
i. 

Studies on Candidate Container 

I 

!' , 
, .  
i 

NUREGJCR-5710 I 

I 
I 

I 

Alloys for the Tuff Repgsitory $2.3 .:. 

- -3 \. 

j 
j 

Prepared by 
J. A. Beavers, C. L. Dum 

Cortest Columbus Technologies, Inc. 

Prepared for 
U.S. Nuclear Regulatory Commission 

1 
! 

&Y.SiK3UTlON OF THfS DOCUMENT IS UNLIMW 



AVAILABILITY NOTICE 

I 

Availabllii of Reference Materials Cited in NRC Publications 

Most documents clted In NRC publicatlons will b e  avallable from one of the  following sources: 

1. 

2. 

The NRC Public Document Room, 2120 L Street, NW.. Lower Level, Washlngton, DC 20555 

The Superintendent of Documents, U.S. Government Printlng Offlce, P.O. Box 37082, Washlngton, 
DC 20013-7082 

3. The Natlonal Technical Information Servlce, Springfleld, VA 22161 

Although the  llstlng that follows represents the majority of documents cited In NRC publlcatlons, It Is not 
Intended to b e  exhaustlve. 

Referenced documents available for lnspectlon and copying for a fee  from the  NRC Publlc Document Room 
include NRC correspondence and Internal NRC memoranda: NRC bulletlns, clrculars, lnformatlon notices, 
lnspectlon and investigatlon notlces: ilcensee event reports: vendor reports and correspondence: Commls- 
slon papers: and applicant and llcensee documents and correspondence. 

The followlng documents In the  NUREG series a r e  avallable for purchase from the GPO Sales Program: 
formal NRC staff and contractor reports, NRC-sponsored conference proceedings, International agreement 
reports, grant publications, and NRC booklets and brochures. Also available a r e  regulatory guides, NRC 
regulatlons In the  Code of Federal Regulations, and Nuclear Regulatory Commission Issuances. 

Documents avallable from the Natlonal Technlcal lnformatlon Service Include NUREG-series reports and 
technlcal reports prepared by other Federal agencles and reports prepared by the Atomlc Energy Cornmls- 
sion. forerunner agency to the  Nuclear Regulatory Commlsslon. 

Documents available from publlc and special technlcal libraries Include all open literature items, such as 
books, Journal articles, and transactlons. Federal Register notlces, Federal and State leglslatlon, and con- 
gressional reports can usually be  obtained from these libraries. 

Documents such as theses ,  dlssertatlons, forelgn reports and translatlons, and non-NRC conference pro- 
ceedings a r e  available for purchase from the organlzation sponsoring the publication cited. 

Slngle copies of NRC draft reports a r e  available free, to the  extent of supply, upon written request to the  
Office of Admlnlstratlon, Dlstrlbution and Mail Servlces Sectlon, U.S. Nuclear Regulatory Commlsslon, 
Washlngton, DC 20555. 

Coples of Industry codes and standards used In a substantive manner in the NRC regulatory process a r e  
malntalned at the  NRC Ubrary, 7920 Norfolk Avenue, Bethesda, Maryland, for use by the public. Codes and 
standards a r e  usually copyrlghted and may be purchased from the  origlnatlng organlzation or, If they a r e  
Amerlcan Natlonal Standards, from the  Amerlcan Natlonal Standards Institute, 1430 Broadway, New York, 
NY 10018. 

DISCLAIMER NOTICE 

This report was prepared as an account of work sponsored by an agency of the United States  Government. 
Neitherthe United States Government norany agencythereof, orany oftheir employees, makes any warranty, 
expressed or implied, or assumes any legal liability of responsibility for any third party's use, or the results of 
such use, of any information, apparatus, product or process disclosed in this report, or represents that its use 
by such third party would not infringe privately owned rights. 

I 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



NuRM;/CR--5710 

TI92 015376 

Stress- Corrosion- Cracking 
Studies on Candidate Container 
Alloys for the Tuff Repository 

Manuscript Completed: April 1992 
Date Published: May 1992 

Prepared by 
J. A. Beavers, C. L. Dun  

Cortest Columbus Technologies, Inc. 
2704 Sawbury Boulevard 
Columbus, OH 43235 

Prepared for 
Division of Regulatory Applications 
Ofice of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 
NRC FIN D1692 



RELATED DOCUMENTS 

The following is a listing of Topical Reports summarizing the research performed in the various 
taskspf the-program issued to Cortest- Columbus Technologies, Inc, (CC Technologies): 

"Environmental Effects On Corrosion In The Tuff Repository." NUREG/CR-5435 
published February, 1990. 

- 

"Potentiodynamic Polarization Studies On Candidate Container Alloys For The Tuff 
Repository." NUREG/CR-5708 published January, 1992. 

"Immersion Studies On Candidate Container Alloys For The Tuff Repository." 
NUREWCR-5598 published May, 1991. 

Pitting, Galvanic, and Long-Term Corrosion Studies on Candidate Container Alloys 
for the Tuff Repository". NUREWCR-5709 published January, 1992. 



ABSTRACT 

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the long-term performance 
of container materials used for high-level waste packages as part of the information needed by 
the Nuclear Regulatory Commission (NRC) to assess the Department of Energy's application to 
construct a geologic repository for high-level radioactive waste. At the direction of the NRC, the 
program focused on the Tuff Repository. This report summarizes the results of Stress-Corrosion- 
Cracking (SCC) studies performed in Tasks 3,5 and 7 of the program. Two test techniques were 
used; U-bend exposures and Slow-Strain-Rate (SSR) tests. The testing was performed on two 
copper-base alloys (Alloy CDA 102 and Alloy CDA 71 5) and two Fe-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 effects of concentration and irradiation on the 
groundwater composition. All SCC testing on the Fe-Cr-Ni Alloys was performed on solution- 
annealed specimens and thus issues such as the effect of sensitization on SCC were not 
addressed. 

Both Alloy 825 and Alloy 304L was resistant to SCC in the J-13 well water and in the J-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 
pprn CI in the presence of H,O,, even though crevice corrosion occurred in some of these 
environments. Alloy 304L was resistant to SCC in 5-13 well containing 1000 ppm added CI. 
Alloy 304L underwent SCC in only one liquid phase exposure condition; J-13 well water with 
100 000 ppm added CI. Alloy 304L also underwent SCC in four vapor phase exposure 
conditions, all in the presence of H;02 Of the four solutions in which Alloy 304L underwent 
cracking, three were prepared with simulated J-13 well water and added CI (1000 ppm CI and 
10 000 ppm CI as NaCl and 10 000 ppm CI as CaCI,) while one solution, Solution Number 20, 
was taken from the Task 2 experimental test matrix. Solution Number 20 contained 1000 ppm 
CI 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 7 
from the Task 2 experimental test matrix, in simulated J-13 well water and in the simulated water 
concentrated approximately 80 times. Alloy CDA 715 was also resistant to SCC in all other 
environments evaluated including NaNO, at concentrations up to 1 M. Alloy CDA 102 underwent 
SCC in NaNO, environments at concentrations as low as approximately 200 ppm. The presence 
of species from simulated J-13 well water appeared to inhibit SCC of Alloy CDA 102 in the dilute 
NaNO, solution. On the other hand, anodic polarization of Alloy CDA 102 specimens in NaNO, 
solutions, to simulate radiolysis products, increased susceptibility to SCC. In SSR tests 
performed on Alloy CDA 102 at 90°C in NaNO, solutions, cracking only occurred under anodic 
polarization, suggesting that the potential range, relative to the free-corrosion potential, shifted 
in the noble direction with increasing temperature. 
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EXECU'hlVE SUMMARY 
'. ' 

The Department of Energy (DOE) is conducting a program for the disposal of high-level 
tr'adioactive waste in a deep-mined. geologic repository. The Nuclear Regulatory Commission 
(NRC), which is responsible for regulating high-level radioactive waste disposal, will review DOES 
application for the construction and ophration 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-term performance of the geologic repository. A s  part of this effort, Cortest Columbus 
Technologies,' Inc. (CC Technologies) was awarded a contract to investigate the long-term 
perforinance of container materials used for high-level waste packages. At the direction of the 
NRC, the prMram focused on the Tuff Repository. The scope of work consisted ofemploying 
relatively short-term electrochemical techniques to examine a wide range of possible failure 
modes. Long-term tests (1-2 years) were used to verify the short-term studies. 

This report summarizes the results of Stress-Corrosion-Cracking (SCC) studies performed in 
,Tasks 3 , 5  and 7 of the program. The.testing was performed on two copper-base alloys (Alloy 
CDb 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. 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. 

The objective of Task 3 was to evaluate the corrosion pe'rformance of the candidate alloys-in 
simulated ~ Tuff repository environments under various exposure conditions (immersed, vapor 
phase, and alternate immersion). These immersion tests included U-bend SCC specimens and 
were 'performed in a simulated 5-13 well water and two other environments selected from the 
experimental test matrix from Task 2 of the program. 

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 Friodic 
addition of fresh solution. Thus, these studieqwere designed to evaluate the effects of alternate 
wetting and drying of the canister and the cbncentration 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 
comparison 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 environmend. The primary objective of Task 5 w+ 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 (NUREWCR-5435). These included 
simulated J-13 well water, simulated J-13 water containing specific ionic species, sodium nitrite 
solutions (copper-base alloys), chloride solutions (Fe-Cr-Ni alloys) and two other solutions 
(Solution Number 20 (Fe-Cr-Ni alloys) and Solution Number 7 (copper-base alloys)) that were 

* *  d 
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designed to simulate the chemical effects 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 chloride solutions containing 
up to 100 000 ppm CI in the presence of H,O,, even though crevice corrosion occurred in some 
of these environments. The concentrated simulated J-13 well water solution contained 675 ppm 
CI 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-bend test results also indicated that 
Alloy 304L was resistant to SCC in J-13 well containing 1000 ppm added CI. Alloy 304L U-bend 
specimens underwent SCC in only one liquid phase exposure condition; J-13 well water with 
100 000 ppm added CI. 

