopy and
emission Mdssbauer spectroscopy. By sampling through an optically thin
metal substrate into the coating using the internal reflection technique we
are able tc identify chemical moieties in the coating at the interface and
draw conclusions as to the coating chemistry at thz interface. The photo-
acoustic technique allows similar sampling through a thin coating on a high
surface area substrate. The Moéssbauer technique is made interface-sensitive
by electrodepositing 2 morolayer of the active cobalt species onto the sur-

3
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face of a cobalt substrate. The Mdssbauer spectra obtained provide informa-
tion on the chemical state of the cobalt in contact with the coating, thus
enabling us to draw conclusions about the reactivity of cobalt with the
coating.

None of these techniques alone fulfills all the criteria cited for an
ideal interfacial study. However, together they complement each other to
yield chemical information at the coating/substrate interface without its
disruption.

EXPERIMENTAL
Internal Reflection FTIR -Internal reflection infrared spectroscopy

permits analysis of a sample to depths of a fraction of the incident radia-
tion wavelength (for IR techniques, depths of several microns). Control of
the sampling depth, dp, can be made by choice of the refractive index ratio
between sample, nj;, and internal reflecting element, nj, and the angle of
incidence, 4, (see Figure 2) as given by Harrick [1],

A
d =
2 274
P 2xn [sin®s) - (ny/np°]

As an example, a KRS-5 prism (nj; = 2.35) in contact with a polymer of
refractive index of 1.5 and an_incident angle of A5°i the sampling depth
ranges from 0.5 um at 4000 cm” ‘1 ¢64.0 pm at 500 cm

Such sampling depths are far in excess of interfacial specificity; how-
ever, by applying the coatings to ultra-thin transparent metal films, we can
obtain spectra at both the coating/air interface and the coating/metal
interface. Calculation of the differerce spectra provide information spe-
cific to the metal/polymer interface. Approximately 50 A thick film of
cobalt (99.99% purity) was evaporated at 10" torr cnte a carbon-sputtered
glass slide. The slide is carbon-sputtered prior to metal deposition to
facilitate easy removal of both metal and organic coating from the slide.
Poly(amic acid) (PAA) in N-methyl 2-pyrrolidone is then spin-coated onto the
metallized slide. The first stage cure (A-stage) consists of stoving the
material at 85°C for 12 min to drive off the solvent. The polymer film at
this stage is still PAA. The B-stage cure requires 20 min at 200°C and
results in an imidized material. Nominal polyimide (PI} coating thicknesses

were 12+2 um.
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sfter either A- or B-stage cure, the polymer and metal were peeled from
the siide as shown in Figure 3. The sample was mounted onto a toam strip
with metal side down or metal side up to allow sampling through either the
coating/alr or the coating/metal interface,

Spectra were ottaiccd at 4 cm~! resolution on a Mattson Sirius 100
Fourier Transform Infrared Spectrometer. The sample spectra were ratioed
against a background spectrum obtained for the KRS-5 prism alone. Direct
comparison of the spectra obtained from the air versus metal side of the
coating was made by a spectral subtraction technique.

Photoacoustic Spectroscopy - The internal reflection technique used to
determine the interfacial interactions has the disadvantage of excess sam-
pling depth (0.5-4 um) into the polymer. Thus, chemistry that is specific
to the interface will be represented in the resulting spectra only as a
minor component. Another mode of IR sampling was desired to provide addi-
tional suppert for the results obtained with the internal reflection tech-
nique. :

The wide variety of sample configurations adaptable to this technique
permitted us to analyze an ultra-thin polymer film on a high surface area
metal sample. The sample was prepared by stirring metal powder in a 1%
polymer solution. The powder was removed from the solution and the solvent
allowed to evaporate. For polyimide, curing times were decreased 50% rela-
tive to 10 um thick polymer films. After curing, any excess polymer film
was removed and the powder was collected. No attempt was made to determine
the fraction of metal covered with polymer,

Figure 4 shows a schematic of the PAS IR/sample interaction and signal
deleciion. A sample is placed in the sample cup and sparged with heiium
gas. A modulated IR beam is directed onto the sample through a NaCl window,
At frequencies where no absorption occurs, the incident radiation is either
reflected or transmitted. However, at those frequencies where al sorption
occurs, the infrared energy is converted to thermal encrgy. The thermal
encrgy creatcs a pressure wave within the cup cell which is detected by a
sensitive microphone, Signals to the detector arise only where absorption
of that particular frequency occurs. The Fouricr transform technique allows
tor repeated modulation so that the resulting signals can be summed to
increase the signal-to-noise ratio.

