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ABSTRACT

Various vacuum jacketed cryogenic supply lines at the Shuttle
[ aunch site use convoluted flexible expansion joints. The

at nosphere at the launch site has a very high salt content,
and during a launch, fuel conbustion products include

hydrochl oric acid. This extrenely corrosive environnent has
caused pitting corrosion failure in the flex hoses, which
were made out of 304L stainless steel. A search was done to
find a nore corrosion resistant replacenment material. Thi s
study focused on 19 netal all oys. Tests which were perforned
i nclude electrochem cal corrosion testing, accelerated
corrosion testing in a salt fog chanber, 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 nobst corrosion resistant alloys were found
to be, in order, Hastelloy G 22, Inconel 625, Hastelloy C-
276, Hastelloy C4, and Inco Alloy G3. O these top five
alloys, the Hastelloy G 22 stands out as being the best of
the alloys tested, for this application.
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1.0

1.1

1.2

1.3

| NTRODUCTI ON

Fl exi bl e hoses are used in various supply |ines
that service the Orbiter at the |aunch pad. These
convol uted flexible hoses were originally nmade out
of 304L stainless steel. The extrenely corrosive
environment of the launch site has caused pitting
corrosion in many of these flex hose I|ines. In the
case of vacuum jacketed cryogenic |ines, pinhole

| eaks caused by failure of the flex hose by pitting
produces a | oss of vacuum and subsequent |oss of

i nsul ati on.

The atnosphere at the launch site has a very high
chloride content caused by the proximty of the
Atlantic Ccean. During a launch, the products from
the fuel conbustion reaction include concentrated
hydr ochl ori c aci d. Thi s conbination of chloride
and acid leads to a very corrosive environnent.

This type of environnent causes severe pitting in
sonme of the common stainless steel alloys.

A request was rmade by K. Buehler, DM MED- 43, to
find an alternative nmaterial for the flex hoses, to
reduce the problens associated with pitting
corrosion. An experinmental study was carried out
on 19 candidate alloys, including 304L stainless
steel for conparison. These alloys were chosen on
the basis of their reported resistance to chloride
envi ronnment s.

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. Sone
information is available on conbinations of these
(8,10,11,13,16), but experinmental results were not
found for all of the alloys under the specific
conditions of the environnent of interest -- NaCl
conbined with HC1.

1.5 Tests to determ ne which of the candi date

al | oys have the best corrosion resistance include
el ectrochem cal corrosion testing, accelerated
corrosion testing in a salt fog chanber, long term
exposure at the beach corrosion testing site, and
pitting corrosion tests in ferric chloride

sol uti on. This report sunmarizes the results of
these tests for all 19 of the candidate all oys.



1.6 For the nmpbst corrosion resistant alloys, mechanica
tests were also perforned to determ ne the alloys'
resi stance to cyclic fatigue cracking. Details of
these nechanical tests may be found in reports MTB-
688-87, MIB-028-88, MIB-090- 88.

2.0 MATERIALS AND EQUI PIVENT

2.1 CANDI DATE ALLOYS

2.1.1 Nineteen alloys were chosen for testing as
possi bl e replacenent naterial for the 304L
stainl ess steel flex hoses. Two of the
alloys -- 316L stainless steel and Monel 400
--were suggested by personnel from DM-MED-
43. An additional sixteen alloys were
suggested by DM MSL-2, and 304L stainless
steel was also included for conparison
pur poses. The 19 candidate alloys and their
nom nal conpositions are shown in Table 1.
These alloys were chosen for consideration
based on their reported resistance to
corrosion.

TABLE 1 CANDIDATE ALLOYS AND THEIR
NOMINAL COMPOSITIONS (WTS)

ALOY Ni Fe or ND L U Cot Cu Ce Si¢ P S¢ Other
HASTELLOY c-4 Bal. 3.0 18 17 1.0 2.0 0.61 0.08 0.62 6.61 Ti 0.7
HASTELLOY C-22 gal. 3.6 22 13 0.5 2.5 0.61 0,08 0.02 0.61 v 0.3, W3
HRSTELLOY C-276 Bal. 7.0 17 17 1.0 2.5 0.01 0.08 0.02 0.01 V0.3 WAS
HASTELLOY -2 Bal. 2.0 1 2 1.0 1.0 0.01 0.1 0.62 0.61

INCONEL 600 hal. 8.0 16 1.0 0.5 0.15 0.5 0.61

INCONEL 625 Bal. 5.0 23 10 0.3 1.0 0.10 0.5 0.01 6.01 ch 4.1
INCONEL 825 Bal. 22.0 21 3 1.0 2.5 0.65 0.5 0.63

INCD S-3 Bal. 20.0 & 7 1.0 5.0 2.0 0.02 1.0 0.04 0.03 Cb 0.5, W 1.5
MONEL 400 Bal. 2.5 2.0 31 0.36 0.5 0.02

TIRCONTLM 702 Ir 99.2, Hf 4.5
95 304L 10 Bal, 19 2.0 0.63 1.0

95 304LN 10 Bal, 19 2.0 0.03 1.0 0.04 0.03 No0.13

85 316t 12 Bal. 17 2.5 2.0 0.63 1.6 0.04 6.03

88 3N 13 Bal. 19 3.5 2.0 0.63 1.6

85 904L = Bal. 21 4.5 2.0 1.5 6.02 1.0 0.04 6.03

20 -3 5 hal. 26 2.5 2.0 3.5 6.67 1.6

™o + N [} Kkl. 28 2 2.0 6.63 6.6 6.63 0.01 N0.23

ES 2005 5 Bal. 22 3 2.0 6.63 1.6 0.03 6.62 N6.14
FERRAL IUW 255 H Bal. 26 3 1.5 2.0 0.04 1.0 6.64 0.63 N6.17

* Values are sax,



2.1.2 In addition to corrosion resistance,
mechani cal properties are also inportant to
consi der when selecting a new material .
Sone physical and nechani cal properties for
the candidate alloys are listed in Table 2.

TABLE 2 PHYSICAL D MECHWIOAL PROPERTIES
OF THE CRDIDATE ALLOVS

Density Tersile Yield Nodulus of  Hardness lmpact Strength Coeff. of Thermal
ALOY (g/ca3) Strength(ksi) Strength(ksi) Elasticity(psi) st -320F(ft b} Expamsion{in/in F}
WASTELLOY c-4 AM 1 60 31E+06 % B 270 6. 0E-06
HASTELLOY C-22 6.69 116 5 XE+06 e 260 6.336
WETELLOY C-276 A % 13 % JE+06 90 R’ 263 6. 26-06
HASTELLOY B-2 s.22 13 » 31E+06 2 33 S.66-06
DCOEL 600 A43 90 37 JE+06 m o m 61 7.4E-06
INCONEL 625 8.4 120 [ J0E+06 [ 33 7. 1E-06
INCONEL. 825 6.14 112 64 0E+06 80 Ry 67 7.8-06
INCO 6-3 6.31 %0 3 25406 SR 263 A 1E-06
0E MW A63 77 37 26E+06 ne 200 7.76-06
TIRCONIUN 702 6.5 k 16 116406 77% . 2. 906
5 AL A02 79 33 BE+06 M n 9.2-06
85 304N 8.0 79 33 8E+06 nR . 9. 2£-06
5 6 802 61 k] 286406 ne S 9. 2%-06
883N [ X [ ] 35 28E+06 [ ] * 8. %06
95 904L 8.0 71 31 20E+06 [N ] . AS-06
2 O3 .08 96 53 2BE+06 90 R’ * 8 XE-06
Mo +N 7.79 110 61 2%E+06 9/ 0 6. 4E-06
2205 7.8 100 70 20E+06 R 0 L.E-06
FERRALIUN 255 7.79 13 100 31E+06 2 ke 0 6.6606

o Data not svailable

2.2 _ELECTROCHEM CAL

2.2.1 A Mdel 351-2 Corrosion Measurenent System
manuf actured by EG&G Princeton Applied
Research, was used for all electrochemn ca
nmeasur enent s.

2.2.2 Specinmens were flat coupons 1.59 cm (5/8")
in diameter. The specinen holder is
desi gned such that the exposed netal surface
area is 1 cm?,

2.2.3 The electrochemcal cell included a
saturated cal onel reference electrode (SCE),
2 graphite rod counter electrodes, the netal
speci nen working electrode, and a
bubbl er/vent tube. The electrolyte was an
aerated solution of HCl plus 3.55wt% NaCl.
The concentration of HCl was 0.1IN for the
first round of testing and was increased to



|.ON for a second round of tests on the nore
resistant alloys. The solutions were made
usi ng dei oni zed water.

2.3 SALT EQOG CHAVBER/ACID DI P
2.3.1 An Atlas Corrosive Fog Exposure System Model

SF- 2000, manufactured by Atlas Electric

Devi ces Conpany, was used for accelerated
exposure. The solution for salt fog
exposure was a standard 5% sodi um chl ori de
m xture prepared as needed. The di ppi ng
solution was a 1.0N (about 9 vol%)

hydrochl oric acid/alumna (Al203) m xture.
The particle size of the alumna was 0.3

m cron. The solution was thoroughly stirred
prior to dipping due to the settling of the
al um na powder .

2.3.2 Flat specinmens exposed to these solutions
were 1" x 2" sanples of the identified
all oys and were approximately 1/8" thick
One set of sanples were base netals with an
aut ogenous weld on one end as identified in
Table 3. Another set of specinens were the
candi date alloys welded to 304L stainless
steel for galvanic studies and are
identified in Table 4. Al flat specinens
had a 3/8" hole drilled in the center for
nounti ng pur poses. Stress corrosion
cracking specinens were standard U bend
sanples prepared with a weld in the center
of the bend, using the same materials as
given in Table 3. The specinens were
obt ai ned comercially from Metal Sanples
Conmpany, RT. 1, Box 152, Munford, AL.
TABLE 3 AUTOGENOUS WELD SAMPLES
BASE ALLOY ___________ FILLER _____ BASE ALLOY FILLER
HASTELLOY c - 4 c-4 88 304L ER 306L
HASTELLOY C-22 c-22 ss 304LN ER J308L
HASTELLOY C-276 C-276 SS 316L ER 316L
HASTELLOY B - 2 B-2 ss JA17L ER 317
INCONEL 600 ERNiCr -3 SS 904l 904L
INCONEL 625 ERNiCrMo-3 20 Ch-3 ER 320
INCONEL 825 ERNiFeCr-1 M0 - N ERJ312Mo
INCO Q-3 Hastelloy B3 Es 2205 ER22.B. 3L

MONEL 400 ERNiCo-7 FERRALIUN 2355 F 255
ZIRCONIUN 702 ER2r2



TABLE 4

SABPLES WELDED TO 304l

STAINLESS STEEL

BASE ALLOY FILLER BASE ALLOY FILLER
HASTELLOY C-4 ERNiCrMo-7 85 304LN CR 308L
HASTELLOY C-22 ERNiCrhNo-10 88 316L CR 316L
BASTELLOY C-276 ERNiCrio-4 88 317L ER 317
HASTELLQY R-2 ERNiMo-7 §S 904L ER S04L
INCONEL 600 ERNiCr-3 20 Cb-3 ER 320
INCONEL 625 ERNiACr-3 7M0 « N ERJ12Mo
INCONEL 825 ERNiCr-3 ES 2205 ER22.8. 3L
INCO o0-3 Hastelloy 0 3 FERRAL1IUM 255 F 255
MONEL 400 ERNiCr-3
NOTE ¢+ Xt was not possible tO obtain e« semple of
Zirconium 702 velded to 304L atainless steel
2.4 BEACH EXPOSURE/ ACI D SPRAY
2.4.1 Al exposure was carried out at the KSC
Beach Corrosion Test Site which is about 100

2.4.2 The acid solution used

2.5 EERRIC

feet fromthe high tide line. The site is
| ocated on the Atlantic Ccean approxi nately
1 mle south of Launch Conplex 39A at
Kennedy Space Center, Florida.

in the spray
operation was 10% hydrochloric acid by
vol umre (about 1.0N) mxed with the 0.3
m cron alum na powder to forma slurry.
specimens used in this testing were
duplicate specinmens as described in the salt
fog/acid dip tests.