Alloy 304L U-bends also underwent SCC in four vapor phase exposure conditions, all in the 
presence of H202' Of the four solutions in 'which ,Alloy 304L underwent cracking, three were 
prepared with simulated J-13 well water and added CI (1000 ppm CI and 10 000 ppm CI as NaCl 
and 10 000 ppm CI as CaCl,) while one solution, Solution Number 20, was taken from the Task 
2 experimental test matrii. Solution Number 20 'contained 1000 ppm CI as well as 200 ppm F 
and 200 ppm NO,'. The occurrence of SCC only in the vapor phase in the latter environments 
suggests that SCC may be more likely in the vapor phase in the repository. This behavior may 
relate to the availability of the oxidant, H202, to the metal in the vapor phase. 

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. However, 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. 

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 
concentrated approximately 80 times. Alloy CDA 715 was also resistant to SCC in all other 
environments evaluated including NaNO, 'at concentrations up to 1 M. Possible incipient cracks 
were observed in the necked region of one specimen 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 dilute NaNO, solution. On the other 
hand, anodic polarization of Alloy CDA 102 specimens in NaNO, solutions, to simulate radiolysis 
products, increased susceptibility to SCC. In SSR tests performed on Alloy CDA"102 at 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 secondw cracking from the SSR tests on Alloy CDA 102 
was performed to determine the most reliable indicator of SCC. Ultimate tensile strength did not 
correlate well with SCC crack velocity. On the other hand, time to failure, percent reduction in 
area, and percent elongation correlated well with SCC crack velocity. However, crack depth and 
crack velocity were found to be the most reliable indicators of susceptibility to SCC for Alloy CDA 
102. 





1. INTRODUCTION 

The Department of Energy (DOE) is conducting a program for the disposal of high-level 
radioactive waste in a deep-mined geologic repository. The Nuclear Regulatory Commission 
(NRC), which is responsible for regulating high-level radioactive waste disposal, will review DOES 
application for the construction and operation 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-term performance of the geologic repository. As part of this effort, CC Technologies was 
awarded a contract to investigate the long-term performance of container materials used for high- 
level waste packages. At the direction of the NRC, the program focused on the Tuff Repository. 
The scope of work consisted of employing relatively short-term electrochemical techniques to 
examine a wide range of possible failure modes. Long-term tests (1-2 years) were used to verify 
the short-term studies. 

This report summarizes the results of Stress-Corrosion-Cracking (SCC) studies performed in 
Tasks 3,5 and 7 of the program. The testing was performed on two copper-base alloys (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 testing in 
Tasks 3 and 7 consisted of exposures of U-bend specimens of the four alloys to the simulated 
repository environments while the testing in Task 5 consisted of Slow-Strain-Rate (SSR) tests of 
those alloys in similar environments. 
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2. BACKGROUND - THE TUFF REPOSITORY ENVIRONMENT 

2.1 Nomlnal Envlronment 

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

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

The potential repository horizon is in the lower, densely welded and devitrified portion of the 
Topopah Spring Member located 700 to 1400 feet above the static water table. The bulk rock 
at the horizon is composed of rhyolife with a small range in composition as shown in Table 2.1. 
This small variation in geochemistry demonstrates that the host rock may be considered uniform, 
according to Glassley-1986. 

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

The location of the repository above the static water table has a major impact on the anticipated 
environment. First of all, the environment will be aerated; the 5-13 well water contains 5.7 ppm 
dissolved oxygen which probably represents a lower limit for oxygen. This condition is unique 
in that the plans for all other repositories, either in the United States or elsewhere, have called 
for locations below the static water @le 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 waste container. At the repository elevation, the boiling point for water 
is about 95"C, and thus the environment at the waste package surface will be steam and air 
during the early life of the repository. 
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Table 2.1 Percentages Of Major Constituents In Topopah Springs Tuff, Drill Core USW 
GU-3, Samples 60, 61 And 62. Fe203 Represents Total Iron (Schuraytz-1985). 

Si02 

iA1203 . 

Fe203 

CaO 

I '  &MgO 

TiO, 

I Na20 

' . K 2 0  

p202 

MnO 

78.4 

12.0 

1.01 6 

0.492 

'0.1 27 

0.1 108 

4.07 

3.71 

0.01 

0.0624 

78.9 

12.3 ' 

0.973 

0.451 

0.1281 

0.0927 ' 

3.92 

3.18 

0.01 

0.0455 

% 

. ' ,  

> 

78.9 

12.2 ' 

1 .ooo 

0.480 

L '  0.1 126 

0.0984 

.4.25 

2.94 

0.03 

0.0488 

70.73 

12.17 

0.996 

0.474 

0.123 

0.101 

4.08 

3.28 

0.02 

0.052 

0.24 

0.12 

0.01 8 

0.01 7 

0.007 

0.008 

0.13 

0.32 ' : 

0.01 ' 

0.007 



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 borosilicate glass. The spent fuel will have the highest 
thermal output of between 1.3 and 3.3 Kw per container, while the glass will have an output of 
0.25 to 0.47 Kw per container. The temperature histories of the waste packages are sensitive 
functions of the thermal properties of the near-field rock, the specific configuration of boreholes 
and emplacement drifts, heat transfer mode as well as container output power; none of these 
factors has been precisely defined. Comparative canister surface temperatures as a function of 
time are shown in Figure 2.2 for one set of comditions. Note that the canister surface for spent 
fuel remains above the boiling temperature over at least a 300 year period following 
emplacement. 

These elevated temperatures should exclude liquid water from the near field of the repository for 
several hundred years, although liquid water may be present in the pores in the rock up to 140°C. 
It is also possible that vadose water may come in contact with some of the waste packages 
during periods of liquid water movement through the repository. 

A consequence of the elevated temperature in the repository will be the interaction of groundwater 
with the host rock in the vicinity of .the waste package. A number of interaction studies has been 
performed over temperatures ranging from 90-250°C with core wafers, crushed core wafers in 
gold-bags and PTFE-lined (polytetrafluoroethylene) autoclaves. Rapid shifts in chemistry occurred 
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 obtained by Knauss-l985a for crushed core material at 150°C are given in 
Figures 2.3 and 2.4. These data show that the silicon (Si) concentrations increased from about 
30 ppm to around 150 ppm within 60 days, while the sodium (Na) concentration only increased 
slightly over the test period. The concentrations of aluminum' (AI), magnesium (Mg) and calcium 
(Ca) decreased with time while that of potassium' (K) was not greatly affected by thermal 
interaction; the pH decreased very slightly. 

Another consequence of the elevated temperatures in the repository will be the boiling of 
groundwater in the vicinity of the waste package. This will lead to the concentration of the 
species, both beneficial and deleterious, in the groundwater. Abraham (1986) has performed 
some solution analyses on boiling 5-13 groundwaters at Brookhaven National Laboratory. The 
solutions were boiled in the presence of tuff rock and specimens of several stainless steels. The 
results are summarimed in Table 2.2. These data show that the composition of J-13 well water 
changed quite dramatically as a result of boiling. The stable concentrations of most species after 
one year were more than an order of magnitude higher than those in the J-13 well water. Some 
species, such as SO,", NO;, Caz+ and K+ exhibited a maximum in concentration after only a few 
months which suggests the precipitation of compounds such as CaSO.,, etc. 

The concentration of the species in the 1 OX J-13 well water also increased with exposure time 
in these tests. Although the magnitudes of the increases were smaller than those observed for 

_ _ _ _ ~ ~  ~~ 

Both aluminum and ptassium exhibited initial transient increases in concentrations. 1 
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Table 2.2 Chemical Composition Of Test Solutions At The End Of Corrosion Tests (pg/mi) 
(Undiluted And Filtered Solution) (Abraham-1 986). 

Na+ 

K+ 

Ca2+ 

Sn2+ 

F 

CI- 

NO; 

so:- 
SiO, 

pH at room 
temperature 

45 

4.9 

14 

N.D. 

2.2 

7.5 

5.6 

22 

61 

8.5 

N.D.' 

238 

308 

3.4 

12.1 

130 

460 

820 

41 4 

8.4 

464 

244 

161 

0.4 

4 

236 

750 

552 

451 

9.0 

.. .. 

51 0 

106 

104 

1 .o 

6.31 

161 

482 

588 

458 

9.3 

867 

244. 

301 

4.4 

14 

330 

I300 

408 

8.4 

' 738 

21 4 

164 

0.5 

5 

21 I 

522 

1260 

488 

8.9 

908 

139 

129 

1.2 

21.1 

260 

672 

976 

406 

9.3 

'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 1OX Jrl3 
well water were higher than those in the standard J-13 well water. A s  in the 5-13 well water, 
maximum concentrations were observed for some species in the boiling 1 OX 5-13 well water after 
a few months. i 

2.1.2 Radiation Effects 
I 

Relatively little research has been performedion 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 environment 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 
L 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 Oi. Between 120' and 135"C, NO,, N204, H,O, and 0, 
are the dominant products, while below 12OoC, the most abundant products are HNO, and H,O 

In liquid 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 liquid water movement through the repository. 

