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ABSTRACT

Various vacuum jacketed cryogenic supply lines at the Shuttle
launch site use convoluted flexible expansion joints. The
atmosphere at the launch site has a very high salt content,
and during a launch, fuel combusticn products include
hydrochloric acid. This extremely corrosive environment has
caused pitting corrosion failure in the flex hoses, which
were made out of 304L stainless steel. A search was done to
find a more corrosion resistant replacement material. This
study focused on 19 metal alloys. Tests which were performed
include electrochemical corrosion testing, accelerated
corrosion testing in a salt fog chamber, long term exposure
at the beach corrosion testing site, and pitting corrosion
tests in ferric chloride solution. Based on the results of
these tests, the most corrosion resistant alloys were found
to be, in order, Hastelloy C-22, Inconel 625, Hastelloy C-
276, Hastelloy C-4, and Inco Alloy G-3. Of these top five
alloys, the Hastelloy C-22 stands out as being the best of
the alloys tested, for this application.
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1.0 INTRODUCTION

1.1 Flexible hoses are used in various supply lines that
service the Orbiter at the launch pasd. These convoluted
flexible hoses were originally made out of 304L stainless
steel. The extremely corrosive environment of the launch
site has caused pitting corrosion in many of these flex hose
lines. In the case of vacuum jacketed cryogenic lines,
failure of the flex hose by pitting causes a loss of vacuum
and subsequent loss of insulation.

1.2 The atmosphere at the launch site has a very high
chloride content caused by the proximity of the ocean.
During a launch, the products from the fuel combustion
reaction include concentrated hydrochloric acid. This
combination of chloride and acid leads to a very corrosive
environment. This type of environment causes severe pitting
in some of the common stainless steel alloys.

1.3 A search was undertaken to find an alternative material
for the flex hoses, to reduce the problems associated with
pitting corrosion. An experimental study was carried out on
19 candidate alloys, including 304L stainless steel for
comparison. These alloys were chosen on the basis of their
reported resistance to chloride environments.

1.4 Data is available in the literature on the corrosion
resistance of several of the alloys being considered in this
study. The data generally is for seawater (1-3), chloride
solutions (3-13), or acids (8,10,12,14,15) individually.
Some information is available on combinations of these
(8,10,11,13,16), but experimental results were not found for
all of the alloys under the specific conditions of the
environment of interest -- NaCl combined with HCl.

1.5 Tests to determine which of the candidate alloys would
have the best corrosion resistance include electrochemical
corrosion testing, accelerated corrosion testing in a salt
fog chamber, long term exposure at the beach corrosion
testing site, and pitting corrosion tests in ferric chloride
solution. The results of the electrochemical testing and
preliminary results from the ferric chloride immersion test
were reported previously (17,18). The electrochemical
results are summarized here in Appendix A, for convenience.
KSC personnel have been completing the ferric chloride
immersion test and carrying out the salt fog chamber and
beach exposure tests during the year since last summer. This
report presents the results of these tests for all 19 of the
candidate alloys.

183



2.0 MATERIALS AND EQUIPMENT

2.1 CANDIDATE YS

2.1.1 Nineteen alloys were chosen for testing as possible
replacement material for the 304L stainless steel flex hoses.
J04L stainless steel was included for comparison purposes.
The 19 candidate alloys and their nominal compositions are
shown in Table 1. These alloys were chosen for consideration
based on their reported resistance to corrosion.

2.1.2 1In addition to corrosion resistance, mechanical
properties are also important to consider when selecting a
new material. Some physical and mechanical properties for
the candidate alloys are listed in Table 2.

2.2 SALT FOG CHAMBER/ACID DIP

2.2.1 Accelerated testing of the candidate alloyrs was
performed in an Atlas Corrosive Fog Exposure System Model
SF-2000. The solution used was the standard 3% sodium
chloride mixture prepared as needed. The dipping solution
used in the process was a 1.0N (about 9 vol%X) hydrochloric
acid/alumina (Al203) mixture. The particle size of the
alumina was 0.3 micron. The solution was thoroughly stirred
prior to dipping due to the settling of the alumina powder.

2.2.2 Flat test specimens exposed to these solutions were 1"
x 2" samples of the identified alloys and were approximately
1/8" thick. One set of samples were base metals with an
autogenous weld on one end as identified in Table 3. Another
set of specimens were the candidate alloys welded to 304L
stainless steel for galvanic studies and are identified in
Table 4. All flat specimens had a 3/8" hole drilled in the
center for mounting purposes. Stress corrosion cracking
specimens were standard U-bend samples prepared with a weld
in the center of the bend, using the same materials as given
in Table 3. The specimens were obtained commercially from
Metal Samples Company, RT. 1, Box 152, Munford, AL.

2.3 BEACH EXPQOSURE/ACID SPRAY

2.3.1 All exposure in this test was carried out at the KSC
Beach Corrosion Test Site which is approximately 100 feet
from the high tide line. The site is located on the Atlantic
Ocean approximately 1 mile south of Launch Complex 39A.
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2.3.2 The acid solution used in the spray operation was 10%
hydrochloric acid by volume (about 1.0N) mixed with the 0.3
micron alumina powder to form a slurry. The specimens used
in this testing were duplicate specimens as described in the
aalt fog/acid dip tests.

2.4 FERRIC CHLORIDE IMMERSION

2.4.1 Large glass beakers (600 - 1000 ml) were used to hold
the test solution. Specimens were suspended in the solution
by a glass cradle. Test specimens were 1" X 2" flat samples
as described in the salt fog/acid dip tests.

3.0 TEST PROCEDURES

3.1 SALT FOG CHAMBER/ACID DIP

3.1.1 Before mounting, the new corrosion specimens were
visually checked and weighed to the nearest 0.1 milligram on
a properly calibrated Mettler AE160 electronic balance. The
specimens were then mounted on insulated rods and set in the
salt fog chamber at about 15-20 degrees off the vertical.

3.1.2 The specimens were exposed to one week (168 hours) of
salt fog per ASTM B117 (19). The temperature of the chamber
was controlled at 95°F (35°C) % 2¢F., After the one week
exposure, the specimens were removed and dipped in the
hydrochloric acid/alumina mixture to simulate the booster
effluent created during launch of the Space Shuttle. After
one minute of immersion, the specimens were allowed to drain
and dry overnight. Following this dipping procedure, the
samples were installed in the salt fog chamber for the next
one week cycle.

3.1.3 After a four week/four dip period, the specimens were
removed from the mounting rod and inspected. The inspection
procedure included cleaning, weighing, and visual
characterization of the corrosion taking place. The corroded
specimens were first cleaned using a nonabrasive pad and
soapy water to remove heavy deposits of alumina. This was
followed by chemical cleaning per ASTM Gl (20) to remove
tightly adhering corrosion products. After cleaning, the
specimens were allowed to dry overnight before weighing. The
specimens were weighed to the nearest 0.1 milligram on the
Mettler electronic balance. The coupons were visually
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inspected with the naked eye and under 40x magnification.

All observations were recorded in terms of appearance, sheen,
pit severity/density, and stress cracking phenomena. After
the inspection, the specimens were remounted and returned to
the chamber for the next four week/four dip cycle of testing.

3.2 BEACH EXPOSURE/ACID SPRAY

3.2.1 The beach exposure test procedure was based on ASTM
G50 (21), with the addition of an acid spray. The new
duplicate specimens were first visually inspected and weighed
to the nearest 0.1 milligram as was stated before. The
coupons were mounted on short insulated rods that were
attached to a plexiglas sheet. The orientation of the
specimens was face side up and boldly exposed to the
environment to receive the full extent of sun, rain, and sea
spray. The U-bend specimens were mounted on 36" long
insulated rods and secured with nylon tie wraps., Both the
plexiglas sheet and the insulated rods were mounted on test
stands at the beach corrosion test site using nylon tie
wraps. The specimens were mounted facing east towards the
ocean at a 45 degree angle.

