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:

ABSTRACT

|

Cortest Columbus Technologies, Inc. (CC Technologlos) investigated the long term portormance
'

of container materlats used for high level wasto packages as part of the information nooded by
the Nuclear Regulatory Commission (NRC) to assess the Department of Energy's application to
construct a geologic repository for high level radioactive wasto. At the direction of tho NRC, the
program focused on the Tuff Repository. This report summarizes the results of Stross Corrosion-
Cracking (SCC) studies performed in Tasks 3,5 and 7 of the program. Two test techniques were
used! U bond 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 Fo Cr Ni alloys (Alloy 304L and
Alloy 825) in simulated J 13 groundwater and other simulated solutions for the Tuff Repository.
These solutions were designed to simulate the offects 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 13 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 chloride 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 Cl.
Alloy 304L underwent SCC in only one liquid phase exposure condition; J 13 well water with
100 000 ppm added Cl. Alloy 304L also underwent SCC in four vapor phaso exposure
conditions, all in the presence of H,0,. Of the four solutions in which Alloy 304L underwent
cracking, three woro prepared with simulated J 13 well water and added CI (1000 ppm C1 and
10 000 ppm Cl as Nacl and 10 000 ppm Cl as CaCl,) while one solution, Solution Number 20,
was taken from the Task 2 experimontal 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 resistant to SCC in Solution Number 7i

from the Task 2 experimental test matrix, in simulated J 13 well water and in the simulated water
concontrated approximately 80 times. Alloy CDA 715 was also resistant to SCC in all other ,

environments evaluated including NANO, at concentrations up to IM. 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 diluto
NANO, solution. On the other hand, anodic polarization of Alloy CDA 102 specimens in NANO,
solutions, to simulato radiolysis products, increased susceptibility to SCC. In SSR tests
performed on Alloy CDA 102 at 90"C in NANO, solutions, cracking only occurred under anodic

__ . polarization, suggesting that the potential range, rr'ative to the free-corrosion potential, shifted
in the noble direction with increasing temperature.
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EXECUTIVE SUMMARY

The Department of Energy (DOE) is conducting a program for the disposal of Ngh level
radioactive wasto in a doop minod geologic repository. The Nuclear Regulatory Commission
(NRC), which is responsible for regulating high level radioactive wasto disposal, will rev:cw DOE's
application for the construction and operation of the repository. To assist in ovaluating DOE's
application, the NRC's Office of Nuclear Rogulatory Research is developing an understanding of
the long-term performanco of the geologic repository. As part of this effort, Cortest Columbus
Technologios, Inc. (CC Technologios) was awarded a contract to investigato the long term
performance of container materials used for high lovel wasto packages. At the direction of the
NRC, the program focusod on the Tutt Repository. The scope of work consisted of employing
relatively short term elourochemical techniques to examino a wide range of possible failuro -

modes. Long term tests (1-2 years) were used to verify the short term studios.

This report summarizes the results of Stross-Corrosion Cracking (SCC) studios performed in
Tasks 3,5 and 7 of the program. The testing was performed on two copper base alloys (Alloy
CDA 102 and Alloy CDA 715) and two Fo-Cr-Ni alloys (Alloy 304L and Alloy 825) in simulated
J-13 groundwater and other simulated solutions for the Tuff Repository. All SCC testing on the
Fe-Cr Ni Alloys was performed on solution annoated specimens and thus issues such as the
offect of sensitization on SCC woro not addressed.

The objective of Task 3 was to evaluate the corrosion performance of the candidato alloys in
simulated Tuff repository environments under various exposuro conditions (immersed, vapor
phase, and alternato immersion). These immersion tests included U bond SCC specimens and
woro performed in a simulated J-13 well water and two other environments selected from the
experimontal test matrix from Task 2 of the program.

The objective of Task 7 was to evaluate the corrosion periormanco of the candidato alloys in
simulated Tuff repository environments under long term exposures. The long-term exposures ;
included U bend specimens and were also performed in the simulated J 13 well water. However,
in those tests, the solutions were allowed to concentrato by means of evaporation and periodic
addition of fresh solution. Thus, those studios were designed to evaluate the offects of alternate
wetting and drylng of the canister and the concentration of ionic species over time. In Task 7,
immersion testing e,! U-bend specimens of both the Fo Cr Ni alloys also was conducted in
solutions centhining added chlorido. The purpose of those tests was to provido data for
comparison with Slow Strain Rato (SSR) tests performed under similar exposure conditions.

In Task 5 of the program, the SSR technique was used to evaluato tho SCC of the candidato
alloys in simulated repository environments. The primary objectivo of Task 5 was to identify
environmental conditions under which the candidato alloys will undergo SCC. A secondary
objective of Task 5 was to assess the SSR technique for ovaluating long term SCC performanco.
The alloy-onvironment combinations that were investigated were selected on the basis of the
results of cyclic potentiodynamic-polarization studios performed in Task 2 (NUREG/CR 5708) and
the results of a literature search performed in Task 1 (NUREG/CR-5435). These heluded
simulated J 13 wnll water, simulated J 13 water containing specific ionic species, sodium nitrite
solutions (copper base alloys), chlorido solutions (Fo Cr Ni alloys) and two other solutions
(Solution Number 20 (Fo-Cr-Ni alloys) and Solution Number 7 (copper base alloys)) that woro

_ - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ -____ _ _ _
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designed to simulato the chemical offects resulting from concentration and irradiation of the
groundwater.

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 chlorido solutions containing
up to 100 000 ppm Clin the presence of H,0,, even though crevice corrosion occurred in some
of those environments. The concentrated simulated J 13 well water solution contained 675 ppm
Cl based on a post test chemical analysis.

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 evaporation. The U-bond test results also indicated that
Alloy 304L was resistant to SCC in J 13 well containing 1000 ppm added Cl. Alloy 304L U bond
specimens underwent SCC in only one liquid phase exposure condition; J 13 well water with
100 000 ppm added Cl.

Alloy 304L U bonds also underwent SCC in four vapor phaso exposure conditions, all in the
presence of H,0,. Of the four solutions in which Alloy 304L underwent cracking, throo woro
prepared with simulated J 13 well water and added CI (1000 ppm Cl and 10 000 ppm Cl as Nacl .
and 10 000 ppm Cl as CaCl,) while one solution, Solution Number 20, was taken from the Task
2 experimental tost matrix. Solution Number 20 contained 1000 ppm Cl as well as 200 ppm F
and 200 ppm NOi, The occurronce 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 metalin the vapor phase.

Discropancies were observed, in two environments, betwoon the SSR and the U bond test
techniques, where SCC occurred with U bond specimens of Alloy 304L but not with SSR
specimens of that alloy. However, insufficient data were obtainod to conclude that the SSR
technique provides erroneous results in assessing the SCC behavior of Alloy 304L in chlorido
containing environments. Neverth ass, the discrepanclos observed are disconcerting ands
Indicate that further research is nocoed.

Both Alloy CDA 102 and Alloy CDA 715 were found to be 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
concentr0 , approximately 80 times. Alloy CDA 715 was also resistant to SCC in all other
environmem ovaluated including NANO, at concentrations up to 1M. Possible incipient cracks
were observed in the nocked region of one specimon tested in the latter environment but the
possible cracking could not be reproduced in two subsequent SSR tests.

In SSR tests performed on Alloy CDA 102, SCC was observed 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 diluto NANO, solution. On the other
hand, anodic potaritation of Alloy CDA 102 specimens in NANO, solutions, to simulato radiolysis
products, increased susceptibility to SCC. In SSR tests performed on Alloy CDA 102 at 90*C,
cracking only occurred under anodic polarization in NANO, solutions, suggesting that the potential
range, relative to 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 to dotormine the most reliablo Indicator of SCC. Ultimate tensilo strength did not '

correlate well with SCC crack velocity. On the other hand, timo to failure, percent reduction in
area, and percent olongation correlated well with SCC crack velocity. However, crack depth and j

: crack velocity were found to be the most rollable indicators of susceptibility to SCC for Alloy CDA |
102.
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1. INTRODUCTION
:

The Department of Energy (DOE) is conducting a program for the disposal of high-level i
radioactive wasto in a deep mined geologic repository. The Nuclear Regulatory Commission j
(NRC), which is responsible for regulating high lovol tadioactive wasto disposal, will review DOE's,

,

application for the construction and opolation of the repository. To assist in evaluating DOE's |

application, the NRC's Office of Nuclear Regulatory Research is developing an understanding of ;

the long torm performance of the geologic repository. As part of this effort, CC Technologios was
awarded a contract to investigato the long term performance of container materials used for high- |

level wasto packages. At the direction of the NRC, the program focusod on the Tuff Repository.
The scopo of work consisted of employing relatively short term electrochemical techniques to
examino a wide rango of possible failuro modos. Long term tests (12 years) woro used to verify
the short term studios.

This report summarizes the results of Stress Corrosion Cracking (SCC) studios performod in
Tasks 3,5 and 7 of the program. The testing was performed on two copper baso 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 Tuff Repository. The SCC tor. ting in
Tasks 3 and 7 consistort of exposures of U bend specimons of the four alloys to the simulated
repository environments while the testing in Task 5 consisted of Slow Strr.In Rate (SSR) tests of
those alloys in similar environments.
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| 2. BACKGROUND THE TUFF REPOSITORY ENVIRONMENT
|

2.1 Nominal Environment

The Tuff Repository will be located in the Topopah Spring Mombor of the F Jatbrush Tuff under
Yucca Mountain,100 miles northwest of Las Vegas, Novada in the Nevada lost Sito (NTS). The
site is located in an extremoly arid zone with about 15 cnVyoar annual precipitation. The !

ovaporation transpiration rates also are very high so the not water porcolating down from the
surface is of the order of a few millimeters por year (Montazor 1984).

Tuff is an ignoous rock of volcanic origin and is composed of volcanic rock fragments (shards)
and ash. The structure of the tuff deposits doponds on the cooling rate and degroo of compaction
after the volcanic eruption. The rock shards wold together and the compacted maiorial may
romain glassy or may devitrify. A layered structuro develops; a densely wolded coro surrounded
above and below by zonos of material decreasing in density and strength, in the post-
depositional period, alteration of tho tuff layers occurs. Crystallization transforms the glassy
material to foldspar plus quartz or cristobalite. Zooll'ization produces hydrous silicatos by reaction

,

of the glassy material with groundwater. A typical stratigraphy of the tuff at the NTS is shown in '

Figuro 2.1. A moro detailed description of those tuff layers is found in Johnstono.1981.

The potent!al repository horizon is in the lower, densely wolded and devitrified portion of tho )
Topopah Spring Member located 700 to 1400 foot above the static water table. The bulk rock <

at the horizon is composed of .hyolite with a small rango in composition as shown in Tablo 2.1.
This small variation in goochemistry demonstratos that the host rock may be considered uniform,
according to Glasslay-1986.

A reference water used in many repository studios has been taken from Well J 13. That wellis
located near the repository sito 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 actual water that will be present in the repository.

The location of the repository above the static water table has a maior impact on the anticipated
environment. First of all, the anvironment will be aorated; the J 13 well water contains 5.7 ppm
dissolved oxygen which prt. teposonts a low 6r limit for oxygen. This condition is unique
in that the plans for all oi.! repositories, either in the United States or elsewhero, have called
for locations below tho static water table where conditions are deaerated (anoxic).

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

-7-
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Tab |e 2.1 Percentages Of Major Constituents in Topopah Springs Tutt, Drill Core USW
GU 3, Samples 60,61 And 62. Fe,0 Represents Total l''" (Schuraytz-1985).

3

- - - . _ _ = - - _ . - -_.-._.--a .. = = = = = = ~ - .

Constituen' 60 61 62 Averag. Std Dev I

,

SiO, 78.4 76.9 78.9 78.73 0 24

Al O 12.0 12.3 12.2 12.17 0.122 3

Fe,0 1.016 0.973 1.000 0.996 0.018
3

-

Ca0 0.492 0.451 0.480 0.474 0.017

MgO 0.1271 0.1281 0.1126 0.123 0.007
,

( TiO, 0.1108 0.0927 0.09S4 0.101 0.008
|

| Na O 4.07 3.92 4.25 4.08 0.13
2

!

KO 3.71 3.18 2.04 3.28 0,32
2

P 0, 0.01 0.01 0.03 0.02 0.01
2

MnO- 0.0624 0.0455 0.0488 0.052 0.007

JJ_ _e

_

busu
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2.1.1 Thermal Effects

The repository is being designed for two types of waste packages; spent fuel and processed
defense high level waste in the form of borosihcate glass. The spent fuel will have the highest
thermal output of betroen 13 and 3 3 Kw fer conta:ner, while the glass wiil have an output of
0.25 to OA7 Kw per conta' net The Imperatare nttones of the waste packages are sensitive
functions of the thermal properWs of th9 neanf!cid rock, the specific configuration of boreholes
and emphcement dotta hea, Jer mcde as we3 as container output power; none of these
f actors has been precisdy dete ed Comparatve canster surf ace temperatures as a function of
time are shown in Figure 2 2 for one mt of conduns Nota that the cantter surf ace for spent
fuel remains above the bo% tempcawe ever M ieast a 300 year period foHowing
emplacement. _

These elevated temperatures should excJude hqu-d wuer from the near fMd of the repository for
several hundred years, although liquid wata may be present m the pores ;n tno rock up to 140"C.
It is also possible that vadose water rnay come in contact wth some of the waste packages
during penods of !! quid water movement throuch the reposery.