The metal powder with polymer was placed in the sample cup of the PA
FTIR spectrometer, IBM Model 97, and the spectrum recotrded. The spectrum
was ratioed against a backgrcund spectrum obtained for the metal powder
alone.

Since poly(amic acid) was believed to react with certaln metals to form
metal carboxylate species, poly(acrylic acid) (PAC) was used to determine
the possibility that a polymer group chemically reacts with a metal sub-
strate. PAC has a much higher density of acid groups and ig more flexible
than PAA. 1In addition, the acid group is the only functional group on PAC,
simplifying the resulting spectra and elimirating other complications.

Méssbauer Spectroscopy - This nuclear resonance technique provides

detailed information on the electronic state of metals., In emission geom-
etry, the sample serves as the source of gamma rays (Figure 5). The sample




is made the source by doping the sample with the Méssbauer active nuclide or
its precursor (°’Co in these experiments) into the sample.

An electrodeposition methed based on the technique of Deszi and Molnar
[3] using 5700012 in a hydrazine and an ammonium citrate bath was utilized
to form a thin layer of radioactive cobalt. Deposition times ranged from 4
to 8 h to ensure a sufficient concentration of the nuclide on the surface.
The surface concentration was estimated to be 10/ Bq. Although this concen-
tration amounts to less than a monolayer of cobalt deposited by weight, it
must be borme in mind that the dcposit exhibited an island-like morphology
as revealed by electron microscopy. An >7Fe-enriched stainless steel foil
was used as the absorber.

Méssbauer spectra were recorded at room temperature after cobalt deposi-
tion and following subsequent polymer castings and cures. In this way the
chemistry of the surface of the cobalt was monitored by spectral changes
occurring as a consequence of polymer coating or cure. In addicion to PI,
PAC was also used as a coating. A linear combination of the Lorentzian
function was used for evaluation of the spectra.

RESULTS

Internal Reflection FTIR - There exist no notable differences between
polymer at the metal or air interface for PAA as seen in the spectra in Fig-
ure 6. Both spectra reveal the characteristic stretching and bending modes
expected for PAA. The carbonyl stretch region reveals a number of species:
a benzanilide moiety is represented as_a medium peak at 1717¢m"L and the
overlapping peaks at 1638 and 1605 em™! are given the assignments of intra-
moleculariy H-bonded acid and secondary amide, respeciively. The band at
1539 cm! is assigned to the N-H bending mode. The aromatic ether C-O
stretch (1229 cm'i) overlaps with the C-N stretch at 1211 em”l. An aromatic
C-C stretch is found at 1497 cm™l

The difference spectrum (metal less air interface) shown in Figure 7
reveals chemical bonds more prevalent at the metal interface. The most
prominent feature of this spectrum is the band at 1377 em~ 1 which is given
the assignment of a symnetric C=0 stretch of a carboxylate ion. The asym-
metric stretch is found at 1576 em™l. Further support for these assigmnents
is given by *the decrease in the O-H bending mode at 1410 eml. The fre-
quency difference between the asymmetric and symmetric carboxylate stretches
provides a basis for the identification of the nature of the carboxylate
preseut.. For PAA/Co this difference is 199 cm"l, which is of the order of
ionic carboxylates (copper(Il) formate has a Av = 18] cm‘l[h]).

After B-stage cure, the IR spectrum (Figure 8) reflects the imidization
of PAA to PI. The emergence of a peak at 1777 em™1 is representative of thne
carbonyl stretch for a coupled imide. The benzanilide C=0 stretch at
1717 em™! hes increesed substantially as has the C-N stretch at 1370 cm L.
The bands at 1638, 1605, and 1539 em- ! have all decreased in intensity
indicative of the decrease in acid and 2% amide functionalities in the imi-
dized polymer. The peaks at 1495 (aromatic C-C) and 1229 em™ L (aromatic
ether €-0) ramain virtually unchanged. Differences in the two spectra
obtained for Pl are subtle, but nevertheless indicative of further
polymer/substrate interaction. The e+ ctrum obtained for PI at the cobalt
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interface reveals a shoulder at about 1670 em 1 and the emergence of a small
peak at 1530 em™ L