The

CHLOR DE | MVERSI ON

2.5.1

Large gl ass beakers (600 - 1000 m) were
used to hold the test solution. Speci nmens
were suspended in the solution by a gl ass
cradle. Speci mens were 1" x 2" flat sanples
as described in the salt fog/acid dip tests.



3.0 TEST PROCEDURES

3.

1

ELECTROCHEM CAL

3.1.1 The test specinens were polished with 600-
grit paper, ultrasonically degreased in a
detergent solution, dried, and wei ghed
before imrersion in the electrolyte.

3.1.2 The electrolyte solution was aerated for at
| east 45 mnutes before imersion of a test
speci nen.  Aeration continued throughout the
test.

3.1.3 Electrochemcal tests performed include
determ ning corrosion potenti al
pol ari zation resistance, and cyclic
polarization. The polarization resistance
test procedure was based on ASTM G59 (17).
The cyclic polarization procedure was based
on ASTM G61 (18). Al three electrochem cal
tests can be run in sequence on a single
speci nen.

3.1.4 The corrosion potential (Ecorr) was
nonitored for 3600 seconds, after which tinme
the potential had usually stabilized.

3.1.5 For the polarization resistance test, the
potential was varied from -20mV to +20mV
relative to the neasured corrosion
potential, while the resulting current was
recor ded. The scan rate was 0.1 mV/sec. A
linear graph of E vs | was made, and the
resulting slope (at I=0) plus the Tafe
constants were used to calculate the
corrosion rate in npy. Tafel constants were
found from the cyclic polarization data.

3.1.6 The cyclic polarization scan started at

-250nV rel ative to Ecorr. The scan rate was
0.166 mV/sec, and the scan was reversed when
the current density reached 5 mA/cm?. The
reverse potential scan continued until the
potential returned to the starting point of
-250nV relative to Ecorr. A graph was then
made of E vs logI.

3.1.7 It was assuned that since the polarization
resi stance scan covers a very snal



potential range, it should not affect the
speci men surface prior to the cyclic

pol ari zati on. Experinments were run with and
wi t hout the polarization resistance test,
and the results support this assunption.

3.1.8 Specinens were inspected visually and
phot ographed after each cyclic polarization

test. Sanpl es were al so wei ghed before and
after the tests to determ ne overall weight
| 0ss.

SALT FOG CHAMBER/ACID DIP

3.2.1 Prior to mounting, the new corrosion
speci nrens were visually checked and wei ghed
to the nearest 0.1 mlligram on a properly
calibrated Mettler AE160 el ectronic bal ance.
The specinens were then nounted on insul ated
rods and set in the salt fog chanber at
about 15-20 degrees off the vertical.

3.2.2 The specinens were exposed to one week (168
hours) of salt fog per ASTM B117 (19). The
tenperature of the chanber was controlled at
95°F (35°C) + 20F. After the one week
exposure, the specinens were renoved and
di pped in the hydrochloric acid/alumna
m xture to sinulate the booster effluent
created during launch of the Space Shuttle.
After one mnute of imrersion, the specinens
were allowed to drain and dry overnight.
Followi ng this dipping procedure, the
sanples were installed in the salt fog
chanber for the next one week cycle.

3.2.3 After a four week/four dip period, the
speci nens were renoved from the nounting rod
and i nspect ed. The inspection procedure
i ncl uded cl eani ng, weighing, and visua
characterization of the corrosion taking
pl ace. The corroded specinens were first
cl eaned using a nonabrasive pad and soapy
water to renove heavy deposits of alum na.
This was followed by chem cal cleaning per
ASTM G1 (20) to renove tightly adhering
corrosion products. After cleaning, the
speci nens were allowed to dry overnight



before weighing. The specinens were weighed
to the nearest 0.1 mlligramon the Mettler
el ectroni ¢ bal ance. The coupons were
visually inspected with the naked eye and
under 40x magnification. Al observations
were recorded in ternms of appearance, sheen,
pit severity/density, and stress cracking
phenonena. After the inspection, the

speci mens were renounted and returned to the
chamber for the next four week/four dip
cycle of testing.

3.3 BEACH EXPOSURE/ ACI D SPRAY

3.3.1

The beach exposure test procedure was based
on ASTM G50 (21), with the addition of an
acid spray. The new duplicate specinmens were
first visually inspected and weighed to the
nearest 0.1 mlligram as was stated before.
The coupons were nounted on short insul ated
rods that were attached to a Plexiglas

sheet. The orientation of the specinens was
face side up and boldly exposed to the
environment to receive the full extent of
sun, rain, and sea spray. The U bend

speci nens were nounted on 36" long insulated
rods and secured with nylon tie waps. Bot h
the Plexiglas sheet and the insulated rods
were nounted on test stands at the beach
corrosion test site using nylon tie waps.
The specinens were mounted facing east
towards the ocean at a 45 degree angle.

3.3.2 Approximately every two weeks, the specinens

received an acid spray with the solution
descri bed. The acid spray thoroughly wet
the entire surface and was allowed to remain
on the surface of the specinmens until it
dried or was rinsed off by rain.

3.3.3 After the first exposure period of 60 days

the specinens were brought to the |aboratory
for inspection. The inspection procedure
was the sane as that for the salt fog
testing. The sanples were remounted and
returned to the beach site for continued
exposure testing.



3.4 FEERRIC CH OR DE | MVERSI ON

3.4.1 The ferric chloride imrersion test procedure
was based on ASTM (48, Method A (22). The
test solution was made by dissolving 100
grans of reagent grade ferric chloride
(FeCla-6H20) in 900 ml of distilled water
The solution was then filtered to renove
i nsoluble particles and allowed to cool to
roomtenperature

3.4.2 Sanples were neasured to cal cul ate exposed
surface area, cleaned, rinsed, and weighed
before imrersion in the test solution. Each
sanple was placed in a glass cradle and
| owered into the test solution. The beaker

was covered with a watch glass and left for
72 hours.

3.4.3 After 72 hours, the sanples were renoved and
rinsed wwth water. Corrosion products were
renmoved, and the sanples were then dipped in
acetone or alcohol and allowed to air dry.
Each speci nen was wei ghed and exam ned
visually for signs of pitting and weld
decay. Speci nens were al so exam ned at | ow
magni fication and phot ographed.

3.4.4 Sonme of the sanples that showed no sign of
corrosion were put back into the test
sol ution. These sanples were periodically
i nspected and re-imersed for a total
exposure tinme of 912 hours.

4.0 TEST RESULTS AND DI SCUSSI ON

4.1 ELECTROCHEM CAL

4.1.1 The electrochemcal tests were run first
with 3.55 wt% NaCl + 0.1N HCl, neasuring
only corrosion potential and cyclic
pol ari zati on dat a. These tests were
repeated, with the insertion of the

pol ari zati on resistance experinent. There
was very good agreenment between the two sets
of experinments, indicating good

reproducibility and a negligible effect of
the polarization resistance test on the
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cyclic polarization results. A gener al

di scussion of the results of the three

el ectrochem cal tests will now be given
foll owed by an explanation of the results
for each of the 19 individual alloys.

4.1.2 Corrosion potential (Ecorr) gives an

-1084
-1204
-3408
-31080 -

-1 88 -

i ndi cation of how noble an alloy is in a

gi ven environnent. Generally, a less
negative corrosion potential nmeans that the
all oy can be expected to be nore resistant
to corrosion, in that particular

el ectrolyte, conpared to an alloy with a
nore negative corrosion potential. Thus,

all oys can be ranked according to resistance
to general corrosion, based on corrosion

potenti al . Figure 1 shows the corrosion
potential vs tine data for a stable
materi al . Some materials displayed very

unstabl e corrosion potentials, such as shown
in Figure 2. Table 5 shows the results for
the 19 alloys tested, in order of increasing
activity. The potentials are all wth
respect to the SCE reference and were
recorded after 1 hour.

Soo 1080 1S8R 2080 asee 3000 3382

Figure 1 Stable Corrosion Potentia

ES 2205 in Aerated 3.55% NaCl - 0.1N HCl
Corrosion Potential (mV) vs Tinme (seconds)
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Figure 2 Unstabl e Corrosion Potential

304LN in Aerated 3.55% NaCl - O0.1N HC1
Corrosion Potential (mV) vs Tinme (seconds)

TABLE S CORROSION POTENTIAL
ELECTROLYTE: 3. 58X WACL - O0.1N HCL

MATERIAL Ecorr MATERIAL Ecorr
NANE VOLTS NANE VOLTS
INCONEL 625 -0. 034 HASTELLOY C-276 -0.133
INCONEL 623 -0. 060 FERRALIUN 2335 -0.139
Mo . N ~-0. 060 20 Cb-3 -0. 140
HASTELLOY C-22 -0. 068 20 Cb-3 -0.15%0
Es 2205 -0.072 88 316L -0.154
HASTELLOY C-276 ~0. 083 HASTELLOY B-2 -0.159
7o . N -0. 085 HASTELLOY B-2 -0.160
S5 904L -0.083 MOMEL 400 -0.172
HASTELLOY C-22 -0. 086 MONEL 400 -0.174
E8 2205 -0.09% BONEL 400 -0.178
INCO o0-3 -0. 098 85 316L -0. 187
FERRALIUN 235 -0.102 INCONEL 600 -0. 272
INCO G-3 -0.102 INCONEL 600 -0.273
HASTCLLOY C-4 ~-0.105% ZIRCONIUN 702 -0.319
HASTELLOY C-4 -0.106 Z1IRCONIUN 702 -0.319
INCONEL 3825 -0. 106 88 J304L ~-0.403
86 7L -0.3108 ss J04L ~-0. 40%
S5 904L -0.116 ss 304L -0.430
INCONEL a23 -0.121 £§5 304LN -0. 410
ss 7L -0.123 ss 304LN ~0. 412

ss 317L -0.132 ss 304L -0. 416
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4.1.3 Polarization resistance is used to calcul ate
the uniform corrosion rate when the
potential is close to the corrosion

potenti al . Results of a typical
pol ari zation resistance run are shown in
Fi gure 3.
-8 ’
] 7
-9 - 4
-es
-1004
>
a-~10%-
-110-
1 is
-128
8 -38 ... - ® iss 208 35 488
n A Jen2
Figure 3 Pol ari zati on Resistance G aph

Hastelloy G4 in Aerated 3.55% NaCl - 0.1N HCl
Potential (mV) vs Current Density (nA/cm? )

According to the Stearn-Ceary theory (23), a
graph of E vs | should belinear over a
current and potential range very close to
I=0 (i.e., close to Ecorr). The slope of
this line is Rp in ohns. Corrosion current
and uniform corrosion rate are then

cal cul ated as follows

106 Ba Bc

2.3 Rp (Ba+Bc)

0.13 Icorr (E.W.)
Corrosion Rate = ~"""""""""""""""---°~-
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where Ba and Bc are the Tafel constants in
V/ decade, lcorr is the corrosion current
density in pA/cm?, EW is the equivalent
weight in g/equiv, d is density in g/cm?,
and corrosion rate is in npy. Table 6
sumari zes the polarization resistance
results, with the alloys ranked in order of
i ncreasing corrosion rate. The polarization
resistance results did not correlate with

t he beach exposure and salt fog chanber
results as well as the cyclic polarization
results did. In general, the polarization
resi stance techni que works better with
nmetals that display active corrosion

behavi or. It may not give accurate results
for passive netals such as nmany of the
alloys used in this study. So in this case,
pol ari zation resistance is not the best

el ectrochem cal technique to use to predict
actual field exposure corrosion results.

