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Abstract

Lubricant systems in military aircrafts, operating in marine environments, experience corrosion due to seawater

contamination. In particular, low chromium martensitic bearing and gear steels are susceptible to pitting corrosion

attack in seawater-contaminated lubricants. Therefore, the corrosion performance of two advance bearing steels

was assessed in this study. The steels were immersed in oil solutions and the corrosion results were analyzed as

a function of seawater content and time. Optical image analysis was used to measure the pit density/size/distribu-

tion and an optical profiler was used to measure pit depth.

It was found that while the pit surface fraction (pit

surface areal/total area) and pit depth increased with seawater content and time, the actual chloride content in the

oil might have made a greater contribution to the corrosion damage.
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1. Introduction

Stainless steels are widely used for their corrosion resistance,
especially in harsh environments.!"! Chlotide contaminated envi-
ronments, in particular, can cause pitting corrosion and possible
failure of steel including stainless steel parts. Even in protective
oil, corrosion can still occut.” Information pertaining to the
protectiveness of oil towards corrosion can be very useful for
many applications.

In order to quantify the effects of chloride concentration on
corrosion rates in oil, tests were performed on M50 steel and
carburized Pyrowear 675 stainless steel (P675) (provided by
Pratt & Whitney), while varying the seawater concentration and
studying the corrosion at different lengths of time (1 week and
1 month). Upon test completion, each sample was analyzed
by optical image softwate to determine pit density (pits/area),
average pit size, and surface fraction of pits. This was followed
by optical profilometry to determine deepest pit depth. The
results of these tests show the effect of chloride concentration
and time on corrosion rate.
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2. Experimental Procedure

Corrosion tests were run on ten M50 samples, and four P675
samples. M50 was tested at 0 water (with 5% seasalt), 500ppm
seawater, 2500ppm seawater, 5% seawater, and 30% seawater in
oil for both one week and one month. Pyrowear 675 was tested
at 5% seawater and 30% seawater in oil for one week and one
month. The seawater used in this study had 0.6 mole chloride
content. Oil-seawater mixtures were made of Exxon 254 jet
oil, ASTM D 1141-52 standard seasalt, and DI water. Prior
to testing, all M50 samples were mounted in an epoxy resin
and polished to a 1 lm polish. P&W supplied Pyrowear 675
samples with a 1 m surface finish and no further polishing was
performed. Samples were placed in sealable mason jars, with
polished side up, containing the vatious oil/seawater solutions.
The seawater-oil solutions were added until the sample surface
was located approximately 1/3 depth from the bottom (Figure
1). Upon test completion, the samples were cleansed using a
DI water sonic bath, acetone, methanol, and a DI water rinse.
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Figure 1. (a) 14 samples stored in 7 sealed mason jars. (b) Close-up photo with a superimposed image indicating how the

sample was positioned in the solution.

Analysis began with optical digital photos and micrographs
taken on a Zeiss Axiovert 200 microscope. Multiple micro-
graphs, at various magnifications and positions were taken of
each sample to provide an overall representation of the surface.
Three micrographs were selected for areal analysis. Areal analy-
sis was performed using a Scion Image Alpha 4.0.3.2 instrument.
Scion Image distinguishes pits based upon a given threshold
value (a sample of an analyzed micrograph with pits shown in
red can be seen in Figure 2). The threshold corresponds to
the pit size and comparisons of the analyzed image and optical
image were used to determine the appropriate threshold value.
The Scion Image program was used to quantify the number of
pits and the area and perimeter of each pit. Italso measured the
total size of the area being analyzed. From this data, pit density,
average pit size, and the surface fraction that pits covered were
determined.

Figure 2. Analyzed micrograph of M50
sample from 2500ppm seawater in oil for 1
week

After analysis, each sample was then surface profiled on a
WYKO NT1100 optical profiling system, using Vision 32 3.303
SMU4 Build 5 software by Veeco. Measurements of multiple
pits were made to determine the deepest pit on each sample.
The deepest pit depths were reported, not the average pit
depths, in order to provide useful information regarding critical
flaw size.