These and other differences are revealed more clearly in the difference
spectrum (Figure 9). The difference spectrum reveals peaks at 1584 and
1397 cm'l; similar peaks were observed in the PAA difference spectrum and
assigned as the asymmetric and symmetric stretches of a carboxylate car-
bonyl, respectively. These peaks in the PI difference spectrum are given
the same assignments since one would expect these species to exist in the
imidized polymer. Moreover, one observes an enrichment of N-H bonds (posi-
tive peak at 1300 cm‘l) and a depletion of C-N bonds (negative peak at 1370
cm'l) at the PI/cobalt interface. These data provide further evidence of
the presence of interfacial carboxylates,

The most prominent feature of this difference spectrum is the strong
band at 1647 cm™*. An assignmen® Lo this absorbance is not easily made. 1In
fact, two different assignments seam equally plausible. The peak may arise
from complexation of the imide oxygen with cobalt. Rollinson and White [5]
have shown that such complexation with chromium(I1I) lowers the frequency
for the amide C=0 stretch by 10 to 70 em L. The shift observed for the
present case is 64 em™l, within the range cited. Alternatively, one may
propose a unidentate coordinated carboxylate forming between the PI and the
cobalt. Such a species would require C-N bond scissisn. Unidentate coordi-
nated carboxylates give rise to a larger Av value than the ionic carboxyla-
tes, as the asymmetric stretch is shifted to higher and the symmetric to
lower frequencies [6]. Hence, the large peak at 1647 em”! could be given
the assignment of the asymmetric stretch and the peak at 1339 em1 assigned
as tne symmetric =0 stretch.

Photoszoustic Spectroscopy - The photoacoustic infrared spectra for PAC
on copper, cobalt and zinc are shown in Figure 10. The_ spectrum for PAC on
copper shows the vpog for a carboxylic acid at 1720 cm'l. For PAC on cobalt
and zinc, the major band for v;_g is found at ~1580 em" ) which 1is indicative
of the asvmmetric stretch for a carboxylate anion. Ir additien, a peak is
observed at 1360 em™! indicative of the symmetric carboxylate stretch,.

These bands compare well with the tentative carboxylate assignments given
for the internali reflection data with PAA, A comparison of the bands is
given in Table 1.

Thus the IR data indicate tle existence of a chemical interaction
between PAA, PAC or PT with cobalt. Moreover, ve have proposed, based on
these data, that the interaction results in the formation of an ionic ccbalt
carboxylate species in PAA and PAC. Upon imidization, in addition to the
presence of the ionic carboxylates. the IR data suggest further irteraction,
either through e complexation of the imide oxygen or the formation of a uni-
dentate cocrdinated carboxylate. To confirm or refute cur tentative assign-
ments in the "R and to provide us with some sort of mechanistic aporoach to
the chemical interaction occurring at the interface, we now conslder the
previously published Méssbausr data [2].

Emission Mosshauer Spectienscopy - Figure 11 shows a representative
Mésshauer spectrum of a 2730 electrodeposit en a cobalt foil. The spectrum
reveals that the deposit is largzly Co*"., The hyperfine paramcters suggest
the compound, CoOCH. The spectrum also indicates the preserce of metallin
cobalt and Co(OH)y. After coating this same electrodeposit with PAA and




curing at 85°C, the spectrug shown in Figure 12 is obtained. It is readily
apparent that the metallic cobalt has been totally consumed to yield an
increase in the Co?% fraction. Closer inspection of this Co2* fraction
indicates a change in the hyperfine parameters, namely § = -1.20 mm/s and
AE = 2.03 mni/s. These values more closely match those given by Grant and
coworkers for bulk FeCp0,°2Hp0 (6§ = 1.20 mm/s, AE = 1.72 mm/s) and bulk
FeCO3 (6 = 1.24 mm/s, AE =1.80 mm/s) [7] and by Friedt and Asch for bulk
CoC904°2Hp0 (6 = 1.28 mm/s, AE = 1.72 mm/s) and bulk CoC,0, anhydride (§ =
1.27 mm/s, AE =~ 1.55 mm/s) [8] than for Co(OH)o (6§ = -1.34 mm/s, AE ranges
from 2.32 to 2.80 mm/s) [9]). These data are tabulated in Table 2. Upon
B-stage cure (Figure 13), the fraction of Co2* in the deposit continues to
increase, however, now at the expense of the Codt component rather than the
metallic cobalt. 8till, the hyperfine parameters were consistent with
Co-0-C bonding rather than an oxide or oxy-hydroxide. This same trend has
been observed in another experiment in which the electrodeposit initially
showed mostly metallic character with no Co2*t component.