I i i  

with small amounts of 0,. 8 ' \ 

4:  

1 

Glass (1 985 and 1986) reviewed the literature and performed electrochemical studies in irradiated 
,J-13 well water. These studies conclCIded that the primary effect of radiation of 5-13 well water 

1 is to produce the dominant oxidizing species 0, and H202 with smaller concentrations of 0-, and 
still smaller concentrations of HO,. Irradiation of water containing CO, or HCO, with 0, was found 
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,O+, OH, H,, H202, O,, 0; and HO,. 
While these species only consider the breakdown of the water molecule, many other species are 
generated by reactions with other species in the groundwater. - 

< I  
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2.2 Simulated Envlronrnents 

2.2.1 Simulated J-13 Well Wgter 

In Task 2 of this program, Cyclic-Potentiodynamic-Polarization (CPP) tests were performed 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 Livermore 
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 potentiodynamic-polarization technique is discussed in more 
detailed in Appendix A. The J-13 well 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-J3 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 5-13 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 
parameters of E, (breakdown potential), E, (repassivation potential), and i, (corrosion current). 
Repetition of these experiments verified the similarities. Although the passive current density is 
lower for the curves produced in this study, as compared to McCrighPs data, the polarization 
behavior reasonably reproduces the behavior shown by McCright in Figure 2.5. The above 
results produce two important findings that are critical to the remaining work performed in this 
project: 

. # ,  

(1) 

(2) 

Prepared solutions can reasonably simulate actual well waters extracted from the Tuff site, 
and 

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 Envlronments 

t 

In Task 2 of the program, a statistically based experimental test matrix was formulated in an effort 
to evaluate the influence on corrosionof 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 
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Table 2.3 Chemical Composition Of Simulated Tuff Groundwater And J-13 Well Water From 
Yucca Mountain, Nevada (For Comparison). 

Na+ 

K+ 

&I2+ 

Ca2+ 

SiO, 

F- 

CI- 

HCO,- 

NO,- 

t 
I " .  

so:- 

PH 

TDS 

NaHCO, 

KCI, KF 

MgCI, 6H20 

Ca(NO,), 4H,O, CaSO, %H20 

H,SiO, 

KF 

KCI, MgCI, 6H,O 

NaHCO,$ 

- Ca(N0,)i 4H,O 

CaSO, %H20 

1 

44:O 

5.1 

1.9 

12.5 

5,8. 

2.2 

. 6.9 

125. 

9:6 

18.7 

7.6 

291.5 

46.0 

5.5 

1.7 

12.0 

64.2 

1.7 

6.4 

121. 

12.4 i 

19.2 

7.0 f 0.2 

290.3 

'Knauss, 1985 

*Beavers, 1987 

The pH adjustment was accomplished by bubbling carbon dioxide through the solution. 
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Table 2.4 CPP Parameters For The Candidate Alloys In Actual And Simulated J-13 Well Water. 

CDA 102 

CDA 102 

CDA 102 

Actual * 

Simulated 

Actual 

80 

80 

80 

1 - 2  

1 

1 -  

3.6 -0.01 1 5.78 +0.201 +0.092 

3.6 -0.015 0.13) +0.161 -0.140 

3.6 +0.004 0.31 +0.212 -0.179 

I 

tD -L 
* McCright - 1985. 

I 
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Figure 2.6 CPP Curve For Alloy CDA 102 In Simulated J-13 Well Water At 80"C^Following 
A One Hour Initial Exposure (Beavers-1 991 b). 

.. 

Figure 2.7 CPP Curve For Alloy CDA 102 In Actual J-13 Well Water At 80°C Following A One 
Hour Initial Exposure (Beavers-1 991 b). 
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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 canister 
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 these 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-1 991 b. 

! 

Table 2.5 gives the compositions of the synthetic test solutions used in the Task 3,5, and 7 SCC 
studies summarized in this 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 fourd to be an active-corrosion environment for the copper-base alloys 
at 90°C. The polarization curves for these alloys are given in Figures 2.1 0 and 2.1 1. 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,,, EpmJ. Appendix B gives the CPP curves for these alloy- 
environment systems and the CPP parameters determined from these curves. 
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Table 2.5 Composition Of 5-13 Well Water- And Selected Solutions From The Task 2 

I f  . 
Experimental Matrix Used In The 'SCC Studies. 

PH 

SiO, 

,HCO,' 

F 

CP 

.. > .  

c 

' I  

. NO; i 

sot- 

NO,- 

H202. 

AP+., I ., 

' ' Fe2+ 

Ca2+ 

Mg2+ 

K+ 

Na+ 

PO4% 

Oxalic Acid 

7.6 '- 1 

58 

I ,  125 -;, 

2.2 

., 6.9 
,. 

' , ,  

9.8 ., 
. .  

* :  

. 18.7 a -- - ,  

- 
, ,  - 

2 ,  

0.012 
.' I 

I. , 0.006 . '. 
, <? 

12.5 

1.9 

5.1 

44 

0.12 

- 

7.0 f 0.2 

64.2 
, , .  . 

121 , ,, 

< f  1.7 

,6.4- 

12.4 
I. . ' 

19.2 . . 

- 
, *  

- .  

I 

- 

12.0 

1.7 

5.5 

46 

- 
- 

10.0 

2.2 

1 0.4 

200 

1000 

0.2 

200 

- . .o.o 

, . -0.8, 
' I  , 

, .o.o 

0.8 

- 0.8 

408 

2.0 

0.0 

5.0 

I ,  215 

0.4 

0.04- 

1000 

0.2 

_ b I  

I .  

, o  

0 

0.0004 

0.0 

0.8 

0.8 

0.08 

2.0 

172 

*Na+ and SO;- were used to balance the composition. 
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Figure 2.8 CPP Curve For Alloy 825 In Test Solution Number 20 At 90°C (Beavers-l991b). 
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Figure 2.9* CPP Curve For Alloy 304L In Test Solution Number 20 At 90°C (Beavers-1 991 b). 
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Figure 2.11 CPP Curve For Alloy CDA 715 In Test Solution Number 7 At 90°C (Beavers- 
1991 b). L T  
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Table 2.6 

J13* 

J13* 

J13' 

J13* 

20 

20 

7 

7 

Summary Of The Polarization Parameters For Selected Alloys In Simulated J-13 
Well Water, Solution Number 20 And Solution Number 7 At 90°C. 

304L 

1825 

CDA 102 

CDA 715 

304L 

1825 

CDA 102 

CDA 715 

. . . . . . . . 

90 

90 

90 

90 

90 

90 

90 

90 

*Simulated J-13 Well Water 

-0.1 25 

-0.650 

-0.030 

-0.265 

-0.205 

-0.250 

-0.140 

-0.150 

0.12 

0.08 

2.00 

0.41 

0.13 

0.05 

6.6 

23 

+0.800 

+0.700 

+O. 140 

+0.180 

+0.210 

+0.610 

-0.1 40 

-0.150 

+0.800 

+0.700 

-0.035 

+0.080 

-0.1 10 

+0.150 

-0.1 40 

-0.200 

No pitting. 

No pitting. 

Local changes 
in oxide. 

Local changes 
in oxide, local 
active attack 
with a few 
shallow pits. 

Pitting. 

Pitting. 

No pitting, local 
oxide growth. 

No pitting; active 
areas. 
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3. EXPERIMENTAL APPROACH 

3.1 Candldate Alloys Evaluated 

Two classes of alloys were evaluated in this study; Fe-Cr-Ni alloys and copper-base alloys. The 
candidate Fe-Cr-Ni alloys evaluated were Type 304L Stainless Steel (Alloy 304L) and lncoloy 
Alloy 825 (Alloy 825). The candidate copper-base alloys evaluated were CDA 102 Copper (Alloy 
CDA 102) and Copper-30 Nickel (Alloy CDA 71 5). The compositions of the candidate alloys are 
given in Appendix C. 

3.2 Constant-Strain (U-Bend) Testing 

Immersion testing of U-bend 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 consisted of four alloys, three environments (Simulated J-13 
well water, Solution Number 7, and Solution Number 20), and four test conditions (liquid phase, 
vapor phase, vapor-liquid interface, and alternate 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 NUREGCR-5598. 

Long-term, boildown 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 
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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 four-liter glass resin kettles described above in 
accordance with ASTM G31. As before, coupons and U-bend specimens were exposed in 
triplicate and their placement was designed so that individual racks of specimens could be 
removed and evaluated after three different exposure periods. Table 3.2 is a summary of the 
specimens used in the boildown 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 period. 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 passed through the vessels. The 
rate of air flow and the cooling water flow rate in the condensers were adjusted to obtain nearly 
complete evaporation in one week. Following the exposure periods, the specimens were 
examined optically at 30X magnification. 

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 
comparison with SSR tests performed under similar exposure conditions. Three tests were 
performed at 90°C in simulated J-13 water containing 1000,lO 000, and 100 000 ppm CI as NaCl 
and 10 000 ppm CI as CaCl,. Hydrogen peroxide (H2OJ additions were made in two of the tests 
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 H202 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 (241 6 hours). 

3.3 Slow-Strain-Rate (SSR) Testing 

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 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 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 
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Table 3.2 Summary Of Specimens Used In Task 7 Long-Term Boil-Down Studies. 
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Figure 3.3 Schematic Of The Alternate Slow-Strain-Rate Specimen 
Used In Task 5. 

-33- 



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 (thermocouple, heat t a p ,  condenser, Luggin 
probe, etc) was attached. The cell was then heated to the desired temperature and the gas flow 
was started. The free-cuhosion potential 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 failure. 

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

- 

Reduction Bm Area = x 160 
A i  

where’A I = imitial cross sectional area of the gage’section ’ /  (3-1 1 
A ,  = final cross sectional area of necked region of gage section. 

