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ABSTRACT

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the long-term pertormance
of container materials used for high-level waste packages as parnt of the information needed by
the Nuciear Regulatory Commission (NRC) to assess the Department of Energy's application to
construct a geologic repository for high-level radioactive waste. At the direction of tha NRC, the
program focused on the Tuff Repository. This report summarizes the results of Stress-Corrosion-
Cracking (SCC; studies performed in Tasks 3, 5 and 7 of the program. Two test techniques were
used; U-bend exposures and Slow-Strain-Rate (SSR) tests, The testing was performed on two
copper-base alloys (Alloy CDA 102 and Alloy CDA 715) and two Fe-Cr-Ni alloys (Alloy 304L and
Alloy 825) in simulated J-13 groundwater and other simulated solutions for the Tutf Repository.
These solutions were designed to simulate the effects of concentration and irradiation on the
groundwater composition. All SCC testing on the Fe-Cr-Ni Alloys was performed on solution-
annealed specimens and thus issues such as the effect of sensitization on SCC were not
addressed.

Both Alloy 825 and Alloy 304L was resistant to SCC in the J-13 well water and in the J-12 well
water that was concentrated by a factor of about 80 by evaporation. Alloy 825 was resistant to
SCC in all other environments evaluated including chioride solutions containing up to 100 000
ppm Cl in the presence of H,0, even though crevice corrosion occurred in some of these
environments. Alloy 304L was resistant to SCC in J-13 well containing 1000 ppm added CI.
Alloy 304L underwent SCC in only one liquid phase exposure condition; J-13 well water with
100 000 ppm added CI. Alloy 304L also underwent SCC in four vapor phase exposure
conditions, all in the presence of H,0,. Of the four solutions in which Alloy 304L underwent
cracking, three were prepared with simulated J-13 well water and added Cl (1000 ppm C! and
10 000 ppm ClI as NaCl and 10 000 ppm Cl as CaCl,) while one solution, Solution Number 20,
was taken from the Task 2 experimental test matrix. Solution Number 20 contained 1000 ppm
Cl as well as 200 ppm F and 200 ppm NO, .

Both Alloy CDA 102 and Alloy CDA 715 were found to be resisiant to SCC in Solution Number 7
from the Task 2 experimental test matrix, in simulated J-13 well water and in the simulated water
concentrated approximately B0 times. Alloy CDA 715 was also resistant to SCC in all other
environments evaluated including NaNO, at concentrations up to 1M. Alloy CDA 102 underwent
SCC in NaNO, environments at concentrations as low as approximately 200 ppm. The presence
of species from simulated J-13 well water appeared to inhibit SCC of Alloy CDA 102 in the dilute
NaNO; solution. On the other hand, anodic polarization of Alloy CDA 102 specimens in NaNO,
solutions, to simulate radiolysis products, increased susceptibility to SCC.  In SSR tests
performed on Alloy CDA 102 at 80°C in NaNOQ, solutions, cracking only occurred under anodic
polarization, suggesting that the potential range, r¢' tive t¢ the free-corrosion potential, shifted
in the noble direction with increasing temperature.
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An analysis of mechanical property and secondary cracking from the SSR tests on Alloy CDA 102
was performed 1o determine the rost reliable indicator of SCC. Ultimate tensile strength did not
correlate well with SCC crack velocity. On the other hand, time to fallure, percent reduction in
area, and percent elongation correlated well with SCC crack velocity. However, crack depth and
crack velocity were found to be the most rellable indicators of susceptibility to SCC for Alioy CDA
102.
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1. _INTRODUCTION

The Department of Energy (DOE) is conducting a program for the disposal of high-level
ragioactive waste in a deep mined geoclogic repository. The Nuclear Regulatory Commission
(NRC), which is responsible for regulating high-level radicactive waste disposal, will review DOE's
application for the construction and opeiation of the repository. To assist in evaiuating DOE's
application, the NRC's Office of Nuclear Regulatory Research is developing an understanding o
the long-term performance of the geologic repository. As part of this etfort, CC Technologies was
awarded a contract 1o investigate the long-term performance of container materials used for high-
level waste packages. At the direction of the NRC, the program focused on the Tulf Repository.
The scope of work consisted of employing relatively short-term electrochemical techniques 10
examine a wide range of possible failure modes. Long-term tests (1-2 years) were used to verity
the short-term studies.