3.2.2 Approximately every two weeks, the specimens received
an acid spray with the solution described. The acid spray
thoroughly wet the entire surface and was allowed to remain
on the surface of the specimens until it dried or was rinsed
off by rain.

3.2.3 After the first exposure period of 60 days, the
specimens were brought to the laboratory for inspection. The
inspection procedure was the same as that for the salt fog
testing. The samples were remounted and returned to the
beach site for continued exposure testing.

3.3 FERRIC CHLORIDE IMMERSION

3.3.1 The ferric chloride immersion test procedure was based
on ASTM G48, Method A (22). The test solution was made by
dissolving 100 grams of reagent grade ferric chloride

(FeCla: 6H20) in 900 ml of distilled water. The solution was
then filtered to remove insoluble particles and allowed to
cool to room temperature.

3.3.2 Samples were measured to calculate exposed surface
area, cleaned, rinsed, and weighed before immersion in the
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test solution. Each sample was placed in a glass cradle and
lowered into the test solution. The beaker was covered with
a watch glass and left for 72 hours.

3.3.3 After 72 hours, the samples were removed and rinsed
with water. Corrosion products were removed, and the samples
were then dipped in acetone or alcohol and allowed to air
dry. Each specimen was weighed and examined visually for
signs of pitting and weld decay. Specimens were also
examined at low magnification and photographed.

3.3.4 Some of the samples that showed no sign of corrosion
were put back into the test solution. These samples were
periodically inspected and re-immersed for a total exposure
time of 912 hours.

4.0 TEST RESULTS AND DISCUSSION

4.1 SALT FOG CHAMBER/ACID DIP

4.1.1 After four weeks of salt fog exposure and 4 dipping
processes, the coupons were brought to the laboratory for
analysis. After the cleaning procedure, the specimens were
weighed to determine weight loss caused by the four week
exposure. Using the weight loss results and the measured area
of the coupons, corrosion rate calculations were made to
compare the alloys’ resistance to the salt fog/acid dip
environment. The formula used to calculate the corrosion
rate is

CORROSION RATE (MILS PER YEAR) = 534w

dAt

where w is the weight loss in milligrams, d is the metal
density in grams per cubic centimeter (g/cm®), A is the area
of exposure in square inches (in?), and t is the exposure
time in hours. This expression calculates the uniform
corrosion rate over the entire surface and gives no
indication of the severity of any localized attack (pitting)
that could be occurring on the surface. To determine the
gseverity of this localized attack, the coupons were examined
visually with the naked eye and under 40 power magnification.
The measured weight loss, the resulting calculated corrosion
rate, and the visual observations for each of the alloys for
the four week cycle are presented in Table 5. As can be seen
from the table, several materials clearly separated from the
rest and displayed superior corrosion resistance. These
materials included three Hastelloy alloys (C-22, C-4, and C-
276), Zirconium 702, Inconel 625, &and Inco Alloy G-3. The
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Inco Alloy G-3 marked the point at which the corrosion rates
accelerated rapidly for the many stainless steel alloys
included in the testing. The visual observations confirmed
the corrosion resistance of the top alloys with no visual
deterioration at 40x. These results were considered
important but premature, and the specimens were returned to
the salt fog chamber for further exposure.

4.1.2 Following another four week cycle, the specimens were
brought to the laboratory for the eight week analysis. The
same procedures were conducted to clean, weigh, calculate,
and observe the specimens. The eight week data is shown in
Table 6. As can be seen from the table, not much changed in
the ranking of the alloys, with the top six materials clearly
superior to the rest. However, the Inco Alloy G-3 started
showing signs of pitting at 40x, but these pits were small.
The corrosion rates did not change much since the
relationship between weight loss and time should stay fairly
constant. However, some materials display a slight reduction
in corrosion rate, and this is probably due to a slight
slowing of the pitting after an initial accelerated attack.
In comparison to the electrochemical data (17), two materials
changed their relative positions in the rankings. The cyeclic
polarization in 1.0N HC1/3.55% NaCl showed the Zirconium 702
material to be a poor performer, but in the salt fog/acid dip
testing, this material displayed excellent corrosion
resistance. On the other hand, the electrochemical testing
in the 1.0N HC1/3.55% NaCl showed the Ferralium 255 to
perform well, but in the salt fog/acid dip testing, this
material corroded rapidly and pitted badly. The reasons for
this behavior are unclear, but continued testing confirmed
this result.

4.1.3 Following another four week cycle, the specimens were
brought to the laboratory for the 12 week analysis. The
results of the 12 week testing are shown in Table 7. After
12 weeks in the salt fog chamber and 12 dips in the acid
slurry, a clear trend started to emerge. The corrosion rates
were remaining fairly constant with a slight reduction still
being displayed by some materials. The alloys were settling
into their positions for the ranking of corrosion resistance
in this accelerated environment. The Inco Alloy G-3 lost its
sheen and continued to display pitting attack and some
deterioration of the weld. The observation of very small
pits developing on the three Hastelloy materials and one
Inconel material were barely detectable and were considered
insignificant since the weight loss remained very low.

4.1.4 Following another four week cycle, the specimens were
brought to the laboratory for the 16 week analysis. The 16
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week data is presented in Table 8. As can be seen from the
table, several materials displayed increased attack and fell
lower in the rankings. Most notable were the 304L, 316L, and
317L stainless steels. This allowed several materials to
move up in the rankings, most notably the Inconel 600,
Inconel 825, and the Ferralium 255. The visual observations
continued to be helpful in characterizing the alloy surface
and type of corrosive attack. The top materials did not
display any increase in pitting, and the weight loss data
confirms this fact.

4.1.5 At the completion of another four week cycle, the
specimens were brought to the laboratory for the 20 week
analysis. The 20 week data is presented in Table 9. As can
be seen from the table, the materials generally remained in
their respective positions when compared to the 16 week data.
The 304L stainless steel dropped slightly in the rankings due
to severe weld attack. When the corrosion rate data is
graphed, as in Figure 1, the great differences in performance
can easily be seen. The level of performance of the top
alloys is much higher than that of the lower materials. The
cutoff line between the Incoloy G-3 and the Hastelloy B-2
shows a 15 fold increase in the corrosion rate. The
corrosion rate of 304L stainless steel is approximately 260
times higher than that of Hastelloy C-22 in the salt fog/acid
dip exposure test.

4.1.6 1In conjunction with the standard alloy coupons,
specimens were tested in the composite welded configuration.
These specimens were produced by joining dissimilar metals by
welding the candidate alloys to 304L stainless steel. The
resulting composite coupons were exposed to the same
conditions as the standard specimens to determine any
undesirable galvanic effects at the weld area. This was
considered necessary since the successful new alloy would be
installed in an existing 304L stainless steel piping system,
and galvanic corrosion in the weld area could become a source
of system failure. The composite welded coupons were cleaned
prior to examination in the same manner as described earlier.
The 16 week observations are presented in Table 10. As can
be seen from the table, most of the specimens suffered some
type of weld decay. For the alloys under consideration from
a corrosion resistance standpoint (Hastelloy C-22 and Inconel
625), the deterioration was mostly on the 304L surfaces
adjacent to the weld. Since 304L stainless steel is anodic
to these two alloys, this result was expected. The 304L is
corroding preferentially and cathodically protecting the more
corrosion resistant alloy. Since the particular application
of the corrosion resistant alloy is to form thin wall
convolutes welded to a heavy wall 304L stainless steel pipe,
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the galvanic effect will be minimal. The effects can be
further lessened by welding using the corrosion resistant
alloy as the weld filler and coating the weld area with AR-7
to block any electrolyte from reaching the galvanic couple.
The AR-7 material is readily available from KSC stock and is
described fully in KSC-STD-C-0001B.