Similarly, the percent elongation is calculated by the formula: 

x 100 b -L  
k i  

Percent Elongatlow = 

where IL = initial length of the gage section of the specimen 
B = 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,), bicarbonate 
(HCQ,), CO, + H,O,, HCO, + H,Q,, and chloride (CI). The following types and concentrations of 
chloride were evaluated: 1000 ppm, 10 000 ppm, and 100 000 ppm CI as NaCl and 10 000 ppm 
CI as CaCI,. Alloy 825 was also evaluated in simulated 5-13 water containing these same types 
and concenfrations of salt. 

The copper-base alloys were SSR tested in sodium nitrite (NaNO,) solutions. Nitrite is a possible 
radiolysis product that is reported to cause SCC in copper-base alloys. Alloy CDA 102 was 
tested in both NaNO, and in simulated J-13 water containing NaNO,. Alloy CDA 715 was tested 
only in NaNQ,. 



'I; ' ,  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 cof-rosion performance of the candidate 
alloys in simulated Tuff repository environments under various exposure conditions (immersed, 
vapor phase, and alternate immersion). These immersion tests included U-bend SCC specimens 
and were performed in simulated J-13 well water and WCiother environments selected from the 
experimental test matrix from Task 2 of the program. 

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 studies 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 
comparison 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 (NUREGKR-5708) and 
the results of a literature search performed in Task 1 (NUREWCR-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 NUREWCR-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 51 0,101 1, 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 
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potentiodynamic-polarization tests. The 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 (H202). 

The immersion tests with both Alloy 304L and Alloy 825 in Solution'Number 20 were extended 
beyond the 2000 hours exposure time originally planned due to h e  low corrosion rates observed 
with the coupons and the absence of significant localized corrosion OFSCC. 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 (H202) 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 
potential was monitored. Hydrogen peroxide is expected to be generated as a result of radiolysis 
of the groundwater in the Tuff Repository. Following each H202 addition, a noble potential spike 
occurred, followed by a potential decline. In an attempt to slow the potential decay, larger doses 
of H202 were added over the next sevenday 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, 

P I  

Alloy 825 appeared to catalyze the H202 degradation as shown by the sharp decline in potential, 
even at very high H202 concentrations. Alloy 304L showed a much narrower range of potential 
change and the H202 appeared to degrade much slower. Effervescence from the H202 was also 
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 Epmt for each of the alloys. Potentials for 
Alloy 825 remained below Epmt prior to the H202 additions. The H202 raised the potential above 
Epmt (+90 mV (SCE)), but it fell far short of Eplt (+690 mV (SCE)). Evaluation of Alloy 825 
specimens showed only a few shallow pits on one coupon in the liquid phase and very slight 
etching on the remaining liquid-phase coupons. U-bend specimens were also evaluated for SCC 
at the end of the exposure. No SCC was observed in any of the U-bend specimens of Alloy 825. 

The corrosion potentials for Alloy 304L fell between E,,[ (400 mV (SCE)rand Epmt (-150 mV 
(SCE)) during the entire 2855 hours of exposure. Although the H202 increased the potential 
slightly, it was insufficient to raise the potential above Epp Corrosion potentials that fall between 
E,, and Epmt suggest that pitting could possibly occur over an extended period of time. Specimen 
examination indicated very deep pits under the crevices on coupons in the liquid phase for Alloy 
304L U-bend specimens exposed to the vapor phase and one of the alternate 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. 

Metqlographic analysis showed the SCC to be transgranular in nabre. Most of the cracks were 
found to Originate from deep pits that had initiated in stressed portions of the U-bends. A 
photomicrograph of a U-bend specimen exhibiting SCC is shown in Figure D.l in Appendix D. 
One possible pxplanation for pitting and cracking of only vapor-phase specimens may be related 
to the availability of the oxidant (H20J to the specimen surface through a condensed layer in the 
vapor phase. 
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4.1.1.2 Task 7 

In Task 7 of the program, constant-strain (U-bend) specimens of Alloy 304L and Alloy 825 were 
evaluated in long-term (80 week), boil-down tests with simulated J-13 well water and in 1OO-day 
immersion tests in simulated 5-13 well water containing added chloride salts. Further information 
on these experiments may be found in Section 3 of this report and in NUREG/CR-5709. 

The long-term, boildown tests were performed at 90°C and the simulated J-13 well water was 
allowed to concentrate by evaporation and weekly solution additions over the 80 week exposure 
period. Weight-loss coupons and U-bend specimens were evaluated in these experiments. The 
U-bend specimens were examined at 30X magnification after 80 weeks of exposure. Optical 
examination revealed no attack or SCC of specimens of either Alloy 304L or Alloy 825. 

Following the termination of the long-term, boildown tests, duplicate samples of solution were 
obtained from each of the resin kettles and analyzed. Duplicate samples of simulated 5-13 well 
water were also analyzed as a control and to act as a check on our quality assurance procedure 
for solution preparation. Table 4.1 summarizes the results of the solution analyses and compares 
these results with the predicted concentration assuming linean'ty of the weekly concentration over 
the 80 week exposure. These data show that the composition of the simulated 5-13 well water 
was very similar to the calculated composition. These data also show that the composition of the 
solutions from the boil-down tests approximated the predicted composition assuming linear 
concentration, with a few exceptions. These exceptions included calcium, magnesium, silicon, 
and bicarbonate, which precipitated from solution, based on deposit analyses: see Table 4.2. 
Further details of these analyses are given in NUREG/CR-5709. 

Three- to six-month exposure tests were performed with U-bend specimens of the Fe-Cr-Ni alloys 
in simulated J-13 well water containing various types and concentrations of added chloride salts. 
The primary purpose of these tests was to develop SCC data on the alloys for comparison with 
the results of the SSR tests. Testing was performed at 90°C in simulated 5-13 water containing 
1000, 10 000, and 100 000 ppm CI as sodium chloride (NaCl) and 10 000 ppm CI as calcium 
chloride (CaClJ. The first and second series of tests were performed with Alloy 304L while the 
third series was performed with Alloy 825. In Test Series 1, no hydrogen peroxide was added 
to the test solutions while 200 ppm W,O, 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 were 
evaluated. 

A summary of the results of the first two seriesof tests, in which Alloy 304L was evaluated, is 
given in Table 4.3. The first series of tests was originally planned for three 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 evident 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 chloride as NaCI. Large cracks were obsewed near the TFE washers under corrosion 
products. Metallography was completed on one of these specimens; a photomicrograph is shown 
in Figure D.2 in Appendix D. This figure shows that SCC of the specimen was associated with 
extensive pitting. This pitting had initiated beneath deposits near the TFE washers. 
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Table 4.2 Compositions Of Precipitated Salts Following 80 Wesks Of Boil-Down Testing With Simulated J-13 Water At 90°C; 
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Table 4.3 Summarv Of Results Of Exposure Tests Performed On U-Bend Specimens Of Alloy 304L In Simulated J-13 Well Water 
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In the second series of experiments, each of the four exposure tests, with U-bend specimens of 
Alloy 304L, was repeated with daily additions of H202 to simulate the effects of radiolysis. The 
corrosion potentials were monitored before and after each H202 addition and are exhibited 
graphically in Figure 4.3. These data clearly illustrate the noble shift in potential and the ensuing 
decline in potential as the H202 degraded. The values of E& and Epmt determined from the 
respective CPP curves (Appendix B) for each environment are also plotted on Figure 4.3. These 
data show that the maximum potentials achieved as a result of the H202 additions fell between 
Eplt and Epmt in the most dilute solution and exceeded E,, in the other solutions. 

Table 4.3 indicates the cumulative hours of exposure until SCC was observed in the second 
series of experiments with Alloy 304L These data show that SCC was observed only in the 
vapor and in all of the test solutions except the most concentrated NaCl solution containing 100 
000 ppm CI. While pitting was present in many of the specimens, the cracking frequently was 
not associated with the pitting. Metallography was performed,on one specimen that exhibited 
SCC from each environment. Photomicrographs of these specimens are shown in Figures D-3 
through D-k. * These figures show extensive cracking in the stressed area of the U-bend 
specimens. These cracks were found to extend almost through the 0.1 6 cm (1/16 inch) thickness 

1 

of each specimen. - "  ̂

In the third series of experiments, each of the four exposure tests was performed with U-bend 
specimens of Alloy 825 with the periodic additions of 200 ppm H202 The changes in potential 
from the H202 additions were monitored and are graphically illustrated in Figure 4.4. These data 
also clearly illustrates the noble shift in potential and the ensuing decline in potential as the H202 
degraded. The values of E,, and Epmt determined from the respective CPP curves (Appendix B) 
for each environment are also plotted on Figure 4.4. These data show that the corrosion potential 
consistently exceeded the pitting potential only in the most cbncentrated NaCl solution and in the 
CaCI, solution and was below the protection potential in the most dilute NaCl solution. 

Low power optical examination of the specimens following 103 days of exposure indicated no 
evidence of SCC, as shown in Table 4.4. Heavy, localized attack at the TFE inserts in both the 
vapor- and liquid-phase specimens was evident. On the other hand, the uncreviced areas of the 
specimens were free of localized corrosion, with one exception. One vapor-phase specimen 
closest to the vapor-liquid interface of simulated J-13 water containing 10 000 ppm CaCI, 
exhibited 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 Fe-Cr-Ni alloys was Alloy 304L The SCC behavior 
was screened in a variety of possible cracking environments. Cursory tests were then performed 
with Alloy 825, an alloy that was expected to be more resistant to SCC. 

