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I. INTRODUCTION AND SUMMARY

This investigation was prompted by corrosion problems which arocse in
rocket motor test installations during the course of propulsion research
under Army Air Forces Contract W33-038-ac-14222, A laboratory study of
the corrosion of various stainless steel and aluminum alloys by fuming
nitric acid has been carried out, together with a critical survey of the
literature on this subject. The degree to which actual field experience
will substantiate the results of laboratory tests is always questionable;
however, the conclusions summarized here should provide at least a start-
ing point for the selection of alloys for fuming nitric acid service.

Laboratory corrosion tests of three months duration were conducted on
types 303 (cold-rolled), 316 (cold-rolled), and 347 (forged billet) stain-
less steels, and on types 25-0, 38-0, 175-T, and 24S-T aluminum alloys.

In five series of tests corrosion rates were determined for each alloy
under the following conditions, designed to duplicate these encountered
at the rocket test facility: continuous exposure to commercial 6 1/2%
red fuming nitric acid (RFNA); continuous exposure to both RFNA and its
vapor; alternate exposure to RFNA and to dilute acid; alternate expo-
sure to RFNA and to the atmosphere; alternate exposure to RFNA and to
the atmosphere after water rinsing.

The results of these experiments, correlated with the best litera-
ture data, lead to the following conclusions:

1. Aluminum alloys are definitely superior to stainless steels
for long-term continuous exposure or for intermlttent exposure at am-
bient temperature to fuming nitric acid and its vapor. The corrosion
rates of aluminum alloys in fuming nitric acid remain fairly constant
with time, while those for stainless steels lncrease.

2. The aluminum alloys 25-0, 3S-0, 17S-T, 245-T, Alclad 24S-T,
538, 61S-T, and 75S-T are practically equivalent in their resistance to
fuming nitric acids.

3. Aluminum alloys should never be exposed to dilute nitric acid for
any appreciable time, e.g., by draining of fuming nitric acid and leav-
ing in water or air without very thorough rinsing, since aluminum is
readily attacked by dilute acid.

1
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4, Types 304 and 347 are the most resistant of the stalnless steels
to fuming nitric acid. Low carbon 304 is recommended as the better
choice in view of current restrictions on columbium needed for 347.

5. Stainless steel for which only intermittent contact with fuming
nitric acid is required should be drained and rinsed between exposures,

6. The corrosion resistance of aluminum alloys is practically inde-
pendent of heat treatment before or after welding. Unwelded stainless
steel in contact with fuming nitric acid should be from hot-rolled, fully
annealed stock, while welded samples should be heat-treated at 2000° F.
and rapidly cooled for maximum corrosion resistance.

7. Red fuming nitric acid is more corrosive than white fuming nitric
acid to stainless steel and aluminum alloys. Traces of chlorides, salts
of heavy metals, and sulfuric acid promote the attack on these alloys.

2
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II. EXPERIMENTAL

A, Alloys Investigated

Stainless steel types 304, 316 and 347, and aluminum alloys 25-0,
35-0, 17S-T, and 24S-T were studied. The 347 sample was cut from a
forged billet, while the 303 and 316 were from cold-rolled stock.
Samples of 303 and 316 and of 17S-T and 24S-T were cut from round
bar stock and given a smooth machine finish. Samples of 25-0 and
35-0 were cut from 1/8" sheet. None of the samples received further
surface treatment.

Commercial 6 1/2% RFNA was used in all tests.

B, Testing Procedures

Five series of tests were conducted for a periocd of three months.
Series I and II simulated conditions in drums or other contailners
totally or partislly filled with RFNA. The cycles in Series III, IV,
and V were designed to show whether parts of the rocket motor facility
which must be exposed intermittently to RFNA should be drained and
left in alr or drained, rinsed and left in air or water during the
periods between exposures to acid.

Series I: The samples were immersed continuously in RFNA.

Series II: Approximately half the surface area of each sample
was Immersed in RFNA, the remainder being exposed to the acid vapor.

Series IIT: The samples were immersed in RFNA during the first
phase of each cycle. After determining weight loss, the samples
were lmmersed momentarily In RFNA, dipped quickly into water, and all
placed together but not touching each other, in 100 ml. water (actually
dilute acid because of incomplete rinsing of samples). The samples
were reweighed at the end of each phase. Eleven cycles involving
phase times of one to ten days were completed.