4.1.7 Further testing was conducted during the study to
determine if any of the alloys under consideration would be
susceptible to stress corrosion cracking in the Shuttle
launch environment. This was considered important due to the
forming operations used in fabricating flexible convoluted
bellows. The convolutes are severely deformed during
manufacture, and high residual tensile stresses could be
present. This situation combined with a corrosive
environment created concern to properly define the stress

corrosion behavior of the candidate alloys. For this
testing, standard U-bend specimens were exposed to the same
set of conditions as the corrosion coupons. These U-bend

specimens were welded in the wmiddle of the bend to create the
worst case condition. As of the time of this report, only
two of the stress corrosion specimens have failed. The 304L
stainless steel specimen cracked after eight weeks and eight
acid dips. The Ferralium 255 specimen cracked after 12 weeks
and 12 acid dips. All other materials are continuing to
display stress corrosion cracking resistance in the salt
fog/acid dip environment.

4.2 BEACH EXPOSURE/ACID SPRAY

4.2.1 After 60 days of beach exposure and 5 sprays with the
acid slurry, the coupons were brought to the laboratory for
analysis. After the cleaning procedure, the specimens were
weighed, corrosion rate calculations were made, and visual
examinations were conducted as described for the salt
fog/acid dip process. The results of these analyses for each
of the alloys for the 60 day/5 spray cycle are presented in
Table 11. As can be seen from the table, several materials
clearly separated from the rest and displayed excellent
corrosion resistance. The Hastelloy C-22 and Inconel 625
showed no detectable weight loss while the Hastelloy C-4 and
C-276 were on the limits of measurement. The calculated
corrosion rates for these materials are considered
insignificant, and any one should be considered acceptable.
The observations confirmed the resistance of these alloys
with no visual deterioration at 40x. These results were
considered important but premature, and the specimens were
returned to the beach for further exposure.
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4.2.2 After 251 days of beach exposure with 13 acid sprays,
the specimens were brought to the laboratory for analysis.
The same procedures as before were conducted to clean, weigh,
calculate, and observe the coupons. The 251 day data is
shown in Table 12. A graphical presentation of the corrosion
rate data is shown in Figure 2. Following the 251 day
exposure cycle, the same four materials displayed excellent
corrosion resistance and were clearly superior to the
remainder of the alloys. The same reduction in corrosion
rate phenomenon was experienced as in the salt fog testing.
This is probably due to a reduction in pitting rates over
time as explained previously. The corrosion rates shown in
Figure 2 display the same cutoff as for the salt fog data,
except that the increase in corrosion rate is not as
pronounced. Between the Incoloy G-3 and the Ferralium 255,
there is only a 5 fold increase in corrosion rate. Since the
corrosion rates of Hastelloy C-22 and Inconel 625 were not
measurable, no numerical comparison factor can be found with
respect to the other alloys. However, these two alloys are
clearly superior to the stainless steel alloys in the beach
exposure/acid spray testing.

4.2.3 When the beach results are compared to the salt fog
results, many materials change positions relative to each
other. 1In general, the materials at the top (Hastelloy C-22
and Inconel 625) and at the bottom (20Cb-3 and Monel 400) of
each list remained in their respective positions. However,
the standard stainless steel alloys such as 304L, 304LN,
316L, and 317L declined in relative performance while the
duplex stainless alloys such as Ferralium 255 and ES 2205
improved in the rankings. This was an interesting occurrence
and could be explained as follows. The main difference
between the two tests is oxygen availability. While the
specimens are in the salt fog chamber, the surfaces are
continually wet, and this film of water could reduce the
oxygen available to the metal surface. Since most corrosion
resistant alloys depend on oxide films on their surface for
protection, the suspicion is that the salt fog conditions
could be hindering the formation of these protective oxide
films on the duplex stainless steels, allowing accelerated
corrosion to take place. The beach data, in contrast to the
salt fog data, supports the electrcchemical findings in
regard to the Ferralium 255. The reasons for this are
unknown but could be due to the formation of the protective
oxide films.

4,.2.4 For reasons stated earlier, composite welded coupons

were tested in conjunction with the standard specimens to
determine any undesirable effects o¢f the galvanic couple.
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The composite specimens were cleaned in the same manner prior
to the examination. The 251 day beach exposure observations
are shown in Table 13. As can be seen from the table, most
specimens were suffering from weld decay. The severity was
generally less than that observed in the salt fog testing,
but the results are similar in nature with most of the attack
concentrated on the 304L stainless steel surfaces. As stated
before, coating of the weld area with the AR-7 material
should reduce the galvanic effects to a minimum.

4.2.5 1In conjunction with the salt fog testing, duplicate
U-bend stress corrosion cracking specimens were exposed at
the beach corrosion test site to determine the stress
corrosion cracking susceptibility of the candidate alloys.
As of the time of this report, none of the specimens exposed
to the naturally occurring conditions at the beach site have
experienced failure. Exposure of these specimens will
continue, to determine if any specimens will crack in the
future.

4.2.6 By comparing results from the salt fog to the beach
testing, many differences have been noted. The beach testing
is considered the best judge of an alloy's performance since
it has naturally occurring conditions that reflect the
conditions experienced at Launch Complex 39. However, the
accelerated testing does give us insight into which materials
have a good chance of performing well. In all the testing,
by electrochemical methods, salt fog/acid dip, beach
exposure/acid spray, and ferric chloride immersion, the same
materials are at the top of the list. The Hastelloy C-22 has
displayed superior corrosion resistance during all the
testing, and coupled with its mechanical properties, it is
the logical first choice for a replacement material for
convoluted flex hose/bellows fabrication. Other materials
may be selected by using the data presented, but caution
should be exercised to properly determine the environment in
which the materials will be used. This work concentrated on
one specific environment that contains sodium chloride and
hydrochloric acid. Since all these alloys are very
environment specific, altering that environment even slightly
may produce extreme changes in alloy performance. Other
chemical environments such as high pH, stronger acids, other
corrosives, or high temperatures may cause failure of the
materials identified in this study. When dealing with high
performance corrosion resistant alloys, thorough testing is
an absolute requirement for choosing the right material for
the job., The long term history received from the continued
beach testing will be invaluable to completely characterize
alloy behavior.
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4.3 FERRIC CHLORIDE IMMERSION

4.3.1 Results for the samples with an autogenous weld are
summarized in Table 14. Some samples showed no signs of
corrosion. Others showed uniform corrosion, pitting
corrosion, weld decay, or corrosive attack in the heat
affected zone. Some representative photos, all at 2.2x, are
shown in Figure 3. Figure 3a, of Inconel 625, shows no
corrosion. The 316L in Figure 3b shows severe pitting
corrosion. Hastelloy B-2, seen in Figure 3c, suffered uniform
corrosion, and the Inconel 825 sample of Figure 3d shows
severe pitting attack at the weld and in the heat affected
zone.

4.3.2 Results for the samples welded to 304L stainless steel
are given in Table 15. It was not possible to obtain a
sample of Zirconium 702 welded to 304L; so Zirconium 702 does
not appear in Table 15. The effect of galvanic corrosion can
be seen clearly by noticing that the 304L part of each sample
suffered severe pitting corrosion. This can be seen visually
in Figure 4. Some additional discussion of the ferric
chloride immersion results may be found in reference 18.

5.0 CONCLUSIONS

5.1 Several alloys were found that have superior resistance
to pitting and crevice corrosion, compared to the 304L
stainless steel that was originally used for construction of
convoluted flexible joints.