Because thie literat. .e values quoted represent bulk samples of these
compounds, some degree of inaccuracy is to be expected. To alleviate some
of the burden of relying too heavily on these values, a 7co electrodeposit
was coated with poly(acrylic acid) cast from a methanol solution. The
Méssbauer spectra obtained prior to and after PAC coating are shown in Fig-
ure 14 and reveal the significant increase in the Co2* fraction at the
expense of the metallic cobalt fraction. The hyperfine parameters of this
Co%* fraction, as shown in Table 2, support the hypothesis of cobalt carbox-
ylates at the interface,

The Mossbauer data alsc provide ue with a mechanistic approach to the
formation of these carboxylates. Of the three components which make up the
7co electrodeposit, the metallic cobalt is observed tc be the primary reac-
tant with tha acid moieties of PAA.
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Cobalt has also been observed to react with PAC to form carboxylates. A
modest increase in the Co3* fraction at this stage may be rationalized in
terms of a competing reaction with cobalt metal and water from the imidiza-
tion reaction during cure.

4 Co + 2Hp0 + 30y - 4CoGOH
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In addition, the CoOOH may also react with the PAA.
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After imidization, further decreases in the Co3* fraction with coucom-
itant increases in the complexed Co2* fraction indicate that CoOOH may react

with the PI,

o
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(. — /\ C _
CoOOH + O >"<€} —— ]Q \NH@-_
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SUMMARY

The infrared and Méssbauer techniques revealed the existence of cobalt
carboxylates formed at the interface. It has been shown that the metallic
cobalt was reacilve with the acid groups of PAA. Cobaltous ioneg act as
cross-linking sites through carboxylate anions in the polymer. In addition,
the carboxylates may provide a mode for cobalt cation transport into the

polymer. The presence of these carboxylates was observed in the imidized
polymer.

Upon imidization, another interaction between cobalt and PI is observed;
the IR data suggest either a unidentate coordinated carboxylate or imide
complexation with cobalt. Either of these species may promote adhesion of
the coating to the substrate through the incorporation of primary bonding

between coating and substrate.

Photoacoustic infrared upectroscopy provided useful corroborative infor-
mation of internal reflection IR band assignments and an alternative sample

preparation method.




It is the goal «f our continuing research to understand better the
effects of these interfacial interactions and their relationship to the
development of organic coatings with greater protective properties,
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Table 1

Comparison of IR Bands for PAC and PAA

Polymer

PAC

PAA

a - Carboxylate asymmetric C=0 stretch.

Bands
(cm™ 1y
Cobalt Zinc Coppexr
13602 13608 -
158048 15804 --e-
S cne- 1720P
137728 13778 -
15762 15768 ...
—--e ce-- 1717

b - Free acid band.

Table 2

Méssbauer Hyperfine Parameters for Co2t Component

Sample

Co-57 dp*
PAA
PI

Co-57 dp*
pPAA
PI

Co-57 dp*
PAC

a-Co(OH)»

FeC204'2H20
FeCO4q
C0C204'2H20
CoCy0y

A ) AE ref,
(%) {mm/s) (nm/s)

13.5 -1,21 2.40 2
34.7 -1.20 2.03 2
46.0 -1.17 2,10 2
0.0 --- --- 2
10,5 -1.35 1.92 2
15.8 -1.22 1.94 2
1.7 -0.65 2.74 -
85.1 -1.06 1.83 -
bulk -1.34 2.32-2.80 9
bhulk 1.20 1.72 7
bulk 1.24 1.80 7
bulk 1.28 1.72 8
bulk 1.27 1,85 8

% - dp (electrodeposited on cobalt)
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Sampling geomctry tor internal reflectance infrared spec-
The infrarcd beam is ineident upon the face of

the internal reflecting clement (IRE) and is internally
reflected the length of the prism, penetrating iuco the
sample a fraction ot a wavelength upon cach reflection,
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SAMPLE PREPARATION
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Figure 3. Specimen preparation for sampling the polymer through both
the polymer/air aund polymer/metal interfaces, The metal .
| filwm thickness is about 50 A, ¢
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Figure 4, Schematic of the photoacoustic technique.
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Figure 8. Infrared spectra for polyimide on cobalt at the a)
polymer/air Iinterface and L) polymer/metal interface.
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Figure 10. Spectra of poly(acrylic acid) on copper, cobalt or zinec
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Figure 11.