Series IV: The samples were immersed in RFNA during the first
phase of each cycle. After welghing, the samples were redipped in
RFNA, incompletely rinsed by a quick dip in water, and left in air.
Eleven cycles were completed.
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shiny appearance for about four days. At the end of twelve days
all three samples were covered with a shiny black film. After
thirty-three days, the surfaces of 303 and 347 were becoming
slightly rough, while 316 was already very rough. After 50 days
the weight loss of the 316 sample amounted to nearly 50%, and it
could not be dried without rubbing large particles from the sur-
face; hence the test on this sample was discontinued. At the end
of three months, the 305 sample had lost 50% of its original
welight, and the surface showed very serious attack.

After one day in RFNA the aluminum samples bore vari-colored
tarnishes, the colors changing and darkening with time. After
three months the 2S-0 and 35-0 were a dull grey, while the 17S-T
and 24S-T were dull black. Slight pitting was apparent.

Series II: After twelve days exposure to RFNA and its vapor,
each steel sample had darkened slightly and uniformly, and a week
later all were black. The surfaces were noticeably rough after
thirty-six days, the roughness increagsing thereafter and becoming
particularly bad in the case of the 316 sample.

The aluminum samples bore vari-colored tarnishes after one
day. The colors deepened and at some weighing periods were darker
on that part of a sample immersed in the acid. At the end of
three months, the 25-0, and 3S-0 were dull grey, the 17S-T and
24S-T dull black. During the first few days of the tests, white
crystals assumed to be Al(NO3)3 * 9HoO formed on the vapor-exposed
surface of each sample. Slight pitting occurred. No preferen-
tial attack at liquid-vapor interfaces was apparent on either the
steel or aluminum samples.

Series III: The steel samples were still clean after one
cycle, but started to darken after the second exposure to RFNA
and were completely black after the fourth exposure to the acid.
A1l had rough surfaces after thirty-six days, the 316 sample
deteriorating most rapidly so that the test on it was discontinued
after seventy-five days.

As in all the other series, the aluminum samples were tar-
nished after one day in RFNA and heavily tarnished after three
months., During exposure to dilute acid in one of the later cycles,
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Series V: The samples were immersed in RFNA during the first
phase of each cycle. After weighing, they were redipped in RFNA and
left in alr. They were reweighed at the end of this phase. Eleven
cycles were completed.

At the start of the tests the samples, measuring 1/2" x 1/2" x 1/8",
were washed with acetone, dried, and weighed. One sample of esach
alloy was included in each series., During the first ten days of test-
ing, individual samples were immersed continuously or at intervals,
as described above, in 7-8 ml. RFNA contained in 30 ml. test tubes.
The test tubes were closed with rubber stoppers protected by aluminum
foil. Thereafter, all samples of a given test series were immersed
together, continuously or at intervals, in 75 ml. RFNA in a 250 ml.
glass-gtoppered Erlenmeyer flask, taking care that the samples d4id
not touch each other. The acid was changed at approximately weekly
intervals. No effort was made to control the temperature, ambient
temperature varying in the range 50° - 100° F. and averaging about
80° F.

Weight losses of the samples in Series I and II were determined
at intervals of one to ten days. Each sample was rinsed guickly and
thoroughly with water and dried and rubbed with a chamois before

weighing.

C. Experimental Results

1. Calculations

Average corrosion rates for the three months period were
calculated in inches per month (ipm) for the samples in Series
I and II. Average corrosion rates were calculated for each phase
of the testing cycle for sesmples in Series III-V. These rates are
given in Table I. Corrosion rates in ipm calculated for the in-
tervals between weighings (i.e., the phase times in Series III-V)
are plotted for the five series In Figures 1-10.

|

Physical Appearance of Test Samples.

Series I: The sample of 316 steel had started to blacken
after one day in RFNA, while 303 and 347 retained their original
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the 35-0 sample was deeply but smoothly corroded at one corner
(see Figure 11), suggesting that electrochemical action had re-
sulted from its accidently touching another sample.

Series IV: The appearance of hoth the steel and aluminum
gsamples was essentially the same as in Series III. The 316
sample was removed from the test after seventy-five days. In
many cases, the tarnlsh on the aluminum samples lightened during
exposure to air and darkened again in acid.

Series V: The appearance of the steel samples was similar
to that in Series III. The 316 gsample was removed from the test
after seventy-five days. The aluminum samples were tarnished
after exposures to acid, but in general regained silvery satin
finishes during exposure to air. Crystals like those observed
in Series II formed on the surfaces of the 2S5-0 and 3S-0 gamples
during exposure to air,

The appearance of all the steel and aluminum samples at the
beginning and at the end of the test period is shown in Figure
11.