TABLE 6 RESULTS OF POLARIZATIOR
RESISTANCE EXPERINENTS

ELECTROLYTE: 3. 5%% NACL - 0.1N NCL

MATERIAL Ba Bc Rp Icorr CORR. RATE
NANE V/DEC V/DEC OHNS ANPS nPY
INCONEL 625 0.09 0.10 180000 1.1SE-07 0.05
FERRALIUN 235 0.15 0.13 247000 1.23E-07 0.06
M0 . N 0.19 0.15 240000 1.52E-07 0.07
ZIRCONIUN 702 0.25 0.19 248000 1.89E-07 0.09
INCO G-3 0.23 0.14 140000 2.61E-07 0.12
§S 904L 0.20 0.16 150000 2. S7E-07 0.12
20 Cb-3 0.23 0.10 28500 3. 08E-07 0. 14
ES 2203 0.21 0.18 127000 3.31E-07 0.15
S5 317L 0.23 0.19 131000 3. 46E-07 0.16
§S 316L 0.21 0.19 125000 3.47E-07 0.16
HASTELLOY C-22 0.23 0.17 84000 S. 06E-07 0.22
INCONEL 625 0.33 0.17 90000 5. 42E-07 0.24
BASTELLOY C-4 0. 42 0.17 47500 1.11E-06 0. 47
NASTELLOY C-276 0.38 0. 24 44000 1.4%E-06 0.62
SS 304LN 0.11 0.11 6450 3.70E-06 1.69
HASTELLOY B-2 0.05% 0.25% 1800 1.01E-05 4.16
MONEL 400 0.08 0. 30 930 3. O0E-05 13.00
INCONEL 600 0.07 0.29 663 3. 68E-05 16.30
88 304L 0.07 0.14 as2 S, 80E-05 26.00

4.1.4 Cyclic polarization gives an indication of a
specimen's resistance to pitting corrosion
(18,24), and this nmethod has been used for
many systens to determ ne susceptibility to
| ocalized corrosion (4-6,9,11,13,16,18,24,
25). Figure 4 shows a curve with the
hysteresis effect typical of a material wth
a low resistance to pitting. Since the
potential scan is at a known constant rate,
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the potential values can be converted to
time, and the area inside the hysteresis

| oop can be found by integration to give
units of coulombs/cm?. This area value
should be very small for alloys that are
highly resistant to pitting, as seen in
Figure 5 which is for a material that is
very corrosion resistant. In this case, the

reverse scan traces al nost exactly over the
forward scan.

200 -
| A,
100 -
m -
m
®_1s]
-208 -
| Hysteresis Loop
-3884 Area
-408
4 4 7 4 4 4 4 Tz
LOG | A/em2
Figure 4 Cyclic Polarization Wth Hysteresis Loop

316 L in Aerated 3.55% NaCl - 0.1N HCl, mV vs log I(A/cm? )

No Hysteresis Loop

458
t
-
200 -4
2 <
~208
-e -7 -YB -5 - 4 -'a
LOG 1 A/en2
Figure 5 Cyclic Polarization Wthout Hysteresis

fastelloy C-4 in Aerated 3.55% NaCl - 0.1N HCl, mV vs |og |
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Table 7 ranks the alloys according to area
of the hysteresis |oop.

TABLE 7 AREA OQF HYSTERESIS LOOP
ELECTROLYTE: 3.33% NACL - O.1N HCL

BATERIAL AREA OF LOOP MATERIAL AREA OF LOOP
NAME COULONMBS NANME COULOMBS

HASTELLOY C-22 2.00 SS S04L 7.00
HASTELLOY C -22 2.00 85 904L 7.00
HASTELLOY C-276 2.00 ZIRCONIUN 702 8.00
HASTELLOY C-4 2.00 INCONEL 8235 9.00
HASTELLOY C-4 2. 00 INCONEL 8235 9.00
INCO G-3 2.00 ZIRCONIUN 702 10.00
INCO G-3 2.00 SS 304L 12.00
FERRALIUN 255 3.00 8S 304L 13.00
FERRALIUN 235 3.00 85 304LN 13.00
INCONEL 625 3.00 88 316L 15.00
INCONEL 625 3.00 85 316L 15.00
INCONEL 600 4.00 8S 317L 15.00
7o + N 4.00 SS 304LN 16.00
ES 2205 5.00 88 317L 20.00
INCONEL 600 5.00 20 Cb-3 21.00
2205 6.00 20 cCb-3 23.00

Two other paraneters that apply to cyclic

pol ari zation are critical pitting potenti al
(Ec) and protection potential (Ep). At Ec,
the current increases dramatically until the
reversal point is reached (see Figure 4).

The nore noble (positive) the value of Ec,
the nore resistant is the alloy to
initiation of |ocalized corrosion. Ep is
the point at which the reverse scan
intersects the forward scan (see Figure 4).
Ep represents repassivation of previously
formed pits. In general, localized
corrosion can propagate at potentials nore
noble (positive) than Ep. So, it would be
desirable for Ep to be greater than Ecorr to

make it less likely that Ecorr wll exceed
Ep, and therefore less likely that |ocalized
corrosion will continue. Tables 8 and 9

rank the alloys according to ECc and Ep,
respectively.
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ELECTROLYTE: 3.93X NACL - O.1N HCL

MATERIAL Ec
NANME voLTS
FERRALIUM 255 0.810
Mo + N 0. 810
ES 2205 0. 800
FERRALIUM 235 0. 800
HASTELLOY C-22 0. 800
MASTELLOY C-276 0. 800
HASTFI LAY C-4 0. 8N
INCONEL 625 0. 800
ES 2205 0. 790
INCO G-23 0.790
INCO 6-3 0.790
INCONEL 625 0.790
HASTELLOY C-22 0.780
HASTELLOY C-4 0. 780
7Moo + N 0.780
INCONEL 825 0. 309
S§ 904L 0.291
TABLE 9 PROTECTION POTENTIAL

ELECTROLYTE: 3.35X NACL - O.1N HCL

MATERIAL Ep
BANE VOLTS
MASTELLOY C-22 800
INCO G-3 860
780 . M 844
FERRALIUN 255 833
ES 2203 830

HASTELLOY C-22
HASTELLOY C-4
INCONEL 623
HASTELLOY C-4
INCO G-3
FERRALIUN 253
HASTELLOY C-276
INCONEL 625
ES 2203
INCONEL 825
INCONEL 600
INCONREL 600

0000000000000 000D
[ ]

CRITICAL © [TTIWO POTENTIAL

MATERIAL EC
NARE VOLTS
INCONEL 825 0.270
8S 904L 0. 230
ZIRCONIUN 702 0.214
§S 317L 0.210
ZIRCONIUM 702 0.20%
ss 317L 0.156
20 €b-3 0.150
85 316L 0.141
20 Cb-3 0.136
8s 316L 0.110
85 304LN 0.035
INCONEL 600 0.010
INCOREL 600 -0.010
88 304LN -0.010
SS 304L -0.093
S5 304L -0. 096
$5 304L -0.240
EESEESEEESSSCUCSIESEEEEREERERES.
BATERIAL Ep
NANE VOLTS
ZIRCONIUN 702 0.019
ZIRCONIUN 702 -0.040
20 cb3 -0.137
INCONEL 825 -0.149
20 Cn-3 -0. 1%0
S5 304L -0. 200
$S 904L -0. 200
S 304L -0. 207
ss 317L -0. 207
8S 904L -0.210
8S 316L -0.222
S 317L -0.224
SS 316L -0. 229
8S 304L -0.242
SS 304LN -0.278
SS 304LK -0. 280

Some alloys displayed uniform corrosion,
rather than localized pitting or crevice

corrosion.
and Hastel |l oy B-2.

Ec, Ep, or area of
Ther ef or e,

data for
appear in Tables 7, 8,

This was the case for Mnel 400
In these instances,
cyclic polarization curves were simlar
the one shown in Figure 6.
curve does not yield meaningful

to
This type of
val ues for

the hysteresis | oop.
these two all oys do not
and 9.

Al t hough

these two alloys did not suffer |ocalized

t he
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corrosion, they did have an unacceptably
hi gh uniform corrosion rate, as seen in
Tabl e 6.

-58
=180

-158

» -200 -

-7.8

Figure 6 Cyclic Polarization Wth Uniform Corrosion
Monel 400 in Aerated 3.55% NaCl - 0.1N HCl
Potential (mV) vs Log Current Density (A/cm? )

4.1.6 Visual inspection and inspection under a
m croscope reveal ed various |evels of
pitting corrosion. Crevice corrosion was
al so observed on several of the sanples
around the edge of the specinmen hol der.
These visual observations agreed extrenely
well with the electrochem cal results. Sone
representative photos are shown in Figure 7.
Figure T7a, of stainless steel 304L, shows
crevice corrosion and pitting. Figure 7b,
I nconel 600, shows crevice corrosion,
pitting, and uniform corrosion. The Mbnel
400 in Figure 7c shows uniform corrosion
only, and the Hastelloy G276 in Figure 7d
shows no signs of corrosion attack.
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Representative Photos After Cyclic
Pol ari zation in 3.55% NaCl t 0.1N HC1

7

Fi gure

6) INCONEL 600

-276

D) HASTELLOY C

C) MONEL 400
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4.1.7 Total weight |oss was neasured for each
sample. This is an indication of the anount
of corrosion. However, this value can not
be used to determ ne a neani ngful general
corrosion rate because in npbst cases the
corrosion was not uniform over the entire
surface -- it was localized in pittin
and/ or crevice corrosion. Table 10 shows
the weight. loss for the alloys tested.

TABLE 10 WEIGHT LOBS

ELECTROLYTE: 3.5%X NACL - O.1N HCL

MATERIAL wT LOSS MATERIAL ¥WT LOSS

NAME (wg) NANE (mg)
FERRALIUN 253 8S 904L
HASTELLOY C-22 S§S 904L

INCONEL 600
ZIRCONIUM 702
INCOREL 600
INCONEL 823
INCONEL 825

ZIRCONIUMN 702

HASTELLOY C-276
HASTELLOY C-4
HASTELLOY C-22
HASTELLOY C-276
HASTELLOY C-4
INCO G-3

Yerr00DDODOOONOOOOOD
ANOONNNDOUINIANIAVWWWY
PUUDSAILLLAINNNNNER L
VONHDPOOPEONWANL+OBON

INCONEL 625 SS 304LN
FERRALIUN 255 8S 304L
7Ho . N 8S 316L
INCONEL 623 SS J16L
7Mo0 . N §S 317L
EE 2205 S8 304L
HASTELLOY B-2 SS 304LN
INCO G-3 8S 317L
ES 2205 20 Cb-3
HASTELLOY B-2 20 Cb-3
NONEL 400 MONEL 400
85 304L

1.1.8 Based on the data in the preceding tables
and figures for the first round of tests,
the nost resistant alloys were determned to
be Hastelloy C 4, Hastelloy C 22, Hastelloy
C- 276, Inconel 625, Inco Alloy G 3,
Ferral ium 255, T7Mo+N, ES 2205, and 904L.
These alloys were then run through the sane
el ectrochem cal tests using a nore
aggressive electrolyte of 3.55 w% NaCl with
the HC1 concentration increased to 1.0N.
Stainless steel 304L was al so used, as a
basis for conparison.

4.1.9 Table 11 shows the effect on corrosion
potential of increasing the acid
concentration. The 904L, Ferralium 255, ES
2205, and 7Mct N becane much nore active.
Table 12 summarizes the polarization
resistance results obtained with the
i ncreased acid concentration. For the 904L,
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ES 2205, and 7MotN alloys, the effect of the
increased activity of Table 11 can be seen
in the very high corrosion rates given in
Table 12, as conpared to the results in
Table 6. The corrosion rates increased from
0.12 to 36.8 npy for 904L, from 0.15 to 180
npy for ES 2205, and from 0.07 to 457 npy
for 7TMo+N. As with the results in Table 6,
this test separates out sone of the poor
performers, but it can not rank the alloys
accurately.