5.2 Good agreement was found between all 4 of the corrosion
tests. In particular, the cyclic polarization technique was
found to give excellent agreement with the beach exposure and
salt fog chamber results. So this electrochemical method may
be used as a very quick way to evaluate alloys before
performing long term field exposure tests.

5.3 Using the conditions found at the Space Shuttle launch
site (high chloride content plus hydrochloric acid), the most
resistant alloys were found to be, in order, Hastelloy C-22,
Inconel 625, Hastelloy C-276, Hastelloy C-4, and Inco Alloy
G-3.

5.4 On the basis of corrosion resistance, combined with weld
and mechanical properties, Hastelloy C-22 was determined to
be the best material for construction of flex hoses for use
at the Space Shuttle launch site.

193



yroms re 4 e

0 o8 ) 1.9 2 23
CORROSION RATE (MLS PER YEAR)

Figure 1 Salt Fog/Acid Dip Results
After 20 Weeks/20 Acid Dips

o a1 02 03 04 os
CORROSION RATE (MLS PER YEAR)

Figure 2 Beach Corrosion Data
251 Days/13 Acid Sprays

ORIGINAL PAGE IS
OF POOR QBALITY

194

0.8



ORIGINAL PAGE 1§
OF POOR QUALITY

Figure 3 Photos After Ferric Chloride Immersion, 2.2x

a) Inconel 625

c) Hastelloy B-2




Figure 4 Ferric Chloride Immersion - Galvanic Samples
a) 304L Welded to
Hastelloy C-276

{--- 304L
Severe Pitting

{--- Hastelloy C-276
No Corrosion

b) 304L Welded to 904L

{--- 304L
Severe Pitting

<{--- 904L
No Corrosion
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Table 1 Candidate Alloys and Their
Nominal Compositions (wt¥X)

oY " Fe o S N o C S Pe Se Other
HSTELLOY C4 Bal. 30 18 17 1.0 2.0 0.0} 0.08 0.2 0.01 T 0.7
WSTRLLOY C-22 Ll 10 2 13 08 as 0.00 0,08 0.2 0.0 V03 w3
HRSTELLDY C-27% bal. 1.0 1? 17 1.0 t- -] 0.01 0.08 0.08 0.01 V0.3 ¥a)d
WETELLOY 32 ['WE 2.0 1 ) 1.0 10 0.00 61 602 0.0
ICOEL 00 . 80 % 1.0 0.5 015 0.3 0.01
NCOEL 623 Ml 30 23 10 0.5 1.0 0.10 0.3 0.01 0.01 [« WIS
IDEL 825 M. 20 21 3 1.0 25 005 o8 0.03
o 63 Nl 2.0 2 b L0 S0 20 00 1.0 004 003 CbO.S WIS
DEL 400 Rl FX 2.0 H o» 05 0.02
1CNIM Y0 Ir 8.2, W 4,S
% 204 10 . 19 a0 0.03 1.0
% 2080 10 Ml 19 20 0063 1.0 0.0 .03 n0.13
%I 2w 7 4% 20 003 1.0 0.0¢ 0.0
% I 13 i 19 1s 2.0 0.03 1.0
%5 04 = a1 25 2.0 LS 002 1.0 0.0 0.03
203 3 ml 2 25 20 LS o0 1.0
™ N ¢ hl F2) 2 20 0.03 0.6 003 0.0l 0.2
£5 2208 S L 2 3 20 0.03 L0 0.03 0.0 O 16
FERRAL U 273 3 Bal. % 3 1.9 2.0 0.04 1.0 0. 04 0.03 ~ 017

Table 2 Physical and Mechanical Properties
of the Candidate Alloys
Deraity Teraile Yiel¢ Mol of  Merdress lapact Strength Coeff. of Thermal
AaLoy (g/cmll  SRrengthihsi) Stremgthiksi) Elasticity(psi) s -JFIft 10} Expamion(in/in F)
WETELLOY (4 ¥ 1 7] JIE8 » R 1) 6. 0E-06
WRSTELLOY (-2 .6 16 » 606 LR Y 20 £ -0
WETELOY (% 4B 1S » 06406 % m a3 6. Z-08
HRETELLOY B2 .2 13 n 316006 t XY ] 56600
ICDE. 600 3 : n JE08 am 3 7.46-06
neoa. 625 (Y 120 “ 306006 ne - 7.16-08
ncoa (81 12 " 306906 om 1Y) .08
D -3 (%] % ] 206 BR x L1E-08
one v L n r 12 ne F .76
TIRCINILN 2 “% » i H1Es06 nwe . 2 %-08
% o o n n 286008 LYY n 9. 206
% 04N (Y] » n 2008 xm . 208
s a .o 8 » 2000 1 s 3. %-08
s Un (Y] [ B 2606 ne . LE08
% %M. .00 n n 2606 (7% . 8 %08
2 ) 08 » 0 26408 6™ * LE-06
Mooe 7.7 110 s %08 nn 0 6 €06
£S 2205 . 100 » 208 ® 0 7. %08
FEALIN 25 .7 13 100 J1E08 3 ] 6 GE-06

¢ Deta not eveiladle
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Table 3 Autogenous Weld Samples

BASE AlLLOY FILLER BASE ALLOY FILLER
HASTELLOY C-4 c-4 S8 J04L ER JO6L
HASTELLOY C-22 c-22 38 Jo4LN ER 308L
HASTELLQY C-276 Cc-276 88 316L ER 316L
HASTELLOY 8-2 -2 S8 7L ER 1?7
INCONEL 600 ERNLCr-2 S8 9%04L 904L
INCONEL 623 ERNiCrNo-3 20 Cb-d ER 320
INCONEL 823 ERNiFeCr-1 He » B ER312M0
INCO 0O-3 Hastelloy O3 ES 2203 ER22.0. 3L
HONEL 400 ERN1Co-7 FERRALIUN 293 F 239
ZIRCONIUN 202 ERZr2

Table 4 Samples Welded to 304l Stainless Steel

BASE ALLOY FILLER BASE ALLOY FILLER
HASTRLLOY C-4 ERN1CrWo-7 S8 J04LN ER 308l
HASTELLOY C-22 ERN1CrMo-10 S J16L ER J16L
HASTELLOY C-276 ERNiCrho-4 S$ 17L R 217
HASTRLLOY B-2 ERNiNO-7 $3 904L ER 904L
INCONEL 600 ERMiACr-21 20 Cb-3 ER 320
INCONEL 623 ERNACr-3 7ho < N ER31200
INCONEL 823 ERN1Cr-3 €S 2203 ER22.8. 3L
INCO G-3 Hestelloy G3J FERRALIUN 235 F 233
MONEL 400 ER/NLCr -2

NOTE: It vas not possible to obtain & sesuple of
2irconius 702 velded to JO4L steinless ateel

Table 5§ Results of 4 Week Exposure in 5% Salt Fog
and 4 Dips in 1.0N HC1l - Alumina

MTERIAL WE WBT LOSS(q) CORR. WTE.PY) RS - TBSEMATIONG AT 1T @ W0T

ABTELDY (-2 0. 007 2.0180 N0 PITTING AT 12 - N0 PITTING AT 401

119COn[ UM 702 V. A 0.%10 NQ PITTING, BAIGHT ERN AT 1T - NO PITTING AT &0X

HSTELLOY 4 0, 0013 0. 32% NO PITTING AT 11 - M0 PITTING AT 401

HRSTELLOY C-27% 0.0t8 0. 0340 MO PITTIMG AT 12 - W@ PITTING AT 40X

[NCOEL 623 0. 0020 0. 0400 NO PITTIMG, BRIGWT SEEM AT (X - NO PITTING AT 401

INCLOY 63 0. 0059 0.1210 NO PITTING AT 1 - SLIGHT PITTING AT 408

HASTELLOY B2 0. 0228 0.4!50 ND PITTING AT {X - .MIFORM CORROSION AT 401

SS90, 0.0300 0. 6200 VISIRE PITTING, MO SHEEN AT 1X - MODERRTE PITTING AT 40X
353040 0.032¢ 0.5320 VISIRLE PITTING, N SEEN AT (X - MODERATE PITTING AT 401