Alloy 304L was tested in the liquid and vapor phases of simulated J-13 well water with and 
without specific ionic species. These ionic species included carbon dioxide (CO,), bicarbonate 
(HCO,), CO, + H,O,, HCO, + H,O,, and chloride-(CI). -Tensile specimens of Alloy 304L were also 

- 

- 42 - 



, I ,  F '  

Potential, Volts (SCE) 
I I 

0 

0, 
0 
0 

-. 
0 
0 
0 

-. 
cn 
0 
0 

Potential, Volts (SCE) 

I I 
P P  

h) 8 0 .  
0 0 .  

c 
I 
w 
3- 

d 

.a 
0 
0 

0 
0 
U 
U 

b 

3 
e 
g 
Z 

6 

0 

cn 
0 
0 

-. 
0 
0 
0 

-. 
cn 
0 
0 

N 
0 
0 
0 

N 
VI 
0 
0 

t 
I 
w 
+ 
0 
b 
0 
0 
0 
'c1 

-. 

-. 

3 
9 

a 
0- 

-, P;oten.Sial,. Volts (SCE) 

0 

0 

-. 
0 
0 
0 

-. 
cn 
0 
0 

h) 
0 
0 
0 

h) cn 
0 
0 

L 
I 
w 
+ 
0 

d 

-. 

0 
0 
0 

5 
53 

Z 

5 

-' &Potential; Volts (SCE) 

I I  - 9 - 9  0 0 -0 

0 0 0 0  0 
0 0 0 0 0 0  

p N . b  b , g  0, 

0 

L 
1 
bJ 

+ 
P 

d 

-. 

0 
0 
0 
0 

5 
P 

Z 

e, 



g p  z g I :  

. -  I 

n 
I 
v 

-a !I- * .  1. . , - . .. 

" - 8  8 0 

O c9 2q q y:, 
o d o o o  

1 1  

. 

0 0 0 - 0  o o s g  
C q $ y q c . !  
0 

o d o o o d  
1 1  

0 
; 0  3 

Q 
N 

0 
0 
v) 
c 

0 
0 
0 
c 

8 
v) 

0 , o  s 
' Z  

#8 

0 

f 

0 

c 

0 
1 0  

v) 

' 0  

e 
3 P 
E 
5 
I= 

I- 

- *  

e a P. 
f 
I 
F 

i- 

(r 

B 
0 

8 
G 
E 
0 
0 

Q 
d 
+ 
n 

I 
3 

c 

e 

~ 

I . 
I . 

W I-- 
I :  t .  

1 
I - :  
1 -  - 
1 
I 

0 

'3 
Q el 
0 
0 
v) 
f 

0 
0 
0 
c 

8 
v) 

0 .  

B I 
0 
0 

23 
E 
n 

s 
0 
0 

+ 
r3 

1 
7 

n 

8 
c 

f 

W *$ . -  I .  

- I 
I &  
I -: 

e a P 
E 
I 
F 

I- 

e. 
1 P 
: 
P 
F 

I- 

-44 -  



Table 4.4 ~ Summary Of Results Of,Exposure Tests Performed On U-Bend Specimens Of Alloy 825 In Simulated J-13 Well Water 
Containing Added Chloride Salts. . I _  , 

1 000 

1 000 

10 000 

10 000 
I 

P UI 
I 

NaCl Vapor 2 472 Crevice 

NaCl Liquid 2 472 Crevice 

NaCl Vapor 2 472 Crevice 

u NaCl Liquid 2 472 Crevice 
I 

' 3  

3 

100 000 

100 000 

.. 
I .  , . *  

NaCl Vapor 2 472 Crevice, etching, * 

. NaCl Liquid 2 472 Crevice 

Yes 

Yes 

10000 

10 000 

Yes 

Yes 

CaCI, Vapor 2 472 Pitting ** 

CaCI, Liquid 2 472 Crevice 

Yes 

Yes 

Yes 

Yes 

NC 

i NC 

NC 

, .  NC 

, - .  

. NC' 

NC 

NC 

NC 

* = Localized etching in bend portion of one specimen. ** = Pitting in bend portion and along edges of specimens. 



evaluated in the vapor above Solution Number 20 for compan'son with results obtained with U- 
bend specimens tested in immersion studies in Task 3 of the program. Specimens of Alloy 825 
were evaluated in simulated J-13 well water containing various types and concentrations of 
chloride for comparison with SSR results for Alloy 304L and results obtained with U-bend 
specimens of Alloy 825 tested in immersionstudies in Task 7. _- 

Initially, SSR tests were performed in simulated J-13 water to investigate the role of radiation on 
SCC of stainless steel. Pitman (1 986) reported that a single specimefi of solution-annealed Type 
304L stainless steel had experienced SCC in the vapor above J-13 well water in the presence 
of 3 x 1 Os radshour gamma radiation at 90°C. Relatively liffle data are available on the radiation 
environment in the Tuff Repository but Yunker'(l986) obSefied an *patent loss of HCO, in 
irradiated J-13 well water. This loss was associated with an increase in the concentration of CO, 
in the vapor above the liquid. Accordingly, both high and low levels of CO, and HCO, were 
evaluated. Experimentally, in the absence 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 of 
equilibrium considerations. H202 was included in the matrix since this is a common radiolysis 
product. An H,O, concentration of about 10 mgA was used based on analyses reported by Glass 
(1985). 

Table 4.5 is a summary of the results of the initial SSR tests performed with Alloy 304L. No SCC 
was observed in any of these tests. The data in Table-4.5 indicate good ductility (as anticipated) 
for the solution-annealed Alloy 304L in the control tests, (in mineral oil), with about 20 percent 
elongation and over 70 percent reduction in area. In simulated 5-13 well water and in simulated 
J-13 well water with CO,, there was no evidence of.SCC and the mechanical properties data were 
similar to those found in the control tests. These results are in agreement with results of the 
exposures of U-bend specimens of Alloy 304L to simulated 5-13 water in the immersion studies 
performed in Task 3 of the program. SSR tests in simulated J-13 water without HCO, also 
showed similarmechanical properties to the control tests. The addition of H202 did not promote 
SCC in any of the environments tested at a strain rate of 1 x los sec-'. 

Some of the SSR tests (identified with.a (c)) in Table 4.5 were performed with shorter specimens 
that had a shorter gage length (see Figure 3.3). These data, identified by a (c), show higher 
percent elongation, lower tensile strength, and longer failure times. These specimens came from 
a different heat of materials which probably accounts for the slightly different mechanical 
properties. It is also possible that the shorter gage length affected the elongation to failure and 
failure time. For the same straintrate, a shorter gage section specimen experiences a'slower 
crosshead speed during straining, which reduces the strain rate during necking. Additional control 
tests were performed with the shorter specimens in mineral oil and those results are reported in 
Table 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 
tested in the concentrated chloride solutions. Chloride is an established cracking agent and will 
likely concentrate in the repository. For the tests summarized in Table 4.5, no SCC was observed 
even at very high (10 000 ppm) CI concentrations. Two of the tests at 1000 ppm CI were 
potentiostated to +200 mV (SCE). This led to severe pitting but no SCC. To better control the 
extent of pitting of the specimens, a test was performed'under galvanic control at a current 
density of 50 pA/cm2. The extent of pitting was decreased, but again, no cracking occurred. 
Photomicrographs of one of the specimens are given in Figure D.6 in Appendix D. 
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Table 4.5 Summary Of Initial Results Of Slow-Strain-Rate Tests Performed On Solution-Annealed Specimens Of Alloy 304L Under 

M2' 
M3 

M25 
M26 

Freely-Cbrroding Conditions At 90°C: .. 

~ 61 , 74.6 20.3 '688 None - 
None. i. - 1x10" * - 

1 x 10" - 63. 71.3 20.5 667 
1 x 10" - 106 I -  77.2 40.0 572 
1 x 10" - 106 77.0 38.9 606 

- - 

. , .  

M4 
M5. 
M6 
M7 

- 
, -. 

1x10" -136 73 74.6 24.1 731 None - 
1 x 10" -113 71 72.2 23.7 652 None 

- 73 73.8 24.3 61 9 None - 
- 82 1 76.2 28.2 652 None 

1 x10" 
l x  10" 

- 
- 

Mineral Oil 

M12. 
M13- 

Mineral Oil 
Mineral Oil - 

. .  

1 x10" - 73 74.6 24.2 657 None - 
1 x10" -55 -75 76.2 26.8 651 . None - 

Mineral Oil ('1- 
Mineral Oil (') 

* . .  J-13 ,~ 

J-13 
5-13 a 
J-13 a 

J-13 + C O ~ ( ~ { ;  . - 
~ 

J-13 + CO, ( 
J-13 + CO, bl 
J-13 + CO, b, 

J-13 - HCO, ('1 
J-13 - HCO, ('1 
J-13 - HCO, + H202 (d) . 
J-13 - HCO, + H,O, ('I dl " L -  

Jl l3 + 1000 ppm CI ('1 
J-13 + 1000 ppm CI ('1 
J-13 + 1000 ppm CI (') 
J-13 + 1000 ppm CI (') 

J-13 + 10 000 ppm CI (', 
J-13 + 10 000 ppm CI (cD ') 

- 
Mi I 5x10"  I - I 107' . I  73.0 I 20.0 I 701 I None, I 

M10 I 1 ~ 1 0 "  I - I :! I 74.6 I 25.9 5 I 685 - None - 
M i l  1 x10" - 75.4 27.6 741 I None I - 

27.0 
75.5 I 36.6 

1 X l O "  +32 !;; 1 1 x 10" 1 -92 
M14 1 x10" +450 6 81 . 71.2 26.5 651 
Mi6 1 x 10" ' +337 109 78.1 36.6 550 
M20 1 x 10" [+200] 88 68.4 41.6 505 
M21 1 x 10" [+200] 82 66.9 28.2 524 

M22R 1 x 10" 106 77.2 38.4 537 
M23R 1 x 10" 112 74.6 38.8 . 544 

M28 1 x 10" - 102 76.1 32.2 533 
M27 1 x 10" -181 102 84.0 36.2 585 

J-13 = Simulated J-13 well water. 