This report summarizes the results of Stress-Corrosion-Cracking (SCC) studies performed in
Tasks 3, 5 and 7 of the program. The testing was performed on two copper-base alloys (Alioy
COA 102 and Alloy CDA 715) and two Fe-Cr-Ni alloys (Alay 3041 and Alloy 825) in simulated
J-13 groundwater and other simulated solutions for the Tulf Repository. The SCC testing in
Tasks 3 and 7 consisted of axposures of U-bend specimens of the four alloys to the simulated
repasitory environments while the testing in Task 5 consisted of Slow-Strain-Rate (SSR) tests of
those alloys In similar environments

e e Bt



2._BACKGROUND : THE TUFF REPOSITORY ENVIRONMENT

2.1_Nominal Environment

The Tuft Repository will be located in the Topopah Spring Member of the £ tbrush TuM under
Yucca Mountain, 100 miles northwast of Las Vegas, Nevada in the Nevada 1est Site (NTS) The
site is located In an extremely arid zone with about 15 em/year annual precipitation. The
evaporation-transpiration rates also are very high so the net water percolating down from the
surface is of the order of a few millimeters per year (Montazer - 1984).

Tuff is an igneous rock of volcanic origin and is composed of volcanic rock fragments (ehards)
and ash. The structure of the tutf deposits depends on the cooling rate and degree of compaction
after the volcanic eruption. The rock shards weld together and the compacted material may
remain glassy or may devitrity. A layered structure develops; a densely welded core surrounded
above and below by zones of material decreasing in density and strength. In the post
depositional period, alteration of the tutf layers occurs. Crystallization transforms the glassy
material to feldspar plus quartz or cristobalite. Zeolitization produces hydrous silicates by reaction
of the glassy material with groundwater. A typical stratinraphy of the tutf at the NTS is shown in
Figure 2.1. A more detalled description of these tuf layers is found in Johnstone- 1981,

The potential repository horizon is in the lower, densely walded and devitrified portion of the
Topopah Spring Member located 700 to 1400 feet above the static water table. The bulk rock
at the horizon is cornposed ¢’ hyolite with a small range in composition as shown in Table 2.1.
This small variation in geochetiistry demonstrates that the host rock may be considered unitormi,
according to Glassluy-1986.

A reference water used in many repository studies has been taken from Well J-13. That well is
located near the repository site and produces water which has flowed through the Topopah Spring
Member, where it lies at a lower elevation and is in the saturated zone. The J-13 well water Is
the best available source of water from the Topopah Spring Member, but may not be a good
approximation of the actua' water that will be present in the repository.

The location of the repository above the static water table has a maior impaci on the anticipated
environment. First of all, the *nvicgnment will be aerated; the J-13 well water contains 5.7 ppm
dissolved oxygen which rnre . tap/esents a lower limit for oxygen. This condition is unique
in that the plans for all o°  iepositories, either in the United States or elsewhere, have called
for locations below the static water table where conditions are Jeaerated (anoxic).

A second feature of the location of the repository above the water table s the elimination of the
hydrostatic head on the waste container. At the repository elevation, the bolling point for water
is about 95°C, and thus the environment at the waste package surface will be steam and air
during the early life of the repository.
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Table 3.1

Summary Of Specimens Used In The Task 3 Immersion Studies.
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Figure 3.3  Schematic Of The Alternate Slow-Strain-Rate Specimen
Used In Task 5.
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potentiodynamic-polarization tests. - & composition of Solution Number 20 is given in Table 2.5
where it can be seen that the solution is high in the aqgressive species chloride and fluoride, and
nitrite, which is an inhibitor for Fe-Cr-Ni alloys. Table 2.5 also shiows that Solution Number 20
does not contain hydrogen peroxide (H,0,).

The immersion tests with both Alloy 304L and Alloy 825 in Solution Number 20 wery extended
beyond the 2000 hours exposure time originally planned due to the low corrosion rates observed
with the coupons and the absence of significant locaiized corosion or SCC. In an attempt to
promote pitting and SCC of the specimens, by moving the corrosion potential into the pitting
range, 200 ppm of hydrogen peroxide (H,0,) was added daily to each of the test kettles after
approximately 2200 hours of exposure for a pericd of seven working days and the change in
potential was monitored. Hydrogen peroxide is expected to be generated as a result of radiolysis
of the groundwater in the Tutf Repository. Following each H,0, addition, a noble potential spike
occurred, followed by a potential decline. In an attempt to siow the potential decay, larger doses
of H,0, were added over the next seven-day period. Figures 4.1 and 4.2 iliustrate the changes
in the corrosion potentials as a function of test time for each of the two alloys.