38316 0. 930t 0. 6400 VISIRE PITTING, MO SMEEN AT 1X - MODERATE SITTING AT 401

SN 0.0R¢ 0.68770 VISIRE PITTING, 'O 3€BM AT 1Y - ODEMRTE PITTING AT a0

SSJ0ML 0.039 0. 700 VISIRE PITTING, MO SHEEN AT 11 - MIDERATE PITTING AT 402

INOEL 823 0.038 0. 5080 VISIILE PITTING, ND SHEEN AT 1X - MODERATE PITTING AT 401
ICO|. 600 0. 0420 0.4770 W0 IEDN AT 12 - JERIUS INLL PITS AT 408

Mo+ N 0. 0469 1. 0600 N0 PITTING, NO S€B¥ AT IT - VERY SLIGHT PITTING AT o082
FERRAL 11 25 0.0478 1. 0600 VISIRE PITTING, SLIGNT DM AT 13 - MIEAAS L IGMT PITS AT o0X
ES 2203 0. 2673 1. 2060 NG PITOING, NO S4EER AT 12 - VERY SLIGHT PITTING AT 40K

OEL M0 0.089) 1.7550 SLIGNT SHEEM AT II - SLIGHT PITTING, ETCHED AT 402

200>-3 0, 0943 20300 VERY VISIILE CORRDSIJN AT 1X - NDEROUS LAREE PITS, SOME 0EED AT a08
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Table 6 Results of 8 Week Exposure in 5% Salt Fog
and 8 Dips in 1.0N HC1l - Alumina

MTERIAL WE WET LDSS(g) CORA, RRTE DY)  AEMRANS - DBSEMVATIONS AT 1T A 401

HRSTELLOY (-2 0.0015 0.0130 W PITYING, BRIGWT SEEN AT 1X - MD PITYING, MO0 MELD DECAY AT 40X

TIRCOHILN 7R 0.0012 0. 0160 SOE STAINING, BRIGHT SHEEW AT 11X - M0 PITTING, D WELD DECRY AT 40X

WASTELLOY C27% 0. 0028 0. 0260 W0 PITTING, BRIGHT SEEN AT 1X - WD PITTING, W0 WELD DECRY AT 40X

CORL 623 0. 0027 0. 6270 W0 PITTING, DRIGHT SEEN AT 11 - NO PITTING, MO WELD DECAY AT 40X

WRETELLOY C~4 0. 0029 0. 0280 0 PITTING, BRIGHT SHEEN AT §X - ND PITTING, WO MELD DECRY AT 401

oY 8-3 0.0071 0.07% W0 PITTING, SLIGHT SEDN AT 11 - MODERATE SHALLOM PITTING, SOME PITTING OF WELD AT 402
HASTELLOY -2 0. 0420 0. 3620 10 PITTING, MO SHEEM AT 1T - UNMIFORM CORROSION WITW LOCALIZED ATTADX AT 4CX

SSJ0MN 0. 0620 0. 6030 VISTILE PITTING, WO SEDN AT 11 - NJEADLS PITS, SOE LARGE, W0 VELD DEDAY AT 402

531a 0. 0631 0.67® VISTRE PITTING, MO SHEEN AT 1X - MPEROUS SHALLOM PITS, SME WELD DECAY AT 40X

5304 0.0672 0. 6300 VISINE PITTING , N0 SEEN AT 11 - MMEROLS PITS, SOE LARGE, W0 WELD DECRY AT 01

504, 0.0693 0. 720 VISIRE PITTING, %0 SHEEM AT 11 - NPEROUS LARGE SHALLOM PITS, PITTING OF MELD AT #0I

SN 0.0699 0. 7320 VISIILE PITTING , NO SHEEN AT 11 - MIDERRTE PITTING, SOME WELD DECAY RT 401

neoe. &3 0. 0854 0. 83% VISIRE PITTING, WD SHEEN AT 11 - VERY MDERLUS PITS, PITTING OF WELD AT 40X

INCDEL 600 0.0913 0. 9420 W0 DEDE AT 11 - UNIFORR ATTAOK, WD WELD DECAY AT #01

™Mo ¢ N 0.0916 1.03%0 W0 PITTING, NO SHEEM AT 1X - UNIFOAR CORROSION, MODERATE MELD DECAY AT 40K

FERRALIUN 235 0.0839 1.0450 VISIILE PITTING, MO SHEDM AT 1X - UNIFDAR ATTACK WITH MPERQUS PITS, PITTING OF WELD AT 40X

S 2200 0. 128 i, 1500 VISIRLE PITTING, MD SHEEN AT 1T - SLIGHT PITTING WITW CREVICE CORROSION, PITTING OF WELD AT 401
20003 01708 1. 8300 VISIILE PITTI"G, MO SHEEN AT 11 - HEAVY PITTING, WANY LARGE B DEEP, SEVERE PITTING OF MELD AT 401
OEL 0 ¢, 1908 1.87% M0 SHEEN AT 11 - UNIFORR CORROSION, SOPE PITTING OF WELD AT 40X

Table 7 Results of 12 Week Exposure in 5% Salt Fog
and 12 Dips in 1.0N HCl - Alumina

WITERIAL WE WET LOSS(gl CORR, ARTE WY) NS - (BSEMVATIOG o7 13 A0 01

+STR0Y (-2 v. il 4120 W0 PITTING, 3RiSHT J€EN AT 11 - A FEM WL PITS AT 01

1IN TR 0. 3013 0.9130 NO PITTING, WRISMT S€EM AT 11 - SLIGHT UNIFORM COROSION, O PITTING AT 401
NOEL o3 0.9 0.01% MO PITTIWG, BRIGHT JEEN AT 11 - FEW VERY WL PITS AT #0X

SSTELLOY (2% 0.0031 0.01% MO PITTING, MIGHT SHEEM AT 11 - FEW VERY %L PITS AT 80X

STELLOY C4 9.20% 2130 M0 PITTING, IRITHT SHEEN AT 1% - FEW PITS AT 802

ALY 61 0. 0080 [ X SUIGHT PITTING, NO 3HEEN AT 1T - FEW WAL PLTS, UNIFORM CORROSIOM AT 40X
HASTELLOY -2 0. 06h2 0. 4010 M0 PITTING, '@ SEDVSTAINED AT 11 - FEW PITS, UNIFORN CORROSION AT &0
3S30MN 0. 1083 0. 7030 SOE PITTING, MO FEEN, VISIBLE RST AT 11 - MMERQLS PITS AT &I

STI0M 0.1031 0. 7200 VISIBLE PITTI\G, NO SHEEN AT (X - WMEPOUS SMALL PITS, SOME LARGE MO DEEP AT «0X
SS30M 0. 10% 0. 743% VISIRLE PITTING, MO SHEEM AT 1X - \UMEACLS LAAGE PITS AT 40X

FeYil-§ 0. 1071 0. 7610 VISIBLE PITTIMG, NO FEENM AT {X - LARE DEEP PITS, UNMIFCRM CTRROSION AT 01
iy 0.112¢ 0, 8060 SOME LARGE PITS, MO SHEEM AT 1@ - LARGE DEEP PITS AT &01

L 823 0. 1230 0.8720 VISIBLE PITTIMG, NO SHEDM AT 11 - MERCUS LARME PITS, FAIRLY DEEP AT &0
FERRAL [N 255 0. 12% 0. %00 MPEAQRS PITS, N0 SEDN AT 1X - SEVERAL LAREE PITS AT 0K