TABLE 11 CORROSION POTENTIAL IN 1.0N HC1l AND
IN O.31N HC1 (BOTH WITH 3.35X% NsCl)

MATERIAL Ecorr (V) Ecorr (V)
NANE 1.0 N 0.1 N
INCO G-3 -0.081 -0.100
INCONEL 623 -0. 038 -0. 057
HASTELLOY C-4 -0.098 -0.105
HASTELLOY C-22 ~0. 106 -0.077
HASTELLOY C-276 -0.108 -0.109
88 904L -0. 328 -0.100
FERRALIUN 233 -0. 421 -0.120
ES 2208 -0, 422 -0. 084
€5 J04L -0. 452 -0. 408
780 . N -0. 459 -0.072
TABLE 12 POLARIZATION RESISTANCE

ELECTROLYTE: 3.35X NACL - 1.0N HCL

MATERIAL Be Bec Rp Icorr CORR. RATE
NANE V/DEC V/DEC OHNS ANPS MPY

FERRALIUN 235 0.03 0. 06 43000 2.00E-07 0.09
INCONEL 623 0.29 0.13 84400 4. 62E-07 0.23
INCO G-3 0.35 0.13 77300 S.31E-07 0.24
HASTELLOY C-22 0.38 0.14 61700 7.21E-07 0.3
HASTELLOY C-276 0. 54 0.15 38700 1.32E-06 0. 356
HASTELLOY C-4 0.63 0.16 23800 2.34E-06 1.00
£ 9041 0.06 0.2 257 7.88E-05 36. 80
88 304L 0. 06 0.11 167 9. 36E-05 43.70
ES 2208 0.1% 0.13 79 3.85E-04 180. 00
7o . N 0.24 0,13 ” 9.82E-04 457. 00

The cyclic polarization results for the
stronger electrolyte are summarized in Table
13, with the alloys ranked according to

wei ght | oss. The 304L sanple experienced
uni form corrosion. Therefore, results for
304L do not appear in Table 13, for the
reasons nentioned in paragraph 4.1.5 in
regard to Figure 6 (i.e., no neaningfu
values for EC, Ep, or area).
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TABLE 13 CYCLIC POLARIZATION RESULTS

ELCCTROLYTC: 3.9%% NACL - 1. OR HCL

MATERIAL cc cp AREA OF LOOP WT LOSS
NANE VOLTS VOLTS COuLONBS (mg)

B L T T I - R
INCO G-3 0.825 0.899 1.00 0.2
NASTCLLOY C-22 0.820 0.866 1.00 0.3
NASTCLLOY C-276 0.840 0.840 1.00 0.3
HASTELLOY C -4 0.800 0.870 1.00 0.3
FCRRALIUN 23535 0.855 0.855 2.00 0.4
INCONCL 625 0.870 0.908 3.00 0.6
s s 904L 0.100 0.197 7.00 1.6
ES 2205 0. g8% 0.145 2.00 2.8
780 « N 0.040 0.900 1.00 6.9

The high weight |oss values seen in Table 33
for 904L, ES 2205, and 7Mo+N agree with the
active corrosion potentials of Table 11 and
the high corrosion rates of Table 12. The
ES 2205 and 7MbtN suffered severe uniform
corrosion, in addition to pitting, which is
why the area values for these two alloys do
not correlate with the weight |oss val ues.
Since there was uniform corrosion, the area
values are not really neaningful, and the
wei ght loss gives a better indication of the
extent of corrosion for these two all oys.

Vi sual inspection also agreed with the
results of Tables 11, 12 and 13: the 7MtN
and ES 2205 suffered severe uniform
corrosion; the 904L alloy showed increased
crevice corrosion conpared to the results
with the 0.1N HC1 solution; the Ferralium
255 showed signs of some general corrosion;
and the remaining alloys, Hastelloy CI,
Hastell oy C 22, Hastelloy G 276, Incone
625, and Inco Alloy G 3, still displayed
excel l ent resistance to both |ocalized and
uni form corrosi on.

4.1.11 The graphical results for corrosion
potential and cyclic polarization for each
of the alloys are shown in Appendi x A,
Figures Al to AS8. G aphs are included for
the 3.55% NaCl t 0.1NHC1l electrolyte for

all of the alloys. For the nore resistant
alloys, the graphs from the 3.55% NaCl t
1.0N HC1 electrolyte are also given. all of

these results are summuari zed and briefl:
expl ained in Table 14.
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TRBLE 14 SUMMARY OF ELECTROCHEMIOAL RESILTS
3,55% NaCl + O.IN HC1 3,55% NaCl + |.ON Hcl
ALLDY FI6URE COMMENTS FIGURE COMMENTS
HASTELLOY C-4 A1 Stable,Noble Ecorr a3 Stable,Noble Ecorr
A2 VerySmall ttysteresis frea () Very Small Hysteresis frea
Excellent Pitting Resistance Excellent Pitting Resistance
HASTELLOY C-22 RS Stable,Noble Ecorr A7 Stable,Noble Ecorr
p6  Very Small ttysteresis frea A8 Very Small Hysteresis frea
Excellent Pitting Resistance Excellent Pitting Resistance
HASTELLOY C-276 ;I Stable, Fairly Noble Ecorr A1} Stable,Fairly Noble Ecorr
A10  Very Small Hysteresis Area al2  Very Smsall Hysteresis firea
Excellent Pitting Resistance Excellent Pitting Resistance
HASTELLOY B-2 A13  Stable,Slightly ktive Ecorr
A4  Unifore Corrosion
INCONEL 600 A1S  Unstable,Fairly ktive Ecorr
Al6  Uniform Corrosion & Pitting
INCONEL 625 A17  Stable, VeryNoble Ecorr Al19  Stable,VeryNoble Ecorr
At8  Small ttysteresis frea A20  Very Small tlysteresis frea
Very Bood Pitting Resistance Excellent Pitting Resistance
INCONEL 825 fA2{  Stable,Noble Ecorr
A22  Large Area,low Pitting Resistance
INCD 6-3 fA23  Stable,NobleEcorr A25  Very Noble Ecorr
A4 Excellent Pitting Resistance A%  Excellent Pitting Resistance
MONEL 400 A27  Stable,Slightly ktive Ecorr
A28  UnifornCorrosion
ZIRCONILM 702 A29  Stable,Fairly ktive Ecorr
A30  LowResistance To Pitting
S5 304L A31  Fairly Stable,Active Ecorr A33  Fairly Stable,Active Ecorr
A2  Poor Resistance To Pitting A34  Uniform Corrosion
S5 304LN A35  Umstable,ActiveEcorr
fA36  Large Hysteresis Area
Poor Pitting Resistance
55 316L A37  Fairly Stable,Slightly ktive Ecarr
R38  Large Hysteresis firea
Very Poor Pitting Resistance
55 31T A39  Stable,Slightly ktive Ecorr
A0 LargeHysteresis Area
Very Poor Pitting Resistance
55 904L P4 Stable, Noble Ecorr A3 FairlyStable,Aetive Ecorr
%2 Some Pitting Resistance M4 Poor Pitting Resistance
20 Cb-3 M5  Fairly Stable,Slightly Active Ecorr
M6 Extremely Poor Resistance To Pitting
™o + N M7  Stable,NobleEcorr M9  Stable,Active Ecorr
M8 Moderate Pitting and A%  Some Pitting and
Uniform Corrosion Unifors Corrosion
ES 2205 A5t Stable, Noble Ecorr A53  fAct ive, Fairly Stable Ecorr
fA52  Moderate Pitting 54  Some Pitting,imiform Corrosion
FERRALIUM 255 AS5  Stable,Noble Ecorr AS7  Stable,Active Ecorr
RS  Small tlysteresis Area AS8  Bood Pitting Resistance

Very 6ood Pitting Resistance
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SALT FOG CHAMBER/ACID DI P
4.2.1 After 4 weeks of salt fog exposure and four

acid dips, the coupons were returned to the
| aboratory for analysis. After a cleaning
procedure, the specinmens were weighed to
determ ne the weight |oss caused by the 4i-
week exposure. Using the weight loss results
and the nmeasured area of the coupons,
corrosion rate calculations were made to
conpare the alloys' resistance to the salt
fog/acid dip environment. The fornula used
to calculate the corrosion rate is

CORRCSI ON RATE (M LS PER YEAR) = 534w
dAt

where w is the weight loss in mlligrans, d
is the netal density in grans per cubic
centineter (g/cm3 ), Ais the area of
esposure in square inches (in? ), and t is
the esposure time in hours. This expression
cal cul ates the uniform corrosion rate over
the entire surface and gives no indication
of the severity of |ocalized attack
(pitting) occurring on the surface. To
determne the severity of this localized
attack, the coupons were esam ned visually
with the naked eye and under 40 power

magni ficati on. The measured wei ght | oss,
the resulting calculated corrosion rate, and
t he visual observations for each of the
alloys for the 4-week cycle are presented in
Table 15. As can be seen fromthe table,
several materials clearly separated from the
rest and displayed superior corrosion

resi st ance. These materials included three
Hastelloy alloys (G 22, G4, and C 276),
Zirconium 702, Inconel 625, and Inco Al oy
G 3. The Inco Alloy G 3 nmarked the point at
which the corrosion rates accel erated
rapidly for the many stainless steel alloys
included in the testing. The visual
observations confirmed the corrosion

resi stance of the top alloys, with no visua
deterioration at 40x. These results were
considered inportant but premature, and the
speci mens were returned to the salt fog
chanber for further exposure.
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RESWLTS OF FOUR WEEX EXPOSURE IN 5% SALT FOB AND FOUR DIPS IN 1.ON HOL - ALUMINA

MATERIAL NAME WGT LOSS(g) CORR, RATE(MPY)  REMARKS - OBSERVATIONS AT 1X AND 40X

HASTELLOY C-d2 0.0007 0.0140 MO PITTING AT iX - NO PITTING AT 40X

TIRCONIUR 702 0, 0008 0.0210 No PITTING, BRIGHT SMEEN AT 1X - NO PITTING AT 40X

HASTELLOY c-4 0.001s 0.0290 NO PITTING AT 1X - NO PITTING AT 401

HASTELLDY c-276 0.0018 0.0340 ND PITTING AT 1x - NO PITTING AT 40X

INCONEL 625 0.0020 0.0400 NO PITTING, BRIGHT SHEEN AT {X - NO PITTING AT 40X

INCOLOY 6-3 0. 0053 0.1210 MO PITTING AT 1X - SLIGHT PITTING AT 40X

msEuoYs-2 0.0228 0. 4130 NO PITTING AT iX - UNIFORM CORROSION AT 40X

SSI0AL 0.0300 0.6200 VISIBLE PITTING, NO SHEEN AT LX - MODERATE PITTING AT 40X
SS30ALN 0.0324 0.6320 VISIBLE PITTING, ND SHEEN AT 1x - MODERATE PITTING AT 40X

SS3iel 0.0301 0.6400 VISIBLE PITTING, NO SHEEN AT IX ~ MODERATE PITTING AT 40X

SS3N 0.0324 0.6970 VISIBLE PITTING, NO SHEEN AT 1X - MODERATE PITTING AT 40X

SS304L 0.03%3 0.7300 VISIBLE PITTING, ND SEEN AT {X - MODERRTE PITTING AT 40X
INCONEL 825 0.0386 0, 8080 VISIBLE PITTING, ND SHEEN AT {X - MODERATE PITTING AT 40X

INCOEL 600 0.0420 0.8770 ND SHEEN AT 1x - NUMERDUS SW. PITS AT 40%

Mo + N 0.0469 1. 0600 NO PITTING, NO SHEEN AT 1X - VERY SLIGHT PITTING AT 40X
FERRALIUN 255 0.0476 1. 0600 VISIBLE PITTING, SLIGHT SHEEN AT 1X - NUMEROUS SLIGHT PITS AT 40X
€5 2205 0.0675 1,2060 NO PITTING, 1a SHEEN AT 1X - VERY SLIGHT PITTING AT 40X

NONEL 400 0.0893 1. 7350 SLIGHT SHEEN AT 1X - SLIGHT PITTING, ETCHED AT 40X

200>-3 0,043 2.0300 VERY VISIBLE CORROSION AT {X - MMEROUS LARGE PITS, SOME DEEP AT 40X

4.2.2 Follow ng another

I-week exposure cycle, the

speci nens were returned to the |aboratory
for an 8-week anal ysis. The sane procedures
were conducted to clean, weigh, calculate,
and observe the specinens. The B-week data

i s shown
t he tabl e,
of

clearly superior

not

in Table 16. As can be seen from
much changed in the ranking

the alloys, with the top six materials

to the rest. However, the

Inco Alloy G 3 started show ng signs of
pitting at 40x, but these pits were snmall.
The corrosion rates did not change mnuch
since the relationship between weight |oss
and time should stay fairly constant.
However

reduction

some materials display a slight
in corrosion rate, and thisis

probably due to a slight slowng of the

pitting after

an

initial accelerated attack.