A consequence of the elevated temperature in the repository wil! be the interaction of groundwater
with tha host rock in the vicinity of tne waste packagu A number of interact.on studies has been
performed over temperatures ranging from 90-250"C with core wafers, crushed core wafers in
gold bags and PTFE-lined (polytetrafluoroethylene) autoctaves. Rapid shifts in chemistry occuned
with crushed rock as opposed to wafers because of the higher surface area with the former.
Changes in solution concentration at 90'C were minor; whereas, more pronounced shifts occurred
at 150 C. Results cbtained by Knauss-1985a for crushed coro material at 150'C are given in
Figures 2.3 and 2.4. These oata show inat the sil: con (Si) concentrations increased from about
30 ppm to around 150 ppm within 60 days, while the sod:um (Na) concentration only increased
slightly over the test penod. The concentrationF of aiuminum' (Ah magnesium (Mg) and calcium
(Ca) decreased with t:me wnde that of poMssium' (K) was not greatiy affected by thermal

=
interaction; the pH decreased very s!;ghtly,

Another consequence of the e!evated temperatures in the repository wi!! be the boiling of
groundwater in the vicinity of the waste package. This wi!! 10ad to the concentration of the
species, both beneficial and da:etenous, in the groundwatcr. Abraham (1986) has performed
some solution analyses on boiling J-13 grounawaters at Brookhaven National Laboratory. The
solutions were boiled in tne presence of tuff rock and specimens of several stainless steels. The
results are summafized in Tabte 2.2 These data show that the composition of J 13 well water
changed quite dramaticaly as a result et boiling. The stab'e concentrations of most species after
one year wt nore than an order of magnitude higher than those in the J-13 well water. Some
species, such as SO/ , NOi, Ca" and K' exh:Oited a mammum in concentration after only a few
months which suggests the precip!!ation of compounds such as CaSO etc.y

The concentration of the species in tne 10X J 13 well water also increased with exposure time
in these tests. Although he magn 4udes of the incrw were sm#er than those observed for

'Both aluminum and pow;> urn exhMa inM tum .u m as s n ccx - r mont

10
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Table 2.2 Chemical Composition Of Test Solutions At The End Of Corrosion Tests (pg/ml)

(Undiluted And Filtered Solution)(Abraham 1986).

7
10-Times Conc. !

Reference Synthetic J-13 Water - J-13 Water - |

J 13 - 3-Mo. 6-Mo. 1 Yr. 3-Mo. 6-Mo. 1 Yr.
Groundwater - Test Test Test Test Test Test

Na* 45 N.D.* 464 510 867 738 908

K' 4.9 238 244 106 244 214 139
_

C a'' 14 308 161 104 301 164 129 ;

S n'* N.D. 3.4 0.4 1.0 4.4 0.5 1.2

!

F 2.2 12.1 4 6.31 14 5 21.1

CI' 7.5 130 236 161 330 211 260

NOi 5.6 460 750 482 - 522 672

SO/' 22 820 552 588 1300 1260 976
i

SiO, 61 414 451 458 408 488 406

pH at room 8.5 8.4 9.0 9.3 8.4 8.9 9.3

temperature _

.

*N.D. = Not determined ,

)
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the J 13 well water, the actual final concentrations of the species in the tests with the 10X J-13
well water were higher than those in the standard J 13 well water. As in the J 13 well water,
maximum concentrations were observed for some species in the boiling 10X J 13 well water after
a few months.

2.1.2 Radletion Effects

Relatively little research has been performed on the influence of the radiation field on the
environment in the Tuff repository. On the other hand, a number of articles discuss, in general
terms, the anticipated role of radiation in altering the repository environment while research on
the effects of radiation on water and dilute aqueous solutions is much more extensive. As
described by McCright-1984, the highest levels of radiation will occur on emplacement and the
levels will begin to decay The radiation of interest with regard to container corrosion will be
gamma radiation, Interaction of the gamma radiation with either the container or the host rock
is also expected to be minimal. Thus, the primary problem is the interaction of the gamma
radiation field with the liquid and gas phases in the repository. Although most of the fission
products responsible for gamma radiation decay rapidly, the repository environrn3nt will consist
of air and water vapor during the time period when radiation levels will be high.

Radiolysis products expected in the moist-air system are not well established. Some
experimental research regarding the temperature effects on radiolysis products has been
performed by Van Konynenburg (1986) and others. Their research indicates that, above 135*C,
the dominant species are NO, N,O, and O . Between 120 and 135 C, NO,, N,0, H,0, and O3 3

are the dominant products, while below 120 C, the most abundant products are HNO and H,03

with small amounts of 0.3

In !! quid water at high radiation levels, small amounts of nitrates and nitrites will also be produced.
However, the simultaneous presence of liquid water and high radiation fields are possible only
intermittently during periods of Uguid water movement through the repository.

~

Glass (1985 and 1986) reviewed the literature and performed electrochemical studies in irradiated
J-13 well water. These studies concluded that the primary effect of radiation of J-13 well water
is to produce the dominant oxidizing species O, and H,O, with smaller concentrations of O', and
still smaner concentrations of HO,. Irradiation of water containing CO, or HCO with O, was found3

to produce carboxylic acids (formic and oxalic).

Studies focused on the effects of radiation on water and dilute aqueous solutions concluded that
a host of transient radicals, ions, and stable molecular species is created by gamma radiation.
Some of these species are as follows: H , OH, e aq, H 0', OH', H,, H 0 , 0 , Of and HO -3 2 2 2 2

While these species only consider the breakdown of the water molecule, many other species are
generated by reactions with other species in the groundwater.

- 15 - !
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2.2 Simulated Environments

2.2.1 Simulated J-13 Well Water

in Task 2 of this program, Cyclic Potentiodynamic Polarization (CPP) tests were periormed in
simulated and actual J 13 well water (Tuff groundwater). The purpose of these tests was to
reproduce and verify the polarization behavior observed by McCright at Lawrence Uvermore
National Laboratory and to establish that the simulated J 13 well water produced similar corrosion
behavior to the actual Tuff groundwater. To reproduce the behavior observed by McCright
(Figure 2.5), the following test conditions were used: Actual J 13 well water, a scan rate of 3.6
V/hr, temperature of 80 C, aerated conditions, and an initial exposure of 1-2 hours prior to _

performing the CPP test. The potentlodynamic-polarization technique is discussed in more
detailed in Appendix A. The J 13 we!! water used in this subtask of the NRC program initially was
obtained from Oak Ridge National Laboratories. Due to the difficulty in obtaining actual J 13 well
water required over the duration of the program, a simulated J 13 well water was used in most
other tasks. This simulated J 13 well water was previously developed by Battelle Memorial
Institute. The composition of the simulated J 13 well water is given in Table 2.3.

The results of experiments performed with Alloy CDA 102, under the above conditions in
simulated J 13 well water and actual in J 13 well water, are shown in Table 2.4 and Figures 2.6
and 2.7, respectively. The curves are similar, with slight differences in the polarization
Laometers of E. (breakdown potential), E,,(repassivation potential), and I,(corrosion current).
Repetition of these experiments verified the similarities. Although the passive current density is
tower for the curves produced in this study, as compared to McCright's data, the polarization
behavior reasonably reproduces the behavior shown by McCright in Figure 2.5. The above
rasults produce two important findings that are critical to the remaining work performed in this
project:

(1) Prepared solutions can reasonably simulate actualwell waters extracted from the Tuff site,
-

and

(2) The experimental procedures used for the NRC project are capable of reproducing the
polarization behavior observed at Lawrence Livermore National Laboratory under similar
test conditions.

2.2.2 Selected Simulated Environments

in Task 2 of the program, a statistically based experimental test matrix was formulated in an effort
to evaluate the influence on corrosion of the possible range of environmental variables that may
occur over the life of the canister. The major difficulty encountered in designing these synthetic
test solutions is in defining the geochemistry and the actual environments to which the canister
will be exposed. The J-13 well water is probably the most dilute environment that can be
expected within the Tuff Repository since boiling of the groundwater and its interaction with the

- 16 -

_____ _- - _--



..

450 i i i i i ;

_ 350 -

. _

s250 - -

E _ _

_. -

$ 150 - -

e

50 - -

_ : .

-50 t i ! l !--

-8 -7 -6 -5 -4 -3

Log I ( Alcm')

Figure 2.5 CPP Curve For Alloy CDA 102 in Actual J-13 Well Water At 80 C (Scan Rate: "

1 mV/s) (McCright 1985).

_-

W

- 17 -

_ _ _ _ - - _ - - _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ - _ _ _



_-___ _

Table 2.3 Chemical Composition Of Simulated Tuti Groundwater And J 13 Well Water From
Yucca Mountain, Nevada (For Comparison).

- ._
,

Environmental Actual Chemical J-13' Simulated J-13$
Variable Used ppm ppm

Na* NaHCO 44.0 46.0
3

K* kcl, KF 5.1 5.5

Mg'* MgCl, 6H,0 1.9 1.7
-

Ca'* Ca(NO ), . 4H,0, CaSO, %H O 12.5 12.0 |3 2

!
'

SiO, H,SiO 58. 64.2
] 3

F- KF 2.2 1.7

Cl- kcl, MgCl * 6H O 6.9 6.4 "

2 2

HCO- NaHCO 125. 121.
3 3

NO - Ca(NO ), . 4H O 9.6 12.4
3 3 2

SO'- CaSO, . %H,0 18.7 19.2
4

pH 7.6 7.0 1 0.2

TDS 291.5 290.3
.

*Knauss,1985

fBeavers,1987

The pH adjustment was accomplished by bubbling carboq dioxide through the solution.

- 18 -
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Table 2.4 CPP Parameters For The Candidate A!!cys in Actual And Simulated J-13 Weil Water.

.
. .

. TemperatureT iInitial Exposure Scan Rate .% . 1 :. Eg%, Ek$7

:. Alloy .J-13 Well Water
~

L ' "C E ~' ' : Hours). ' .V/hr: ;V, SCE) pA/cm'. V,SCE. V,SCE-

CDA 102 Actual * 80 1-2 3.6 -0.011 5.78 +0201 +0.092

CDA 102 Simulated 80 1 3.6 -0.015 0.13 +0.161 -0.140
i

CDA 102 Actual 80 1 3.6 +0.004 0.31 +0212 -0.179

* McCright - 1985.

-
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host rock at elevated temperatures will tend to concentrate most species. The presence of the
radiation field will generate new species, such as nitrates, carboxylic acids and hydrogen
peroxide. Those species that are not volatile also may concentrate at the surface of the cantster
as a result of the combination of boiling and radiation.

The test matrix of simulated environments was designed as a screening matrix to identify
important species, or regions of the environmental factor space, with respect to corrosion of the
container materials, where additional research is needed. Each individual test solution
represented individual points within the factor space. While it is not known whether those specific
environments will be encountered, the maximum concentrations of the majority of the species
within the solutions are thought to be reasonable, based on a thorough review of the literature
(Beavers-1990). Further details of the Task 2 studies are given in the Topical Report referenced
as Beavers-1991b.

Table 2.5 gives the compositions of the synthetic test solutions used in the Task 3,5, and 7 SCC
studies summarized in thb report. Solution Numbers 7 and 20 were selected from the Task 2
experimental matrix and were used for testing the copper base and Fe-Cr-Ni alloys, respectively.
The selection of a specific composition was based primarily on the CPP behavior observed in
Task 2 as opposed to the likelihood that a specific composition would exist in the repository.
Solution Number 20 was found to be a pitting environment for the Fe-Cr-Ni alloys at 90 C as
evidenced by the large hysteresis loop on the polarization curves shown in Figures 2.8 and 2.9.
Solution Number 7 was found to be an active-corrosion environment for the copper-base alloys
at 90 C. The polarization curves for these alloys are given in Figures 2.10 and 2.11. A summary
of the CPP parameters for the selected alloys in simulated J-13 well water, Solution Number 20,
and Solution Number 7 is given in Table 2.6.

The remaining solutions were prepared with additions of specific cracking agents, identified in a
literature survey performed in Task 1 of the program. These agents included chlorides and
hydrogen peroxide for the Fe-Cr-Ni alloys and nitrites for the copper-base alloys. CPP tests were
performed with each of the chloride-containing solutions used with the Fe-Cr-Ni alloys to obtain

_

the pitting and protection potentials (E , Ey. Appendix B gives the CPP curves for these alloy-g
environment systems and the CPP parameters determined from these curves.

- 21 -
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Table 2.5 Composition Of J-13 Well Water And Selected Solutions From The Task 2
Experimental Matrix Used in The SCC Studies.

_ _ _ ,

Simulated
J 13- J-13 Solution Solution

Environmental --Well Water Well Water No. 20 No. 7
: Species mg/l mg/l mga - ting /l j

pH 7.6 7.0 1 0.2 10.0 5.0

SiO, 58 64.2 2.2 215
_

HCOi 125 121 0.4 0.4

F 2.2 1.7 200 0.04

CI' 6.9 6.4 1000 1000

NOi 9.5 12.4 0.2 0.2

SOf 18.7 19.2 * *

NOf - - 200 0

H,O, - - 0.0 0

Af* 0.012 - 0.8 0.0004

Fe'' O.006 - 0.0 0.0 3

C a'* 12.5- 12.0 0.8 0.8

Mg'* 1.9 1.7 0.8 0.8

K' 5.1 5.5 408 0.08

* *

Na* 44 46

PO ~ 0.12 - 2.0 2.0

Oxalic Acid - - 0.0 172

-i

*Na* and SO *~ were used to balance the composition.

- 22 -
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Table 2.6 Summary Of The Polarization Parameters For Selected Alloys in Simulated J 13
Well Water, Solution Number 20 And Solution Number 7 At 90'C.