[NCOMEL 600 0.1417 0.9730 O PITTING, O SHEEM AT 11 - UNIFOAN CORROSION AT 40X

€ 205 0.1 1. 1470 VISIIE PITTING, MO SHEEM AT 1L - SME LAREE PITS AT &01

o+ N 0. 1547 1.1613 M0 PITTING, W0 S4€EEN AT 1T - FEM LARGE DEEP PITS, UNIFORN CORROSION AT 40X
2000-3 0.2430 1,720 LARGE VISIRE PITS, MO HEEX AT LI - VERAY _REE PITS, SEVERE CORROSION AT &1
MOEL o 0. 23 21108 G PITTING, '@ SHEEN AT 1T - MMERQLS PITS, EVERE UMIFDAW CORROSIOM AT #0X
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Table 8 Results of 16 Week Exposure in 5% Salt Fog
i and 16 Dips in 1.0N HCl -".Alumina
ST e ST LSS(Y (M MTESY)  AOWAS - JBSERAIIDE AT I3 39 wf

WSTELLIY -2 0.014 0.X68 0 PITTING, BRIIMT SEEN AT 11 - SIE VERY SWLL PITS, WO DEPOSITS AT 408
D6 28 0. X2 0.0110 WO PITTING, BRINT FHEEM AT 11 - FEW «EDiuM SIZED SITS AT 01
HES TR 0.00:8 0.0113  SLISHT PLTTING, NI BAIGWT FEDN AT 11 - ND PITS, PATOES OF CORROSION AT 408
WSTELLOY C-27% 0.m®R 0.0151 WO PITTING, DRIGHT SHEEX AT IX - SOV VERY SWLL PITS, M) OEPOGITS AT A0K
FETELLIY C 0.2018 0.0170 N0 PITTING, PISHT FEDM AT 11 - S0 VERY DAL PITS, N0 XDUSITS AT &I
INC0LOY 6-3 00036 0.0402 MO PITTING, BRIGHT €N AT IT - FEN UL PITS, MO DEPOSITS AT 40X
HSTELLDY B2 0.1186 0.51% 0 PITTING, DISCLOMTION, MO SHEDW AT IX - SHRLLON LARGE PITS, UNIFOAN CORROSION AT 408
FEINLIUN 295 0. 1508 0.81  VISIALE PITTING, 0 SEBN AT IX - WHEPILS LAAGE @ WAL PITS, N0 DEPSITS AT 401
S04 0.1672 0.8761  VISIRE PITT!'G, %0 SHEEN AT 1T - MMEXLS LAME 30 XEEP PITS AT 40X
e 823 0158 0.319  WEWS A1, W0 FEEN AT 11 - NUERLS LAAE 30 JEEP PITS, WELD JECAY AT 408
352000 o.:581 0.7 AL PITS, DISCLCAED, ND SHEEN AT 1N - \LWEAQUS PITS, SO JEPOSITS AT 408
S04, 0.:364 0.%T3  VISINE PITTING, M0 SHEBM AT IX - WY PITS, SE WELD DECAY AT 40T
ICOE. 500 013 0.2 N0 PITTING, DISCOIRATION, MO SHEEN AT 11 - UNIFGAN CCARUSiON, SWALL PITS AT Ot
=N 0. :962 10018 VISIME PITTIN, NO SHEEM AT 1X - \UEALS LAME 30 OXEP PITS AT 401
sna *113 LGR10  VISIRE PITTING, M0 S4B AT 1T - \UEAUS LAGE 38 3K PITS AT w08
XX 0.1863 1.8 FBY PITS, DISCILOMTION, MO SHEEN AT 1X - FEM LAME PITS WBLD OECAY, LNIFONN CORROSION AT A0R
£8 28 0.2309 1228 VISIE PITTING, A COLOR, 'O SEEN AT 1 - SN LARGE 3@ ww WL 7ITS AT 401
20} 0. % 1. %022 TDEIVE PITTING, 10 JEN A 11 - EITDEIVE LAWK, X5 PITS, 10 JPOSITY AT %08
0., W 0. \84 009 W0 PLITING, M8 FEER AT 11 - UNIFORN CAROSION, PITS [N WELE, WO DEPCBITS AT w8
Table 9 Results of 20 Week Exposure in 5% Salt Fog
and 20 Dips in 1.0N HCl - Alumina
STIAA W &1 .S DM WE SN NS - BEMTIDE AT 1T 9 W8

RSN FY SRS S8 T 2T I SXE S TINS S FREREI SES RIS

f6E Jr (a2
NCIEL 3
LA A TR
SETHLN C27%
WETELLDY C~
INCLTY 53
HSTELLYY 2
FENRLI R 28
55304
a2
oV

203
SUR

- 8

h Ra
heoa. 508
Bl

203

0a.

3. VAR
3.72%
Q. 2020
0. 0033
Q. 0037
Q. 0093
0. 1547
0. 13
6.1
Q. :3%8
2.2
0.2318
a2
0. %9
0. 2072
0.22%
0. 2%
0. 174
X% %

9. %38
0.21%0
021
0.013
0.1
0. 0303
0. 5623
0. 7019
0. 7323
0.7773
0.3%9
0. 300t
0. 3084
0.1323
Q. 933
0. 7a3
0.7708
16112
PN, ]

N PITTIG, BAIGT SEDN AT 11 - VEAY FEM TINY PITS, M0 JEOSITS AT 808

C FITTING, UMY SEDN AT 1T - VEWY FEW DWLL £ITS AT W0F

SLISHT PITTIMG, SEN] GRIGHT €D AT 15 - 30 PITS, SLWFSCE CORRDSION PATOHES AT o02

N0 S1TTIMG, BRIGHT SHEDW AT LI - vENY FBM TINY PITS AT 801

0 PITTIMG, MIGHT SEDH AT 11 - FEM VERY SWLL PITS, WO DEPOSITS AT sof

O PITTING, BRIGHT SHEEN AT 1T ~ SONE SALLN PITTING AT 40T

W0 PITTDN, DISCILORATION, DL SHEEN AT IX - S4ALOM LAAGE PITS, LMIFORN CORROSION AT 40T
WIETS PITY, W0 FEDN AT 11 - MEAS FALN PITTDG AT W8

VISIRE PITTING, DISCOLORED, ‘G SN AT 11 - AW WIDE SALLN 90 AL DEP PITS AT &I
VISILLE ‘€AVY PITTING, 0 SEDN AT (X - WY OEEP PITS, SEXRE &LD ATTACK AT 401
VISIAE PR PITS, DIXILORED, W0 €SN AT {1 - NJEWS PITS, W X5 AT Wi

VISISLE PITTING, W0 SEEN AF 1T - SO€ 'EDIUN PITTIMG, USIFORR COAROSION AT &0%

ViSIRE PITTING, DISCOLIAED, %O €M AT I - MY WI2E MW W@ IWLL 0EEP PITS AT o0
VISILE AL PITS, DISCOLORED, M0 FHEEN AT 11 - WIEALS PITS, SOE X5 2 LS AT o3
VISIALE 2UTTING DN WELD, MO SHERN AT 1Y - NJETOLS PITY, SO P, &0 ATTAX T 40l
MO PITTING, NO S4EBM AT (X - TINY PITS, UNIFOMN COAAUSION AT 408

VISIRE HEAWY PITTING, DISCOLOVED, 'O SHEDN AT 1T - may VIDE SALLDN 3@ DAL 0EBP PITS AT 301

VISIALE VEAY HEAVY PLITIIG, D SHEEN AT i - EXTIOE PITTING, NN VENY 255 & W8
18 PITTIN, DISCOLINER, '@ SHEER AW 15 - TON PITS WITH JUFONN DRRS!N A W8
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Table 10 Results of 16 Week Exposure in 5% Salt Fog
and 16 Dips in 1.0N HCl - Alumina
Composite Galvanic Weld Specimens