Alloy 825 appeared to catalyze the H,0, degradation as shown by the sharp decline in potential,
even at very high H,0, concentrations. Alloy 304L showed a much narrower range of potential
change and the H,0, appeared to degrade much siower. Effervescence from the H.O, wa. 1lsc
observed in the kettle containing Alloy 304L considerably longer than in the kettle containing Alioy
825. The hydrogen peroxide was allowed to degrade over the weekend following the 4800 ppm
addition before terminating the test.

The corrosion potentials were compared with E, and E,, for each of the alloys. Potentials for
Alioy 825 remained below E,, prior to the H,0, additions. The H,0, raised the potential above
E,o (+90 mV (SCE)), but it fell far short of E;, (+690 mV (SCE)). Evaluation of Alloy 825
specimens showed only a few shallow pits on one coupon in the liquid phase and very slight
etching on the remaining liquid-phase coupons. U-bend specimens were also evaluated for SCC
at the end of the exposure. No SCC was obsarved in any of the U-bend specimens of Alloy 825.

The corrosion potentials for Alloy 304L fell between E , (+400 mV (SCE)) and E,, (-150 mV
(SCE)) during the entire 2855 hours of exposure. Although the H,O, increased the potential
slightly, it was insufficient to raise the potential above E_.. Corrosion potentials that fall between
E,, and E, suggest that pitting could possibly occur over an extended period of time. Sp.cimen
examination indicated very deep pits under the crevices on coupons in the liquid phasec for Alioy
304L. U-bend specimens exposed to the vapur phase and one of the alternate immersion
specimens exhibited SCC. No cracks were visible at 30X magnification in liquid-phase
speciinans. Pitting and etching also were severe on specimens that exhibited cracking.

Metallographic analysis showed the SCC to be transgranular in nature. Most of the cracks were
found to originate from deep pits that had initiated in stressed portions of the U-bends. A
photomicrograph of a U-bend specimen exhibiting SCC is shown in Figure D.1 in Appendix D.
One possible explanation for pitting and cracking of only vapor-phase specimens may be related
to the availability of the oxidant (H,0,) to the specimen surface through a conaensed layer in the
vapor phase.
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4112 Task7

In Task 7 of the program, constant-strain (U-bend) specimens of Alloy 304L and Alloy 825 wete
evaluated in long-term (80 week), boil-down tests with simulated J-13 well water and in 100-cay
immersion tests in simulated J-13 well water containing added chioride salts. Further information
on these experiments may be found in Section 3 of this report and in NUREG/CR-5709.

The long-term, boll-down tests were performed at 90°C and the simuiated J-13 well water was
allowed to concentrate by evaporation and weekly sowtion additions over the A0 week exposure
period. Weight-loss coupons and U-bend specimens were evaluated in these axperiments. The
U-bend specimens were examined at 30X magnification after 80 weeks of exposure. Optical
examination revealed no attack or SCC of specimens of either Alloy 3041. or Alloy 825,

Following the termination of the long-term, boil-down tests, duplicate samples of solution were
obtained from each of the resin ketties and analyzed. Duplicate samples of simulated J-1 3 well
water were also analyzed as a control and to act as a check on our quality assurance procedure
for solution preparation. Table 4.1 suramarizes the resuits of the solution analyses and compares
these results with the predicted concentration assuming linearity of the weekly concentration over
the B0 week exposure. These & | show that the composition ~f the simulated J-13 well water
was very similar to the calculated .omposition. These data also show that the composition of the
solutions from the boil-down tests approximated the predicted composition assuming linear
concentration, with a few exceptions. These exceptions included calcium, magnesium, silicon,
and bicarbonate, which precipitated from solution, based on deposit analyses: see Table 42
Further detalls of these analyses are given in NUREG/CR-6708.

Three- to six-month exposure tests were performed with U-bend specimens of the Fe-Cr-Ni alloys
in simulated J-13 well water containing various types and concentrations of added chloride salts.
The primary purpose of these tests was to develop SCC data on the alloys for comparison with
the results of the SSR tests. Testing was performed at 90°C in simulated J-13 water containing
1000, 10 000, and 109 000 ppm Ci as sodium chioride (NaCl) and 10 000 ppm C! as calcium
chioride (CaCl;). The first and second series of tests were performed with Alloy 304L while the
third series was performed with Alloy 825. In Test Series 1, no hydrogen peroxide was added
to the test solutions while 200 ppm H,0, was added daily 10 the test solutions in the second and
third series of tests to simulate the etfect of radiolysis. Vapor- and liquid-phase exnosures were
evaluated.