(b) = Pure CO, sparged through solution at a rate.of about 10 mllminute. 
(c) = Smaller specimen configuration. 
(d) = 15% HzO, dripped into call at rate of 0.02 mlhour. 

(e) = oalvanostated current, 50 Wanz. 

(g) = Pitting at 30X magnifiition. 
[ I  = Polarizedpotential. 

(a) = Vapor phase testing. ". (9 = loooc. 



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

The search was performed, using the CORAB2 computer program, on transgranular SCC of 
stainless steels in chloride environments. The purpose of the search was to identify the reason 
that we were unable to obtain chloride SCC of the Alloy 304L specimens even in high chloride 
(10 000 ppm CI) environments. While several relevant articles were identified, the most useful 
study was performed by Mancia (1986) on SCC of Alloy 304 in 5M NaCl at 110°C. Results 
summarized in Figure 4.5 indicate that strain rates below about 5 x sec -' were required to 
obtain SCC in this system. On the NRC program, a strain rate of 1 x 10" sec-' was used, which 
is above the cracking r k g e  according to Mancia (1986). 

Based on the results of the literature survey, a second series of SSR tests was performed on 
Alloy 304L in solutions of varying chloride concentration and at varying potentials and strain rates. 
A summary of the, results of these SSR tests is given in Table 4.6. Companion exposure tests 
were 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 wereperformed with tGnsile specimens of Alloy 304L 
in the vapor phase above Solution Number 20 at 90°C at strain rates of 1 x los sec-' and 1 x 
sec-'. Daily additions of 1000 ppm H202 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 los s e d  (Test Numbers 32 and 33), 
revealed pitting at the vapor-liquid interface but no SCC. Photomicrographs of the specimens 
tested at the slower strain rate (Tests Numbers 34 and 35) &e given in Figures 0.7 and D.8 in 
Appendix D. These figures show that transgranular SCC was associated with extensive pitting, 
which occurred at the vapor-liquid interface in the radius above the gage section. 

As previously described, in Task 3 of the program, U-bend Specimens of Alloy 304L were 
exposed at 90°C to the vapor above Solution Number 20 with pbriodic H202 additions. 
Metallographic analysis of the specimens indicated the presence-of SCC which was transgianular 
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. - - 

Fourteen 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,lO 000, and 100 000 ppm CI as NaCl and 10 000 ppm CI as CaCI,. Of the 14 
tests, 6 were performed in the vapor phase and 8 were performed in the liquid phase. In the 
vapor-phase testing, 200 ppm H20,,was added to the test cell daily to simulate radiolysis, as in 
the immersion tests in Task 7. t be  liquid-phase tests were conducted in each of the four 
solutions both at the free-corrosion potential-and hlarized 50 mV above the pitting potential (E,,,) 

2National AssociaGon of Corrosion Engineers. 
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Figure 4.5 Effect 6f' Strain Rate And pH On The Localized Corrosion Morphology For Type 
304 Stainless Steel In Aqueous 5M NaCl At 110°C (Mancia-1986). 

I .  
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Table 4.6 Summary Of Results Of Slow-Strain-Rate Tests Performed On Solution-Annealed Specimens Of Alloy 304L At 90°C For 
Comparison With Results From Immersion Testing Of Constant-Strain Specimens In Tasks 3 And 7. 

I 

a -  
0 

I 

(a) Vapor phase; loo0 ppm H,O, added daily. 
(b) Vapor phase; 200 ppm H,O, added daily. 
(c) Pitting at 30X magnifition. 

Probable transgranular, occurred in the radius above,the gage section at the vapor-liquid interface. 
$ Severe pitting, unable to measure reduction in area and elongation. 
[ I Polarized potential; E,.,, + 50 mV. 



obtained from the respective cyclic-potentiodynamic-polarization curves. These CPP curves-are 
.given in Appendix B. 

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

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

Six SSR tests were performed with tensile specimens of Alloy 304L in the vapor above simulated 
,J-l3 water containing each of the four salt concentrations. In these tests, the gage section was 
maintained in the vapor above the selected solution throughout the test. In each of the vapor- 
phase tests, 200 ppm H202 was added daily to simulate the effects of radiation. The results of 
these tests are shown in Table 4.6 as Test Numbers 38 through 41 and 54 and 55. Test 
Numbers 38 through 41 were conducted at a strain rate of 1 x lo* sec-'. Test Numbers 54 and 
55 were conducted at a strain rate of 1 x lU7 sec-'. For Alloy 304L specimens tested at-a strain 
rate of 1 x los sec-' , the mechanical property data for the vapor-phase specimens were similar 
to those for the liquid-phase and control specimens. Optical examination, at 30X magnification, 
indicated SCC of the specimen exposed to the vapor above simulated J-13 water containing 
10 000 ppm CI as NaCI. 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 rate of 1 x lo* 
sec" was metallographically sectioned and examined. The purpose of the metallographic 
examinations was to determine whether any cracking originated from pits and corroded areas that 
formed at the vapor-liquid interface just above the gage section. These cracks would not 
necessarily be evident in a low power optica1,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 giyen-in Figure D.10 in Appendix D. This photomicrograph 
shows transgranular cracking and pits located in the radius above the gage section at the vapor- 
liquid interface. 

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



stiain rate, the companion tests were performed under the same conditions. Surprisingly, no SCC 
was observed in these tests at the slower strain rate. The specimen in Test Number 55 showed 
some pitting at the vapor-liquid interface outside of the gage section. Comparison of Test 
Numbers 55 and 38 show similar. mechanical property data for both strain rates. Comparison of 
Test Numbers 54 and 41 also show similar mechanical property data. 

Six cursory SSR tests were performed with tensile specimens of Alloy 825 in the vapor phase of 
simulated 5-13 well water containing various types and concentrations of chloride. Duplicate 
control tests were also performed with Alloy 825 in mineral oil. These tests were performed in 
an effort to correlate SSR results with those obtained from long-term exposures of U-bend 
specimens in immersion tests in Task7 of the program. As with the testing of Alloy 304L, 
200 ppm H202 was added daily to simulate radiolysis. A summary of results for the SSR tests 
completed with Alloy 825 is given in Table 4.7. These data show similar mechanical properties 
for tests in the inert environment and tests in the simulated J-13 waterhalt 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 5-13 water containing 100 000 ppm chloride 
as NaCl experienced pitting in the radiusaof the gage 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 spbcimen. 

An interesting observation from the mechanical property data in Table 4.7 is the lower values for 
percent elongation at the slower strain rate; This reduced elongation also is reflected in the time 
to failure'data. The strain rate was reduced by a factor of 10 (from 1 Os sec-' to 1 O-' sed$ but the 
time to failure only increased by a factor of 5. The ultimate tensile strength also was higher at 
the slower strain rate. Since the reduction in area data were similar for the two strain rates, and 
no SCC was observed at either strain rate, the most reasonable interpretation of the data is that 
the effects are related to a strain-aging phenomena. 

4.2 Coooer-Base Allovs * '  

i l l  

4.2.1 U-Bend Tests 

U-bend sgcimens 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 NUREWCR-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 aove 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 experimental test matrix where it was found to be an 
active-corrosion environment for the copyjer-base alloys based on potentiodynamic-polarization 
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-Annealed Specimens-Of Alloy 825 At 90°C For 
Comparison To Results From Immersion Testing Of Constant-Strain Specimens In Task 7. 

p >  1 . .  

J-13 + 1 000'ppm CI as NaCl 
5-13 + 1 00Kppm CI as NaCl 

~~ 

J-13 + 10 000 ppm CI as NaCl 
J-13 + 100 000 ppm CI as NaCl 

' 
49' 
50 

I 5-13 + 10 000 ppm CI as CaCI, 
8 J-13 + 10 000 ppm Was CaCI, 54; 

51 '1 

I 

1x10" - 127.8 80.6 44.1 576 

1x10" - 126.3 80.0 43.1 570 
1x10'7 -1. 596.3 74.6 19.4 , 624 ' 

1x10" - 121.8 77.8 41.4 548 

1x10" - 122.8 76.9 42.3 551 
:lxlo" - 123.7 80.6 42.8 590 
1xlOB - 127.5 79.2 42.2 582 
1x10'7 2- 624.4 79.2 , 19.5 632 ' None .- 

* Vapor phase; 200 ppm H202 added daily. ** Pitting in the radius abqve the gage section at the vapor-liquid interface. 



that Solution Number 7 was high in chloride and oxalic acid and had a low pH. The U-bend 
specimens were evaluated at the end of the exposure. No SCC were observed for Alloy CDA 
715 after 503,1009, or 2014 hours of exposure-@though etching and pitting was observed in both 
the vapor and liquid phases. No SCC was observed for Alloy CDA 102 after the exposure 
periods although the liquid-phase specimens exhibited heavy etching. 