Figure 12.

COUNT RATE (arbltrary units)
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Emission Méssbauer spectrum for 57¢o electrodeposited on
cobalt foil. Spectrum recorded at room temperature using
an “’'Fe-enriched stainless steel foil absorber. Reproduced
from ref. [2].
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Emission Maéssbauer spectrum obtained after poly(amic acid)
deposition and A-stage cure. Reproduced from ref. [2].
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Figure 13.
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Emission Méssbauer spectrum obtained after B-stage cure
Reproduced from ref. [2].

Figure 14. Emission_Moéssbauer spectra
obtained for a) 57¢o electrodeposit
on cobalt foil and b) that same elec-
trodeposit after poly(acrylic acid)
deposition.
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ION BEAM ALLOYING OF ALUMINUM FOR
CORROSION RESISTANCE

P. M. Natishan, E, McCafferty, and G. K. Hubler

Naval Research Laboratory
Washington, DC 20375-5000

ABSTRACT

Ion beam alloying techniques overcome many of the problems associated
with conventional alloying. Novel aluminum surface alloys were prepared by
ion implanting aluminum with Si, Zr, Nb, Cr, Mo, Zn, or Al at nominal
concentration of 4 or 12 atomic percent. The results showed that
implantation with Cr, Si, Mo, Zr, and Nb produced surface alloys that were
more resistant to pitting than aluminum, and that implantation with Zn
produced a surface alloy that was less resistant to pitting attack. The
implantation of aluminum into aluminum had no effect on the pitting
potential, indicating that the increased and decreased pitting potentials
observed for the other implants was a chemical effect. The increased and
decreased pitting resistance of the surface alloys was related to the
surface charge character of the oxide film. The pit morphology indicated
that blister formation and rupture, caused by gas production at the

oxide/metal interface, was an important part of pit propagation,
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INTRODUCTION

In recent years there has been much interest [1-5] at the Naval
Research Laboratory in improving the corrosion hehavior of metals and
alloys by modification of their surfaces using directed energy beams. Two
areas of research involve the processing of metal surfacec by ion beams or

by high energy lasers. These surface alloying techniques provide a method

of conserving scarce, expensive, or critical materials by concentrating
them in the surface where they are required for applications such as

corrosion protection, wear resistance, or catalytic performance.

This communication will discuss surface alloying in regards to ion
implantation. Some distinct advantages of ion implantation as used in
corrosion science are that special alloys which inhibit corrosion may be
formed at the surface of a metal without the alteration of desired bulk
properties. The fact that ion implantation is a non-equilibrium technique
permits the formation of surface alloys which can exceed the solid
solubility limits of the implanted species. Metastable phases and
amorphous alloys produced in this manner are unattainable by conventional
alloying techniques. There is no problem with adhesion of the surface
layer as there is with deposited coatings since there is no abrupt inter-
face present between the implanted-alloy layers and the substrate, These
and other advantages of the ion implantation method are summarized in Table

1, Table 2 contains the various parameters that can be used to tailor the

composition of a surface.
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Aluminum Alloys and Surface Alloys

The major corrosion problem with aluminum is the localized breakdown
of the passive film, which leads to the initiation and growth of corrosion
pits. Improvements in the localized corrosion resistance of aluminum by
conventional alloying techniques are limited in two regards. First, alloy-
ing additions are normally based on strength considerations; hut the re-
sulting intermetallic phases generally disrupt the passive film and are
detrimental to corrosion resistance (6). Second, most alloying elements
which are known to impart improved corrosion properties have a limited
solubility in aluminum, In contrast, surface modification techniques such
as ion implantation are non-equilibrium processes and ¢ffer a means of
producing solid solution surface alloys which can exceed the solid

solubility Timits of the implanted species.