A summary of the results of the first two series of tests, in which Alloy 3041 was evaluated, is
given in Table 4 3. The first series of tests was originally planned for three months (~2000 hours)
but in-sity examination of the specimens indicated no evidence of SCC and thus the experiment
was extended to over 4000 hours. At the termination of the test, no SCC was evident based on
in-sltu examination. However, a detailed optical examination at 30X magnification revealed
cracking in two liquid-phase specimens exposed to simulated J-13 well water containing 100 000
ppm chloride as NaCl. Large cracks were observed near the TFE washers under corrosion
products. Metallography was compieted on one of these specimens; a photomicrograph is shown
in Figure D.2 in Appendix D. This figure shows that SCC of the specimen was associated with
extensive pitting. This pitting had initiated beneath deposits near the TFE washers,
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Compositions Of Precipitated Salts Following 80 Weeks Of Boil-Down Testing With Simulated J-12 Water A1 90°C;

Table 42
Average Of Duplicate Tests.
Al 0.24% -
Si 24 41% 64 5%
Na 361% —
Mg 0.90% -
K 0.73% 3.3%
Ca 847% IR 2%
CaCo, (eq) 39.60% o
Sr 425 ppm s
Ni 70 ppm e
Cu 350 ppm -
Fe - —
Cr - e
Mo . s
a s ———

374%
101%
1.05%

878%

36.20%

290 ppm
55 ppm
1610 ppm

47%
32.4%

10.42%

38.40%

425 ppm
160 ppm
65 ppm

750 ppm
<20 ppm
<2 ppm

38%
328%

2551%
409%
c93%
0.93%
8.50%

3560%

395 ppm
215 ppm
<50 ppm

1870 ppm
75 ppm
<2 ppm

30%
294%

24%
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In the second series of experiments, each of the four exposure tests, with U-bend specimens of
Alloy 3041, was repeated with daily additions of M,0, to simulate the etfects of radiclysis. The
corrosion potentials were monitored before and ater each M,0, addition and are exhibited
graphically in Figure 4.3. These data clearly illustrate the noble shift in potential and the ensuing
decline in potential as the H,0, degraded. The values of E, and E, determined irom the
respective CPP curves (Appendix B) for each environment are also plotted on Figure 4.3, These
data show that the maximum potentials achieved as a result of the H,0, additions fell between
E, and E_, in the most dilute solution and exceeded E,, in the other solutions.

Table 4.3 indicates the cumulative hours of exposure until SCC was observed in the second
series of experiments with Alloy 304L. These data show that SCC was observed only in the
vapor and in all of the test solutions except the most concentrated NaCl solution containing 100
000 ppm CI. While pitting was present in many of the specimens, the cracking frequently was
not associated with the pitting. Metallography was performed on one specimen that exhibited
SCC from each environment. Photomicrographs of these specimens are shown in Figures D-3
through Ds# © These figures show extensive cracking in the stressed area of the U-bend
specimens. These cracks were found to extend aimost through the 0.16 cm (1/16 inch) thickness
of each specimen.

in the third serles of experiments, each of the lour exposure tests was performed with U-bend
specimens of Alloy 825 with the periodic additions of 200 ppm M,0,. The changes in potential
from the 4,0, additions were monitored and are graphically ilustrated in Figure 4 4. These data
also clearly illustrates the noble shift in potential and the ensuing decline in potential as the H,0,
degraded. The values of E,, and E,, determined trom the respective CPP curves (Appendix B)
for each environment are also plotied on Figure 4.4. These data show that the corrosion potential
consistently exceeded the pitting potential only in the most concentrated NaCl solution and in the
CaCl, solution and was below the protection potential in the most dilute NaCl solution.

Low power optical examination of the specimens following 103 days of exposure indicated no
evidence of SCC, as shown in Table 4.4. Heavy, localized attack at the TFE inserts in both the
vapor- and liquid-phase specimens was evidgent. On the other hand, the uncreviced areas of the
specimens were free of localized corrosion, with one exception. One vapor-phase specimen
closest 1o the vapor-liquid interface of simulated J-13 water containing 10 000 ppm CaCl,
oxhibited a few pits. These pits were located in the stressed portion of the specimen but
metallographic analysis indicated no evidence of SCC.

412 SSR Tests

The primary focus of the SSR testing of the Fe-Cr-Ni alloys was Alloy 304L. The SCC behavior
was screened in a variety of possible cracking environments. Cursory tests were then performed
with Alioy 825, an alloy that was expected to be more resistant to SCC.