WTENA. W FOVAIS - CBSERVATIONS AT 1T RO &I

WA - C-276  SO€ WELD DECAY Ov BOTH SIDES AT 15 - LAREE PITS ALDE J0AL SIDE AT 40X

w04 - R S DEDAY (4 DA, SIDE AT 31 - 304 SIDE W6 SDE WELD UECRY AT M0k

0N - €4 SO VELD DEDRY AT 12 - LARGE PITS RO DEDW (¢t JOM. SINE AT s0f

s - C-2 SOE UELD DEDAY D J0A SIDE AT I3 - LARGE PITTING ALDE J0M. SIDE AT 40f

I - WO EXTRDE VELD DEDRY OM J0A. SIBE AT 1N - WELD DEDRY ON BOTH SIDES AT 40K

SS0M - JOMN  SLIGA WELD PITTING AT 11 - SNALL PITS RO DEPSITS Ot WELD AT 408

w04 - A SOE DECAY O J0A. SIDE A7 11 - SWLL PITS Ot WELD AT 0K

s0M - IR oM PITIING OF VELD AT 11 - VELD DEDRY AD PITIIG AT 40K

I - 0L 1047 WELD DECRY O J0AL SIOE AT 11 - SALL PITS DN VELD AT I

S00M - 1600 LD DEDRY OM AL SIDE AT 1X - 30AL SIDE VELD DEDAY AT 60

SEWA - 1625  WELD PITTING AT 1T - 30AL SIDE VELD DEDAY RO PITTIIG AT a0t

SE0M - 1425 VLD PITTING AT 41 - WELD PITTING DN BOTH SIDES A7 40

B4 - 3 SOE PITTING ON MELD AT 11 - PITS 0% 6-3 SIDE O VELD AT 408

S - 200-3 SO PITTING, AL SIDE WELD DECRY AT 11 - LARGE PITS @O OECHY On BOTH SIDES AT 40X

S0 - Mo VISIBLE MELD PITTING AT 1T - LARGE PITS O WELD DECAY O BOTH SIJES AT 0L

WA - €5 208 VISIALE WELD PITIING AT 11 - PITTING A DEDAY (F WELD ON BOTH SIDES AT 401

XM - F-235  VELD DED ON J0A SIDE AT i1 - PITTING MO DELAY OF VELD Ov BOTW SIDES AT 401
Table 11 Results of 60 Day Exposure to Beach Corrosion

Site and 5 Sprays with 10 vol% HC1 - Alumina

A

VST LOSS(p) CCAL. WTE ®Y)

ENAS - SBERTIIE AT i1 30 W1

233

>y l-& ¢ A J. a0 N0 PITTING, 3AICHT SHEEM &1 1M - 'O PITTING, N0 WELD JECAY AT w1
IMHEL a3 J. W00 3. 2000 W0 PITTING, BRIGHT FEDM AT LI - MO PITTING, MO WELD DECAY AT 40X
WETELLOY C-276 0..3001 0. 2008 WO PITTING, BRIGHT SHEEN 6T 1B - ¥0 PITTING, MO vELD OECAY AT 401
HWETELLOY C 0.0001 0. 0009 0 PITTING, BRIGHT SEEN &7 11 - 40 PITTING, M0 WELD DEDAY AT 40X
1ICINIUR 70R 0.3007 0, 3080 STAINED, M0 SHEEM AY {1 - UNIFOSW CORROSION, MO PITTING AT 40T
INCOLOY 63 0.00i3 0.1 W0 PITTING, BRIGNT SHEEN AT IX - NiMOR PITTING, ULFOMN CORROSION OF WELD AT L
203 00121 0.09% N0 PITTIMG, NO SHEEM AT 1} - MIDERATE SHRLLOM PITTING M 0B
FERRAL [N 233 0.0105 0. 1100 Y0 PITTING, DAIGHT SHEEM AF 11 - UNIFOIR CDRADSION, PITTING AT WELD AT 01
NCNEL A5 0.0124 0. 1200 VISIELE PITTING, SLIGHT SHEEM &% 11 - SLIGW PITTING, NINOR PITTING OF 4ELD AT &%
Mo+ N 0,910 0. 1387 MO PITTING, MO SHERM AT 1% - JMIFOMN CIRROSION, SEVERE PITTING OF WELD AT 0
5304 0.0147 0. 1640 VISIBLE PITTING, SLIGHT SHEEM AT 11 - SHAUL PITTING, N|FCR DECAY OF WELD AT s0X
SR 0.0188 0.1670 VISIBLE PITTING, SLIGHT S€EN AT IT - LIS PITTING/SOME DEEP, NO WELD DEDAY AT 40X
INCOMEL. 600 0.0203 0.17%0 VISIBLE PITTING, ND SHEEM AT 1X - SALLDM PITTING, NO WELD DECAY AT 402
SE 0.0247 0,243 VISIBLE PITTING, MO SHEDM AT 1% - MIDERRTE PLTTING, SLIGHT PITTING OF WELS AT 40X
SS30M 0. R 0.2780 VISIME PITTING, ND SHEEM AT 1T - WCDERATE PITTING, SOVE PITTING OF WELD AT 40T
WSTELLDY B2 0.039 0. 2800 MO OLTTING AT 11 - FEM PITS WITH NIFORR CORROSION, SDE LD DECRY AT 402
SS304LN 0.3 0. 3200 VISILE PITTING, MO SHEDM AT IX - SLIGHT PITTING, SPE PITTING OF WELD AT 408
20003 0.0431 0. 43% VISIBLE PITTING, SLIGHT SHEEW AT it - HEAVY PITTING/SDE DEEP, SEVEME PITTING OF WELD AT 408
OFEL 00 0. 0% 0.4710 10 PITTING, MO SHEEM AT 11 - UNIFORM CORROSION, MO PITTING AT 08
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Table 12 Results of 251 Day Exposure to Beach Corrosion
Site and 13 Sprays with 10 vol% HCl - Alumina
,
MTEAIR e £T LOSS(p (DML ARTEPY)  SCWAKS - COSERWRTIZG AT 11 %@ 01
ARZZII2IMITITCITIIIT I T LT =Z= IR I IT I TI TSI T I I T YT SN ITTS I T IS TN I ITWI T IT SSI I TRE R T IS E DTN I S S NS AR SEEw.
<Ly o Y e L0 W RITING, BT SEEN AT UK - 0 PITTING, A0 220SION AT &I
126 o2 0. w0 SN MO PITTING, i3 SEDN AT 13 - %0 PITTING, M0 LD DECAY AT &1
SETLY (4 0,500 0.0008 A0 PITTING, 3RiHT SEEN AT 1T - %0 PITTING AT w01
SSTELLIY -8 2. 301 90009 10 PITTING, BRIGHT S€EW AT 11 - VERY FEW SWLL O[TS, %O WELD JECAY AT 40T
RE & TR 3.2014 8.0 RINT SITTING, AIDNT FEDN AT I - SIFCM CRCSIIN, N0 PITTING AT 01
OOV 53 .90 00077 W0 PITTING, IRIGHT JEN AT 11 - FEM AL PITS, JNIFTAN LD DECAY AT 401
TEARLIM 1D 0.0129 0.0343 SIS PITTING, WEDIUR FEDY AT 11 - MIFCAN CSAACS; DN, MELD DECAY AT X
5 208 0.9281 0.0490  TIGHT PITTING, X0 SHEDW AT 11 - SWRL PITS, UMFIAN CCRROSIN SEVERE WELD DECAY AT 401
e 0. 0220 0.0%1 SIS PITTING, \O SEEN AT (X - UNIFORM CORNS DN, LARGE DEEP PITS 3 WELD AT 408
NCIA 325 0. %28 0.0680  VISIME PITT:NG, SLISHT EEN AT 11 - WUV WL AL PITS, PITS N JELD AT 408
35904 2,029 0.0635  VISINE PITTNG, LOW EEN AT 1T - wom WAL PITS, «ELD PITTING AT 80X
euis 3. 4% 0.1%%  VITINE PITTIG, MO FEN AT IR - € UL PITS, LAFACE SCARCSIY LD PITTING AT a1
NCOEL 5% 0. 0437 01080 AIIT PITTIVG, 'O FEM AT 11 - LNJFAN WL PITS, MO 48D DESAY AT 401
LY 0. 0%4 0,138 WAEIUS PITS, @ FEDN AT |L - WY L OITS, SIE LD PITTING AT 08
X304 0. %12 3.%7  VISIILE PITTING, 40 SEEN AT IR - LAGE 30 IR SALLN PITS, 481D XCAY AT w08
S30MN 0.9816 0.1768  VISIBLE PITT!@, "G €D AT i1 - SO PITTING 4ITH DEPOSITS, L DECRY AT 407
SETERLLY 12 0. 1% 0.2177 0 PITYING, 'O SEDN AT 1 - FEM PITY, MIFOMR ZRROSITM, MO WELD JECAY AT 401
X3 0,157 0.290  EITDEIE PTG, 0 FEN AT 11 - EITDGIE TG, XME LWGE, UNJFOM LD JEZAY AT o0
o€ w0 0,204 05340 @ PITTING, 0 €D AT IX - ¥@ PITTIME, UNIFON SOPROSIN AT 408
Table 13 Results of 251 Day Exposure to Beach Corrosion
Site and 13 Sprays with 10 vol% HCl - Alumina
- 0 . 1‘4‘
Composite Galvanic Weld Specimens
WIERIA 9 VNS - WSEMATIOS AT 11 A8 vl
EI0M - C-Z%  PITING D¢ J0ML SITE AT {1 - SEVERE WELD DEDAY OW J0ML SIDE AT 02
KX - 2 10 VISIOLE DECAY AT 11 - SLIBHT 40D DECRY ALDG JOM. SIDE AT 40K
%0U - (4 §0 VISIILE DECRY AT |I - SLIGHT WJELD DECAV O 0L SIBE AT 403
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Table 14 Ferric Chloride Immersion Results
Autogenous Weld Samples .