In order to deal with corrosion prevention in a systematic fashion, it
is important to understand the mechanisms involved in passivity and its
breakdown, 1In particular how and why alloying elements e&nhance or degrade
the resistance to corrosion. To cause pitting, an anion such as chioride
must first adsorb at the oxide/solution interface. Little attention has
been given to this first step, largely because of the difficulty in the
experimental determination of adsorption isotherms for cmall area samples.
However, as noted by Hoar (7), "Adsorption is the primary act in every
heterogeneous process at the metal/ solution interface, and the nature and
subsequert fate of the metal adsorbate "complex" determines whether metal

dissolution or passivation occurs"”,

An important parameter controlling the surface cnarge, and therefore,

the adsorption characteristics of an oxide covered metal, is the pH of zero
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charge of the oxide {8,9). In the absence of specific adsorption the pH of
zero charge of an oxide, pHy;c, is the pH at which the surface of the oxide
has no net charge. See Figure 1, At pH's lower than the pHch the surface
has a net positive character, and anions such as chloride are electro-
statically attracted to the surface and can become incorporated in the
oxide, When the ri is higher than the PHpzc» the surface has a net nega-

tive charge, and anion &dsorption is inhibited.

In this investigation, ion implantation was used to produce binary
aluminum surface alloys using elements whose oxides were of known pHpzc.
In particular, it will be shown that implanted elements chosen because of
the low pHpzc of their oxides (Si, Cr, Zr, Nb, and Mo) produced binary
surface alloys that had higher (more positive) pitting potentials than
aluminum. The implant chosen because of the high pHpzc of its oxide
(Zn) produced a binary surface alloy that had a pitting potential that was

lower than that of aluminum,

Oxide Blistering

As in the study of fracture surfaces, the morphology of pits can
produce valuable information on their mode of failure. Investigators
studying the pitting behavior of ion implanted iron, stainless steels and
aluminum have observed: undermining of the oxide film (5,10,11), pits
that were still covered by the oxide film (12), or blistering of the
oxide (13-15), Therefore, it would seem that an understanding of the
events that produce coxide covered pits or blisters would lead to a better
understanding pitting corrosion. Bargeron and Givens (13,14) described
blister formation and rupture on anodized aluminum and on aluminum with

an air-formed oxide films. Their results suggest that blister formation
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and growth, caused by gas evolution at the oxide/metal interface, occurs
before the end of the initiation period and is therefore, an important

step in pit initiation. This communication will describe the phenomenon

of blister formation and rupture on ion implanted aluminum as marking the

beginning of pit propagation rather than pit initiation.

Experimental Procedures

After polishing, samples were implanted with a selected ion (Cr, Si,

ir, Nb, Mo, Zn, or A1) at a nominal angle of incidence of 0°. The samples
were implanted at two energies calculated to produce a depth concentration

profile that had a nominal peak concentration of 4 or 12 a/o at the surface

and that extended 500 angstroms (A) into the bulk before decreasing.,

The pitting potentials for implanted and unimplanted samples were
determined potentiostatically in a deaerated 0.1M NaCl solution using a
conventional two compartment cell. After polarization above the pitting
potential, the samples were lightly rinsed with distilled water and the
varnish was carefully removed using a razor blade. The samples surfaces

were observed with a light microscope or a scanning electron microscope.

RESULTS

Imnlantation Profiles

The implantation parameters were selected to achieve the desired

depth concentration profile shown in Figure 2a. The actual concentration

profiies, as determined by RBS, were different than those desired. The
RBS profile presented in Figure 2b is for a molybdenum 4 a/o implanted
aluminum sample, Mo(4 a/o)Al. The concentration of Mo at the surface is

less than 2 a/o with the peak concentration of 3,7 a/o occurring at 350
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A, It was assumed that the discrepancy between the desired and actual

N

profiles resulted from radiation enhanced diffusion (RED), ion beam mix-
ing (IBM), or ion channeling during implantation in the rather large

grains, 0,005 inches,

Surface Analysis of Oxide Films

Fiqure 3 presents a post pitting XPS profile for a Si(12 a/o)Al
sample. The Si concentration at the surface was approximately 8 a/o.
Similiar XPS profiles for Mo(12 a/0)Al1 and Zr(12 a/o)Al showed surface
concentrations of 1 to 2 a/o and 3 to 4 a/o, respectively. These pro-
files confirmed the presence of the implant material in the oxide film

and at the surface of the oxide.