In conparison to the electrochem cal data,
two materials changed their relative
positions in the rankings. The cyclic

pol arization in 0.1N HC1/3.55% NaCl showed
the Zirconium 702 material to be a poor

perf or mer,

testing,
corrosi on resistance. On the ot her hand,

but

in the salt fog/acid dip
this material displayed excellent
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the electrochemcal 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 confirned
this result.

REBLLTS OF EIGNT MEEX EXPOBUNE IN SX SALT FOE AND EIGHT DIPS IN 1.0N HCL - ALUNINA

MTERIAL NVE WGT LDSS(g) CORR. RRTE(MY) REMARKS - DBSERVATIONS AT 1X AND 40X
WASTELLOY C-22 0.0015 0.0150 N0 PITTING, RIM SHEEN AT 1X ~ ND PITTING, MO WELD DECRY AT 40X
TIRCONIUM 702 0,0012 0.0160 SOME STAINING, BRIGHT SHEEN AT {X ~ NO PITTING, ND WELD DECRY AT 40X
WRSTELLOY C-276 0. 0028 a0260 ND PITTING, BRIGHT SHEEN AT 1X - ND PITTING, ND WELD DECAY RT 40X
INCONEL 625 0.0027 0.0270 N0 PITTING, BRIGHT SHEEN AT 1x - WD PITTING, NO MELD DECRY AT 40X
MASTELLOY C-4 a0029 0.0280 MO PITTING, BRIGHT SHEEN AT Ix - NO PITTING, ND WELD DECRY AT 40X
men oy 6-3 0.0071 0.0730 NO PITTING, SLIGHT SHEEN AT [x - MODERATE SHALLOW PITTING, SOME PITTING OF WELD AT 40x
HASTELLOY B-2 0. 0420 0. 3820 ND PITTING, NO SHEEN RT |x - UMIFDRW CORROSION WITH LDCALIZED ATTRCK AT 40X
SEI0ALN 0.0620 0.6050 VISIRLE PITTING, N0 SHEEN AT |x - NUMEROUS PITS, SOME LARGE, NO WELD DEDAY AT 40X
953160 0. 0631 0.6720 VISIBLE PITTING, ND SHEEN AT |x - MMEROUS SHALLOW PITS, SOME WELD DECAY AT 40x
53040 a0672 0.6930 VISIRE PITYING , NO SHEEN AT 1Y - NMEROUS PITS, SOME LARGE, MO MELD DECAY AT 40X
95904 0. 0695 a7200 VISIBLE PITTING, ND SHEEN AT [x - NUMEROUS LARSE SHALLOW piTs, PITTING OF WELD AT 40X
[ YR 0.0699 0. 7320 VISIBLE PITTING , NO SHEEN AT 1X - MODERATE PITTING, SOME MELD DECAY RT 40X
INCONEL. 825 0. 0854 0. 9% VISIME PITTING, N0 SEEN AT 1X - VERY MMEROUS P|, PITTING OF WELD AT 40X
INCONEL. 600 0.0915 0.9420 ND SHEEN AT 1X - UNIFORM ATTACK, NO WELD DECAY AT 40X
™o ¢+ N 0. 0916 1, 0350 N0 PITTING, NO SHEEN AT 1X - UNIFORM CORROSION, MDDERATE MELD DECRY AT 40X
FERRALIUN 255 0.093% 1, 0450 VISIBLE PITTING, NO SHEEN AT 1X - LNIFORM ATTACK WITH MUMEROUS piTS, PITTING OF WELD AT 40X
ES 2205 0. 1286 1.1500 VISIBLE PITTING, ND SHEEN AT |x - SLIBHT PITTING WITH CREVICE CORROSION, PITTING OF MELD AT 40X
200>-3 0.1708 1. 8300 VISIRLE PITTING, ND SMEEN AT 1X ~ HEAVY PITTING, WANY LARGE AND DEEP, SEVERE PITTING OF WELD AT 40X
MDNEL 400 0. 1908 1.47% NO SHEEN AT §X - UNIFORM CORROSION, SOME PITTING OF WELD AT 40X
2.3 After another 4-week exposure cycle, the

speci nens were returned to the |aboratory
for the 12-week anal ysis. The results of
the 12-week testing are shown in Table 17.
After 12 weeks in the salt fog chanber and
12 acid dips, a clear trend began to energe.
The corrosion rates were renaining fairly
constant with a slight reduction still being
di spl ayed by sone materials. The al |l oys
were settling into their positions o the
ranking of corrosion resistance in this
accel erated environnent. 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
devel oping on the three Hastelloy materials
and one Inconel material were barely
detectable and were considered insignificant
since the weight | oss remained very | ow
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RESILTS OF 12 MEEX EXPOSURE TO 3% SALT FOG AND 12 DIPS IN 1.0M MOL - ALLMINA

REMARKS - DBSERVATIONS AT 1X AND 40X

MTERIAL NVE WGT LOBSS(g) CORR. RATE (NPY)

#STELLOY (-2 0. 0043 0.0120 NO PITTING, BRIGHT SHEEN AT JX - R FEM SWALL PITS AT 40X

11ACONIUN 702 0.0015 0.0130 NO PITTING, BRIGHT SHEEN AT Ix - SLIGHT UNIFORM CORROSION, NO PITTING AT 40X

INCONEL 825 0.0029 0.0190 NO PITTING, BRIGHT SHEEN AT Ix - FEW VERY SMALL PITS AT 40X

HASTELLOY c-276 0.0031 0.019%0 NO PITTING, BRIGHT SHEEN AT 1X - FEM VERY SMALL PITS AT 40X

HASTELLOY c-4 0.0036 0.3330 NO PITTING, BRIGHT SHEEN AT 1x - FEW PITS AT 40X

INCOLDY 6-3 0. 0080 0. 0350 SLIGHT PITTING, NO SHEEN AT 1X - FEW SMALL PITS, UNIFORM CORROSION AT 40X

ms1EuovB-2 0.0662 0.4010 ND PITTING, NO SHEEN/STAINED AT Ix - FEW PITS, UNIFORM CORROSION AT 40X

SS30MN 0. 108¢ 0.7030 SOME PITTING, NO SHEEN, VISIELE RUST AT JX - NUMERQUS PITS AT 40X

SSI0ML 0.1031 90,7200 VISIBLE PITTING, NO SHEEN AT 1X - NUMEROUS SMALL PITS, SOME LARGE AND DEEP AT 40X

SSI0AL 0. 1094 0. 74% VISIBLE PITTING, NO SHEEN AT 1X - NUMERGLIS LARGE PITS AT 40X

SS316L 0. 1071 0. 7610 VISIBLE PITTING, NO SHEEN AT 1X - LARGE DEEP PITS, UNIFGRM CCRROSION AT 40X

SS3INn a.1124 0. 8060 SOME LARGE PITS, NO SHEEN AT 1x - LARGE DEEP PITS AT 40X

INCONEL 825 0. 1350 0.8720 VISIBLE PITTING, ND SHEEN AT 1X - MMEROUS LAREE PITS, FAIRY DEEP AT 40X

FERRAL UM 235 0.1294 0.9600 NUMEROUS PITS, NO SHEEN AT Ix - SEVERAL LARGE PITS AT 40X

INCONEL 600 0.1417 0.9730 NO PITTING, NO SHEDN AT 1X - UNIFORM CORROSION AT 40X

€5 22035 0. 196 1.1470 VISIBLE PITTING, NO SHEEN AT IX - SOME LAREE PITS AT 40X

Mo + N 0. 1547 1.1683 NO PITTING, NO SHEEM AT 1X - FEW LARGE DEEP PITS, UNIFORM CORROSION AT 40X

20Cb-3 0.2410 1.7420 LARGE VISIILE PITS, NO SHEEN AT 1X - VERY LARGE PITS, SEVERE CORROSION AT 40X

NDEL 400 a3233 2.1100 ND PITTING, NO SHEEN AT JX - MMEROUS PITS, SEVERE UNIFORM CORROSION AT 40X

4.2.4 Followi ng another 4-week cycle, the

specinens were returned w the |aboratory
for the 16-week analysis. The 16-week data
is presented in Table 18.

TALE 18

RESILTS OF 16 WEEX EXPOSURE TO A SALT FOB A J6 DIP9 IN 1.01 HEL - ALUMINA

WATERIAL NYE W6T L0SS(g) CORR. RATE(MPY)  REMARKS - OBSERVATIONS AT 1X AND 40X

6Tt -3 0.9014 3.2068 NO PITTING, BRIGHT SHEEN AT {X - SOME VERY SWALL PITS, ND DEPOSITS AT 40X

imAEL 65 0. w2 0.0110 NO PITTING, BRIGHT SHEEN AT 1X - FEW MEDIUM SIZED PITS AT #0X

LIRCONILM 702 0.0s:58 0.0119 SLIGHT PITTING, SEMI BRIGHT SHEEN AT Ix - NO PITS, PATCHES OF CORROSION AT 40X
HASTELLOY c-276 0.003 0.0151 NO PITTING, BRIGHT SHEEN AT {X - SOME VERY SMALL PITS, NO DEPOSITS AT 40X

HASTELLOY C-4 0.0039 0.0170 NO PITTING, BRIGHT SHEEN AT IX - S0ME VERY SWALL PITS, ND DEPOSITS AT 40X

INCOLOY S-3 0.0086 0.0442 NO PITTING, BRIGHT SHEEN AT 1X - FEM SWALL PITS, NO DEPOSITS AT 40X

HASTELLOY B-2 0.1126 0,33% NO PITTING, DISCOLORATION, NO SHEEN AT 1X - SHALLOM LARGE PITS, UNIFORM CORROSION AT 40X
FERRALIUM 255 0.1506 0.8381 VISIBLE PITTING, NO SHEEN AT Ix - NUMEROUS LARGE AND SMALL PITS, NO DEPOSITS AT 40X
S9908 0.1672 0.8761 VISIBLE PITTING, NO SHEEN AT JX - NUMERQUS LARGE AND DEEP PITS AT 40X

INCONEL 823 0. 1684 0.4819 NUMEROUS PITS, NO SHEEN AT 1x - NUMEROUS LARGE AND DEEP PITS, WELD DECAY AT 40X
35304LN 0. 1881 0.3176 SMALL PITS, DISCOLORED, ND SHEEN AT §X - MUMEROUS PITS, SOME DEPOSITS AT 40X

SS304L 0. 1864 0.9573 VISIBLE PITTING, NO SHEEN AT 1X - NANY PITS, SOME WELD DECAY AT 40X

INCOMEL 600 0.1931 0.9942 NO PITTING, DISCOLORATION, MO SHEEN AT 1X - UNIFORM CORROSION, SMALL PITS AT 40X

SN 0, 1862 1.0018 VISIBLE PITTING, NO SHEEN AY 1X - NUMERQUS LARGE AND DEEP PITS AT 40X

SS316L 0.191s 1.0210 VISIBLE PITTING, NO SHEEN AT Ix - MMEROUS LARGE AND DEEP riTs AT 40X

Mo+ N 0. 1863 1. 0526 FEW PITS, DISCOLORATION, NO SHEEN AT JX - FEW LARGE PITS WELD DECAY, UNIFORM CORROSION AT 40X
ES 2203 0.2309 1.2228 VISIME PITTING, DARK COLOR, NO SHEEN AT 1x - SOME LARGE AND MANY SMALL riTs AT 40X
20003 0. 335 1. 8022 EXTESIVE PITTING, NO SHEEN AT {X - EXTENSIVE LARGE,DEEP PITS, NO DEPOSITS AT 40X

MDEL 400 0. 4054 2.4009 NO PITTING, NO SHEEN AT 1X - UNIFORM CORROSION, PiTs IN WELD, NO DEPOSITS AT 40X
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As can be seen fromthe table, several
materials displayed increased attack and
fell lower in the rankings. Most not abl e
were the 304L, 316L, and 317L stainless

st eel s.