Alloy 3041 was tested in the liquid and vapor phases of simulated J-13 well waier with and

without specific ionic species. These ionic species inciuded carbon dioxide (CO,), bicarbonate
(HCO,), CO, + H,0,, HCO, + H,0,, and chioride (CI). Tensile specimens of Alloy 304L were also

. 42 -
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The original experimental approach in this task was to produce SCC in the Alloy 304L by
increasing the chioride content of the J-13 well water and then to estaplish the relative chloride
limits for cracking of Alloy 3041 and Alloy 825. In light of the absence of cracking with Alloy 304|
at relatively high chloride concentrations, the SSR tests were suspended and a survey of the
literature was performed,

The search was performed, using the CORAB’ computer program, on transgranular SCC of
stainiess steels in chioride environments. The purpose of the search was 10 identify the reason
that we were unable to obtain chloride SCC of the Alioy 304L specimens even in high chioride
(10 000 ppm CI) environments. While several relevant articles were identified, the most usetul
study was performed by Mancia (1986) on SCC of Alloy 304 in 5M NaCl at 110°C. Results
summarized in Figure 4.5 indicate that strain rates below about 5 x 107 sec ' were required to
obtain SCC in this system. On the NRC program, a strain rate of 1 x 10 sec’ was used, which
is above the cracking range according to Mancia (1986).

Based on the results of the literature survey, a second series of SSR tests was performed on
Alloy 304L in solutions of varying chloride concentration and at varying potentials and strain rates.
A summary of the results of these SSR tests is given in Table 4 6. Companion exposure tests
ware performed on U-bend specimens of Alloy 304L in similar environments in Tasks 3 and 7 of
the program.

As shown in Table 4.6, duplicate SSR tests were performed with tensile specimens of Alioy 304L
in the vapor phase above Solution Number 20 at 90°C at strain rates of 1 x 10* sec ' and 1 x 10
sec'. Daily additions of 1000 ppm H,0, were made to the test cells. The data in Table 4.6 show
that SCC was only observed at the slower strain rate. Optical and metallographic examination
of the specimens, tested at the higher strain rate of 1 x 10® sec’ (Test Numbers 32 and 33),
revealed pitting at the vapor-liquid interface but no SCC. Photomicrographs of the specimens
tested at the slowver strain rate (Tests Numbers 34 and 35) are given in Figures D.7 and D.8 in
Appendix D. These figures show that transgranular SCC was associated with extensive pitting,
which occurred at the vapor-liquid interface in the radius above the gage section.

As previously described, in Task 3 of the program, U-bend specimens of Alloy 304L were
exposed at 90°C to the vapor above Solution Number 20 with periodic H,0, additions.
Matalicgraphic analysis of the specimens indicated the presence of SCC which was transgranular
and was found to originate from deep pits that had initiated in stressed portions of the U-bends.
Therefore, the results of the U-bend tests were in agreement with the SSR tests when considering
only the SSR tests at the siower strain rate.

Fourteen SSR tests were performed with Alloy 304L in the liquid and vapor phases of simulated
J-13 well water with chioride additions. The following types and concentrations of chloride were
evaluated: 1000, 10 000, and 100 000 ppm ClI as NaCl and 10 000 ppm Cl as CaCl,. Of the 14
tests, b were performed in the vapor phase and 8 were performed in the liquid phase. In the
vapor-phase testing, 200 ppm H,0, was added to the test cell daily to simulate radiolysis, as in
the immersion tests in Task 7. The liquid-phase tests were conducted in each of the four
solutions both at the free-corrosion potential and poiarized 50 mV above the pitting potential (E,,)

*National Association of Corrosion Engineers
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Figure 4.5
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Effect Of Strain Rate And pH On The Localized Corrosion Morphology For Type
304 Stainiess Steel In Aqueous 5M NaCl At 110°C (Mancia-1986).
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obtained from the respective cyclic-potentiodynamic-polarization curves. These CPP curves are
given in Appendix B.

A summary of the results of these tests is also given in Table 4 6. These data show that all of
the tests in the liquid phase were performed at the faster strain rate, 1 x 10° sec’; the program
was terminated before the tests at the slower strain rate could be completed. The data in Table
4.6 show that, under freely-corroding conditions, no SCC was observed in any of the liquid-phase
specimens of Alloy 304L, based on post-test optical examination of the specimens at 30X
magnification. The mechanical property data also were very similar to data from the control tests
performed in mineral oil.

In an effort to induce SCC, the SSR specimens were potentiostated to 50 mV above E,, during
the SSF testing in the four simulated J-13 well water/salt environments. These test results are
shown in Table 4.6 as Test Numbers 45, 46, 37, and 47. The mechanical property data could
not be obtained on several of these potentiostated specimans because they experienced
significant metal loss due to pitting. The failure times for these specimens also were short as a
result of the extensive pitting. Results of optical examinations of these specimens, at 30X
magnification, indicated cracking in only one test environment, simulated J-13 water containing
100 000 ppm Cl as NaCl. Metallography was pertormed on this specimen and a photomicrograph
is given in Figure D.9 in Anpendix D. This photomicrograph illustrates extensive pitting and
transgranular cracks radiat:, from these pits all along the gage section.