U-bend specimens of Alloy CDA 102 and Alloy CDA 715 were also evaluated in long-term, boil- 
down tests with simulated 5-13 water in Task 7 of the overall program. Further information on 
these experiments may be found in NUREWCR-5709. Long-term, boildown tests were 
performed with each of the copper-base alloys in simulated 5-13 well water at 90°C for a period 
of 80 weeks. U-bends were evaluated in these experiments. The specimens were 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, boildown tests, duplicate samples of solution were 
obtained from each of the resin kettles and analyzed. Results of the analysis are given in 
Table 4.1 and discussed in greater detail in Section 4.1.1.2. Briefly, these data show that the 
species in the solutions in the long-term, boildown tests-concentrated linearly with' time, with the 
exception of four species that precipitated from the solutions; dcium, magnesium, silicon, and 
bicarbonate. 

- -  
I 

4.2.2 SSR Tests 

The primary focus of the SSR testing of the copper-base alloys was with Alloy CDA 102. Cursory 
tests were performed with Alloy CDA 715. Initial control tests were performed with both Alloy 
CDA 102 and Alloy CDA 715 in mineral oil at 90°C. The remaining SSR testing focused on 
sodium nitrite environments, a compound that is-a possible radiolysis product and has been 
reported to promote SCC of copper-base alloys. 

A total of 22 SSR tests was performed with Alloy CDA 102 in various NaNO, solutions at 23OC 
and 90°C to evaluate the effects of nitrite concentration-and temperature on SCC. Initial testing 
investigated low and high concentrations of NaNO, at both 23°C and 90°C. To simulate the 
repository environment, simulated J-13well water containing NaNO, was also evaluated. Finally, 
some of the SSR test specimens were anodically "polarizd to simulate the effect of hydrogen 
peroxide (H,OJ, a radiolysis product that will occur in the Tuff Repository. 

To evaluate the effects of H202, the equivalent of 200 ppm H202 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;O,, as evidenced by a rapid decline in potential, the test 
specimen was polarked 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 
given in Table 4.8 and in Figures 4.6 through 4.9. k4etallography 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 times to failure, which suggests 
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Figure 4.6 Time To Failure &,A Function Of Environment, Temperature, And Polarization For 
Tensile Specimens Of Alloy CDA 102. 
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Figure 4.7 Percent Reduction In Area As A Function Of Environment, Temperature, And 
Polarization For Tensile Specimens Of Alloy CDA 102. 
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Figure 4.0 

Figure 4.9 
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Ultimate Tensile Strength As A Function Of Environment, Temperature, And 
Polarization For Tensile Specimens Of Alloy CDA 102. 
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that the alloy was cold worked. A literature search was performed, using the CORAB computer 
program, to investigate the effect of cold working of copper-base alloys on susceptibility to SCC. 
The literature revealed that cold work had a minimal effect on SCC (Erzurum-1983). Accordingly, 
subsequent SSR tests were performed with this material. One advantage of the use of the cold- 
worked material is that the failure times are short for a given strain rate, making the testing more 
cost-effective. 

Stress-corrosion cracking was observed in each of the four initial SSR tests in 0.005M and 1M 
NaNO, at 23°C (Test 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 1OOX magnification are shown in Figures F.l and F.2 for 
0.005M and 1 M NaNO, solutions, respectively. As anticipated, cracking was more severe in the 
more concentrated nitrite solution as evidenced by the absence of significant necking, the deep 
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. 

These four tests (Test Numbers 8,10,13, and 14) were repeated at 90°C to determine the effects 
of temperature on the cracking behavior in these environments. The results of these tests on 
Alloy CDA 102 showed that no SCC was observed in any of the tests performed under freely- 
corroding conditions at 90°C. 

To more closely simulate the repository environment, SSR tests were performed in simulated 5-13 
well water containing 0.005M and 1M NaNO, at 90°C. As was observed in the straight nitrite 
solutions at 9O"C, no SCC was observed in these tests. An additional SSR test was performed 
in simulated 5-13 well water containing 0.005M NaNO, at 23°C. Surprisingly, no SCC was 
observed. This result contrasted with the results of a similar test performed in the straight nitrite 
solution where SCC was observed. One possible explanation for this'behavior is that species 
present in the simulated 5-13 well water inhibited SCC. 

Finally, SSR tests were performed with specimens of Alloy CDA 102 which were anodically 
polarized to simulate oxidizing radiolysis products. These 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 performed 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-corrosion 
potential. These data indicate 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 free- 
corrosion potential. The SCC observed with anodic polarization correlates well with the results 
of the literature search in which Gouda (1 984) indicated that SCC was more severe when copper- 
base alloy specimens were anodically polarized. 

I 

Five cursory SSR tests were performed with tensile specimens of Alloy CDA 715. Duplicate 
control tests were performed in mineral oil, an inert environment. Triplicate tests were performed 
in 1 M NaNO, at 23°C. In these latter tests, the specimens were anodically polarized to simulate 
the effects of H202. As in'the test with Alloy CDA 102,200 ppm H202 was added to the test cell 
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 H202, as evidenced by a rapid decline in 
potential, the test specimen was polarized to the anodic peak potential during the slow-strain-rate 
test. 

The mechanical property data for SSR tests with specimens of Alloy CDA 715 are summarized 
in Table 4.9. These data show that the nitrite solution did not significantly affect the mechanical 
property data. Optical examination of the specimens also was performed, at 30X magnification. 
Possible incipient cracking along slip planes was observed in the Alloy 715 specimen from the 
first test. On the other hand, the duplicate test showed no cracking. A third SSR test was 
performed in an effort to duplicate the observation. The third test showed only pitting at 30X 
magnification. Two of the specimens were sectioned and their photomicrographs are shown in 
Figures G.l and G.2 in Appendix G. Figure G.l shows pitting that measured from 0.02 to 
0.036 mm in depth. Figure G.2 shows the possible incipient cracking. 
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Table 4.9 Summary Of Results Of Slow-Strain-Rate Tests Performed On Tensile Specimens Of Alloy CDA 715 In The Liquid 
Phase At A Strain Rate Of 1 x 10" Sec -'. 

' 

Oil 
Oil * 

1M NaNO, 
1M NaNO, 
1M NaNO, 

3 - 69.1 79.2 22.9 41 0 90 None - 
4 - 67.9 80.6 23.7 393 90 None - 

30 [+127] 74.6 85.3 26.7 433 23 ' Nonet - 
27 [ +64] 74.0 81.3 25.3 41 0 23 None - 
28 E +331 72.3 76.9 25.8 421 23 . None* - 

I * = Control Test. + .  
Q, 

0 I 
* = Pitting at 30X magnification. 
t = Possibly incipient cracWng at slip planes. 
[ ] = Polarized Potential. 
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_ i  

: * .  
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There were4wo goals of the SCC studies performed in the overall program; (1) to assess the 
SCC performance of the candidate alloys in simulated repository environments and (2) to evaluate 
SCC test techniques. Two test techniques were used; the U-bend test technique and the Slow- 
Strain-Rate (SSR) technique. Both techniques are performed with smooth, un-notched, 

' specimens and thus, test the SCC initiation resistance of the alloys. Crack-propagation studies 
were not planned or performed on the program.-Because SCC growth rates are generally high, 

I a waste container would fail relatively rapidly, in compan'son to the repository life, 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 some alloy systems. Stiess- 
Corrosion-Cracking studies were performed on two alloy systems; Fe-Cr-Ni alloys and copper- 

I base alloys. - r .  - 

- - -  - I  5.1 Fe-Cr-NI Alloys - 

Stress-corro6on testing- w a s  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 effect 
of sensitization on SCC were not addressed. Alloy 825'was resistant to SCC in all environments 
evaluated including simulated J-13 well water, simulated J-13 well water concentrated by a factor 

4 of about 80, and chloride solutions containing up to 100 000 ppm CI in the presence of H20,, 
,even though crevice corrosion occurred in some of these environments. The concentrated 
simulated J-13 well water solution contained 675 ppm CI based on a post-test chemical analysis. 

Table 5.1 summarizes the resulbof the SCC testing performed on the Alloy304L specimens. 
These data show that Alloy 304L was resistant to SCC in the 5-13 well water and in the J-13 well 
water that was concentrated by a factor of about 80 by evaporation. The U-bend test results, 
summarized in Table 5.1, also indicate that Alloy 304L was resistant to SCC in- J-13 well 

, containing 1000 ppm added CI. Alloy 304L U-bend specimens underwent SCC in only one liquid- 
phase exposure condition; J-13 well water with 100 000 ppm added CI. 

,Alloy 304L U-bends also underwent SCC in four vapor-phase exposure conditions, all in the 
present% of H202 Of the four solutions in'which Alloy 304L underwent cracking, three solutions 
were prepared with simulated J-13'well water and added CI (1000 ppm CI and 10 000 ppm CI as 
:NaCI and 10 000 ppm CI as CaCl,) while one solution, Solution Number 20, was-taken from the 
)Task 2 experimental test matrix. Solution Number 20 contained 1000 ppm CI as well as 200 ppm 
F and 200 ppm NO;. The occurrence of SCC only in the vapor phase in the latter environments 
suggests that SCC may be more likely in the vapor phase in the repository. This behavior may 
relate to the availab.ility of the oxidant, H202, to the metal in the vapor phase. Indeed, Pitman 

6 (1 986) reported that solutibn-anHeal8d Alloy 304L u6dedeht transgranular SCC following 23 
months of exposure above J-13 well water at 90°C in the presence of a gamma radiation field of 

i 

- 

5 x io5 imour. 