. _ . - - . ,

Solution I,, ,
Test Temp E,, Alcm' E,/E. EgE,

Solution Alloy *C V,SCE x 10* V,SCE V,SCE Comments

J13* 304L 90 -0.125 0.12 +0.800 + 0.800 No peng |

!J13* 1825 90 -0.650 0.08 +0.700 40.700 No peng

J13* CDA 102 90 -0.030 2.00 + 0.14 0 -0.035 Local changes =

in cuce.

J13* CDA 715 90 -0.265 0.41 40.180 + 0.080 Localchanges
in oxde, bca'
aave a~am
with a few !
sha!!cw pts. i

i

t

!
20 304L 90 -0.205 0.13 + 0.210 -0.110 Peng i

!

20 1825 90 -0.250 0.05 +0.610 + 0.150 Pong ;

t , .

I

7 CDA 102 90 0.140 6.6 -0.140 -0.140 Na p?ng, bca'
cxde gr0 Win. -

!

7 CDA 715 90 -0.150 23 -0.150 0.200 No pang; act:ve !

areas

:-___ . ----_.- -.-.--- - - -. - . _ - .- -. = .--._--===-.--a

* Simulated J-13 Well Water
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3. EXPERIMENTAL APPROACH

.

3.1 Candidate Alloys Evaluated

Two classes of alloys were evaluated in this study; Fe-Cr Ni alloys and copper-base alloys. lne
candidate Fe-Cr-Ni alloys evaluated were Type 304L Stainless Steel (Alloy 304L) and incoloy
Alloy 825 (Alloy 825). The candidate copper-base alloys evaluated were CDA 102 Copper (Alloy
CDA 102) and Copper-30 Nickel (Alloy CDA 715). The compositions of the candidate alloys are
given in Appendix C.

3.2 Constant-Strain (U-Bond) Testina

immersion testing of U-bond specimens was performed in Task 3 and Task 7 of the overall
program. The objective of Task 3 was to evaluate the corrosion performance of the candidate
alloys under various exposure conditions (immersed, vapor phase, and alternate immersion). The
objective of Task 7 was to evaluate the corrosion performance of the candidate alloys in long-term
exposures. The Task 3 test matrix consist x1 of four alloys, three environments (Simulated J-13
well water, Solution Number 7, and Solut~on Number 20), and four test conditions (liquid phase,
vapor phase, vapor-liquid interface, and attemate immersion). All Task 3 tests were performed
at 90 C. Table 3.1 shows the specimen types, exposure conditions and exposure times for each
of the vessels. As shown in the table, constant strain (U-bend) specimens were included in the
sample matrix to evaluate the susceptibility to stress-corrosion cracking after selected hours of
exposure. The exposure tests were performed in four-liter glass resin kettles. These vessels,
as shown in Figure 3.1, have a removable lid, four ground glass access ports in the lid, electrical
resistance heating mantles, and glass Leibig condensers. With the exception of the vapor-liquid

~

interface specimens and electrochemical monitors, all specimens were exposed in triplicate and
designed so that individual " racks" of specimens could be removed and evaluated at three
different exposure times to assess the time dependence of the corrosion process for periods up
to 2000 hours.

Test specimens were mounted on Alloy C276 threaded rods and electrically isolated from the rods
with tetrafluoroethylene (TFE) washers. Serrated TFE washers were clamped to the creviced
coupons to create a TFE-metal crevice. U-bend specimens did not contain crevice washers.
Following the exposure periods, the specimens were examined optically at 30X magnification.
Metallography was performed on specimens that appeared to exhibit SCC at 30X magnification.
Further information on the experimental approach used for the coupons is given in the Topical
Report for Task 3 of the program which was published as NUREG/CR-5596.

Long-term, boil-down tests were performed with coupons and U-bend specimens in Task 7 of the
program. These tests were performed with each of the four candidate container alloys in
simulated J-13 water at 90 C for a period of 80 weeks. Unlike in the 3-month immersion studies
conducted in Task 3, and described above, the long term studies were designed to evaluate the

- 27 -
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Table 3.1 Summary Of Specimens Used in The Task 3 Immersion Studies.

1

iSpecimert iNumber Of- - i; Total Number:
- Vessel;; ~~ Conditions 1 ; Type / ? Specimens ^ . Exposure ? 3 Time ; : Hours.. ; Of Specimens -

1 Vapor Creviced 3 500 1000 2000 9

1 Vapor Uncreviced 3 500 1000 2000 9

1 Uquid Creviced 3 500 1000 2000 9

1 Uquid Uncreviced 3 500 1000 2000 9

1 V/L Interface Machined Rod 1 2000 1

1 Vapor Electrochemical 1 2000 1

Monitor

2 Vapor U-Bend 3 500 1000 2000 9

2 Liquid U-Bend 3 500 1000 2000 9

2 Alt immersion Creviced 3 2000 3

2 Alt immersion Uncreviced 3 2000 3 ,

2 Alt immersion U-Bend 3 2000 3

;
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Figure 3.1 Glass Resin Kettles Used in The Task 3 immersion Studies.
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effects of wetting and drying of the candidate alloys and the effects from the concentration of salts
over time.

The exposure tests were performed in the fo"'''.m glass resm Kettles described above inJ

accordance with ASTM G31. As before, coupons and U-bend specimens were exposed 9
triplicate and their placement was c'esigneo so that individual racks of sp;cimens could be
removed and evaluated after three different exposure periods. Table 3.2 is a summary of the
specimens used in the boil-down studies. Standard-sized U bend specimens, prepared in
accordance to ASTM G30, were included to evaluate the susceptibility to SCC at the end of the
exposure periou. The U-bend specimens did not have serrated crevices.

Every week, for 80 weeks,1800 ml of freshly-prepared simulated J-13 water was added to each
test vessel to completely cover the test specimens. Dry air was passec' through the vessels. The *

rate of air flow and the coc.ing water flow rate in the condensers ',0*o adjusted to obtain nearly
complete evaporation ir. one week. Following the exposure periods, the specimens were
examined optically at ?JX magnification.

Immersion testing ;f U-bend spe:imens of both the Fe Cr Ni alloys also was conducted in
solutions containi g added chloride. The purpose of these tests was to provide data fori

comparison with SSR tests performed under similar exposure conditions. Three tests were
performed at 90'C in simulated J 13 water containing 1000,10 000, and 100 000 ppm Cl as Nacl
and 10 000 ppm Cl as CaCl . Hydrogen peroxide (H,0,) additions were made in two of the tests2

to simulate the effects of radiolysis. Hydrogen peroxide is expected to be generated as a result
of radiolysis of the groundwater in the Tuff Repository.

These SCC studies were also performed in four liter glass resin kettles described above.
Triplicate U bend specimens, prepared in accordance to ASTM G-30, were exposed to each of
the four salt environments for a period of 20 minutes. The specimens were then inverted so as
to be exposed to the vapor above the condensed phase for the duration of the exposure.
Triplicate specimens were also exposed to the liquid phase for the entire exposure period.
Humidified air was passed over the specimens in the vapor phase. Visual inspections were -

performed weekly for evidence of cracking. Daily additions of 200 ppm H,0, were made in
several of the experiments and the corrosion potentials were monitored over the exposure period.
Each of the three experiments was continued for at least 100 days (2416 hours).

3.3 Slow Strain-Rate (SSR) Testina

in Task 5 of the program, the Slow-Strain-Rate (SSR) technique was used to evaluate the SCC
of the candidate alloys in simulated repository environments. The primary objective of Task 5
was to identify environmental conditions under whic ' e candidato alloys will undergo SCC. A
secondary objective of Task 5 was to assess the SS. technique for evaluating long term SCC
performance.

The SSR tests were performed with cylindrical tensile specimens whose dimensions are shown
in Figure 3.2. A smaller specimen configuration was used in some tests and is illustrated in
Figure 3.3. Prior to testing, the specimen dimensions were accurately measured with calibrated

- 30 -
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Table 3.2 Summary Of Specimens Used in Task 7 Long Term Boil Down Studies.

,w
,

I Total
Specimen Number Of Exposure Time Number Of

Vessel Alloy Type Specimens Hours Specimens

Creviced 3 4000 8000 13 400 9
1 1825

U-Bend 3 -- - 13 400 3

b
y _ _ .

Creviced 3 4000 8000 13 400 9
2 304L _

U-Bend 3 - - 13 400 3 ,

!

reWced 3 4000 8000 13 400 9 |3 CDA 715
U. Bend 3 - -- 13 400 3

_ _ . .

Creviced 3 4000 8000 13 400 9
4 CDA 102

U-Bend 3 - - 13 400 3
-

>LM." n,. W~,_. ~ ~ * * ~ ' ' . _-- . L - . .- m. ,,WA% 2".:2 7 --n. -- - a

C
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calipers, in addition, gage marks were placed on either side of the reduced gage section and the '
distance between these marks was measured. The specimen was mounted in a
tetrafluorothylene (TFE) test vessel in the SSR load unit. The test vessel was then filled with the
appropriate electrolyte and the ancillary equipment (themlocouple, heat tape, condenser, Luggin
piobe, etc) was attached. The cell was then heated to the desired temperature and the gas flow
was started. The free-corrosion potental was monitored and, once it stabilized, the specimen
was polarized to the desired potential (where appropriate). The cross-head of the load frame was

'

started and the specimen was strained to fai!ure.

Following failure, the test cell was cooled to room temperature, the electrolyte was drained, and
the specimen was removed The dimensions of the soecimen were then remeasured with
calibrated calipers. The reduction in area, in percent, was calculated by the simple formula:

'' '
Reouction in Area = x 100

''

A i

where A , = Initial cross sectional area of the gage section (3.1)
A , = final cross sectional area of necked region of gage section.

Similarly, the percent elongation is calculated by the formula:

L,-L,
Percent Elongation = x 100

L,

where L , = Init:allength of the gage section of the specimen (3.2)
L , = final length of the gage section of the specimen.

The ultimate tensile strength was calculated by dividing the maximum load in the test by the
original cross sectional area. All of these calculations are standard strength-of materials

_

calculations. Metallography was performed on specimens which exhibited SCC at 30X
~

magnification.

A variety of environments was used for the SSR testing. Alloy 304L was tested in the vapor
above Solution Number 20 and in the liquid and vapor phase of simulated J-13 well water with
and without specific ionic species. The ionic species included carbon dioxide (CO ), bicarbonate2

(HCO ), CO, + H,0,, HCO, + H 0 , and chloride (Cl). The folhwing types and concentrations of3 2 2
chloride were evaluated: 1000 ppm 10 000 ppm, and 100 000 ppm Cl as Nacl and 10 000 ppm
Cl as CaCl,. Alloy 825 was also evaluated in simulated J-13 water containing these same types
and concentrations of salt.

The copper-base alloys scre SSR tested in sod.um nitrito (NANO ) solutions. Nitrite is a possible2

radiolysis product that is reported to cause SCC in copper base a'loys. Alloy CDA 102 was
tested in both NANO, and in simulated J-13 water containing NANO,. Alloy CD A 715 was tested
on in i4aNO,

f
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4. RESULTS

Stress-corrosion cracking (SCC) studies were performed in Tasks 3, 5, and 7 of the overall
program. The objective of Task 3 was to evaluate the corrosion performance of the candidate
alloys in simulated Tuff repository environments under various exposure conditions (immersed,
vapor phase, and altemate immersion). These imme sion tests included U-bend SCC specimens
and were perfomled in simulated J 13 well water and two other envirenments selected from the
experimental test matrix from Task 2 of the prngram.

The objective of Task 7 was to evaluate the corrosion performance of the candidate alloys in
simulated Tuff repository environments under long term exposures. The long-term exposures
included U bend specimens and were also performed in the simulated J-13 well water. However,

_

in these tests, the solutions were allowed to concentrate by means of evaporation and periodic
addition of fresh solution. Thus, these studier were designed to evaluate the effects of alternate
wetting and drying of the canister and the concentration of ionic species over time. In Task 7,
immersion testing of U-bend specimens of both the Fe-Cr-Ni alloys also was conducted in
solutions containing added chloride. The purpose of these tests was to provide data for
cornparison with Slow-Strain-Rate (SSR) tests performed under similar exposure conditions.

In Task 5 of the program, the SSR technique was used to evaluate the SCC of the candidate
alloys in simulated repository environments. The primary objective of Task 5 was to identify
environmental conditions under which the candidate alloys will undergo SCC. A secondary
objective of Task 5 was to assess the SSR technique for evaluating long-term SCC performance.
The alloy-environment combinations that were investigated were selected on the basis of the
results of cyclic-potentiodynamic-polarization studies performed in Task 2 (NUREG/CR-5708) and
the results of a literature search performed in Task 1 (NUREG/CR-5435).

4.1 Fe-Cr-Ni Alloys

4.1.1 U-Bend Tests

4.1.1.1 Task 3

Constant-strain (U-bend) specimens of Alloy 304L and Alloy 825 were tested in simulated J-13
well water and in Solution Number 20 in immersion tests performed in Task 3 of the overall
program. Further information on these experiments may be found in Section 3 of this report and
in NUREG/CR-5598. U-bend specimens of both Alloy 304L and Alloy 825 were evaluated for
SCC following exposure to the liquid and to the vapor above simulated J-13 well water at 90*C.
No SCC was observed after 510,1011, or 2039 hours of exposures to either the liquid or vapor
phases.

