Passivation of Aerospace Stainless Steel Parts with Citric Acid Solutions
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AMS-QQ-P-35 (which replaced federal specification QQ-P-35) is an SAE standard used in the
aerospace industry to passivate stainless steel parts. AMS-QQ-P-35 recommends the use of different
concentrations of nitric acid (with and without chromates), and these solutions are used either at ambient
temperatures or heated. The type of stainless steel that is being passivated dictates the nitric acid solution
that should be used. In addition, the aerospace industry also has their specific list of preferred nitric acid
passivation solutions that are variations of the AMS-QQ-P-35 solutions. Basically, this requires
aerospace metal finishing job shops to maintain several passivation tanks (as many as four or more) in
order to meet all of their aerospace customers’ requirements. ASTM (American Society for Testing and
Materials) has issued a specification for stainless steel passivation that allows the use of citric acid
solutions as an alternative to nitric acid solutions (ASTM A967-99). This paper describes the results of an
evaluation of citric acid solutions used to passivate stainless steel alloys for aerospace applications. The
evaluation includes sample preparation of stainless steel for conducting passivation tests, design of
experiment studies to determine optimum operating range for nitric and citric acid solutions, and
comparison of AMS-QQ-P-35 nitric acid passivation solutions with citric acid solutions. Conclusions
state the effectiveness of citric acid to passivate stainless steel, and the potential to have citric acid replace
nitric acid passivation solutions that are currently being used in the aerospace industry.
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used steel grit that was full hard with a mesh size of 120. The steel grit was blasted onto the surface of the
stainless steel at a pressure of 70 psig. Two passes with the grit blast media were applied on the surface,
and the direction of the second pass was 90 degrees to the first. This produced a contaminated test
specimen that consistently failed the 2-hour salt spray passivation test. Figure 2 shows a set of stainless
steel alloys that were received from the warehouse, cut into test specimens, degreased with a solvent,
contaminated by steel grit blasting, and then subjected to the 2 hour salt spray test. All specimens failed.
Optimization of Citric Acid Passivation Solution —

ASTM A 967 allows solutions containing 4 to 10 weight % citric acid at solution temperatures ranging
from 70 to 160 °F. The combination of citric acid solutions available to test was too large to handle so a 3
factor - 2 level Design of Expen'ment5 (DoE) was conducted to determine the optimum citric acid
concentration, solution temperature and immersion time. The citric acid was controlled at 3 and 15
weight %, solution temperature was controlled at 75 and 150 °F, and immersion time was controlled at 5
and 30 minutes. The DoE results showed that concentration was not significant, but temperature was
important. 150 °F at short or long immersion times produced good passivation results, but long
immersion time at room temperature was also good. In order to conserve energy, it was determined that
the optimum citric acid passivation solution was 15 weight %, at ambient temperature, and an immersion
time of 2 hours. The higher citric acid concentration level was selected because the passivation tank used -
for this evaluation was small in relation to the amount of test specimens that were passivated, and it was
thought that the higher citric acid concentration would provide a more consistent passivation treatment for
all of the test specimens processed.

Optimization of Nitric Acid Passivation Solution —

ASTM A 967 allows solutions containing 20 to 55 volume % nitric acid at solution temperatures ranging
from 70 to 140 °F. The combination of nitric acid solutions available to test was too large to handle so a 3
factor - 2 level DoE was conducted to determine the optimum nitric acid concentration, solution
temperature and immersion time. The nitric acid was controlled at 20 and 55 volume %, solution
temperature was controlled at 75 and 150 °F, and immersion time was controlled at 20 and 120 minutes.
The DoE results showed that concentration was significant. The 20 volume % solutions performed better
than the 55 volume %. Temperature was also important. 150 °F at short or long immersion times
produced good passivation results, but long immersion time at room temperature was also good. In order
to conserve energy, it was determined that the optimum nitric acid passivation solution was 20 volume %,
at ambient temperature, and an immersion time of 30 minutes.

Comparison of Nitric and Citric Acid Passivation Solutions —

Table I lists the wrought stainless steel alloys that were used for this evaluation of passivation solutions.

Table II lists five passivation solutions used in this evaluation and the operating conditions for each
solution. ‘In addition to the optimized nitric acid and optimized citric acid determined by DoE, three
additional passivation solutions were added to this study. One is a commercially available citric acid
passivation solution that contains citric acid and cleaning compounds and meets ASTM A 967 (Citric 4),
and the other two passivation solutions are Type II and Type VII from AMS-QQ-P-35. These AMS-QQ-
P-35 solutions are used by the aerospace industry to passivate stainless steel parts. Type II is nitric acid
with sodium dicrhromate and Type VII is moderately concentrated nitric acid that is heated.