Anodic Polarization

Figure 4 shows anodic polarization curves for In(12a/0)Al,
Si(12 a/o)Al and unimplanted aiuminum. The important characteristic
of each curve is the pitting potential, i.e., the electrode potential at
which there is a sudden increase in current density due to the initiation
of corrosion pits. At potentials below (less positive than) the pitting
potential, pits do not initiate: but above the pitting potential, pits
initiate and grow. A higher (more positive) pitting potential represents
an increased resistance to pitting corrosion., Thus, ion implantation
with Si increases the pitting potential of Al by 450 mV, whereas implan-
tation with Zn decreases the pitting potential by 250 mV., It should be
noted that implantation of Al into Al has no effect on the pitting

potential, see Table 3. This fact indicates that the physical effects of

implantation are unimportant and that improvements in pitting potential

from the implantation of the various ions can be attributed to chemical
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effects. Tab]ev3 1ists pitting potentials in de-aerated 0.1M NaCl for

aluminum implanted with Mo, Nb, Zr, Si, Zn, Cr, and Al,

Oxide Blistering

Sample handling after anodic polarization was important to the
observation of the blisters as the ruptured oxide films were delicate and
easily removed. Ultrasonic cleaning or vigorous gas evolution from a
pit can destroy the remnants of a ruptured blister leaving only the

exposed pit, see Figure 5,

The following series of photos, taken after anodic polarization
above the pitting potential, show blisters in various stages of
development. For illustrative purposes, blister growth is described
as occuring in four stages. Stage 1 is characterized by blisters with
no visible cracks or pores, see Figure 6. These unruptured blisters are
similar to those observed by Bargeron and Givens (13,14). The unruptured
blisters are usually circular or oval in shape. Blisters that have
visible cracks were described as being Stage 2, see Figure 7. Stage 3
blisters are characterized by the formation of a secondary region at the
periphery of the primary circular/ova! region., This secondary region
differs from the primary region in that there appears to be a crystallo-
graphic etching beneath the oxide, see Figure 8. Ruptured blisters were

designated as Stage 4; an example is presented in Figure 9.

A survey of the area of failure showed that the blisters ruptured in
the center twice as often as at the edge. These results differea from

those of Bargeron and Givens (13,14) that showed that blisters ruptured

at the edge.




DISCUSSION

Pitting of lon Implanted Aluminum

In order to explain the effect of the implanted species on the pit-
ting resistance of the substrate, it is helpful to first examine the
events leading to the formation of a pit. To cause pitting, an anion
such as chloride must, in turn: 1) adsorb at the oxide/solution inter-
face, 2) penetrate or dissolve through the oxide film, and 3) react

locally with the underlying metal.

It is unlikely that ion implantation will have an effect on the
second or third pitting steps outlined above. The native passive film on
aluminum is already amorphous (16,17), so that implantation would not be
expected to improve the resistance of the film to penetration by Cl1-
ions, After corrosion pits initiate on aluminum, their rate of propaga-
tion is so rapid that implanted ions will probably not be effective in

interfering with their growth.

As noted earlier, the pHpzc effects the surface charge and the
adsorption characteristics of an oxide, Therefore, the pHpzc should
also, to some degreg, influence the susceptibility of an oxide covered
metal to pitting. If the pHch does affect pitting, then it might be
possible to predict the pitting behavior of an oxide covered metal from
the pHpzc. Figure 10 shows the surface charge character in the range of
pH 0 to 14 and the PHpzc of two oxides, Al1203 and Taz0s. In neutral
solutions, pH 7, one would predict that an oxide covered metal whose
oxide had a Pszc lower than 7, such as Ta20sg (pHpZC 2.8) (18), would be
more resistant to pitting than an oxide covered metal whose oxide had

a pHpzc higher than 7, such as A1203 (pHpze 9.1) (8,19,206). In fact,

T ENTETIDNERIE | TR N * = .
TREIET TS BN RO I O R I, oy L o o Al e e e vl s TR e e B S Y L e e e A ]

?
:
Y
"



tantalum 1s very resistant to pitting attack (21), whereas aluminum is
susceptible to bitting attack (22,23). In term