Comparigon of Alloys Tested,

N

a. Steels. The 303, 516, and 347 stainless steel samples
showed no significant differences in corrosion resistance
for about the first two weeks. Thereafter until the conclu-
sion of three months testing, the 347 samples were definitely
atperior to the other two types under all test conditions,
Samples of each steel exhibited considerably smaller corro-
sion rates when exposed simltaneously to both liquid RFNA
and its vapor (Series II) than when exposed to liquid RFNA
alone. There was a general tendency in both the continuous
exposure and the cyclic tests for corrosion rates in RFNA and
its vapor to increase with time, this tendency being least
pronounced with the %47 and most serious with the 316 samples.

The corrosion rates of the steel samples during the RFNA
phases of the cycling tests were of the same order of magni-
tude as those of samples exposed continumously to RFNA. Cor-
rosion rates in the alternate phases, i.e., water after rins-
ing in Series ITI, air after rinsing in Series IV, and air

6
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without rinsing in Series V, were much smaller than in RENA.
The cycle RFNA-rinse-water of Series IIT was least corrosive
for the 303 and 316 samples, while for the %47 samples the
RFNA-air cycle of Series V was Jjust as good as RFNA-rinse-
water.

Aluminum Alloys. The 2S5-0, 3S-0, 17S-T, and 24S-T alloys
invegtigated were congiderably superior to the stainless
gteels in their resistance to RFNA and its vapor. The cor-
rosion rates of samples exposed simultaneously to both liguid
and vapor were higher by 4-6% than those of samples exposed
to liquid RFNA only. Differences among the four alloys in the
various tests were small, the 17S-T being slightly more resis-
tant to liquid RFNA than the others while the 2435-T suffered
the greatest attack.

|=

When the aluminum alloy samples were taken from RFNA and
left in air or rinsed and left in water or air, their corro-
sion rates increased on the average about five-fold. This
was to be expected, since it is well known that aluminum is
attacked by dilute nitric acid.
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IIT. DISCUSSION OF LITERATURE DATA

A, BSelection of Data

. Published data concerning the corrosion resistance of steel and
aluminum alloys to red and white fuming nitric acids are scattered and
incomplete. Those tabulated in Tables II to XX in the Appendix of this
report have been critically selected from the chemical literature,
from classified reports available to us, and from private communice-
tions from several steel and aluminum companies.

Comparison of data from different sources is difficult because
of the large number of factors which influence experimentally deter-
mined corrosion rates. One of the most important considerations in
the evaluation of data was the length of test periods. Tests cover-
ing a few hours or a few days may be necessary and valid in certain
cases, e.g., in tests conducted at high temperatures. However, the
present investigation has shown that in the case of the corrosion of
stainless steels by RFNA at ambient temperature, the corrosion rates
suddenly start to climb after about two weeks exposure and incresase
with time thereafter up to ninety days. Furthermore, tests of 32
months duration conducted by the Allegheny Ludlum Steel Corporation
revealed several definite bresks in the corrosion rate vs. time
curves for types 504 and 347 stainless steell. For this reason
corrosion rates for steels in RFNA calculated from the results of
e.g. forty-eight hour tests at ambient temperature have significance
for that period only and cannot be used validly for predictions about
longer periods. Other factors which must be considered in interpret-
ing corrosion data include heat treatment of the sample, presence of
welds and treatment after welding, stresses in the sample, preparation
of the test surface, ratio of edge length to surface area of the sample,
presence of impuritles in the corroding agent, and the temperature at
which the tests are conducted.

B. Effect of Heat Treatment and Welding on Corrosion Resistance

There seems to be almost general agreement that both welded and
non-welded stainless steels, except perhaps for the columbium stabilized
type 347, require "proper'" heat treatment in order to exhibit maximum
corrosion resistance to fuming nitric acid. Apparently this conviction
is based mainly on practical experience, since it is not borne out in
some cases by the meager data available from laboratory studies. The
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following results summarize various laboratory tests lasting from
three to eight months:

Corrosion rates in 95% and 99% WENA of type 430 steel which,
after welding, had been heated two hours at 1425° F,, furnace-cooled
to 1200° F., and then alr cooled, were lower by 3-35% than those of
welded, non-heat treated 430. (Sands®, Table X.)

Corrosion rates in 99% WFNA of welded samples of type 304 steel
which had been heated fifteen minutes at 1925°:F. and air cooled were
lower by 15% than those of welded, non-heat treated samples, but in
93% WFNA this heat treatment was of no advantage. (Sands®, Table II.)