The evaluation of the passivation solutions was conducted as follows: the test specimens were
contaminated with steel grit, passivated in nitric or citric acid solutions (per Table II), subjected to ASTM - .
B 117 salt spray testing for 2 to 3 hours, and then evaluated for signs of red rust. Red rust is considered a
failure for passivation. :

In addition, the stainless steel test specimens were also examined for signs of IGA (intergranular
attack) and pitting after being treated in the optimized nitric, optimized citric acid, and commercially
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available citric acid passivation solutions. The etch rates for each passivation solution with most of the
stainless steel alloys were also determined.

Results and Discussions

Figure 3 shows the stainless steel test specimens that were passivated in the AMS-QQ-P-35, TypeVII
Solution and then exposed for 3 hours in an ASTM B 117 salt spray cabinet. This passivation solution
performed very well at removing the heavy iron particle contamination caused by the steel grit blast on all
but two of the test specimens. The 420 and 440C were the only test specimens that failed the salt spray
test. » :

Figure 4 shows the stainless steel test specimens that were passivated in the optimized nitric acid
solution and then exposed for 3 hours in 4in ASTM B 117 salt spray cabinet. This passivation solution
performed very well at removing the heavy iron particle contamination caused by the steel grit blast on all
but two of the test specimens. The 420 and 440C were the only test specimens that failed the salt spray
test. :

Figure 5 shows the stainless steel test specimens that were passivated in the AMS-QQ-P-35, Type Il
Solution and then exposed for 3 hours in an ASTM B 117 salt spray cabinet. This passivation solution
had difficulty in removing the heavy iron particle contamination caused by the steel grit blast. Only two
of the test specimens passed the salt spray test with no red rust (15-5PH and PH 13-8Mo), and all of the
other specimens failed. This solution could not remove the heavy contamination of iron particles that
were present on the surface of most of these test specimens. It appears that the sodium dichromate
addition in this passivation solution inhibits the dissolution of the iron particles by the nitric acid. Longer
immersion times would probably improve the passivation results, but this was not evaluated.

Figure 6 shows the stainless steel test specimens that were passivated in the optimized citric acid
solution and then exposed for 3 hours in an ASTM B 117 salt spray cabinet. This passivation solution
performed very well at removing the heavy iron particle contamination caused by the steel grit blast on all
but two of the test specimens. The 420 and 440C were the only test specimens that failed the salt spray -
test.

Figure 7 shows the stainless steel test specimens that were passivated in the commercially available
citric acid cleaning solution per the Citric 4 treatment specified in ASTM A 967, and then exposed for 3
hours in an ASTM B 117 salt spray cabinet. This passivation solution performed very well at removing
the heavy iron particle contamination caused by the steel grit blast on all but two of the test specimens.
The 420 and 440C were the only test specimens that failed the salt spray test.

Table III shows a summary of the passivation corrosion test results observed in Figures 3 to 7.
Stainless steel test specimens 420 and 440C could not pass the salt spray corrosion test with the
passivation solutions used in this study. These alloys will need additional treatments to restore their
passivation after being heavily contaminated by steel grit blast. However, it is recognized in the metal
finishing industry that 400 series stainless steel alloys are difficult to passivate, and this evaluation
showed that the citric acid solutions performed as good as the nitric acid solutions for passivating 400
series stainless steel alloys. In addition, AMS-QQ-P-35 also recognizes the difficulty for passivating
some of the 400 series stainless steel alloys, and does not require 440C alloy to pass any of the passivation
tests.

Table IV shows the etch rate that was determined for each of the passivation solutions and most of the
stainless steel alloys used in this study. Some etch rates were not done because of insufficient metal
sample size.
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AMS-QQ-P-35 requires that parts shall show no etching after passivation treatment, and for this
evaluation, etch rates were arbitrarily considered insignificant (not etching) if the etch rate was less than
0.001 mils/minute/surface. There were only three solution and alloy combinations that gave “significant”
etch rates. The etch rate for 303 in optimized nitric acid was 0.0028 mils/min/surface, and in the
commercially available citric acid cleaner the etch rate was 0.001 mils/min/surface (this was almost
classified as an insignificant etch rate). The etch rate for 440C in optimized nitric acid was 0.0017
mils/min/surf.

This study indicates that the optimized nitric acid solution should not be used to passivate 303 and
440C alloys, however citric acid solutions (including the commercially available citric acid cleaner)
would be acceptable passivation treatments. However, the commercially available citric acid cleaner
would probably fail the requirements of a non-etch cleaner for acrospace parts made from 303 alloy.