This allowed several naterials to

nove up in the rankings, nost notably the

| nconel

600, I nconel 825, and the Ferralium

255. The visual observations continued to
be hel pful in characterizing the alloy
surface and type of corrosive attack. The
top materials did not display any increase
in pitting, and the weight |oss data
confirnms this fact.

At the conpletion of another 4-week exposure

cycl e,

t he specinmens were returned to the

| aboratory for the 20-week analysis. The
20-week data is presented in Table 19. A
graphi cal presentation of the corrosion rate
data is shown in Figure 8.

RESULTS OF 20 WEEXS EXPOSURE IN 5% SALT FOB AND 20 DIPS IN 1.0N ML - ALUMING

WMATERIAL NAVE WET L0SS(g) CORR. RATE(WPY) REMARKS - OBSERVATIONS AT 1X AND 40X

WS TEL e -2l BT . 035 M) PITTING, BRIGHT SHEEN AT 1X - VERY FEW TINY PITS, NO DEPOSITS AT 40X

i v PR 0,748 6, 5100 NG 2ITTING, BRIGHT SHEEN AT 1X - VERY FEW SWALL PITS AT a0X

R v N IR 0, 0020 0.0106 SLIGHT PITTING, SEMI BRIGHT SHEEN AT 1X - NO PITS, SURFACE CORROSION PATCHES AT 30X
WASTELLOY C-276 0.0035 0.0132 NQ PITTING, BRIGHT SHEEN AT 1X - VERY FEW TINV PITS AT 40X

HASTELLOY C-4 0.0037 0,2143 NC FITTING, BRIGHT SEEN AT 1X - FEW VERY SWALL PITS, NO DEPOSITS AT 40X

INCOLOY 6-3 0.0093 0.0383 NO PITTING, BRIGHT SHEEN AT 1X - SOME SHALLOM PITTING AT 40X

HASTELLOY B-2 0. 1547 0, 5625 NO PITTING, DISCOLOMATION, ML SHEEN AT (X - SHALLOW LARGE PITS, UNIFORM CORROSION AT 40X
FERRAL IUM 255 0. 1581 0.7039 NUMEROUS PITS, NO SHEEN AT 1X ~ NUMEROUS SHALLOW PITTING AT 40X

SS90, 0.1793 0. 7525 VISIBLE PITTING, DISCOLORED, NO SHEEN AT {X - MANY WIDE SHALLOW AND SMALL DEEP FITS AT 40f
INCONEL 335 0.1358 0.7775 VISIBLE HEAVY PITTING, NO SHEEN AT IX - MAMNY DEEP PITS, SEVER WELD ATTACK T 40X

SSSOMN 5,2288 0,333 VISIBLE SMALL PITS, DISCOLDRED, NDO SHEEN AT 1X - NUMEROUS PITS, MANY DEEP AT 40X

ES 2205 0.2518 0.9001 VISIBLE PITTING, NO SHEEN AT 1X - SOME MEDIUM PITTING, UNIFORM CORROSION AT 40X

SS3IN 0.2122 0,388 ViSIBLE PITTING, DISCOLCRED, NO SHEEN AT 1X - MANY WIDE SHALLOW AND SMALL DEEP PITS AT 40X
SS30AL 0.2269 0,9323 VISIBLE SMALL PITS, DISCOLORED, NO SHEEN AT 1X - MMMEROUS PITS, SOME DEEP ON WELD AT 40X
™o + N 0, 2072 0. 9365 VISIBLE PITTING ON WELD, NO SHEEN AT {X - MMEROUS PITS, SOME DEEP, WELD ATTKX AT 40X
INCONEL 600 0.22%8 0. 3465 ND PITTING, NO SHEEN AT 1X - TINV PITS, UNIFORM CORROSION AT 40X

983160 0.2276 0.9700 VISIBLE HEAVY PITTING, DISCOLORED, NO SHEEN AT 1X - MANY WIDE SHALLOM AND SWALL DEEP PITS AT 40X
20Ch~3 0.3746 1.6112 VISIBLE VERY HEAVY PITTING, NO SHEEN AT 1x - EXTREME PITTING, MANY VERY DEEP AT 40X

MONEL. 400 0.61% AL -] NO PITTING, DISCOLORED, ND SHERN AT IX - TINY PITS WITH UNIFORM CORROSION AT 40X

As can be seen fromthe table, the materials
generally remained in their respective
posi tions when conpared to the 16-week data.
The 304L stainless steel dropped slightly in
the rankings due to severe weld attack.
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When the corrosion rate data is graphed, as
in Figure 8 the great differences in
performance can easily be seen. The |evel
of performance of the top alloys is nuch

hi gher than that of the |lower materials.

The cutoff |ine 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 approximtely 260
times higher than that of Hastelloy G 22 in
the salt fog/acid dip exposure test. The
slight weight gains for Hastelloy C 22 and
| nconel 625 in weeks 16 and 20 were

unexpect ed. This could have been caused by
slight errors in neasurement or differences
in cleaning and wei ghing procedures.

However, this did not upset the relative
ranki ngs, and the gains were considered

i nsignificant.

FI GURE 8 = SALT FOG/ACID DI P DATA
20 WEEKS/20 ACID DIPS

MATERIAL NAME

HASTELLOY C-22

ZIRCONIUM 702
HASTELLOY C--276
HASTELLOY C-4
INCOLOY 6-3
HASTELLOY B-2

1.2.6

INCONEL 625

0 0.6 ] — i5 2 i
CORROSION RATE (MILS PER YEAR)
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In conjunction with the standard all oy
coupons, specinens were tested in the
conposite wel ded configuration. These
speci mens were produced by joining
dissimlar metals by welding the candidate
all oys to 304L stainless steel. The
resulting conposite coupons were exposed to
the same conditions as the standard

speci nens to determ ne any undesirable

gal vanic effects at the weld area. Thi s was
consi dered necessary since the successfu
new alloy would be installed in an existing



29

304L stainless steel piping system and

gal vanic corrosion in the weld area could
becone a source of system failure. The
conposite wel ded coupons were cleaned prior
to exam nation in the sane manner as

descri bed earlier. The 16-week observations
are presented in Table 20.

TRLE 20

FESILYS OF 16 WEEX EXPOSURE M 5% SALY FD6 AMD 36 #ID DIPS

CONPOSITE GALVANIC WELD SPECINENS

MTERIAL NRE REMARKS -~ OBSERVATIONS AT 1X AND 40X

5304 - C-276 SOME MELD DECAY ON BOTH SIDES AT §X - LARGE PITS ALONG J04L SIDE AT 40X
95304, - B-2 SOME DECAY ON 304L SIDE AT 1X - 304L SIDE HAS SOME WELD DECRY AT 40X

86304 - C~4 SOME WELD DECAY AT 1x - LARGE PITS AND DECAY ON J0AL SIDE AT 40X

85304 - C-22 SOME WELD DECAY ON 30AL SIDE AT 1x - LARGE PITTING ALONG 304L SIDE AT 40X
SS304L - M400 EXTREME MELD DEDRY ON J0AL SIDE AT 1X - MELD DECAY ON BOTH SIDES AT 40X
SE304L - J0ALN SLIGHT MELD PITTING AT IX - SMALL PITS AND DEPOSITS ON WELD AT 40X

95304 - 316l BOME DECRY ON J0AL SIDE AT 1x - SWALL PITS ON WELD AT 40X

504 - 3N SOME PITTING OF WELD AT 1X ~ WELD DECAY AND PITTINE AT 40X

8830AL - 0AL SLIGHT MELD DECRY ON 304L SIDE AT 1x - SWALL PITS ON WELD AT 40X

85304L - 1-600 WELD DECAY ON J0AL SIDE AT §X - J0AL SIDE WELD DEDRY AT 40X

SBJ04L - 1-625 WELD PITTING AT 1X - J04L SIDE WELD DECAY AND PITTING AT 40X

85304 ~ 1-825 WELD PITTING AT 1X - WELD PITTING ON BOTH SIDES AT 40X

85304L - S-3 S0ME PITTING ON WELD AT 1X ~ PITS ON S-3 SIDE OF WELD AT 40X

SS304L - 20Cb-3 SONE PITTING, J04L SIDE MELD DECRY AT 1X - LARGE PITS AND DECRY ON BOTH SIDES AT 40X
SBI0AL - Mo VISISLE MELD PITTING AT AX ~ LARGE PITS AND WELD DECAY ON BOTH SIDES AT 40X
85304l - £S5 2205  VISIILE MELD PITTING AT 1X ~ PITTING AND DECAY OF MELD ON BOTH SIDES AT 40X
88X0A. - F-28 VELD DECRY O 30AL SIDE AT 1X - PITTING MO DECAY O wELD Ow BOT™H SIDES AT 40X

As can be seen from the table, must of the
speci mens suffered sone type of weld decay.
For the alloys under consideration from a
corrosion resistance standpoint (Hastelloy
C 22 and Inconel 625), the deterioration was
nostly on the 304L surfaces adjacent to the

wel d.

Si nce 304L stainless steel is anodic

to these two alloys, this result was

expect ed. The 304L is corroding
preferentially and cathodically protecting
the nore corrosion resistant alloy. Si nce
the particular application of the corrosion
resistant alloy is to formthin wall
convolutes welded to a heavy wall 304L
stainl ess steel pipe, the galvanic effect

Wi | |

be m ni nal . The effects can be further

| essened by wel ding using the corrosion
resistant alloy as the weld filler and
coating the weld area with AR 7 to block any
el ectrolyte from reaching the gal vanic
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couple. The AR-7 material is readily
avail able from KSC stock and is descri bed
fully in KSC STD- G OOQ B.

4.2.7 Further testing was conducted during the

study to determne if any of the alloys
under consideration would be susceptible to
stress corrosion cracking in the Shuttle

[ aunch environnment. This was considered

i mportant due to the form ng operations used
in fabricating flexible convoluted bell ows.
The convolutes are severely deforned during
manuf acture, and high residual tensile
stresses could be present. This situation
conbined with a corrosive environnent
created concern to properly define the
stress corrosion behavior of the candidate
al | oys. For this testing, standard U bend
speci nens were exposed to the sanme set of
conditions as the corrosion coupons. These
U-bend specinens were welded in the mddle
of the bend to create the worst case

condi tion. As of the tinme of this report,
only two of the stress corrosion specinens
have failed. The 304L stainless stee

speci men cracked after 8 weeks and ei ght
acid dips. The Ferralium 255 specinen
cracked after 12 weeks and 12 acid dips.