Solution Number 20 was selected for study from the Task 2 experimental matrix because it was
found to be an active pitting environment for the Fe Cr-Ni alloys, based on the results of

- 35 -
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potentiodynamic-polarization tests. . e composition of Solution Number 20 is given in Table 2.5
where it can be seen that the solution is high in the aggressive species chloride and fluoride, and
nitrite, which is an inhibitor for Fe-Cr-Ni alloys. Table 2.5 also shows 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 were extended j

beyond the 2000 hours exposure time originally planned due to the low corrosion rates observed 1
'

with the coupons and the absence of significant localized ccrrosion 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 period of seven working days and the change in j

potential was monitored. Hydrogen peroxide is expected to be generated as a result of radiolysis
of the groundwater in the Tuff Repository. Following each H,0, addition, a noble potential spike
occurred, followed by a potential decline. In an attempt to slow the potential decay, larger doses

_

of H,0, were added over the next seven-day period. Figures 4.1 and 4.2 illustrate 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 slower. Effervescence from the H,0, wa~ liso
observed in the kettle containing Alloy 304L considerably longer than in the kettle containing Alloy
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 forg
Alloy 825 remained below E,,,, prior to the H,0, additions. The H,0, raised the potential above
E (+90 mV (SCE)), but it fell far short of Eg (+690 mV (SCER 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 observed 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 0, increased the potential2

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. Sp0cimeng
examination indicated very deep pits under the crevices on coupons in the liquid phasc for Alloy -
304L U-bend specimens exposed to the vapor phase and one of the attemate immersion
specimens exhibited SCC. No cracks were visible at 30X magnification in liquid-phase
specimens. Pitting and etching also were severe on specimens that exhibited cracking.

Metallographic ana!ysis showed the SCC to be transgranular in nature. Most of the cracks were
n _ 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 specimms may be related
to the availability of the oxidant (H,0 ) to the specimen surface through a concensed layer in the2.

vapor phase.

,
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Figure 4.1 Corrosion Potential As A Function Of Test Time For Alloy 304L in Solution Number
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Figure 4.2 Corrosion Potential As A Function Of Test Time For Alloy 825 in Solution Number
20 At 90 C, Showing The Effects Of H,0, Additions.
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4.1.1.2 Task 7

in Task 7 of the program, constant strain (U bond) specimens of Alloy 304L and Alloy 825 woro
evaluated in long term (80 week), boil down tests with simulated J 13 well water and in 100-day
immersion tests in simulated J 13 well water containing added chlorido salts. Further information
on those experimonts 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 simulated J 13 well water was
allowed to concentrato by evaporation and wookly so,ution additions over the 80 wook exposure
period. Wolght loss coupons and U bond specimens woro evaluated in thoso experimoats. The
U bend specimens woro examined at 30X magnification after 80 wooks of exposure. Optical
examination revealed no attack or SCC of specimens of olthor Alloy 3041. or Alloy 825.

Following the termination of the long term, boil-down tests, duplicate samplos of solution wore
obtained from each of the resin kettles and analyzed. Duplicato samplos of simulated J 13 well
water woro also analyzed as a control and to act as a check on our quality assuranco procedure
for solution preparation. Tablo 4.1 summarizos the results of the solution analysos and comparos
those results with the prodleted concentration assuming linearity of the weekly concontration over
the 80 wook exposure. Thoso di a show that the composition nf the simulated J 13 well water
was very similar to the calculated omposition. Those data also show that the composition of the
solutions from the boil-down tests approximated tho_ prodicted composition assuming linear
concentration, with a few exceptions. Thoso exceptions included calcium, magnesium, silicon,
and bicarbonate, which precipitated from solution, based on deposit analysos: see Table 4.2.
Further details of those analysos are given in NUREG/CR 5709.

Threo to six-month exposure losts woro performed with U bond specimens of the FO Cr Ni alloys
in simulated J 13 well water containing various types and concentrations of added chlorido salts.
The primary purpose of those 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 100 000 ppm Cl as sodium chloride (Nacl) and 10 000 ppm Cl as calcium
chloride (CACI,). Tho first and second series of tests woro 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 to the test solutions in the second and
third series of tests to simulate the effect of radiolysis. Vapor and liquid phase exposures woro

,

evaluated.
,

i

A summary of the results of the first two series of tests, in which Alloy 304L was ovaluated, is
given in Tablo 4.3. The first series of tests was originally planned for throo months (-2000 hours)
but in-situ 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 ovident based on
in situ 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 chlorido as Nacl. Large cracks were obsorved near the TFE washers under corrosion
products. Metallography was completed on one of thoso specimens; a photomicrograph is shown
in Figuro D.2 in Appendix D. This figuro shows that SCC of the specimon was associated with
extensivo pitting. This pitting had initiated bonaath deposits near the TFE washers.

i
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Table 4.1 Comparison Of The Compositions Of Simulated J-13 We!! Water With The Compositions Of Sciutions Fohing 80
Weeks Of Boil Down And Concentration.

0
,

CDA 102 ~ 0Calculated 7 Actual . Predicted J-13 1825. 304L. CDA 715
In J-13J-13 J-13; After 80 weeks in J-13 - In J-13 . In J-13

| Environmental Species mg/l mg/l mgel - mg4* -mg!I* mg/l* mg'I' -

Nitrate, as N 2.8 2.8 224 264 224 154 179

|

| Total Phosphorous, P 0.0 <0.1 0 1.1 0.7 05 0.6|

Sulfate, SO, 192 23.5 1536 1975 2050 1725 2125

s Chloride, GI 6.4 55 512 750 675 420 495
"

Fluoride, F 1.7 1.8 136 144 125 81.5 85

Calcium. Ca 12.0 10.0 960 2 3 2 2
.

r

S
Magnesium, Mg 1.7 1.5 136 <1 <1 <1 <1

-

Sodium, Na 46.0 42.0 3680 4450 3500 2450 2950

Potassium, K 5.5 6.3 440 380 230 240 200

Aluminum. Al 0.0 <02 0 <02 <02 <02 <0.2
.

i

Solubie Silicon, Si 30.0 27.5 2400 1170 1105 605 990 ,!

Aikalinity, HCO 121.0 102.0 - 0 0 0 0
3

Aikaiinity. Phenotphthalein 0.0 0.0 - 4925 3820 2630 2990 }

Aikaiir':y, Total 121.0 102.0 - 7150 5700 3750 4330 -

pH 7.0 02 7.0 0.2 >7.0 10.68 10.44 10.41 10.41 p.

* Average concentration from duplicate samp!es. NOTE- In aff cases, J-13 we2 water was simulated.i

----
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Table 4.2 Compositions Of Precipitated Salts Forlowing 80 Weeks Of Boil-Down Testing With Simulated J-13 Water At 90*C; j
Average Of Duplicate Tests.

r

_._ i

J ALLOY'CDA 71Si ALLOY CDA 102/ -- ALLOY 304L > ALLOY 82S i
>

1 -

' EDS* : ICP ' ~EDS: ICP :EDS ICP EDSi Composit'e ~L ICPL
.

| At 0.34 % - 0.39% - 0.31 % - 0.40% -

,

i :
# Si 24.41 % 64.5 % 25.46 % 62.9 % 25.47 % 63.4 % 25.61 % #? 2%

!

Na 3.61'4 - 3.74 % - 424% - 4.09 % -

i.
'

l
Mg 0.90% - 1.01 % - 1.09 % - 0.93% -

|
,

I !
: K 0.73 % 3.3 % 1.05% 4.7% 1.03% 3.8% 0.93 % 3.0 % i
-

i i
i*

Ca 8.47% 32.2 % 8.78% 32.4 % 10.42% 32.8 % 8.50% 29.4 % !
j i

i i.

! 8 CACO (eg) 39.60% - 3620% - 38.40 % - 35.60 % - f3

i |
'

i

Sr 425 ppm - 390 ppm - 425 ppm 395 ppm -

t
-

j NI 70 ppm - 55 ppm - 160 ppm - 215 ppm - !

tCu 350 ppm - 1610 ppm - 65 ppm - <50 ppm - '

.

i

j Fe - - - - 750 ppm - 1870 ppm - :
l t

i Cr - - - - <20 ppm - 75 ppm -

,

Mo - - - - <2 ppm - <2 ppm -
'

t

!
C1 - -- - - - - - 2.4%

,

]
.I
'

a - EDS data normatized to 100%.
i

ICP - Inductively Coupled Plasma. I
j EDS - Energy Dispersive Spectroscopy. f
I

I l
i

:
;

|
_

_
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Table 4.3 Summary Of R suits Of Exposure Tests Performed On U-Bend Specimens Of AI!oy 304L in Simulated J-t 3 Weil Water
Containing Added Chloride Sa|ts.

FI

| . Chiortde1 Test - Time To .
Duration P!tting|Cranrice SCC

| Test H 0, Concentration
_ Salt Phase (hours) Corrosion (hours)2

Na ' Addition (ppm)

1 No 1 000 NaCi Vapor 4 344 Crevice NC

1 No 1 000 Nacl Liquid 4 344 - NC

!I No- 10 000 Nacl Vapor 4 344 Crevice NC j

1 No 10 000 Nacl Uguid 4 344 Crevice NC }

fl No 100 000 Nacl Vapor 4 344 Crevice NC

1 No 100 000 Nacl Uguid 4 344 Crevice 4 344 |

|
No 10 000 CaC1, Vapor 4 344 Crevice, pitting " NC |1

1 No 10 000 CaCl, Uquid 4 344 Crevice, p;tting ** NC
1 |. i7 |

| 2 Yes 1000 Nacl Vapor 2 416 - '184 }

2 Yes 1 000 Nacl Uguid ?416 Crevice NC

[ 2 Yes 10 000 Nacl Vapor 2 416 Crevice 1 835 [

2 Yes 10 000 Nacl Uquid 2 416 Crevice NC'

'

2 Yes 100 000 Nacl Vapor 2 416 Crevice NC

2 Yes 100 000 Nacl Uquid 2 416 Crevice NC f
;

h
; Yes 10 000 CACI, Vapor 2 416 Crevice, pitting * 6682

2 Yes 10 000 CACI, Uquid 2 416 Crevice, pitting - NC

I !|

NC = No cracking.
Pitting along edges of specimens.*

=

Pittng near bend pcrtion of one specimen."
=

|

-..

. ,, ,
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i
In the second series of experiments, each of the four exposure tests, with U bond specimens of
Alloy 304L, was repeated with daily additions of H,0, to simulate the offects of radiolysis. The

; corrosion potentials were monitored before and after each H,0, addition and are exhibited
'

graphically in Figure 4.3. These data clearly illustrato the noble shift in potential and the ensuing
decline in potential as the H,0, degradod. The values of E and E o, datormined from theg g

respective CPP curvos (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 betwoon

3

E and E,,in the most diluto solution and exceeded E in the other solutions.g g

Tablo 4.3 indicates the cumulativo hours of exposure until SCC was observod in the second
serios of experiments with Alloy 304L Those data show that SCC was observed only in the i

vapor and in all of the test solutions except the most concontrated Nacl solution containing 100 |
!000 ppm Cl 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 those specimens are shown in Figures D 3
through DA.0 Thoso figuros show extensivo cracking in the stressed area of the U bond
specimens. These cracks woro found to extend almost through the 0.16 cm (1/16 inch) thickness
of each specimen.

In the third series of experiments, each of the four exposure tests was performed with U bond
specimens of Alloy 825 with the periodic additions of 200 ppm H,0,. The changes in potential
from the H,O, additions woro monitored and are graphically illustrated in Figure 4.4. Those 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 from the respectivo CPP curves (Appendix B)
for each environment are also plotted on Figure 4.4. These data show that the corrosion potential
consistently excoodod the pitting potential only in the most concentrated Nacl solution and in tho ,

CaCl, solution and was below the protection potential in the most diluto Nacl solution.
.

Low power optical examination of the specimens following 103 days of exposure indicated no-
evidence of SCC, as shown in Tablo 4.4. Heavy, localized attack at the TFE insorts in both the
vapor- and liquid-phase specimens was evident. On the other hand, the uncreviced areas of tho ,

fspecimens Woro froo of localized corrosion, with one exception. One vapor phaso specimen
closest to 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.

4.1.2 SSR Tests

The primary focus of the SSR testing of the Fo Cr Ni alloys was Alloy 304L. The SCC behavior
was screened in a variety of possible cracking environments. Cursory tests were then performed

'

with Alloy 825, an alloy that was expected to be more resistant to SCC.
,.

Alloy 304L was tested in the liquid and vapor phases of simutated J 13 well waior with and
without specitic ionic specios. These ionic species included carbon dioxide (CO,), bicarbonato .

(HCO ), CO, + H,0,, HCO + H,0,, and chlorido (Cl). Tensi!o specimens of Alloy 304L were also3 3

- 42 -
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Table 4.4 Summary Of Results Of Exposure Tests Performed On U-Bend Specimens Of A!: y 825 in Simulated J-13 Weii Water
Containing Added Chloride Salts.

i
[ .. Chloride'- Test Time To p

-Test H,Og - Concentration . Duration Pitting /Crpfce SCC [

FP Addition (ppm) Salt - Phase- (hours) Corros!cn (hours) h
il
!

3 Yes 1 000 Nacl Vapor 2 472 Crevice NC

3 Yes 1 000 Nacl Liquid 2 472 Crevice NC

i

!

3 Yes 10 000 Nacl Vapor 2 472 Crevice NC

3 Yes 10 000 Nacl Ucuid 2 472 Crevice NC ,

k
g' . e

.

3 Yes 100 000 Nacl Vapor 2 472 Crevice, etching * NC ,'

!!

3 Yes 100 000 NaC1 Uquid 2 472 Crevice NC h
#

|il
3 Yes 10 000 CACI, Vapor 2 472 Pitting " NC .