Welded, non-heat treated type 304 steel did not exhibit signifi-
cantly higher corrosion rates than non-welded, annealed (conditions
unspecified) 304 in either RFNA or WFNA at ambient temperature or at
120° F. However, the average corrosion rates of welded type 304 which
had been held at 1650° F. for twenty-four hours and air cooled were
about six times higher than those of welded, non-annealed %04 in RFNA
and WFNA at ambient temperature, and about twice as high at 1200 F.
(M. W, Kellogg Company’, Tables IV and V). Several other stabiliz-
ing treatments at 1650° for shorter periods with various methods of
cooling were no more successful in reducing corrosion (Carnegie-
I1linois Steel Corporation?).

Heating type 347 steel for 15 minutes at 1925° F. and air cool-
ing resulted in an average T% increase in corrosion rates in 95-99%
WFNA at 130°, as compared with welded, non-heat treated 347 (SandsQ,
Table VII).

The corrosion rate of welded, non-annealed type 347 in RFNA at
ambient temperature was slightly higher than that of annealed (condi-
tions unspecified) 347 containing no weld, However, the rates for
welded, non-annealed samples were lower in WFNA at ambient tempera-
ture and in RFNA and WFNA at 120O F. than the rates for non-welded
samples (M. W. Kellogg Company’, Tables VIII and IX).

The M. W. Kellogg Com.pa.ny5 found that cold-working of stainless
steel caused a serious increase in corrosion rates in fuming nitric
acid, particularly if some heat was required as in bending stainless
steel pipe. In such a case, solution treatment for fifteen minutes
at 2000° F, was recommended.
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On the basis of these scattered data and the experience of the
Carnegie-Illinois Steel Corporation4, heat treatment of stainless
steels after welding appears more likely to cause a decrease rather
then an increase in corrosion resistance, unless the heat treating is
done at about 2000° F., followed by rapid cooling. In the latter
case the chances of increasing corrosion resistance seem to be con-
siderably better. Unwelded stainless steel in contact with fuming
nitric acid should be from hot-rolled, fully annealed stock.

According to Sandsz, corrosion of heat-treated steel samples is
largely confined to the edges. He suggests that this may account
for some variation between plant and laboratory experience, since
drums and welded containers do not have edges exposed to attack.
Excessive corrosion at edges and corners was not observed in the
present tests on types 303 and 316 steel cut from cold-rolled bar
gtock, or on type 347 cut from a fofged billet.

Aluminum alloys, welded or non-welded, appear not to require heat
treatment before exposure to fuming nitric acid. Heat treatment is not
particularly detrimental to corrosion resistance, however. These con-
clusions follow from the data for 2S, 3S, and Alclad 24S-T alloys in
Tables XIT-XIV and XVI-XVIII., Localized corrosion around welds in
aluminum alloys has not been observed.

C. Effect of Acid Composition on Corrosion Resistance

Few data have been found in the literature which will permit reli-
able direct comparison of the corrosive action of 6.5% RFNA, 16%
RFNA, and WFNA on stainless steel and aluminum alloys. Kaplan and
Andrus® state that corrosion rates are not gignificantly different
in these acids, although other sources indicate, without furnishing
data, that WFNA is less corrosive than the red fumiﬁg acids,

The M. W. Kellogg Company3 reports the following: For types
304 and 347 steel, WFNA and RFNA (of unspecified compositions) are
about equally corrosive at ambient temperature (Tables IV and V,
VIIT and IX). At 120° F. corrosion rates of these steels are about
two to four times as high in RFNA as in WFNA, depending on the pres-
ence of welds and heat treatment of the samples. For 25-0 and Alclad
243-T aluminum, corrosion rates in RFNA are about 1.5 times those in
WFNA at ambient temperature. At 120° F. the rates in RFNA are usually
slightly smaller than those in WFNA (Tables XIII and XIV, XVII and
XVIII).

10
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Sands® shows that stainless steels (Tables II, III, VI, VII, and
X) are generally more susceptible to attack by 97-99% WFNA than by
93-95% WFNA, while aluminum (Tables XII and XVI) is slightly more
resistant to attack by the more concentrated acid. It is also
apparent from these tables that the vapor phase of WFNA is generally
more corrosive to both stainless and aluminum alloys than is the liquid
phase. In the present investigation, the aluminum alloys were more
severely attacked by the vapor of RFNA than by the liquid acid; however
the liquid RFNA was more corrosive than the vapor to the stainless
steel samples,

Little is known concerning the accelerating or decelerating effects
of impurities in fuming nitric acids on corrosion rates. According to
Seligman and Williams6, up to 0.05% chloride in the acid has no effect
on the corrosion of aluminum, while traces of sulfuric acid promote
the attack. Chlorides and salts of heavy metals in fuming nitric
acids have been mentioned as harmful to aluminum! as well as to stain-
less steel, while traces of sulfuric acid also increase the corrosion
of stainless steel%. Kaplan and Andrus found in 3-7 hour tests, how-
ever, that at 250-300° F. both aluminum and stainless steel are at-
tacked much less severely by an 88-12 mixture of WFNA and fuming sul-
furic acid ("mixed acid") than by RFNAD,S.