Al other materials are continuing to

di splay stress corrosion cracking resistance
in the salt fog/acid dip environnment.

4.3 BEACH EXPOSURE/ ACI D SPRAY

4.3.1

After 60 days of beach exposure and 5 acid
sprays, the coupons were returned to the

| aboratory for analysis. After the cleaning
procedure, the specinens were wei ghed,
corrosion rate calcul ations were nmade, and
vi sual exam nations were conducted as
described for the salt fog/acid dip process.
The results of these anal yses for each of
the alloys for the 60 day/5 spray cycle are
presented in Table 21. As can be seen from
the table, several nmaterials clearly
separated from the rest and displayed
excel |l ent corrosion resistance. The
Hastelloy G- 22 and Inconel 625 showed no
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detectable weight loss, while the Hastell oy
G4 and G276 were on the limts of

nmeasur enment . The calcul ated corrosion rates
for these materials are considered
insignificant, and any one should be

consi dered accept abl e. The observati ons
confirmed the resistance of these alloys,
with no visual deterioration at 40x. These
results were considered inportant but
premature, and the specinens were returned
to the beach for further exposure.

TABLE 21
RESLTS OF 60 DAY EXPOSURE TO BEACH CORMOSION SITE AND 5 SPRAYS WITH 10% VOL, HOL - ALUMING

MATERIAL NAME WBT LOSS{g) CCRR. MATEWY) IEMARKS - OBSERVATIONS AT 1X AND 40X

®3TIeuot & Lo USEY RS #0 FITTING, BRIGHT SHEEN AT (X - NO PITTING, NO WELD DECAY AT 40X

IMUNEL S 3. 0000 0, 0000 NO PITTING, BRIGHT SHEEN AT 1X - NO PITTING, NO WELD DECAY AT 40X

WASTELLIYC-L76 0, 0001 0. 2003 NO PITTING, BRIGHT SHEEN AT 1X - NO PITTING, NO WELD DECAY AT 40X

HASTELLOY c-4 0. 0001 0. 0003 NO PITTING, BRIGHT SEEN AT iX -NO PITTING, NO WELD DECAY AT 40X

1iACONIUN 702 0.0007 0, 080 STAINED, N SEEN AT 1X ~ UNIFORM CORROSION, NO PITTING AT 40X

INCOLOY 6-3 3.201S 0.0140 NO PITTING, BRIGHT SEEN AT 1X - MINOR PITTING, UNIFORM CORROSION OF WELD AT 40X

ES 2205 0.0121 0.0990 ND PITTING, ND SEER AT 1X - MODERRTE SHALLOM PITTING AT 40X

FERRALIUM 255 0.0105 0.1100 NO PITTING, BRIGHT SHEEN AT 1X - UNIFORM CORROSION, PITTING AT EL O AT 40X

INCONEL 835 0.0124 9, 1200 VISIBLE PITTING, SLIGHT SHEEN AT 1X - SLIGHT PITTING, MINDR PITTING OF WELD AT 40X
o ¢+ N 0.3130 0.1387 NO PITTING, NO SHEEN AT 1X - UNIFORM CORROSION, SEVERE PITTING OF WELD AT 40X
33300 0.0147 0.1440 VISIBLE PITTING, SLIGHT SEEN AT 1X - SHALLOW PITTING, UNIFORM DECAY |- WELD AT 40X
SS3IL 0.0188 0.1979 VISIBLE PITTING, SLIGHT SHEEN AT iX - SLIGHT PITTING/SOME DEEP, NO WELD DECAY AT 40X
INCONEL 600 0.0203 0. 1350 VISIBLE PITTING, NO SHEEN AT 1X - SHALLOW PITTING, NO WELD DECAY AT 40X

§S316L 0.0247 0. 2450 VISIBLE PITTING, NO SHEEN AT 1X - WODERATE PITTING, SLIGHT PITTING OF WELD AT 40X
SS304L 0.0277 0.2780 VISIBLE PITTING, ND SHEEN AT 1X - MODERATE PITTING, SUE PITTING OF WELD AT 40X
HASTELLOY B-2 0.0323 0.2600 ND PITTING AT 1X - FEW PITS WiTH UNIFORM CORROSION, SOME WELD DECAY AT 40X

SS304LN 0,0348 0.3200 VISIBLE PITTING, NO SHEEN AT 1X - SLIGHT PITTING, SOME PITTING OF WELD AT 40X
2000-3 0.0431 0.4350 VISIILE PITTING, SLIGHT SHEEN AT 1X - HEAVY PITTING/SOME DEEP, SEVERE PITTING OF WELD AT 40X
MONEL 400 0.0954 0.9710 ND PITTING, NO SHEEN AT 1X - UNIFORM CORROSION, ND PITTING AT 40X

4.3.2 After 251 days of beach exposure with 13
acid sprays, the specinmens were returned to
the | aboratory for analysis. The sane
procedures were conducted to clean, weigh,
cal cul ate, and observe the coupons. The
251-day data is shown in Table 22. A
graphi cal presentation of the corrosion rate
data is shown in Figure 9. Fol I ow ng the
251-day exposure cycle, the sanme four
mat erials displayed excellent corrosion
resistance and were clearly superior to the
remai nder of the all oys. The sane reduction
in corrosion rate phenonenon was experienced
as in the salt fog testing. This 1s
probably due to a reduction in pitting rates
over tinme as explained previously. The
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corrosion rates shown in Figure 9 display
the sane cutoff as for the salt fog data,
except that the increase in corrosion rate
is not as pronounced. Bet ween the Incolov
G 3 and the Ferralium 255, there is only a 5
fold increase in corrosion rate. Si nce the
corrosion rates of Hastelloy C 22 and

| nconel 625 were not nmneasurable, no

nuneri cal conparison 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.

RESLLYS OF 231 DAY EXPOSURE TO BEACH CORROSION SITE AND 13 SPARYS WITH 10% VOL. HQL - ALUMINA

WTERIAL NUE

46T LOSS(g) CORA. RATE(WY)

SENARKS - DBSERVATIONS AT 1X AND 40X

®ETDYOR

INCOMEL. 25
HASTELLQY C-4
ASTELLIY C-276
T1RCONIUm 702
NCQLDY 6-3
“ERSALIUM 255
€8 2205

™o ¢ N
INCONEL. 825
38904,

383N
INCONEL 600
9S316L

SS304L
SS30MN
HASTELLOY -2
20Cb-3

WONEL 400

0,000 AL %0 PITTING, BRlanT SHNEEN AT IX - NO PITTING, M0 CORIOSION AT X

0. V00 0, 20N NO PITTING, BRIGHT SHEEN RT 1X - ND PITTING, NO #ELD DECAY AT 40X

0.0001 0, 0009 ND PITTING, BRIGHT SHEEN AT X - ND PITTING AT 40X

0, 900! 0. 0003 ND PITTING, BRIGHT SHEEN AT IX - VERY FEY SMALL PITS, NO WELD DECRY AT 40X

0.3014 0.0040 SLIGHT PITTING, SLIGHT SHEEN AT 1X - UNIFORM CORRCSION, NO PITTING AT 40X

0.0034 0.0037 NO PITTING, BRIGHT SHEEN AT 1X - FEW SMALL PITS, UNIFORM WELD DECAY AT 40X

0.0139 0.0343 SLIGHT PITTING, MEDIUM SHEEN AT 1X - UNIFORM CORROSION, WELD DECRY RT 40X

0.0251 0.0490 SLIGHT PITTING, NO SHEEN AT 1X - SMALL PITS, UNIFORM CORROSION SEVERE WELD DECAY AT 40X
0.0220 0.0561 SLIGHT PITTING, NO SHEEN AT 1X - UNIFORM CORROSION, LARGE DEER PITS ON WELD AT 40X
0.0288 0.0600 VISIBLE PITTING, SLISHT SHEEN AT IX - MANY SMALL 3HALLOM PITS, PITS ON MELD AT 40X
0.0293 0.0685 VISILE PITTING, LOW SHEEN AT 1X - MANY SMALL PITS, WELD PITTING AT 40X

3. 40 0.1963 YISIRLE PITTING, N0 SHEEN AT IX - SOME SMALL P17S, SURFACE CCRROSION, WELD PITTING AT 40X
0. 0437 0.1140 SLIGHT PITTING, NO SHEEN AT X - UNIFORM SMALL PITS, ND WELD DECAY AT 40X

0, 0566 0.1364 NUMERQUS PITS, ND SHEEN AT 1X ~ MANY SMALL PITS, SOME WELD PITTING AT 40X

0.0612 0. 1467 VISIBLE PITTING, NO SHEEN AT 1X - LARGE AND SMALL SHALLOW PITS, WELD DECAY AT 40X

0.0816 0.1768 VISIBLE PITTING, NO 5HEEN AT !X - SOME PITTING WITH DEPOSITS, WELD DECAY AT 40X

0. 1064 0.2177 NO PITTING, NO SEEN AT IX - FEM PITS, UNIFORK CORROSION, NO WELD DECRY AT 40X

0.1074 0.23% EXTENSIVE PITTING, NO SHEEN AT IX - EXTENSIVE PITTING, SOME LARBE, UNIFORM MELD DECAY AT 40X
0. 2047 0.5340 ND PITTING, ND SHEEN IT 1X - NO PITTING, UNIFORM CORROSION AT 40X

FI GURE 9 — BEACH CORRCSI ON DATA

MATERIAL NAME

231 DAYS/13 ACID SPRAYS

HASTELLOY c-22
INCONEL.67.5
HASTELLOY C—4
HASTELLOY C-276
ZRCONIUM 702
INCOLOY 6-3

Y 2

0.1 0.2 0.3 " 0.4 0.5 0.6
CORROSION RATE (MILS PER YEAR)



4.3.3

33

When the beach results are conpared to the
salt fog results, nmany materials change
positions relative to each other. 1n
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,
7Mo+N, and ES 2205 inproved in the rankings.
This was an interesting occurrence and could
be explained as follows. The main

di fference between the two tests is oxygen
avail ability. Wil e the specinens are in
the salt fog chanber, the surfaces are
continually wet, and this film of water
could reduce the oxygen available to the
nmet al surface. Si nce nost corrosion
resistant alloys depend on oxide filns on
their surface for protection, the suspicion
is that the salt fog conditions could be

hi ndering the formation of these protective
oxide filnms on the duplex stainless steels,
all owi ng accel erated corrosion to take

pl ace. The beach data, in contrast to the
salt fog data, supports the electrochem ca
findings in regard to the Ferralium 255.

The reasons for this are unclear but could
be due to the formation of the protective
oxide filns.