\

j 3 Yes 10 000 CaCl, Uguid 2 472 Crevice NC f:\

.

j _
'i

Localized etching in bend portion of one specimen.*
=

Pitting in bend portion and along edges of specimens.**
=

_ _ _

,
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i

ovaluated in tho vapor abovo Solution Number 20 for comparison with results obtained with U-
bond specimens testod in immersion studios in Task 3 of the program. Specimens of Alloy 825
woro ovaluated in simulated J 13 well water containing various tyrxis and concentrations of
chlorido for comparison with SSR results for Alloy 304L and results obtained with U bond
specimens of Alloy 825 testod in immersion studios in Task 7.

Initially, SSR tests woro perforrned in simulated J 13 water to investigato the role of radiation on
SCC of stainless stool. Pitman (1986) reported that a singlo specimon of solution annoated Typo
304L stainless stool had experienced SCC in the vapor abovo J 13 well water in the presence
of 3 x 10' rads / hour gamma radiation at 90"C. Relatively little data are available on the radiation
environment in the Tuff Repository but Yunker (1986) observed an apparent loss of HCO in3

irradiated J 13 well water. This loss was associated with an increaso in the concentration of CO,
in the vapor abovo the liquid. Accordingly, both high and low lovels of CO, and HCO wero _3

ovaluated. Experimentally,in the absenco of a radiation field,it is not possible to have a high
CO, partial pressure in the vapor and a low HCO concentration in the liquid because of3

equilibrium consideratiens. H,0, was included in the matrix since this is a common radiolysis
product. An H,0, concentration of about 10 mg'l was used based on analyses reported by Glass
(1985).

Table 4.5 is a summary of the results of the initial SSR tests peitormed with Alloy 304L. No SCC
was observed in any of those tests. The data in Tablo 4.5 indicato good ductility (as anticipated)
for the solution-annoaled Alloy 304L in the control tests, (in mineral oil), with about 20 percent
olongation and over 70 percent reduction in area. In simulated J 13 well water and in simulated
J 13 well water with CO,, thoro was no evidence of SCC and the mechanical proporties data woro
similar to thoso found in the control tests. Those results are in agroomont with results of the
exposures of U-bond specimens of Alloy 304L to simulated J-13 water in the immersion studios
performed in Task 3 of the program. SSR tests in simulated J 13 water without HCO also3

showed similar mechanical proporties to the control tests. The addition of H,0, did not promoto
SCC in any of the environments testod at a strain rato of 1 x 10* soc'.

Some of the SSR tests (identified with a (c))in Tablo 4.5 were portormed with shorter specimens
-

that had a shorter gage longth (soo Figure 3.3). Thoso data, identified by a (c), show higher
porcent olongation, lower tensile strength, and longer f ailure times. These specimens came from
a different heat of materials which probably accounts for the slightly different mechanical
proporties, it is also possiblo that the shorter gage longth affected the olongation to f ailuro and
failure timo. For the same strain rato, a shorter gage section specimen experiences a slower
crosshead speed during straining,which reduces the strain rato during necking. Additional control
tests were performed with the shorter specimens in mineral oil and those results are reported in
Tablo 4.5 as Test Numbers M25 and M26.

A surprising result of the SSR data shown in Table 4.5 is the absence of SCC in specimens
testod in the concentrated chlorido solutions. Chlorido is an established cracking agent and will
likely concentrato in the repository. For the tests summarized in Table 4.5, no SCC was observed
even at very hi0h (10 000 ppm) Cl concentrations. Two of the tests at 1000 ppm Cl were
potentiostated to +200 mV (SCE). This lod to sevoro pitting but no SCC. To better control the
extent of pitting of the specimens, a test was performed under galvanic control at a curront
density of 50 pA'cm'. The extent of pitting was decreased, but again, no cracking occurred.
Photomicrographs of one of the specimens are given in Figuro D.6 in Appenda D.
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Summary Of Initial Results Of Slow-Strain-Rate Tests Performed On Sofution-Anneated Specimens Of A!!oy 304L UnderTabie 4.5
Freely-Corroding Conditions At 90 C.

Ultimate . Crack U
[ . .

Time To Reduction Tettsile. VelocRy.

:

! Strain . Potential '
Test Rate mV. Failure in Area Elongation Strength x 1G*

mm.'sec fElectrolyte No. see (SCE) Hours ' Percent Percent MPa SCC-d

1

Mineral O<l M1 5 x 10 ' - 107 73.0 20.0 701 None
-

|

|

Mineral Oil M2 1 x 10* - 61 74.6 20 3 688 None -

| Mineral Oii M3 1 x 10* - 63 71 3 20.5 667 None - |

Minerat Oil (C) M25 1 x 10* - 106 772 40 0 572 - !I
Mmera! Oil M M26 1 x 10* - 106 77.0 3d.9 606

b13 M4 1x10* -136 73 74.6 24.1 731 None -

| J-13 MS 1 x 10* -113 71 72 2 23.7 652 None -
,

! J-13 * P.16 1 x 10* - 73 73 8 24 3 619 None -

J-13 * M7 1 x 10* - 82 762 28 2 652 None -

W M12 1 x 10 * - 73 74 6 242 657 None - |
,

A J-13 + CO
7 J-13 + CO$ M M13 1 x 10* -55 75 76 2 26 8 651 None - 1

J-13 + CO, (" D) M10 1 x 10 * - 80 74.6 25.9 685 None - | |

| J-13 + CO (a, b) M11 1 x 10* - 80 75.4 27.6 741 None - fj |

M M18 1x10* - 122 78 5 41.4 583 None - !
2

M ++ H,0 ((* D CIJ-13 + CO
H',0 a, 5, c) M19 1 x 10* - 128 78.9 42.6 570 None - j

J-13 + CO
' J-13 - HCO W M15 1 x 10* +32 81 73 8 27.0 730 None - N

J-13 - HCO$ M M17 1 x 10* -92 103 75.5 36 6 611 None - I

J-13 - HCO + H O' (d) M14 1 x 10* +450 81 71 2 26 5 651 None -

,

J-13 - HCO., + H,O (C d) M16 1 x 10' +337 109 78.1 36 6 550 None -
|3 2

W M20 1 x 10' [+200] 88 68.4 41.6 505 None* - d

| J-13 + 1000 ppm Cl W M21 1 x 10* [+200) 82 66.9 28 2 524 None* - |
j J-13 + 1000 ppm Cl
' J-13 + 1000 ppm Cl W M22R 1x10* (e) 106 77.2 38.4 537 Nene* -

M M23R 1 x 10 * (e) 112 74 6 38 8 544 None* -

J-13 + 1000 ppm Cl

t/27 1 x 10* -181 102 84.0 362 585 None -

J-13 + 10 000 ppm CI((C 9C#1 M28 1 x 10* - 102 76.1 32 2 533 None -

J-13 + 10 000 ppm CI

113 - Samnated J-13 weC wax
(e) - GaNarestated <urrect 50 ;Am'.
(f) - 100"C(a) - Vapor phase tsseng

(b) - Pure CO, spargad throug5 solebon at a rate of about to mL mmum fg) - Pong at 30X magnacason

(c) = Sma!!er specie cert guraton [] . Polarced potental4

(d) - 15% H,0, dnpped oto ces at rate of 0 02 mL%our

O
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The original experimental approach in this task was to produce SCC in the Alloy 304L by
Increasing the chlorido content of the J 13 well water and then to estaolish the relativo chlorido*

limits for cracking of Alloy 304L and Alloy 825. In light of the absenco of cracking with Alloy 304L
at relatively high chlorido concentrations, the SSR tests were suspended and a survey of the

'

literature was performed,

The search was performed, using the CORAB' computor program, on transgranular SCC of
stalnless steels in chlorido environments. The purpose of the search was to identify the reason
that wo wore unable to obtain chloride SCC of the Alloy 304L specimens even in high chlorido
(10 000 ppm Cl) environments. While several relevant articles were identified, the most useful
study was performed by Mancia (1986) on SCC of Alloy 304 in SM Nacl at 110*C. Results
summarized in Figure 4.5 indicato that strain rates below about 5 x 10* sec woro required to4

obtain SCC in this system. On the NRC program, a strain rato of 1 x 10'sec" was used, which i

is above the cracking rango according to Mancia (1980).

Based on the results of the literature survey, a second series of SSR tests was performed on
Alloy 304L in solutions of varying chlorido 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
woro 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 Alloy 304L
in the vapor phase above Solution Number 20 at 90'C at strain rates of 1 x 10* see and 1 x 10d 4

4sec , 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 slower strain rato (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 ftquid 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.
Metallegraphic analysis of the specimens indicated the prosonce 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 slower strain rate.

Fourtoon SSR tests were performed with Alloy 304L in the liquid and vapor phases of simulated
J 13 well water with chloride additions. The following types and concentrations of chloride were
evaluated: -1000,10 000, and 100 000 ppm Cl 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 simulato radiolysis, as in
the immersion tests in Task 7. The liquid-phase tests were conducted in each of the four
solutions both at the freo corrosion potential and polarized 50 mV above the pitting potontial (E )g

' National Association of Corrosion Engineers.
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Figure 4.5 Effect Of Strain Rate And pH On The Localized Corrosion Morphology For Type
304 Stainless Steel in Aqueous SM Nacl At 110*C (Mancia-1986).
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Table 4.6 Summary Of Resutts Of Slow-Strain-Rate Tests Performed On Solution-Anneated Specimens Of Alloy 304L At 90*C For
Comparison With Results From immersion Testing Of Constant-Strain Specimens in Tasks 3 And 7.

..
Time - : Ultimate CrackH

,

: Potential .. To Reduction Tensile ' Velocity
.

Strain .

Test ' Rate : 'mV Failure - ~ In Area.' . Elongation Strengitt . x 10*

Electrolyte ;P sec-' ' (SCE) ~ Hours ' Percent Percent IWa . SCC mm/sec

01 M2 1x10* - 61 74.6 20 3 688 None -

01 M3 1x10* - 63 71.3 20 5 667 None -

Solution #20 * 32 1x10 - 803 80.0 26 7 669 'None"4 -

Solution #20 * 33 1x10* - 805 76.2 27.6 613 Nene" -

Solution #20 * 34 1x10~' - 935 2 78.5 23.5 618 TG~ 037

Solution #20 * 35 1 x10-' - 550.7 75.4 17.7 646 TG~ 0.66

J-13 + 1000 ppm Cl as Nacl 42 1x10 -201 63.1 75.4 20 2 759 None -4

450 tJ-13 + 1000 npm Cl as Nacl 45 1x10* [+350] 15.4 - - -

J-13 + 10 p C1 as Nacl 43 1x10* -172 63.6 72.9 203 688 None -

E J-13 + 10Ct ., ppm Cl as Nacl 46 1x10* [+213] 16.6 - - 393 * -

J-13 + 100000 ppin Cl as Nacl 36 1x10* -310 64.4 73.0 21 3 674 Pkne -

J-13 + 100000 ppm C1 as Nacl 37 1x10' [-174] 69 3 68.6 23.7 618 TG 2.61 |

J-13 + 10000 ppin Cl as CaC1, 44 1x10* -140 59.2 75.4 21.4 688 None -

J-13 + 10000 ppm Cl as CaCt, 47 1x10* [+76) 44.7 - - 562 t -

J-13 + 1000 ppm C1 as Nacl " 38 1x10* - 68.9 762 22.0 674 None

J-13 + 1000 ppm C1 as Nacl" 55 1x10'' - 5963 74.6 19.4 624 None" -

J-13 + 10000 ppm Cl as Nacl" 39 1x10' - 65 2 76.9 20.9 686 TG 3.41

J-13 + 100000 ppm Cl as Nacl ** 40 1x10* - 68.4 73 8 22.6 723 None -

J-13 + 10000 ppm C1 as CaCt," 41 1x10* - 68.1 76.9 21.9 688 None -

J-13 + 10000 ppm C1 as CACI," 54 1x10' - 624.4 79.2 19 5 632 None -

(a) Vepor phase; 1000 ppm H,0, added dar'y.
(b) Vapor phase; 200 ppm H,0, added dai*y.
(c) Pithng at 30X magr# canon.

* Probable ir-+s... Jar, occurred in the .adnes above the gage secnon at the vapor Egnd biertace
t Severe prteng, unable to measure fedt.cDon in nres and elonganon.

[] Polarized petonnal; E,, . 50 mV.

_.



obtalnod from the respective cyclic potentiodynamic-polnization curves. Those CPP curves are
given in Appendix B.

,

'

A summary of the results of these tests is also glvon in Tablo 4.0. Those data show that all of
the tests in the liquid phase were performed at the fastor strain rato,1 x 10* sec ; the program
was terminated before tho tests at the slower strain rate could 60 completed. The data in Tablo
4.6 show that, under freely-corroding conditions, no SCC was observed in any of the liquid-phase
specimons 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 SSR testing in the four simulated J 13 well water / salt environments. Those 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 extensivo pitting. Results of optical examinations of those specimens, at 30X
' magnification, indicated cracking in only one test environment, simulated J 13 water containing

100 000 ppm Cl as Nacl. Metallography was performed on this specimen and a photomicrograph
is given in Figuro D.9 in Appendix D. This photomicrograph illustrates extensive pitting and
transgranular cracks rad!ath from these pits all along the gage section.s

Six SSR tests were performed with tensile spoelmens 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 tho vapor above the selected soldon 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 through 41 and 54 and 55. TestdNumbers 38 throv,h 41 woro conducted at a strain rato of 1 x 10 see . 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 Cl as Nacl. No SCC was visible in specimens tested above the other three

; solutions.

Following testing, each of the specimens tested in the vapor phase at a strain rato of 1 x 10'
4sec was metallographically sectioned and examined. The purpose of the r tallographic

examinations was to determine whether any cracking originated from pits and corro ad 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 arid pits located in the radius above the gage section at the vapor-
liquid interface.