3. Results & Discussion

Micrographs of the samples can be seen in Figures 3-9. New
oil is assumed to contain approximately 150ppm water. The
amount of seasalt added is the same as the amount of seasalt
that is present in the 5% seawater (0.6 M CI) solution. This
study was performed to understand what might happen if a
large quantity of seawater contaminated the oil and then was
evaporated off (leaving behind the salt).

As can be seen by the micrographs, only the M50 steel in
0 water, 500ppm, and 2500ppm samples can be analyzed for
pitting damage. For the M50 steel, 5% and 30%, the corrosion
was morte severe and the pitting damage is difficult to quantify.
The M50 samples displayed a filiform type of corrosion for the
2500ppm seawater samples, as seen in Figure 5.

Filiform corrosion is a type of crevice corrosion, and has
mostly been observed under thin coatings of the organic type.
It can most easily be described as worm-looking, with an ac-
tively corroding head and an inactive tail filled with corrosion
products. Filiform corrosion is generally found to be superfi-
cial, and considered not to have a critical effect on the bulk.F!
More study needs to be done to determine if the corrosion in
Figure 5 is indeed a type of filiform corrosion, and therefore
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Figure 3. Micrograph of M50 in Oil with seasalt added (no water added) for 1 week, taken with Zeiss microscope (a) 1
week (b) 1 week (c) 1 month (d) 1 month

Figure 4. Micrographs of M50 in 500ppm Seawater for 1 week, taken with Zeiss microscope (a) 1 week (b) 1 week (c) 1
month (d) 1 month
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Figure 5. Micrographs of M50 in 2500ppm Seawater for 1 week, with Zeiss microscope (a) 1 week (b) 1 week (c) 1 month
(d) 1 month
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Figure 6. Micrographs of M50 in
taken with Zeiss microscope.

Figure 8. Micrograph of Pyrowear 675 in 30% Seawater
after 1 week, taken with Zeiss microscope

Figure 7. Micrographs of M50 in 30% Seawater for 1 week,
taken with Zeiss microscope

58« JUMR



=

Figure 9. Micrographs showing the localized corrosion region on alloy 2 in 30% Seawater after 1 week, taken with Zeiss

microscope (a) 1 week (b) 1 week (c) 1 month (d) 1 month
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Table 1. Pit density data collected through Scion Image

analysis software
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Table 2. Average Pit sizes collected through Scion Image
analysis software
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Figure 10. Number of pits per cm? in Oppm, 500ppm, and
2500ppm seawater concentrations for 1 week and 1 month

Table 3. Average surface fraction covered by pits,
determined through Scion Image analysis software

determine how much or how little need for concern there is in
these samples.

The transition from pitting to general/severe cotrosion is
suspected to be somewhere around 4000ppm, but more studies
need to be conducted in that range.

For carburized Pyrowear 675 stainless steel, there was very
little corrosion, as compared to M50 steel, though some pit-
ting damage was observable. As mentioned, only the harshest
conditions were studied at this point for P675 samples (5% and
30% seawater-oil solutions). Figure 8 represents the typical
corrosion damage incurred on P675 samples; however P675
does display some localized corrosion phenomenon as depicted
in Figure 9. Pitting was observed to initiate at grain boundaries
on the samples as evidenced in Figure 9. The areas of attack are
considered to be the steel matrix alloy adjacent to the chromium
carbide precipitates, but further analysis is needed.