ALLOY NOURS IMNNERSED RESULTS

HASTELLOY C-4 912 MO ZORROSION

MASTELLOY C-22 72 MO CORROSION

NASTELLOY C-276 9212 NQ CORROSION

NASTELLOY 8-2 72 UNIFORN CORROSIOM

INCONEL 600 72 RODERATE PITTING

INCONEL 625 912 NO CORROSION

INCONEL 823 72 SEVERE PITTING IN
MEAT AFFECTED ZONE

INCO @2 912 NO CORROSION

MONEL 400 72 UN1IFORN CORROSIONM

ZIRCONIUN 702 72 MOCERATE PITTING

S8 J304L 72 SEVERE PITTING

SS J04LN 72 SEVERE PITTING

88 J1i6L 72 SEVERE PITTING

S8 317L 72 NILO PITTING AND
wELD DECAY

5§ 904L 72 NO CORROSION

20 Cb-3 72 SEVYERE PITTING IN
HEAT AFFECTED ZONE

7Ro * N 72 WELD DECAY

£S 2203 72 WELD DECAY

FERRALIUNM 235 72 N0 CORROSION

Table 15 Ferric Chloride Immersion Results

HASTELLOY C-4
MWASTELLOY C-22
HASTELLOY C-276
HASTELLOY B3-2
INCONEL 600
INCONEL 623
INCONEL 823
IMZ2 S-2

MOMKEL 400

NOTE )

Samples Welded to 304L Stainless Steel

OBSERVATIONS ON OBSERVATIONS QM

CANDIDATE allLQY ALLOY CANDIDATE ALLOY
NO CORRQOSION SS 304LN SEVERE PITTING
NO CORROSION SS 3:.6L SONE PITTING
NO CORROSIONM sS 217L MO CORROSION
UMIFORN CORROSION SS S04L RO CORROSION
UNIFORM CORROSIOW 20Cb ) SLIGHY PITTING
MO CORROSIOM 7 Mo - M NO CORROSIONM
NO CORROSION ES 2203 NO CORRQOSION

NC CCTRRCIICON
UNIFORR CORROSION

FZRRALIUM 235

NG CORRCSION

All samples vere imsersed for 72 hours.
In eesch case,

the J04L portion of the assple

suffered severe pitting.
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APPENDIX A

Summary of Electrochemical Results

Table Al
1.3 NaCl + 0. IN ) 355 MaCl « 1.ON HC)
AaLoyY
HRSTELLOY C—4 Stable,Noble Ecorr Stable,Noble Ecorr
Very Small Hysteresis Area Very Small Hysteresis Area
Excellent Pitting Resistance Excellent Pitting Resistance
HASTELLOY C-22 Stable,Noble Ecorr Stable,Noble Ecorr
Very Small Hysteresis Area Very Small Hysteresis firea
Excellent Pitting Resistance Excellent Pitting Resistance
WASTELLOY C-276 Stable,Fairly Noble Ecorr Stable,Fairly Noble Ecorr
Very Small Hysteresis Area Very Small Hysteresis Area
Excellent Pitting Resistance Excellent Pitting Resistance
HASTELLOY B2 Stable,Slightly Active Ecorr
Unifors Corrosion
INCONEL 600 Unstable,Fairly Active Ecorr
Unifors Corrcsion § Pitting
INCONEL 625 Stable, Very Noble Ecorr Stable, Very Noble Ecorr
Small Hysteresis Area Very Small Hysteresis Ares
Very Good Pitting Resistance Excellent Pitting Resistance
INCONEL 825 Stable,Noble Ecorr
Large frea,Low Pitting Resistance
IND 6-3 Stable,Noble Ecorr Very Xoble Ecorr
Excellent Pitting Resistance Excellent Pitting Resistance
MOEL 400 Stable,Slightly Active Ecorr
Unifore Corrosion
LIRCONIUN 702 Stable,Fairly Active Ecorr
Low Resistance To Pitting
S5 JoM. Fairly Stable,fctive Ecorr Fairly Stable,Active Ecorr
Poor Resistance To Pitting Unifors Corrosion
SS JOALN Unstable,Active Ecorr
Large Hysteresis Area
Poor Pitting Resistance
S5 6L Fairly Stable,Slightly RActive Ecory
Large Hysteresis Area
Very Poor Pitting Resistance
S 3N Stable,Slightly Active Ecorr
Large Hysteresis firea
Very Poor Pitting Resistance
S5 904 Stable,Noble Ecorr Fairly Stable,Active Ecorr
Some Pitting Resistance Poor Pitting Resistance
20 Cb-3 Fairly Stable,Slightly Active Ecorr
Extremely Poor Resistance Tc Pittimg
Mo ¢+ N Stable,Nobie Ecorr Stable,Rctive Ecorr
Moderate Pitting and Some Pitting and
Uni fors Corrosion Unifors Corrosion
2205 Stable, Noble Ecorr Active,Fairly Stable Ecorr
Moderate Pitting Scee Pitting,Unifore Corrosion
FERRAL IUM 235 Stable,Noble Ecorr

Smal] Hysteresis Area
Very Good Pitting Resistance
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Stable,Active Ecorr
Bood Pitting Resistance
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