4SSR tests, Test Numbers 54 and 55, were performed on Alloy 304L at a strain rate of 1 x 10
sec" for comparison with tests numbered as 41 and 38, respectively. With the exception of the
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strain rato, the companion tests were performed under the sama conditions. Surprisingly, no SCC
was observed in these tests at the slower strain rato. The specimen in Test Number 55 showed
some pitting at the vapor liquid interface outside of the gage section. Comparison of Test
tunbors 55 and 38 show similar mechanical property data for both strain ratos. Comparison of
Test Numbers 54 and 41 also show similar mechanical property data.

Six cursory SSR tests were porformed with tensile specimens of Alloy 825 in the vapor phase of
simulated J-13 well water containing various typos and concentrations of chlorido. Duplicate
control tests were also performed with Alloy 825 in mineral oil. Those tests were performed in
an effort to correlato SSR results with those obtalnod from long term exposures of U bond
specimens In immersion fests in Task 7 of the program. As with the testing of Alloy 304L,
200 ppm H,0, was added daily to simulato radiolysis. A summary of results for the SSR tests
completed with Alloy 825 is given in Tablo 4.7. These data show similar mechanical properties
for tests in the inert environment and tests in the simulated J 13 water / salt environments at the
higher stress rate. Lower power optical examination of the SSR specimens of Alloy 825 showed
no evidence of SCC.

The specimen exposed to the vapor above simulated J-13 water containing 100 000 ppm chlorido
as Nacl experienced pitting in the radius of the gago section at the vapor liquid interface.
Metallography was performed on this specimen and no evidence of SCC was found. Figure E.2
in Appendix E is a photomicrograph of that specimen.

An interesting observation from the mechanical property data in Table 4.7 is the lower values for
porcent olongation at the slower strain rate. This reduced clongation also is reflected in the time

4 4 4to failure data. The strain rate was reduced by a factor of 10 (from 10* soc to 10 soc ) but the
time to failure only increased by a factor of S. The ultimate tensile strength also was higher at
the slower strain rato. Since the reduction in area data wore similar for the two strain rates, and
no SCC was observed at either strain rato, the most .easonable interpretation of the data is that
the effects are related to a strain aging phenomena.

4.2 Copper Baso Alloys

$2.1 U-Bond Tests

U-bend specimens of Alloy CDA 102 and Alloy CDA 715 were tested in simulated J 13 water and
in Solution Number 7 in immersion tests performed in Task 3 of the overall program. Further
information on those experiments may be found in NUREG/CR-5598. U bend specimens of both

: Alloy CDA 102 and Alloy CDA 715 were evaluated for SCC after exposure to the liquid and to the
vapor above simulated J 13 water at 90*C. No SCC was observed after 590,1000, or 2024 hours
of exposure although etching and pitting were observed in specimens of both alloys in the vapor
and liquid phases.

Solution Number 7 was selected from the experimontal test matrix whero it was found to be an
active-corrosion environment for the copper-base alloys based on potentlodynamic-polartzation
tests. The composition of Solution Number 7 is given in Table 2.5. The data in Table 2.5 show
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Table 4.7 Summary Of Results Of Slow-Strain-Rate Tests Performed On Solution-Anneated Specimens Of A!!oy 825 At 90*C For
Comparison To Results From Immersion Testing Of Constant-Strain Specimens in Task 7.

!
'

* J. Time 1 Ultimate Cnsck

.
Strain Potential ;To? Reduction ,; . . - 1 Tensile Veiocity

Elongation Strength i 10*
Failure |.

In^kea ?
~

SCC. mmisec.
Test - Ratei c rnV::

Electrolyte : )E ?see -1 T(SCE)
~

Hours ( Percent Percent /Wad

01 52 1x10* - 127.8 80.6 44.1 576 None -

'l Oi 53 1x10* - 121.8 77.8 41.4 548 None -

J-13 + 1000 ppm CI as Nacl * 48 1x10* - 126.3 80.0 43.1 570 None -

J-13 + 1000 ppm Ci as Nacl * 55 1x10'' - 596.3 74.6 19.4 624 Non* -

J-13 + ?O 000 ppm Ci as Nacl * 49 1x10* - 122.8 76.9 42.3 551 Nono -

123.7 80.6 42.8 590 None** -

J-13 + 100 000 ppm CI as Nacl * 50 1x10* -

J-13 + 10 000 ppm Ci as CACI, * 51 1x10* - 127.5 79 2 42/2 582 None -
-

8 J-13 + 10 000 ppm C1 as CaC4 * 54 1x10' - 624.4 79 2 19 5 632 None -

.

Vapor phase; 200 ppm H O, added daily. |*
2

IPitting in the radius above the gage section at the vapor-liquid interface."

1

I

I
i
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that Solution Number 7 was high in chlorido and oxalic acid and had a low pH. The U bend
specimens woro evaluated at the end of the exposuro. No SCC woro observed for Alloy CDA
715 attor 503,1009, or 2014 hours of exposure although etching and pitting was observed in both
the v'apor and liquid phases. No SCC was observed for Alloy CDA 102 after tho exposure
periods although the liquid phase specimons exhibited heavy etching.

U bond spccimens of Alloy CDA 102 and Alloy CDA 715 woro also evaluated in long term, boll-
down tests with simulated J-13 water in Task 7 of tno overall program. Further information on
thoso experiments may be found in NUREG'CR.5709. Long term, boll down tests woro
performed with each of the copper-base alloys in simulated J-13 well water at 90*C for a period
of 80 wooks. U bends woro evaluated in thoso experiments. The specimens woro examined at
30X magnification after 80 weeks of exposure. Optical examination revealed no SCC of the
specimens of either Alloy CDA 102 or Alloy CDA 715.

Following the termination of the long-term, boll down tests, duplicato samples of solution were
obtained from each of the resin kettles and analyzod. Results of the analysis are given in
Tablo 4.1 and discussed in greater detail in Section 4.1.1.2. Briefly, thoso data show that the
specios in the solutions in the long term, boil-down tosts concentrated linearly with timo, with the
exception of four species that precipitated from the solutions; calcium, magnesium, silicon, and
bicarbonato.

4.2.2 SSR Tests

The primary focus of the SSR testing of the copper base alloys was with Alloy CDA 102 Cursory
tests woro performed with Alloy CDA 715. Initial control tests woro performed with both Alloy
CDA 102 and Alloy CDA 715 in mineral oil at 90 C. The remaining SSR testing focused on
sodium nitrito environments, a compound that is a possiblo radiolysis product and has boon
reported to promoto SCC of copper base alloys.

_

A total of 22 SSR tests was performod with Alloy CDA 102 in various NANO, solutions at 23*C
and 90 C to evaluate the effects of nitrito concentration and temperature on SCC. Initial testing
investigated low and high concentrations of NANO, at both 23*C and 90*C, To simulato the
repository environment, simulated J 13 well water containing NANO, was also evaluated. Finally,
some of the SSR test specimens were anodically polarized to simulato the offect of hydrogen
poroxido (H,0 ), a radiolysis product that will occur in the Tuff Repository.2

To evaluate tho effects of H,0,, the equivalent of 200 ppm H,O, was added to the test cell prior
to straining. The shift in potential was monitored and the anodic peak potential was recorded.
To counteract the degradation of the H,0,, as evidenced by a rapid decline in potential, the test
specimen was poiadzed to the anodic peak potential during the slow-strain-rate test.

A summary of the mechanical property data for the SSR tests completed on Alloy CDA 102 is
glvon in Table 4.8 and in Figuros 4.6 through 4.9. Metallography was performed on tensile
specimens that exhibited SCC. Photomicrographs of the SCC are shown in Appendix F. The
SSR data for Alloy CDA 102 in mineral oil exhibited very short timos to failure, which suggests
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Summary Of Resu!!s Of Slow-Strain-Rate Tests Performed On Tensite Specimens Of A!!cy CDA 102 in The LiquidTable 4.8
Phase At A Strain Rate Of 1 X 10* Sec -'.

Sodium Time To Reduction Ultimate Tensile Crack-

Failure .-- In Aree E!ongetion Strength- Temp *erature Yetoc!ty
Nitrite . Test - Potential

'

4

? hP mV (SCE) ~ (hours) ~ - (percent) (percent) ' MPa C ' SCC x 10; Concentration

Oil * 1 - 18.7 55 2 6.8 320 90 None -

Oil * 2- 20.1 45.8 72 343 90 None -

1M 5 -13 23.4 53.8 7.9 393 23 Yest t

1M 7 +8 21.2 64.0 7.6 337 23 TG 1.97 ,

! I

0.005M 6 +12 26.0 79.2 95 348 23 Yesi t

| 0.005M 8 +35 24.4 78.5 8.7 348 23 TG 1.02 |

0.005M 9 +17 20.5 53.8 7.1 320 90 None -

0.005M 10 +13 22.3 57.0 7.8 298 90 None -

1M 13 -2 20.0 49.0 7.3 309 90 None -

1M 14 -17 21.2 43.4 5.9 292 90 None -,

g ;

| |0.005M in J-13 11 +8 22.0 57.0 7.1 309 90 None - I
'

|0.005M in J-13 12 -7 20.4 52.7 7.5 309 90 None - |
e

! i 1M in J-13 15 +6 21.0 58.0 7.4 303 90 None -

|1 i

] 1M in J-13 16 +15 21.1 493 6.4 309 90 None -
,,

0.005M in J-13 25 +40 25.0 76.9 9.6 340 23 None - f
10.005M in J-13 26 +29 26.0 79.2 9.4 351 23 None -

q

0.005M 19 {+200] 21.4 63.0 8.9 337 23 TG 5.84 |
t 0.005M 20 [t174] 202 58.0 7.3 346 23 TG 5.09 !

a

| 1M 17 [+61] 18.0 53.8 6.1 337 23 TG 8.02- |
i

1M 18 [+68] 18.5 50.4 73 337 23 TG 526 g

f0.005M 29 [+234] 21.3 58.0 7.5 309 90 TG 0.52
| 0.005M 31 [+246] 21.0 60.1 7.9 315 90 TG 1.19

! 1M 23 [+122} 11.6 10.8 4.0 315 90 TG 20.4 [

1M 24 [+121] 11.0 9.4 43 309 90 TG 12.6 q
|

Control Test. t Not Sectioned.*

TG Transgranular. [] Polarized Potential.

--
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Figure 4.6 Time To Failuro As A Function Of Environment Temporature, And Polarization For
Tensito Specimens Of Alloy CDA 102.
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that the alloy was cold worked. A htcrature search was performed, using the CORAB computer
program, to investigate the offect of cold working of copper-base alloys on susceptibihty to SCC.

lThe literaturo revealed that cold work had a minimal offoct on SCC (Erzurum 1983). Accordin0 y.
subsequent SSR tests woro performed with this material. One acNantage of the use of the cold-
worked material is that the failuro timos are short for a glvon strain rato, making the testing more
cost offectivo.

Stress-corrosion cracking was observed in each of the four initial SSR tests in 0.005M and 1M
NANO, at 23 C (Tost Numbers 5 8). Metallography was performed on one specimen from each
test solution concentration. The analysis showed the SCC to be transgranular.
Photomicrographs of the specimens at 100X magnification are shown in Figures F.1 and F.2 for
0.005M and 1M NANO, solutions, respectively. As anticipated, cracking was more sovoro in the
more concentrated nitrito solution as evidenced by the absenco of significant necking, the doop
cracks and the crack branching. The cracking that occurred in the specimen exposed to the low
concentration of NO, appeared to be less severe with blunted crack tips. Crack branching was
not observed in this specimen.

*

Those four tests (Test Numbers 8,10,13, and 14) woro repeated at 90 C to determino tho offects
of temperature on the cracking behavior in those environments. The results of those tests on
Alloy CDA 102 showed that no SCC was observed in any of the tests performed under frooly-
corroding conditions at 90*C.

To more closely simulate the repository environment, SSR tests were performed in simulated J 13
well water containing 0.005M and 1M NANO, at 90*C As was observed in the straight nitrito
solutions at 90 C, no SCC was observed in those tests. An additional SSR test was performed

,

in simulated J-13 well water containing 0.005M NANO, at 23*C, Surprisingly, no SCC was
observed. This result contrasted with the results of a similar test performod in the straight nitrito
solution whero SCC was observed. One possible explanation for this behavior is that speclos
present in the simulated J-13 well water inhibited SCC.

Finally, SSR tests woro performed with roecimons of Alloy CDA 102 which woro anodically
polarized to simulato oxidizing radiolysis products. Those tests evaluated both high and low
concentrations of NANO, at both 23 C and 90 C. These data indicated shorter times to failure
and less reduction in area as compared with previous, unpolarized tests. Cracking was also
observed in each of the tests performod with specimens of Alloy CDA 102 which were anodically
polarized. Another significant observation from the data in Table 4.8 is the fact that Alloy CDA
102 exhibited SCC in NANO, at 90*C under anodic polarization, but not at the free coirosion
potential. Thoso data indicato that the alloy is not immune to cracking at elevated temperature,
as had been previously assumed, but that the cracking range had shifted away from the froo-
corrosion potential. The SCC observed with anodic polarization correlates well with the results
of the literature search in which Gouda (1984) indicated that SCC was more severe when copper-
baso alloy specimens were anodically polarized.