Six SSR tests were parformed with tensile specimens of Alloy 304L in the vapor above simulated
J-13 water containing each of the four salt concentrations. In these tests, the gage section was
maintained in the vapor above the selected soli”.on throughout the test. in each of the vapor-
phase tests, 200 ppm H,0, was added daily to simulate the effects of radiation. The results of
these tests cre shown in Table 4.6 as Test Numbers 38 throu?h 41 and 54 and 5§5. Test
Numbers 38 throv _h 41 were conducted at a strain rate of 1 x 10° sec’. Test Numbers 54 and
55 were conducted at a strain rate of 1 x 10" sec'. For Alloy 304L specimens tested at a strain
rate of 1 x 10° sec’, the mechanical property data for the vapor-phase specimens were similar
to those for the liquid-phase and control specimens. Optical examination, at 30X magnification,
indicated SCC of the specimen exposed to the vapor above simulated J-13 water containing
10 000 ppm CI as NaCl. No SCC was visible in specimens tested above the other three
solutions.

Following testing, each of the spacimens tested in the vapor phase at a strain rate of 1 x 10*
sec' was metallographically sectioned and examined. The purpose of the r tallographic
examinations was to determine whether any cracking originated from pits and corro  3d areas that
formed at the vapor-liquid interface just above the gage section. These cracks would not
necessarily be evident in a low power optical examination. Further examination of these
specimens in cross-section revealed no evidence of SCC. The Alloy 304L specimen that
experienced SCC, Specimen Number 39, was also metallographically examined. A
photomicrograph of this specimen is given in Figure D.10 in Appendix D. This photomicrograph
shows transgranular cracking and pits located in the radius above the gage section at the vapor-
liquid interface.

SSR tests, Test Numbers 54 and 55, were performed on Alloy 304L at a strain rate of 1 x 107
sec” for comparison with tests numbered as 41 and 38, respectively. With the exception of the

.51 -












Sodium Time Yo | Reduction Ultimate Tensile
Potential | Faliure in Area | Elongetion Strength Tempersture

MNitrite Tent

ncentrstion N | mV (SCE) | (hours) {percent; (percent) MP3

I ——————————— S




i / o2 g R e e

S e e e o g WS VRS

o
5

B e el e e A

l./. o ...‘.‘-“”‘.!.I-”a* .143\1(4/‘&

VIV VISV e SRR T S SR |

PP AR S S ar e e S S




= 23%C Polorized
LD = 90°C Poiorzed

SN S ————

0%
90C

v
Ny -

emperature, And Polarization

s e M w m
o

A ———

!
“
[t _
AR RN & _m
__ - g . _ 2%
| S A A 3 S | S
. s & :
| 53 e
| T 5 | ) 83
| Ly g2 AR
I R 235 “
m i3
“ m m AR 3
w ot
_ &b “
o
L 5 S P RIS R
R e b e — e——— T —— < ©
° - .1 h H o m.l m m W ” m
k)
venobuog % auw SN ‘Gdueas epeue| sowiiin
@«
-
o
35
>
“

Ultimate Tensile Strength As # Function Of Environment, Temperature, And
- 57 .

Polarization For Tensile Specimens Of Alioy CDA 102.

Figure 4.9



-







Time To! Recuctn! Ultimate Tensils

Test | Potentiai | Failure | In Ares [Elongation  Strength Tempersture
Electrolyte N mV {SCE) | (hours) | {percent} ! {(percent) Mg . > '

-

-




5. DISCUSSION

There were two goals of the SCC studies performed In the overall program; (1) to assess the
SCC performance of the candidate alloys in simulated repository environments and (2) to evaluate
SCC test techniques. Two test techniques were used; the U-bond test technique and the Slow-
Strain-Rate (SSR) technique. Both techniques are performed with smooth, un-notched,
specimens and thus, test the SCC initiation resistance of the alloys. Crack-propagation studies
were not planned or performed on the program. Because SCC growth rates are generally high,
a waste container would fail relatively rapidly, in comparison o the repository life, following
initiation of SCC, This approach to the SCC testing Is philosophically ditferent from that used in
the pitting studies where slowly propagating pits may be tolerable for some alloy systems. Stress-
Corrosion-Cracking studies were performed on two alloy systems; Fe-Cr-Ni alloys and copper-

base alloys.