D. Effect of Temperature on Corrosion Resistance.

The corrosion rates of both stainless steel and aluminum alloys
in fuming nitric acid increase with increasing temperature, but few
quantitative data concerning the temperature effect are available.
Results of the M. W. Kellogg CompanyB, summarized in Tables IV and
V, VIIT and IX, indicate that increasing the temperature from am-
bient to 120° F. causes the corrosion rates of types 304 and 347
steel to increase about twice as much in RFNA as in WFNA. On the
other hand, the corrosion rates of 25-0 and Alclad 24S-T aluminum
increase about equally in RFNA and WFNA for the same temperature in-
crease (Tables XIII and XIV, XVII and XVIII).

Corrosion rates for type 304 stainless steel and 25 and 3S alumi-
num alloys kept in 93% and 99% WFNA for ninety days at 90°, 110° and
130° F. are given in Tables III, XII and XVI as reported by Sands.
The rates show an average two-fold increase for each 10° rise in
temperature over this range. If this rate of increase were assumed
to hold with RFNA up to e.g. 270° F., corrosion rates of the order of
10-100 ipm might be expected at this higher temperature. However,

11
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rates amounting to only 0.06-0.6 ipm were obtained by Kaplan and
Andrus5’8 for 304 and other stainless and aluminim alloys from tests
in RFNA lasting three to seven hours at 250-300° F. (Table XI).
Moreover, there 1s evidence that at this temperature corrosion is
most severe during the first few hours of exposure, so that longer
test periods would show lower average corrosion rates: Kaplan and
Andrus calculated rates of 0.1 and 0,06 ipm for 304 stainless steel
from tests of 3.3 and 6.6 hours respectively.

E. Recommended Alloys

The quantitative experimental data which are collected in the
Appendix of this report, together with actual field experience re-
ported by various handlers of fuming nitric acids; e.g., E. I. duPont
de Nemours and Company9, indicate that types 304 and 347 are the most
resistant of the stainless steels to these acids. Low carbon 304
(carbon 0.03% maximum instead of 0.08% maximum) has been reported® to
be more corrosion resistant than ordinary type 304 and is recommended® >’
as the best choice for fuming nitric acid service, particularly in
view of current restrictions on the columbium needed for 347.

Aluminum alloys in general are more satisfactory for service in
fuming nitric acid than are the stainless steels. According to data
available, there is little choice among the types 25-0, 35-0, 17S-T,
243-T, Alclad 24S-T, 53S, 61S-T, and 75S-T as far as corrosion re-
sistance is concerned.

12
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ADDENDUM - JUNE, 1951

No reliable exhaustive study of corrosion by fuming nitric acid has
been carried out. The conclusions reached in this report were based on
our own simple laboratory tests and on the best published data available
to us in January, 1951. These conclusions are not altered by the follow-
ing additional information brought to our attention since that time:

1. M. W. Kellogg Company Report SPD 121, Appendix E, March 19, 1948,

2. Progress Reports 1 through 4, dated May 31, August 21, October 6,
and December 11, 1950, by the Ohio State Research Foundation,
Columbus, Ohio, on "Investigation of Materials for Handling Fuming
Nitric Acid", It is suggested that Dr. M. G. Fontana, supervisor
of this project, be contacted for possible further information.

In contrast to aluminum alloys, the corrosion resistance of stainless
steels to fuming nitric acid is greatly dependent on welding and heat
treatment processes. It is possible that some suitably heat-treated
stainless steels may be nearly as corrosion resistant as aluminum alloys,
but the fact that the heat treatment is critical cannot be over emphasized.

As stated in this report, scattered laboratory tests have shown that
white fuming nitric acid is less corrosive than red fuming nitric acid.
However, experience at our rocket test facility indicates the reverse to
be the case. We are now duplicating with the white acid the laboratory
tests which we conducted with the red acid.

The possibility of galvanic corrogion resulting from the coupling of
dissimilar materials must always be given gerious congsideration. For in-
stance, recent experience at our rocket test facility shows that aluminum
immersed in fuming nitric acid in contact with certain stainless steels
1s rapidly corroded.

13
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