Five cursory SSR tests woro performed with tensile specimens of Alloy CDA 715. Duplicato
control tests were performed in mineral oil, an inert environment. Triplicato tests were performed
in 1M NANO, at 23 C. In those latter tests, the specimens were snodically polarized to simulate
the offects of H,0,. As in the test with Alloy CDA 102,200 ppm H 0, was added to the test cell2

prior to straining. The shift in potential was monitored and the anodic peak potential was
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recorded. To counteract the degradation of the H,0,, as ovidenced by a rapid declino in
potential, the test specimen was polarized to the anodic peak potential during the slow-strain rato
test.

The mechanical property data for SSR tests with specimens of Alloy CDA 715 are summarizoo
in Table 4.9. Tnoso data show that the nitrito solution did not significantly affect the mechanical
property data. Optical examination of the specimens also was periormed, at 30X magnification.
Possiblo incipient cracking along slip planos was observed in the Alloy 715 specimen faom the
first test. On the other hand, the duplicate test showed no cracking. A third SSR test was
performed in an effort to duplicato the observation. The third test showed only pitting at 30X
rnagnification. Two of the specimens woro sectioned and their photomicrographs are shown in
Figuros G.1 and G.2 in Appendix G. Figuro G.1 shows pitting that measured from 0.02 to
0.036 nm in depth. Figuro G.2 shows the possible incipient cracking.

i
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Table 4.9 Summary Of Results Of Slow-Strain-Rate Tests Performed On Tensile Specimens Of A!!oy CDA 715 in The Uguid
Phase At A Strain Rate Of 1 x 10 Sec ".4

hTime To Reducthn ' Ultimate Tens!!e Crack*

' ~ ' Test Potential - Failure In Area - Bongation ~ Strength Temperature Velocity
* 4

~ Boetrotyte. -M " mV (SCE) - (hours) (percent) -(percent) MPs C SCC- x 10 -

Oi!* 3 - 69.1 792 22.9 410 90 None -

Oil * 4 - 67.9 80.6 23.7 393 90 None -

1M NANO, 30 [+127] 74.6 85 3 26.7 433 23 Nonet -

1M NANO, 27 [ +64] 74.0 81 3 25 3 410 23 None -

1M NANO, 28 [ +33] 72 3 76.9 25.8 421 23 Nonet -

a = Control Test.-

? $ = Pitting at 30X magnification.
t = Pcssibly incipient cracking at slip planes.

[ } = Polarized Potential.
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5, DISCUSSION
;

There woro 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 ovaluate
SCC test techniques. Two test techniquea were used; the U bond test technique and the Slow-
Strain Rato (SSR) technique. Both techniques are performed with smooth, un notched, '

specimens and thus, test the SCC initlation resistance of the alloys. Crack-propagation studies
were not planned or performod on the program. Because SCC growth rates are gonorally high, j
a wasto container would fall relatively rapidly, in comparison to the repository lifo, following
initiation of SCC, This approach to the SCC testing is philosophically different from that used in
the pitting studies where slowly propagating pits may be tolerable for somo alloy systems. Stross-
Corrosion Cracking studios woro performod on two alloy systems Fo-Cr Ni alloys and coppor- !

base alloys.

5,1 Fe-Cr-Ni Alloys

iStress-corrosion testing was performed on two Fe Cr Ni alloys; Alloy 304L and Alloy 825. All
SCC testing was performed on solution annealed specimens and thus issues such as the offect
of sensitizatinn on SCC were not addressed. Alloy 825 was resistant to SCC in all environments :

ovaluated 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 Cl in the presence of H,0,,

-

even though crevice corrosion occurred in some of thoso environments. The concentrated
simulated J 13 well water solution contained 675 ppm Cl based on a post-test chemical analysis.

Tablo 5.1 summarizes the results 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 indicato that Alloy 304L was resistant to SCC in J 13 well
containing 1000 ppm added Cl. Alloy 304L U bend specimens underwent SCC in only one liquid-
phase exposure condition; J 13 well water with 100 000 ppm added Cl.

Alloy 304L U bonds also underwent SCC in four vapor-phaso exposure conditions, all in the
presence of H,0,. Of the four soluuons 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 Cl 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 NOi, 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
rotate to the availability of the oxidant, H,0,, to the metal in the vapor phaso. Indeed, Pitman
(1986) reported that solution annealed Alloy 304L underwent transgranular SCC following 23
months of exposure above J 13 well water at 90*C in the presence of a gamma radiation field of
5 X 10' R/ hour.

!
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Table 5.1 Summary Of Results, Of Stress-Corrosion-Cracking Tests Performed On
Specimens Of Alloy 304L.

_n-..__

Slow Strain nate Test

Environment Phase U Bend Test 1 x 10 see - 1 x 10" seed4 d

[;$fj fjh $$
~

J 13 Well Water _

Concentrated J 13 Well V or NC NC -

W ater Li uld NC NC -

Vapor SCC NC TG SCC' -

Solution No. 20 Liquid NC - -

NC -

J 13 + CO Vapor -

Liquid - NC -8

NCJ 13 + CO, + H,0, [;jfj _ 7_

Vapor - - -

J 13 - HCO) Liquid - NC -

J 13 - HCO, + H,0, [;$fj
~

2
-

NC

J 13 + 1000 ppm Cl as Nacl [;%fj [jh 77C

Wu 1009 ppm Cl Vapor NC - -

as * ngl Liquid NC NC -

.

J 13 + 100000 ppm Cl Vapor NC - -

as Nacl Liquid SCC TG SCC' -

J 13 + 10000 pm Cl as Vapor NC - -

CaC Liquid NC NC -

J 13 + 1000 ppm Cl Vapor SCC NC NC
as Nacl + H O, Liquid NC - -

r

J-13 +.10000 ppm Cl Vapor SCC TG-SCC -

as Nacl + H,0, Liquid NC - -

J-13 + 100000 ppm Cl Vapor NC NC -

as Nacl + H,0, Liquid NC - -

J-13 + 10000 ppm Cl Vapor SCC NC NC
as CaCl, + H,0, Liquid NC - -

- -. - - - - .= - -. - - w

P . "4*o Man ' Cc rwr H
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Tablo 5.1 compares the results of SCC tests performed on Alloy 304L using the SSR and U-bond
test techniques. Those data show that both techniques woro used to evaluato 11 different
environments. No SCC was observed for both techniques in 6 of the 11 onvironments. Of the
remaining flyo environments, there were two discropancies betwoon the techniques, whoro SCC
was observed in the U bond tests but no cracking was observed in the SSR tests, even at the
lower strain rate tested. These two environmonts were simulated J 13 well water containing H,0,
and 1000 ppm CI(as Nacl) and 10 000 ppm Cl as CECl,. In one additional environment, Solution
Number 20, SCC was observed in the U bond test and in the SSR test at the slower strain rato
but not at the higher strain rato. This behavior is consistont with that predicted by Mancia and I

Tamba (1986) for marginally aggressive SCC environments. In the remaining two environments,
SCC was observed in the U bond tests and in the SSR tests at the faster strain rato, it is the
opInlon of the authors that there is insufficient data obtainod to conclude that the SSR technique
provides erroneous results in assossing the SCC behavior of Alloy 304L in chlorido containing
environments. Nevertholoss, the discropanclos oosorved are disconcerting and indicato that
further research is noodod.

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 sulf atos, nitratos, nitritos, ammonia, humid a!r,
and steam, see Tablo 5.2. While Cu Zn alloys predominato, this may reflect, in part, the fact that
brassos are used extensively and more stress corrosion research has boon porformed on those
alloys than on other alloys. It is generally established that puro copper and copper-nicko! alloys
are more resistant to SCC than are most other copper-base alloys. However, as shown in
Table 5.2, those alloys are susceptible to SCC in several of the reported cracking environments.

Literature on the SCC of copper base alloys in nitrates and nitritos was investigated further to aid
in determining possible test solutions for the Task 5 research. No information was found
portaining to the offects from nitrates. Nitritos, however, woro iound to cause SCC in copper-baso i

alloys in concentrations as low as 0.005M (as sodium nitrito, NANO,) at ambient temperaturo
(Mattsson-1987). The literature also indicated that SCC was more severe when specimons of
copper base alloys were anodically polarized (Gouda 1984). A test matrix was draft _od to ovaluate
the offects of nitrito concontration.on SCC of the copper-baso 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 was approximately equivalent to the 200
ppm NO,'in the ovcrall test solution matrix established in Task 2. Testing also was performed
in the simulated J-13 well water.

Both Alloy CDA 102 and Alloy CDA 715 were found to ba 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 tests woro performed in the
simulated J-13 well water while only U-bend tests woro performed in Solution Number 7 and in
the concentrated well water solution. In SSR tests, Alloy CDA 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 nocked region of one specimens testod in the latter environment but
the possible cracking could not be reproduced in two subsequent SSR tests.
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Tablo 5.2 Summary Of Environments Known To Promoto Stross-Corrosion Cracking Of
Copper Base Alloys (Boavers 1990).

. _ _ - , - - .. _ . _ .

'

Environment Alloy Reference

Ammonia Puro Copper Cu Ni Thompson 1944

Nitritos Pure Copper Benjamin 1983*

Steam Al Bronze Klement-1959

Steam Cu Ni Sato-1974a

Ammonia Al Brass Sato 1974a

Room Temperaturo Humid Air Cu-Zn A;loys Sato-1974b

i
S O,'' Cu Zn Alloys Kawashima 1979

Nitrates Cu Zn Graf-1969

ClOf Cu Zn Kawashima 1977

__. _}}

:

4

i

I
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in SSR tests performed on Alloy CDA 102, SCC was observed 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, to simulate radiolysis products, increased
susceptibility to SCC in NANO, solutions. In SSR tests perfomied on Alloy CDA 102 at 90''C,
cracking only occurred under anodic polarization, suggesting that the potential range, relative to
the free-corroslor pten%I, shifted in the noble direction.

The literature survey p#ormed on the SSR test technique did not indicate evidence of
anomalous behavior with the technique for the copper-base alloys. On the other hand. a question
arose in the testing conceming the best parameter for indicating susceptibility to SCC. Maximum
crack depth in the specimen is generally agreed to be the bew indicator of susceptibility but, to ,

obtain this parameter, metallography or a Scanning Electron Microscope (SEM) examination of
each SSR specimen is required. To aid in corre!ating the mechanical property data for Alloy CDA
102 with actual SCC, graphs of cracking velocity as a function of each of the mechanical
properties wNe prepared and are shown in Figures 5.1 through 5.4. These 'jraphs show that,
in general, cracking velocity was inversely proportional to time to failure, percent redJdion in
area, and the percent elongation. For example, the higher the crack velocity, the shortet toe time
to failure with little reduction in the necked area, and consequently,less elongation. On the other ,

hand, ultimate tensile strength did not correlate well with crack velocity.

However, actual crack @pth, or velocities, calculated from those depths, are the most reliable
indicators of SCC. As un example of the erroneous conclusions one ;ould draw from the
mechanical property data, note in Table 4.9 and Figures 4.6 and 4.7 that the tests in oil actually
exhibited lower times to failure and reduction in areas than in some tests where cracking was
observed.
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Figure 5,1 Crack Velocity As A Function Of Time To Failure For Tensile Specimens Of Alloy
CDA 102 In NANO, Environments.
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Figure 5.2 Crack Velocity As A Function Of Percent Reduction in Area For Tensile
Specimens Of Alloy CDA 102 in NANO, Environments.
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Figure 5.3 Crack Velocity As A Function Of Percent Elongation For Tensito Specimens Of
Alloy CDA 102 in NANO, Environments.
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Figure 5.4 Crack Velocity As A Function Of Ultimate Tensile Strength For Tensile Specimens
Of Alloy CDA 102 In NANO, Environments.
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6. CONCLUSIONS

6.1 Fe-Cr Ni Alloys

1. Both Alloy 304L and Alloy 825 were found to be resistant to SCC in simulated J-13 well
water and in the simulated water concentrated approximately eighty times.

2. Alloy 825 also was resistant to SCC in all other environments evaluated including chloride
concentratior.s up to 100 000 ppm in the presence of H,0 , even though crevice corrosion
occurred in some of these environments.

3. Alloy 304L underwent transgranular SCC in several of tha chloride containing solutions
examined.

4. Hydrogen peroxide additions to the chloride solutions appeared to decrease the minimum
chlorido concentration necessary to promote SCC of Alloy.304L.

5. Discrepancies were observed, in two environments, between the SSR and the U-bend test
techniques, where SCC occurred with U bend specimens of Alloy 304L but not with SSR
specimens of that alloy.

6. Insufficient data were 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 observed are disconcerting and indicate that further
research is needed.

"

6.2 Copper Base Alloys

1. Both Alloy CDA 102 and Alloy CDA 715 were found to be resistant to SCC in simulated
J 13 well water and in the simulated water concentrated approximately eighty times.

2. Alloy CDA 715 was resistant to SCC in all environments evaluated including NANO, at
concentrLtions up to 1 M; possible incipient cracks were observed in the necked region of
one specimens tested in the latter environment but the possible cracking could not be
reproduced in two subsequent SSR tests.

3. Alloy CDA 102 was susceptible to SCC in NANO, environments at concentrations as low
as approximately 200 ppm.

4. The presence of species from simulated J-13 well water inhibited SCC of Alloy CDA 102
in the dilute NANO solution.2
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5. Anodic polarlzation of Alloy CDA 102 specimens, to simulate radiolysis products,
increased susceptibility to SCC.

6. In SCC tests performed at 90*C, cracking only occurred under anodic polarization,
suggesting that the potential range, relative to the free-corrosion potential, shifted in the
noble direction.

7. In SSR tests performed on Alloy CDA 102, ultimate tt.' site strength did not correlate well
with SCC crack velocity.

8. Time to failure, percent reduction in area, and percent elongation correlated well with SCC
crack velocity in SSR tests performed on Alloy CDA 102.