4.3.4 For reasons stated earlier, conposite welded

coupons were tested in conjunction with the
standard specinens to determ ne any
undesirable effects of the galvanic couple.
The conposite specinens were cleaned in the
sane manner before the exam nation. The
251-day beach exposure observations are
shown in Table 23, As can be seen fromthe
table, nost specinmens were suffering from
wel d decay. The severity was generally |ess
than that observed in the salt fog testing,
but the results are simlar in nature with
nost of the attack concentrated on the 304L
stainless steel surfaces. As stated before,
coating of the weld area with the AR 7
materi al should reduce the galvanic effects
to a mninmm



TRRLE 23

3-1

SEBLTS OF 251 BAY EXPOBURE 7D BEACH COMOSION SITE MD 13 SPRAYS UITH §O0x VIL. MQL - ALUNINA

CONPOSITE BALVWANIC WELD SPECINENS

WITERIAL WOE MORAKS - QRSERVATIONS AT 1X AND 40X
80U - C-276 PITING ON 304L SIDE AT 3X - SEVERE MELD DECAY ON 30AL SIDE AT 40X

BN - =2 MO VISIBLE DECRY AT |X - SLIGHT MELD DECAY ALONG J04L SIDE AT 401

BEI04L - c-4 N0 VISIBLE DECAY AT | X - SLIGHT WELD DECAY ON J0AL SIDE AT 40X

%I04 - C-22 SLIGHT WELD DECAY ON J0AL SIDE AT 1X - SLIGHT WELD DECAY ON 30AL SIDE AT 401

TBI0AL - W00 SLIGHT WELD DECAY ON 30AL SIDE AT 1X - MELD DECAY ON 304l SIDE AT 40X

SEI0AL - JOALN ¥ VISIRE DEDRY AT 1X - PITTING OF WELD ON DO SIDES AT 40X

BN - 316L 0 VISISLE DECAY AT 1X ~ PITTING AND MELD DECRY ON BOTH SIDES AT 40X

®WIN - 3N 0 VISINKE DECAY AT 1X - MELD DEDAY AND PITTING ON 304L SIDE, PITTING ONLY ON 317L SIDE AT 40X
SE30AL - S04L WO VISIBLE DECRY AT 1X ~ UNIFORM WELD BEDAY ON 30AL BIDE AT 40X

$BIAL - 1400 00 VISIMLE DECAY AT X - WELD DECRY ON 30AL SIDE, SLIGHT DECHY ON 1-500 SIDE AT 40X

WIN, - 1625 N0 VISIBLE DECRY AT 1X - WELD DEDAY AND PITTING ON J0AL SIDE AT 40X

EION. - [-825 D VISIBLE DECAY AT iX - MELD BEDAY am PITTING ON 30AL SIDE, SLIGHT DECRY ON 1-825 SIDE AT 40X
BN -~ 63 N0 VISIBLE DECAY AT | - yeLD DEORY AND PITTING ON JOAL SIDE, SLIGHT DEDAY ON 6-3 SIDE AT 40X
$630AL - 20Cb-3  VISIRLE PITTING ON WELD AT 1X - 4ELD DECAY AND PITTING (N BOTH SIDES AT 40X

SEION. - Mo VISIRE PITTING ON MELD AT iX - HEAVY PITTING ALONG UELD AT 40X

SE30AL - ES 2205  MELD DECAY ON 30AL SIDE AT 3X - SEVENE WELD BECRY ON 30AL SIDE, PITTING ON ES-2205 SIDE AT 40X
BIN - F-E55 MELD DECRY ON J0AL SIDE AT 1X - SEVERE MELD DECAY ON J04L SIDE, SLIGHT PITTING O F-£35 SIDE AT 401
4.3.5 In conjunction with the salt fog testing,

duplicate U bend stress corrosion cracking
speci nens were exposed at the beach
corrosion test site to determne the stress
corrosion cracking susceptibility of the
candidate alloys. As of the tine of this
report, none of the specinens exposed to the
naturally occurring conditions at the beach
site have experienced failure. Exposure of
t hese specinens will continue, to determ ne
if any specinmens will crack in the future.

4.3.6 By conparing results from the salt fog to

t he beach testing, nany differences have
been noted. The beach testing is still
considered the best judge of an alloy's
performance since it has naturally occurring
conditions that reflect the conditions
experienced at Launch Conpl ex 39. However
the accelerated testing does give insight
into which materials have a good chance of
performng well. In all the testing, by

el ectrochem cal nethods, salt fog/acid dip,
beach exposure/acid spray, and ferric
chloride inmrersion, the sane nmaterials are
at the top of the list. The Hastelloy GC 22
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has di spl ayed superior corrosion resistance
during all the testing. This work
concentrated on one specific environnment

t hat contains sodium chloride and
hydrochl ori c acid. Since all these alloys
are very environment specific, altering that
environment even slightly may produce
extreme changes in alloy performance. Other
chem cal environnents such as high pH
(basic), stronger acids, other corrosives,

or high tenperatures may cause failure of
the materials identified in this study.

When dealing with high performance corrosion
resistant alloys, thorough testing is an
absol ute requirenent for choosing the right
material for the job. The long term history
received from the continued beach testing
will be invaluable to conpletely
characterize alloy behavior.

4.3.7 Photos of sone salt fog chanber and beach

exposure sanples are shown in Appendi x B.
These photos are representative of the types
and extent of corrosion experienced by the
candi date all oys. Photos are at about |X,
40x, and 500x. The alloys in the photos are
Hastell oy C 22, 304L, 316L, Monel 100, and
20Cb-3. The Hastelloy C 22 experienced no
corrosion. The Monel 400 sanpl es show

uni form corrosion, a.« the other three

al | oys show pitting corrosion.

4.4 [EHRRARI| DE. | MMERSI ON

4-4.1

Results for the sanples with an autogcnous
wel d are summarized in Table 21. Some
sanpl es showed no signs of corrosion.

O hers showed uniform corrosion, pitting
corrosion, weld decay, or corrosive attack
in the heat affected zone. Sone
representative photos are shown in Figure
10. Figure 10a, of Inconel 625, shows no
corrosion. The 316L in Figure 10b shows
severe pitting corrosion. Hastel l oy D 2,
seen in Figure 10c, suffered uniform
corrosion, and the Inconel 825 sanple of
Figure 10d shows severe pitting attack at
the weld and in the heat affected zone.
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TABLE 24 FERRIC CHLORIDE IMMERSION RESULTS
AUTOGENOUS WELD SAMPLES
ALLOY HOURS IMMERSED RESULTS
HASTELLOY C-4 912 NO CORROSION
HASTELLOY C-22 72 NO CORROSION
HASTELLOY C-276 912 NO CORROSION
HASTELLOY B-2 72 UNIFORNM CORROSION
INCONEL 600 72 MODERATE PITTING
INCONEL 625 912 NO CORROSION
INCONEL 825 72 SEVERE PITTING IN
HEAT AFFECTED ZONE
INCO G-3 912 NO CORROSION
MONEL 400 72 UNIFORNM CORROSION
ZIRCONIUN 702 72 MODERATE PITTING
8S 304L 72 SEVERE PITTING
SS 304LN 72 SEVERE PITTING
SS 316L 72 SEVERE PITTING
88 317L 72 MILD PITTING AND
WELD DECAY
SS 904L 72 NO CORROSION
20 Cb-3 72 SEVERE PITTING IN
HEAT AFFECTED ZONE
70 . . 72 WELD DECAY
ES 2203 72 WELD DECAY
FERRALIUN 255 72 NO CORROSION

4.4.2 Result
stain
was n
Zirco

702 does not appear

s for the sanples welded to 304L

| ess steel are given in Table 25. It
ot possible to obtain a sanple of
nium 702 welded to 304L; so Zirconi um

in Tabl e 25. The effect

of galvanic corrosion can be seen clearly by

notic

suffered severe pitting corrosion.

ing that the 304L part of each sanple

This can

be seen visually in Figure 11.

TABLE 25

HASTELLOY
HASTELLOY
HASTELLOY C-2
HASTELLOY B-2
INCONEL 600
INCONEL 625
INCONEL 825
bd. lala] 5.3

HONEL 400

C-4
c-2

NOTE 3

In each case,

FERRIC CHLORIDE IMMERSION RESULTS
SAVPLES WELDED TO 304L STAINLESS

OBSERVATIONS ON
CANDIDATE ALLOY

NO CORROSION

2 NO CORROSION

76 NO CORROSION
UNIFORM CORROSION
UNIFORM CORROSION
NO CORROSION
NO CORROSION
NC CCRRCTION
UNIFORNM CORROSION

suffered severe pitting.

SS 304LN

S 316L

S 317L

SS 904L
20Cb-3

7 Mo +« N

ES 2205
FERRALIUN 253

All sawmples vere iwmmersed for 72 hours.
the 304L portion of the sawple

OBSERVATIONS ON
CANDIDATE ALLOY

SEVERE PITTING
SOME PITTING
NO CORROSION
NO CORROSION
SLIGHT PITTING
NO CORROSION
NO CORROSION
NG CORROSION



Figure 10 Phot os

a) Inconel 625

After

¢ lastellov B-2

<

Ferric Chloride

| mer si on,

d) I nconel 825

2.2x

37



Figure 11

Ferric Chloride

| mrersi on - Gal vani ¢ Sanpl es

a) 304L Wl ded to
Hastel l oy C 276

<--- 304L
Severe Pitting

<--- Hastelloy C 276
No Corrosion

b} 304L Wel ded to 904L

<--- 304L
Severe Pitting

<--- 904L
No Corrosion
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5.0 CONCLUSIONS

5.1 Several alloys were found that have superior
resistance to pitting and crevice corrosion,
conpared to the 304L stainless steel that was

originally used for construction of convol uted
flexible joints.

5.2 Good agreenent was found between all 4 of the
corrosion tests. In particular, the cyclic
pol ari zation technique was found to give excellent
agreement with the beach exposure and salt fog
chanmber results. This electrochem cal nethod may
be used as a very quick way to evaluate alloys
before performng long term field exposure tests.

5.3 Using the conditions found at the Space Shuttle
l aunch site (high chloride content plus
hydrochl oric acid), the npbst resistant alloys were
found to be, in order, Hastelloy G 22, I|Inconel 625,
Hastell oy C 276, Hastelloy G4, and Inco Alloy G 3.

5.4 On the basis of corrosion resistance, conbined wth
wel d and nechanical properties, Hastelloy C 22 was
determned to be the best nmaterial for construction
of flex hoses for use at the Space Shuttle |aunch
site.
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APPENDIX B

Salt Fog and Beach Exposure
Sample Photos
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Figure Bl Hastelloy C-22 After 20-Week Salt

Fog Exposure and 20 Acid Dips

Malfunction Analysis Laboratory

™

1x 40.7x

Figure B2 Hastelloy C-22 After 251-Day Beach
Exposure and 13 Acid Sprays
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Matfunction Analysis Laboratory

™

1x 40.7x

Figure B3 304L After 20-Week Salt
Fog Exposure and 20 Acid Dips

Malfunction Analysis Laboralory
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Figure B4 304L After 251-Day Beach
Exposure and 13 Acid Sprays



75

40.7x

-Week Salt

Fog Exposure and 20 Acid Dips

316L After 20

Figure B5

1x

316L After 251-Day Beach
Exposure and 13 Acid Sprays

Figure B6
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1x 41.7x

Figure B7Y Monel 400 After 20-Week Salt
Fog Exposure and 20 Acid Dips
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Figure BS Monel 400 After 251-Day Beach
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Figure BY 20 Cb-3 After 20-Week Salt
Fog Exposure and 20 Acid Dips
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Figure RB10 20 Cb-3 After 251-Day Beach
Exposure and 13 Acid Sprays
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28n0 WD 4any

Figure Bll Hastelloy C-22 After 20-Week Salt
Fog Exposure and 20 Acid Dine Ad0a.

Figure Bl2 Hastelloy C-22 After 251-Day Beach
Exposure and 13 Acid Sprays, 501x
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Figure B13 304L After 20-Week Salt
Fog Exposure and 20 Acid Dips, 507x

Figure Bl4 304L After 251-Day Reach
Exposure and 13 Acid Sprays, 507x
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Figure Bl5 316L After 20-Week Salt
Fog Exposure and 20 Acid Dips, 487x

Figure B1l6 316L After 251-Day Beach
Exposure and 13 Acid Sprays, 497x
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Figure B1l7 Monel 400 After 20-Week Salt
Fog Exposure and 20 Acid Dips, 493x

Figure Bl18 Monel 400 After 251-Day Beach
Exposure and 13 Acid Sprays, 493x
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Figure B1S 20 Cb-3 After 20-Week Salt
Fog Exposure and 20 Acid Dips, 4717x

Figure B20 20 Cb-3 After 251-Day Beach
Exposure and 13 Acid Sprays, 508x