5.1 Fe-Cr-NI Alloys

Stress-corrosion testing was performed on two Fe-Cr-Ni alloys; Alloy 304L and Alloy 825, Al
SCC testing was performed on solution-annealed specimens and thus Issues such as the effect
of sensitization on SCC were not addressed. Alloy 825 was resistant to SCC in all environments
evaluated including simulated J-13 well water, simulated J-13 well water concentrated by a factor
of about 80, and chloride solutions containing up to 100 000 ppm CI in the presence of H,0,,
even though crevice corrosion occurred in some of these environments. The concentrated
simulated J-13 well water solution contained 675 ppm Cl based on a post-test chemical analysis

Table 5.1 summarizes the resuits of the SCC testing performed on the Alloy 304L specimens.
These data show that Alloy 304L was resistant to SCC in the J-13 well water and in the J-13 well
water that was concentrated by a factor of about 80 by evapo. .tion. The U-bend test results,
summarized in Table 5.1, also indicate that Alloy 304L was resistant to SCC in J-13 well
containing 1000 ppm added CI. Alloy 304L U-bend specimens underwent SCC in only one liquid-
phase exposure condition; J-13 well water with 100 000 ppm added C!.

Alloy 304l U-bends also underwent SCC in four vapor-phase exposure conditions, all in the
presence of H,0,. Of the four soluiions in which Alloy 304L underwent cracking, three solutions
were prepared with simulated J-13 well water and added CI (1000 ppm Cl and 10 000 ppm €I as
NaCl and 10 000 ppm Cl as CaCl,) while one solution, Solution Number 20, was taken from the
Task 2 experimental test matrix. Solution Number 20 contained 1000 ppm C! as well as 200 ppm
F and 200 ppm NO,. The occurrence of SCC only in the vapor phase in the latter environments
suggests that SCC may be more likely in the vapor phase in the repository. This behavior may
relate to the availability of the oxidant, H,0,, to the metal in the vapor phase. Indeed, Pitman
(1986) reported that solution-annealed Alloy 304L underwent transgranular SCC following 23
monmos‘ of exposure above J-13 well water at 90°C in the presence of a gamma radiation field of
5 X 10" RMhour.
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Table 5.1 compares the results of SCC tests performed on Alloy 3041 using the SSR and U-bend
test techniques. These data show that both techniques were used 10 evaluate 11 diferent
environments. No SCC was observed for both techniques in 6 of the 11 environments. Of the
remaining five environments, there were two discrepancies between the techniques, where SCC
was observed in the U-bend tests but no cracking was observed in the SSR tests, even at the
lower strain rate tested. These two environments were simulated J- 13 well water containing H,0,
and 1000 ppm Ci (as NaCl) and 10 000 ppm Cl as C2Cl, In one additional environment, Solution
Number 20, SCC was observed in the U-bend test and in the SSR test at the slower strain rate
but not at the higher strain rate. This behavior is consistent with that predicted by Mancia and
Tamba (1986) for marginally aggressive SCC erivironments. In the rermaining two environments,
SCC was observed in the U-bend tests and in the SSR tests at the faster strain rate. It is the
epinion of the authors that there is insufficient data obtained to conclude that the SSR technique
provides erroneous results in assessing the SCC behavior of Alloy 304L in chloride containing
environments. Nevertheless, the discrepancies ocoserved are disconcerting and indicate that
further research Is needed.

5.2 Copper-Base Alloys

A review of the literature in Task 1 of the program indicated that SCC of copper-base alloys has
been reported in numerous environments including sulfates, nitrates, nitrites, ammonia, humid air,
and steam, see Table 5.2. While Cu-Zn alloys predominate, this may reflect, in pan, the fact that
brasses are used extensively and more stress-corrosion research has been performed on these
alloys than on other alloys. It is generally established that pure copper and copper-nickel alloys
are more resistant to SCC than are most other copper-base alloys. However, as shown in
Table 5.2, these alloys are susceptible 1o SCC in several of the reported cracking environments.

Literature on the SCC of copper-base alloys in nitrates and nitrites was investigated further to aid
in determining possible test solutions for the Task 5 research. No information was found
pertaining to the etfects from nitrates. Nitrites, however, were :ound 1o cause SCC in copper-base
alloys in concentrations as low as 0.005M (as socdium nitrite, NaNO,) at ambient temperature
(Mattsson-1987). The literature also indicated that SCC was more severe when specimens of
copper-base alloys were anodically polarized (Gouda- 1984). A test matrix was drafted to evaluate
the effects of nitrite concentration on SCC of the copper-base alloys. The test matrix was
comprised of a low and high concentration of 0.005M NaNO, and 1M NaNO,, respectively. The
low concentration of 0.005M NaNO, was selected as this w s approximately equivalent to the 200
ppm NO, in the ovurall test solution matrix established in Task 2. Testing also was performed
in the simulated J-13 well walter,