Pit density data (# pits/cm?) has been collected and is dis-
played in Table 1 and Figure 10. For the 1 week immersion
time, a direct correlation can be seen between seawater content
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Figure 11. Average Pit Size (cm?) at Oppm, 500pm, and
2500ppm for 1 week and 1 month

and pit density. For the 1 month immersion time, the correla-
tion is not as evident due to the coalescence of pits during pit
growth (i.e. the number of pits decrease as multiple pits grow
to form one larger pit).
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Pit size data (pit area) is listed in Table 2 and is plotted in
Figure 11. For the 1 month immersion time, there is a very
strong correlation between seawater content and average size
of pits, but for the 1 week immersion time, a direct trend of
pit size to seawater concentration is not present. This indicates
that pitting is not just an effect of seawater content, but also a
function of the chloride content in the seawater. This is due to
the fact that seasalt (not seawater) was added to the oil for the 0
“seawater added” solution, but there is approximately 150ppm
water already present in the oil from air exposure. Therefore,
the chloride concentration in this solution is much greater than
the others, which might explain the excess pitting for the 1 week
M50 sample. More studies, which consider various chloride
concentrations in seawater, will need to be carried out to verify
the correlation between chloride content and pitting damage.

Taking into account the fact that pits eventually grow together,
the best way to express the aerial growth of pits is by quantify-
ing the areal surface fraction occupied by pits. Surface fraction
data is listed in Table 3 and plotted in Figure 12. Over the time
period of 1 week, surface fraction increases from 0.0042 to
0.0189 as seawater content goes up from 0 to 2500ppm. Over
1 month time, the correlation is even stronger. Surface fraction
increases from 0.0066 to 0.1860. This means that at 2500ppm
seawater content, almost 19% of the surface is covered by pits
after only 1 month time.
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Table 4. Average surface fraction covered by pits, deter-
mined through Scion Image analysis software

Pit depths were measured using a WYKO NT1100 optical
profiling system, using Vision 32 3.303 SMU4 Build 5 software
by Veeco. The deepest pit depth data is presented in Table 4
and plotted in Figure 13. While pit depth would be expected
to follow the same pattern as surface fraction, that does not
appear to be the case. The pits at O water are much deeper than
expected (around 4 microns deep). This is possibly due to the
150ppm water already present in the oil dissolving the added salt
and making a very high chloride concentration seawater. This
high chloride concentration seems to have as much or more of
an effect on pit depth (and even pit size) than the seawater con-
tent has. For this solution, seasalt was directly added to the oil
(not seawater). The amount of seasalt added is the same as the
amount of seasalt that is present in the 5% seawater solution.
This study was performed to understand what might happen if
a large quantity of seawater contaminated the oil and then was
evaporated off (leaving behind the salt).

The 2500ppm seawater content solution does not seem to
cause pits to grow very deep eatly on but after 1 month’s time,
they are as deep as 6.6 microns. Some of the optical analysis
images are shown in Figures 14-16.

5. Conclusion

It has been found that surface fraction is the best way to
quantify the pitting damage. Surface fraction of pitting has an
obvious correlation with seawater content and time. Pit depth
also shows a correlation with seawater content and time, but
seawater content and time are not the only factors in pit growth.
It has been shown that higher molarity of the seawater causes
larger and deeper pits, and may be more crucial to pit depth
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Figure 12. Average surface fraction covered by pits at
Oppm, 500ppm, and 2500ppm for 1 week and 1 month
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Figure 13. Deepest pit found per sample through optical
profilometry
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Figure 14. Optical profilometry images used to quantify pit depths in M50 after being immersed in Oppm seawa-
ter added (=150ppm water present in the oil) for (a) 1 week (b) 1 month

Figure 15. Optical profilometry images used to quantify pit depths in M50 after being immersed in 500ppm
seawater (0.6 M CI) + oil solution for (a) 1 week (b) 1 month

Figure 16. Optical profilometry images used to quantify pit depths in M50 after being immersed in 2500ppm
seawater (0.6 M CI) + oil solution for (a) 1 week (b) 1 month
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than seawater content. A note should be made that there is an
obvious corrosion resistance advantage in P675 as compared
to M50.
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