Metallographic cross-sections were made for all of the stainless steel samples that were passivated in
the optimized nitric acid, optimized citric acid and the commercially available citric acid cleaning
solution. Close examination of these cross-sections did not reveal any IGA on any of the test specimens.
Pit depths and widths were measured on all of the cross-sectioned samples and the results are shown in
Table V. Pit depths that are greater than 0.001 inch are considered a failure, and only one sample showed -
pits that exceeded this criteria. The 303 test specimen in the optimized nitric acid had a pit depth of 0.005
inch. Figure 8 shows typical pit depths for 303 alloy in optimized nitric acid and optimized citric acid.
The pitting attack of 303 in nitric acid is expected because there are restrictions in AMS-QQ-P-35 (and
other aerospace passivation specifications) to not use nitric acid solutions on free machining 303 stainless
steel alloys. The preferred solution is AMS-QQ-P-35, Type II (nitric acid with sodium dicrhromate), but -
in this study it was found that a citric acid passivation solution would also be acceptable. The 303 sample
processed for 2 hours in optimized citric acid had a pit depth of only 0.0003 inches.

Conclusions

e Citric acid solutions used in this evaluation are as good as or better than Type II and VII nitric acid
solutions specified in AMS-QQ-P-35 for removing iron particle contamination and passivating
wrought stainless steel alloys.

e Citric acid passivation solutions produced no significant etching, pitting, or IGA on the 300 (including -

© 303), 400, and PH series stainless steel alloys tested.

e None of the passivation solutions evaluated in this study were capable of passivating 420 and 440C
stainless steel that were heavily contaminated with iron particles. The citric acid solutions performed
as good as the nitric acid solutions on 400 series stainless steel.

e The nitric acid with sodium dichromate passivation solution per AMS-QQ-P-35, Type II was not
capable of passivating a majority of the stainless steel test specimens that were heavily contaminated
with iron particles, and the citric acid solutions performed better than the Type II solution. '
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Table I - Stainless Steel Test Specimens

Alloy Alloy Type Heat Treat Hardness Sample Size
Condition (Rockwell) )
Free Hex Rod 0.875 O.D. x 3 inch
303 Machining Cold Worked C26 long
Precipitation
A286 Hardening Condition A B85 3x4x0.125 inch
Precipitation
15-5PH Hardening H1100 C35 2 x 4x 0.090 inch
Precipitation
PH13-8Mo Hardening H1100 C36 4 x4 x0.125 inch
Precipitation
17-7PH Hardening Condition A B8S§ 4x4x0.125 inch
304 Austenitic Annealed B85 4 x4 x0.150 inch
321 Austenitic Annealed B8O 4 x 4 x0.140 inch
420 Martensitic Annealed B8S ' 4 x 4 x 0.140 inch
430 Ferritic Annealed B8l 4 x4x0.125 inch
440C Martensitic Annealed B98 4 x 4 x 0.140 inch

Table II — Passivation Solutions Evaluated

Method Composition Temperature Immersion Time
°F Minuntes
Optimized Nitric Acid 20% Nitric Acid Ambient 30

(from Design of Experiment) (% by Volume)

Optimized Citric Acid 15% Citric Acid
(from Design of Experiment) (by Weight) Ambient 120
AMS-QQ-P-35, Ty VII 22% Nitric Acid

(% by Volume) 130 30

Citric Acid Cleaner ‘
ASTM A 967, Citric 4 12.5 % by Volume 155 15
(Commercially Available)

22.5% Nitric Acid
AMS-QQ-P-35, Type Il (% by Volume) + 120 20
2.5 oz/gal Sodium
Dichromate
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Table V — Pit Depth and Width Measurements for Stainless Steel in Different Passivation Solutions

Optimized Nitric Acid Optimized Citric Acid Commercially Available
Stainless Steel Citric Acid Cleaner
Alloy Pit Pit Pit Pit Pit Pit
Width Depth Width Depth Width Depth
303 0.001 0.005 0.0002 0.0003 0.0002 0.0009
A286 0.0004 0.0001 0.0004 0.0001 0.0003 0.0001
15-5PH 0.0008 0.0001 0.0006 0.0002 0.0006 0.0002
PH13-8Mo 0.0006 0.0001 0.0005 0.0001 0.0002 ~0.0001
17-7PH 0.0009 0.0002 0.0001 0.0003 0.0007 0.0004
304 0.0005 0.0002 0.0006 0.0002 0.0004 0.0002
321 0.0005 0.0002 0.001 0.0002 0.0004 0.0003
420 0.0007 0.0001 0.0009 0.0001 0.0004 0.0002
430 0.0007 0.0001 nil nil 0.0005 0.0001
440C 0.0006 0.0002 0.0005 0.0001 0.0004 0.0002
Notes:
1/ Measurements are in inches.
2/ nil = not measureable
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