Both Alloy CDA 102 and Alloy CDA 715 were found to b resistant to SCC in Solution Number 7
from the Task 2 experimental test matrix, in simulated J-13 well water and in the simulated water
concentrated approximately 80 times. Both SSR and U-bend tesis were perdormed in the
simulated J-13 well water while only U-bend tests were performed in Solution Number 7 and in
the concentrated well water solution. In S8R tests, Alloy CLA 715 was also resistant to SCC in
all other environments evaluated including NaNO, at concentrations up to 1M. Possible incipient
cracks were observed in the necked region of one specimens tested in the latter enviranment but
the possible cracking could not be reproduced in two subsequent SSA tests.
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Table 62 Summary Of Environments Known To Promoteé Stress-Corrosion Cracking Of
Copper-Base Alloys (Beavers-1990).

|

| Ammonia Pure Copper, Cu-Ni Thompson- 1944

; Nitrites Pure Copper Benjamin 1983

i Steam Al Bronze Kiement- 1959

: Steam Cu-Ni Sato-1974a

| Ammonia Al Brass Sato-1974a

I Room Temperature Humid Air Cu-Zn Alloys Sato-1974b

| s0, Cu-Zn Alloys Kawashima-1879
Nitrates Cu-Zn Grat 1969

| Cio, Cu-Zn Kawashima-1977
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APPENDIX A

THE POTENTIODYNAMIC POLARIZATION TECHNIQUE

FOR CORROSION EVALUATION







Figure A.1
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Schematic Of Typical Anodic Potentiodynamic Polarization Curves.

E. = corrosicn potential; E,, = potential at which pits initiate on forward scan:
E, = potential at which pits repassivate on reverse scan; i, = current density at
the free-corrosion potential; i,, = current density at active peak; I = Current

density in passive range.
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Figure A2  Electrochemical Cell Used For Ambient Pressure Potentiodynamic Polarization
Experiments.
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APPENDIX B

CPP CURVES OF Fe-Cr-il ALLOYS
IN SIMULATED J-13 WATER AND (i LORIDE SOLUTIONS
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Table B.1 somparison Of Polarization Parameters For Alloy 3041 ) -
Well Water Containing Various Types And Concentrations Of Salt
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Figure B2 Polanzaton Curve For Aoy 304L in 90°C Simulated J 13 Well Water
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APPENDIX C

CANDIDATE ALLOY COMPOSITIONS




Table C.1

N LT L ———— T ——— — e o R RSSRRRerrr ——,—— B A

Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress-
Corrosion-Cracking Studies In 90°C Simulated J-13 Water In Task 3.




Candidate Alloy Compositions Of U-Bend Specimens Used For

Corrosion-Cracking Studies In Solution Numbers 7 And 20 At 90°C
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__ Solution Number 7 | _ Solution Numoer 20 |
| ELEMENT | CDA102 | COA7TIS | 128 | 304t |
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Table C.3

Candidate Alloy Compositions Of Tensile Specimens Used For The Stress-
Corrosion-Cracking Studies In Task 5.

0.01%

<0.01%

<0.01%

0.17%
0.05%

0.65%

0.026%

0.520%

.92 -
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Table C.5

e e o b e

Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress-
Corrosion-Cracking Studies In 90°C Simulated J-13 Water Containing Salt; Task 7.

Cu 1.82% 0.47%
Ni 42 89% §.44%,
Fe 27.72% F ‘ance
Cr 22.78% 18.27%
Mo 2.74% 0.10%
Mn 0.45% 1.39%
c 0.01% 0.020%
s 0.001% 0.015%
Zn — —

P - 0.022%
Pb - -

Si 0.40% 0.54%
Al 0.11% —

Ti 1.08% —

Co — 0.18%
N - 0.023%




APPENDIX D

PHOTOMICROGRAPHS OF SPECIMENS OF ALLOY 304L
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Photomicrograph Ot SSR Specimen Of Alloy 304L Exposed To The Vapor Phase

Ot 90°C

Simulated J-13 Well Water Containing 1C

) 000 ppm Chioride As NaCl
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APPENDIX E

PHOTOMICROGRAPHS OF SPECIMENS OF ALLOY 825
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APPENDIX F

PHOTOMICROGRAPHS OF SPECIMENS OF ALLOY CDA 102
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APPENDIX G

PHOTOMICROGRAPHS OF SPECIMENS OF ALLOY CDA 715
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