__

9. Crack depth or crack velocity are the most reliable indicators of susceptibility to SCC for
Alloy CDA 102,

w
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7. RECOMMENDATIONS FOR FURTHER RESEARCH

SCC studies should be pursued in a broader range of possible repository environments.*

Possible discrepancies between SSR and other SCC test techniques should be-

investigated.

Longer-term SCC initiation tests need to be performed, including the role of crevice+

corrosion and pitting on SCC initiation.

Fractura mechanics-type tests should be considered as a means of accelerated testing.+

(
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APPENDIX A

The Potentlodynamic Polarlzation Technique
For Corrosion Evaluation

The cyclic-potentiodynamic-polarization (CPP) technique was used in this project to provide an
understanding of how the specific variables, environmental composition, temperature, and alloy
composition affect the general and pitting corrosion behavior of the alloys in simulated repository
environments.

In the CPP procedure, the polarity and magnitude of the current flow between a specimen of the
material of interest and an inert counter electrode are measured as a function of electrochemical
potential. For the anodic portions of the curve, the current measured is equal to the corrosion

-

rate of the specimen if two conditions are met: (1) The electrochemical potential is far enough
away from the open-circuit potential that the rate of the cathodic reaction is negligible; and (2) The
rates of spurious oxidation reactions are negligible.

Schematics of anodic polarization curves showing several types of behavior are given in Figure
A.1. For the active-corrosion case, the anodic curve is linear on an E-log i plot, and the forward
and reverse scans are coincident. The presence of a peak in the anodic portion of the curve,
followed by decreasing current,is generally indicative of the onset of passivation. The occurrence
of hysteresis between the forward and reverse scans is indicative of pitting. Where the hysteresis
loop is very large, the protection potential may be very close to the open-circuit poteniial,
indicating a high probability of pitting in that particular environment.

The polarization behavior of the alloys was determined using conventional polarization techniques.
The specific polarization eqdpment used for thase experiments included a Princeton Applied
Research Model 273 potentiostal coupled to a computer data-acquisition system or a Santron
Electrocho,nical Measuring System. A two compartment electrochemical cell was employed that
utilized a saturated-calomel reference electrode (SCE) and a platinum counter electrode (Figure -

A.2). Originally, it was planned to use a three-compartment cell (working, counter, and reference
compartments), but the relatively high resistance of several of the solutions prevented its use, and
the two-compartment cell was used for all tests. The working elec7 ode specimens were
cylindrical rods that were drilled, tapped at one end, and sealed off using PTFE gaskets. The
specimens were typically 1.3 cm in length with the diameter depending on the metal being tested.
The electrodes were polished with successively finer grades of silicon carbide paper, finishing with
a 600 grit grade.

A typical experiment consisted of the following procedure. Prior to testing, the working electrode
was immersed in the test solution ovemight while the solution was sparged with the desired gas
mixture. The CPP test was then performed approximately 16 hours after immersion of the
working electrode in the cell.

The working electrode lead was connected to the test specimen while the auxiliary (counter)
electrode lead was connected to an inert electrode (platinum wire) placed in the test cell. The
reference electrode lead was connected to the reference electrode which communicates with the
test cell electrolyte through a small diameter tube filled with electrolyte, referred to as a Luggin
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Figure A.1 Schematic Of Typical Anodic Potentiodynamic Polarization Curves.

E = corrosion potential; E, = potential at which pits initiato 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; 1,,, = current
density in passive range.
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probe or salt bridge. The tip of the probe is placed near the test specimen to minimize
measurement errors due to ohmic potential drops.

Partial cathodic and full anodic polarization curves were obtained by scanning at a rate of 0.6 V/h
and beginning the scan approximately 100 mV more negative than the free-corrosion potential.

8The current for the anodic curve was scanned until a current density of approximately 2 x 10
Alcm' was attained; the potential scan was then reversed until repassivation occurred and the
current changes polarity, becoming cathodic.

After completion of the polarization scans, the following polarization parameters were obtained
from the polarization curves of potential (E) versus logarithm of current dencity (log i) when
applicable: 1 , E., ly, E , or E., E or E,, i and E, . Tafel slopes could be obtained fromg n mo
the potatization curves if desired.

_

_
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Table B.1 Comparison Of Polarization Parameters For Alloy 304L in 90"C Simulated J-13
Well Water Containing Various Types And Concentrations Of Salt.

;f[6rI'de-.; ' Chloride _ E. . MI , ) E,, ; Eg ..

Concentration''j- Type V,SCE pNem' V,SCE V,SCE . Comments i
*ppm

1 000 Nacl .231 0.11 +0.300 -0.059 Pitting, iridescent film,
and crevice attack.

10 000 Nacl .241 0.13 +0.163 -0.122 Pitting, iridescent film, _

and crevice attack.

and erevice
100 000 Nacl .224 0.20 -0.224 -0.330

,

and erovice
10 000 CaCl, .163 0.05 +0.026 -0.140

.
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Table B.2 Cornparison Of Polarization Parameters For Alloy 825 in 90*C Simulated J 13 Well
Water Containing Various Concentrations Of Salt.

Chloridel-
ddncentration Chlorlde . . - Es ,ly.. ... EJ? gf

: ppm y LType' V,SCE pA/cm' V,SCE V,scE Comments --

1 000 Nacl +0.083 0.30 +0.355 -0.190 Iridescent oxide, pitting and
etching, crevice attack.

10 000 Nacl -0.041 0.60 + 0.205 0.068 tridescent oxide, pitting and
_

crevice attack.

100 000 Nacl -0.300 0.10 0.044 -0.250 Pitting and crevice attack.

10 000 CaCl, -0.241 0.1P +0.242 -0.150 Pitting and crevice attack.

_
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Table C.1 Candidate Alloy Compositions Of U Bend Specimens Used For The Stress-
Corrosion-Cracking Studies in 90*C Simulated J 13 Water in Task 3.

JELEhENTI. ICD $ 21 ! CDA 715 - [l825f 3'04L -

I

Cu 99.99 % 68.85 % 1.71 % 0.47 % |

29.42 % 42.20 % 9.44 %Ni --

Fe - 0.60 % 29.06 % - Balance

Cr - -- 22.56 % 18.27 %

2.74 % 0.10 %Mo - -

i

Mn - 0.60 % 0.51 % 1.39 %

C -- 0.015 % 0.02 % 0.020 %

~

S - 0.006% 0.003 % 0.015 %

Zn - 0.05 % - -

,

P - .0.004 % - 0.022 %

Pb - 0.01 % - -

Si --- - 0.33 % 0.54 %

- -- 0.06 % -Al
i

Ti - - 0.81 % -

Co - - - 0.18%

0.023 %N - - -

~

I
|

|
|
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1

Table C.2 Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress-
Corrosion-Cracking Studies in Solution Numbers 7 And 20 At 90*C, Task 3.

,' ";Shlution' Numbed SoiutioENukdor 20P

ELEMENT) !CDA iO2i iCDAYUl .1825 '304C4 34

Cu 99.95 % 68.85 % 1.76 % 0.47 %

Ni - 29.42 % 40.22 % 9.44 %

Fe - 0.60 % 30.41 % Balance

Cr - - 23.34*4 18.27 %

>

Mo - - 2.74 % 0.10 %

Mn 0.60 % 0.41 % 1.39 %-

C - 0.015 % 0.02 % 0.020 %

S - 0.006 % 0.001 % 0.015 %

Zn - 0.05 % - -

P - 0.004 % - 0.022 %

Pb 0.01 % - --

Si - - 0.17 % 0.54 %
~

Al 0.04 % -- -

Ti - - 0.89% -

Co - - - 0.18%

N - - - 0.023 %
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Tablo C.3 Candidate Alloy Compositions Of Tenslie Specimens Used For The Stress-
Corrosion Cracking Studies in Task 5.

. , _

-
-

! ELEMENTi ICDEliO2 5 CDA'715 /1825 L 304Lt
~

Cu 99.99 % 67.13 % 1.71 % 0.190%
!

NI - 31.80 % 42.03 % 8.87 % )
1

Fe - 0.47 % 29.84 % Balance |

Cr - - 21.96 % 18.22 %

Mo - - 3.17 % 0.170%

Mn - 0.56 % 0.41 % 1.21 %

C - <0.01 % 0.01 % 0.021 %

S - <0.01 % <0.001 % 0.023 %

Zn - 0.01 % - -

P - <0.01 % 0.026 %-

Pb - <0.01% - -

Si - -- 0.17 % 0.520%

Al - - 0.05 % -

| | Ti - - 0.65 % -

.

I Co - - - -

| N - - - -

l
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Table C.4 Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress-
Corrosion-Cracking Studies In The Long-Term, Boil-Down Tests With 90*C
Simulated J-13 Water; Task 7.

g > , - . , , -- ,
y

ELEMENT CDA 102 -- CDA 715 : ,1825 - 304L ':

Cu 99.95% 68.85 % 1.71 % 0.47 %

Ni 29.42 % 42.20 % 9.44 %-

Fe - 0.60 % 29.06 % Balance -

Cr - - 22.56 % 18.27 %

Mo - - 2.74 % 0.10 %

Mn - 0,60 % 0.51 % 1.39 %

C - 0.015 % 0.02 % 0.020 % '

S - 0.006 % 0.003 % 0.015 %

Zn - 0.05 % - -

P - 0.004 % - 0.022 %

Pb - 0.01 % - -

~

Si - - 0.33 % 0.54 %

Al - - 0.06 % -

Ti - - 0.81 % --

Co - - - 0.18%
,

N - - - 0.023 %
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Tablo C.5 Candidate Alloy Cornpositions Of U Bend Specimens Used For The Stross-
Corrosion-Cracking Studies in 90 C Simulated J-13 Water Containing Salt; Task 7.

ELEMENT; ;1825-' 304L

Cu 1.82 % 0.47 %

Ni 42.89 % 9.44 %

Fe 27.72 % P'.: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 %

-

1

i
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PHOTOMICROGRAPHS OF SPECIMENS OF ALLOY 304L
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I Figuro D.1 Photomicrograph Of U Bond Specimen Of Alloy 304L Following 2855 Hours Of
i Exposure To Solution No. 20 (With H,0, Additions) 3. 90*C Showing

j Transgranular St;oss Cerrosion Cracking; 250X Magnificauon.
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Figuro D.2 Photomicrograph Of U Bond Specimen Of Alloy 304L Exposed To Simulated J 13
Well Water Containing 100 000 ppm Chloride (As Nacl) For 181 Days at 90 C;
50X Magnification.,
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Figuro D.3 Photomicrograph Of U Bend Specimen Of Alloy 304L Exposed in The Vapor
Abovo Simulated J-13 Well Wator Containing 1000 ppm Chlorido (As Nacl) For
100 Days at 90"C H,0, Added Dally; 100X Magnification.
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Figuro D.4 Photomicrograph Of U Pond Specimen Of Alloy 304L Exposed in The Vapor
Above Simulated J 13 Well Water Containing 10 000 ppm Chlorido (As Nacl) For
100 Days at 90 C. H,0, Added Daily; 100X Magnification.
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: Figuro D.5 Photomicrograph Of U Bond Specimen Of Alloy 304L Exposed in The Vapor
: Abovo Simulated J 13 Well Water Containing 10 000 ppm Chlorido (As CaCl,) For
| 100 Days at 90"C. H,0, Added Daily; 100X Magnification. ;
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Figuro D.6a Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To 90'C Simulated J-
13 Wator Containing 1000 ppm Cl As Nacl. Specimen Potentiostated To +200
mV (SCE) And Strained To Failuro At 1 X 10 soc'';(Test Nc. M20).5
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100X b. Etched in 97ml Conc. hcl,3ml Conc. HNO , % gm CuCl,3

F1 uro D.6b Photomicrograph Of SSR Specimon Of Alloy 304L Exposed To 90*C Simulated J-0
13 Water Containing 1000 ppm Cl As Nacl. Specimen Potentiostated To +200,

| mV (SCE) And Strained To Failure At 1 X 10* soc"; (Test No. M20).
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Figuro D.7 Photomicrograph Of SSR Specimon Of Alloy 304L Exposed To The Vapor Phase
Of Solution Number 20 At 90 C. H,0, Added Daily. Specimen Strained To Failure
At 1 X 10' soc '; 50X Magnification (Test No. 34).
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Figuro D.8 Phatattlicrograph Of SSR Specimen Of Alloy 304L Exposed To The Vapor Phase
Of Solution Number 20 At 90'C. Specimen Strained To Failure At i X 10'sec';
250X Magnification (Test No. 35).
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Figuro D.9 Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To 90"C Simulated J-
13 Well Water Containing 100 000 ppm Chloride As Nacl. Specimen Polari7au
To -0.174 V(SCE)(E , + 50 mV). Specimen Strained To Failure At 1 x 10* sec ';r

100X Magnification (Test No. 37). ,
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Figure D.10 Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To The Vapor Phase
Of 90 C Simulated J 13 Well Water Containing 10 000 ppm Chloride As Nacl.
H,0, Added Daily. Specimen Strained To Failure At 1 x 10* sec~'; 100X|

Magnification (Test No. 39).
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Figure E.1 Photomicrograph Of U Bend Specimen Of Alloy 825 Exposed in The Vapor Above ;
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'

1 X 10* soc ; 100X Magnification (Test No. 29).d
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Figure G.1 Photomicrograph Of SSR Specimen Of Alloy CDA 715 Exposed To 1M NANO, At |

23*C And Polarized To +0.033 Volts (SCE). Specimen Strained To Failuro At '

1 X 10* sec''; 250X Magnification (Test No. 28).
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