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

- - Vapor NC NC 
J-13 Well Water Liquid NC NC 

Concentrated J-13 Well Yapor NC NC 
Water ~ Liquid w NC 

NC 
Liquid NC 

- NC 
Liquid - NC 
Vapor 

Vapor - NC 

Liquid - NC 
Vapor 

Vapor 1 ~ 

J-13 - HCO, + H202 Liquid - NC 

Vapor NC 
Liquid 

J-13 + 10000 pm Cl Vapor NC 

J-13 + 100000 pprn CI Vapor NC 

J-13 + 10000 pm CI as Vapor NC 

i as NaCI+K02 Liquid NC 

as NaCl + H202 Liquid NC 

. -  as NaCl + Liquid NC 

J-13 + 10000 m CI Vapor see 
as C~CI, + Eo2 Liquid NC 

- - 
TG-SCC' - - Vapor see Solution No. 20 

- - J-13 + C02 

- - J-13 + C02 + H202 Liquid - - 
~ ~ ~~~~ 

- - - 
I - J-13 - HCO, 

~ 8- - 

' - - - NC NC' 5-13 + 1000 ppm C1 as NaCl 

4 - - as NaC P Liquid NC NC 

* -  - - as NaCl Liquid SCC TG-SCCp 

- - cat[ Liquid NC NC 

NC NC - - J-13 +- 1000 m CI Vapor see 

J-13 + 10000 ppm CI Vapor see - - TG-SCC - 
. -  - - J-13 + 100000 rn GI . Vapor NC ~ NC I 

NC ' NC - - 

- 62 - 



Table 5.1 compares the results of SCC tests performed on Alloy 304L using the SSR and U-bend 
test techniques. These data show that both techniques were used to evaluate 11 different 
environments. No SCC was observed for both techniques in 6 of the 11 environments. Of the 
remaining five environments, there were two discrepancies between the techniques, where SCC 
was observed in the U-bend tests but no cracking was observed in the SSR tests, even at the 
lower strain rate tested. These two environments were simulated J-13 well water containing H202 
and 1000 ppm CI (as NaCI) and 10 000 ppm CI as CaCI,. In one additional environment, Solution 
Number 20, SCC was observed in the U-bend test and in the SSR test at the slower strain rate 
but not at the higher strain rate. This behavior is consistent with that predicted by Mancia and 
Tamba (1 986) for marginally aggressive SCC environments. In the remaining two environments, 
SCC was observed in the U-bend tests and in the SSR tests at the faster strain rate. It is the 
opinion of the authors that there is insufficient data obtained to conclude that the SSR technique 
provides erroneous results in assessing the SCC behavior of Alloy 304L in chloride containing 

, environments. Nevertheless, the discrepancies observed are disconcerting and indicate that 
further research is needed. 

': 5.2 Copper-Base Allovs 

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

Literature on the SCC of copper-base alloys in nitrates and nitrites was investigated further to aid 
in determining possible test solutions for the Task 5 research. No information was found 
pertaining to the effects from nitrates. Nitrites, however, were found to cause SCC in copper-base 
alloys in concentrations as low as 0.005M (as sodium nitrite, NaNOJ at ambient temperature 
(Mattsson-1987). The literature also indicated that SCC was more severe when specimens of 
copper-base alloys were anodically polarized (Gouda-1 984). A test matrix was drafted to evaluate 
the effects of nitrite concentration on SCC of the copper-base alloys. The test matrix was 
comprised of a low and high concentration of 0.005M NaNO, and 1 M NaNO,, respectively. The 
low concentration of 0.005M NaNO, was selected as this was approximately equivalent to the 200 
ppm NO,' in the overall 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 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 
concentrated approximately 80 times. Both SSR and U-bend tests were performed in the 
simulated 5-13 well water while only U-bend tests were 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 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. 
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Table 5.2 Summary Of Environments Known To Promote Stress-Corrosion Cracking Of 
Copper-Base Alloys (Beavers1 990). 

Ammonia 

Nitrites 

Steam 

Steam 

Ammonia 

Room Temperature Humid Air 

so:- 

II Nitrates 

cto; 

!E 
Pure Copper; Cu-Ni 

Pure Copper 

AI: Bronze 

-Cu-Ni 

AI Brass 

Cu-Zn Alloys 

Cu-Zn Alloys 

Cu-Zn 

Cu-Zn 

Thompson-1 944 

Benjamin-1 983 

Klement-1959 

Sato-1974a 

Sato-l974a 

. Sato-l974b _ _  

Kawashima-1979 

Graf-1969 . 

Kawashirna4977 

..- 
/ .  

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 5-13 
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 performed on Alloy CDA 102 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. 

1 

The literature survey performed 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 concerning the best parameter for indicating susceptibility to SCC. Maximum 
crack depth in the specimen is generally agreed to be the best 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 correlating the mechanical property data for Alloy CDA 
102 with actual SCC, graphs of cracking velocity as a function of each of the mechanical 
properties were prepared and are shown in Figures 5.1 through 5.4. These graphs show that, 
in general, cracking velocity was inversely proportional ta time to- failure, percent. reduction in 
area, and the percent elongation. For example, the higher the crackvelocity, the shorter the time 
to failure with little reduction in the nebked area, and consequently, less elongation. On the other 
hand, ultimate tensile strength did not correlate * -  well with crack velocity. 

> 

However, actual crack depth, or velocities, calculated from these depths, are the most reliable 
indicators of SCC. As an example of the erroneous conclusions one could 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. 

s t  : Y e '  

- _ .  * *  

I 
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I I - .ll-mr to Fallum,. Houn I , , .  .. 

Figure 5.1 Crack Veiocity As A Function Of $me TO Failure For Tensile’Specimens Of Alloy 
CDA 102 In NaN,O, 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 Tensile 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 

8, *, 3 

6.1 Fer -N i  Allovs . F 

1. Both Alloy 304L and Alloy 825 were found to'be resistant to SCC in  simulated 5-13 well 
water and in the simulated water concentrated approximately eighty times. 

2. 1 ,  . Alloy 825 also was resistant to SCC in all other environments evaluated including chloride 
concentrations up to 100 000 ppm in the presence of H,O,, even though crevice corrosion 
occurred in some of these environments. 

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

1 

3. 

4. Hydrogen peroxide additions to the chloride solutions appeared to decrease the minimum 
chloride 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 Allovs 

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 
concentrations 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. 

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

3. 

4. The presence of species from simulated J-13 well water inhibited SCC of Alloy CDA 102 
in the dilute NaNO, solution. 
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5. Anodic polarization 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 tensile 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. 

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

" 1  

9. 
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7. RECOMMENDATIONS FOR FURTHER RESEARCH 

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

Possible discrepancies between SSR and other SCC test techniques should be 

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

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

0 

investigated. 

corrosion and pitting on SCC initiation. 
0 

0 
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APPENDIX A 

The Potentlodynamlc Polarlzatlon Technique 
For Corrosion Ewaluatlon 

The cyclic-potentiodynamic-polarization (CPP) technique was used in this prqzct 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 potential, 
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 equipment used for these experiments included a Princeton Applied 
Research Model 273 potentiostat coupled to a computer data-acquisition system or a Santron 
Electrochemical 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 severalof the solutions prevented its use, and 
the two-compartment cell was used for all tests. The working electrode 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 overnight 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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Log Cunent Density 

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

E, = corrosion potential; E, = potential at which pits initiate on forward scan; 
Epmt = potential at which pits repassivate on reverse scan; i, = current densit); at 
the free-corrosion potential; i,, = current density at active peak; ips = 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. 
The current for the anodic curve was scanned until a current density of approximately 2 x lo3 
A/cm2 was attained; the potential scan was then reversed until repassivation occurred and the 
cun'ent 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 density (log i) when 
applicable: i,, E,, i,, Eplt or E,, Epmt or E,, i,, and E,,,,. Tafel slopes could be obtained from 
the polarization curves if desired. 
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c 

1 000 NaCi -.231 0.1 1 +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. 

Pitting and crevice 100 000 NaCl -224 0.20 -0.224 -0.330 

Pitting and crevice 10 000 CaCI, -.163 0.05 +0.026 -0.140 

J 

Table B.l Comparison Of Polarization Parameters For Alloy 304L In 90°C Simulated J-13 
Well Water Containing Various Types And Concentrations Of Salt. 
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Figure B.1 Polarization Cum For A b y  304L In 90% Simulate$ J-13 Well Water 
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Figure 8.2 Polarization Curve For Alloy 304L In 90°C Simulated 5-13 Well Water 
Containing 10 OOO ppm Chbrides As NaCI. 
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Table 8.2 
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Fig& 8.7 ' Polarization CUnre'FOi A h y  825 ln'-&C Simulated 5-13 Well Water 
Containing' 100 OOO ppm Chlorides As NaCI:, 

CYP 

Figure B.8 -Polarization C u m  For Alloy825 In 90% sbnulated 5-13 Well Water 
Containing 10 OOO ppm Chbrides A i  w. 
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Table C.l Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress- 
Corrosion-Cracking Studies In 90°C Simulated J-13 Water In Task 3. 

cu 
Ni 

Fe 

Cr 

Mo 

Mn 

C 

S 

Zn 

P 

Pb 

Si 

AI 

Ti 

c o  
N 

68.85% 

29.42% 

0.60% 

- 
- 

0.60% 

0.01 5% 

0.006% 

0.05% 

0.004% ~ 

0.01 % 

- 
- 
- 
- 
- 

1.71 % 

42.20% 

29.06% 

22.56% 

2.74% 

~ 0.51% 

0.02% 

0.003% 

- 
- .  - .  

- 

0.33% 

0.06% 

0.81 % 

- 
- 

0.47% 

9.44% 

Balance 

18.27% 

0.1 0% 

1.39% 

0.020% 

0.01 5% 

- 

0.022% 

- 

0.54% 

- 
- 

0.1 8% 

0.023% 



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. _ .  

cu. 

Ni 

Fe 

Cr 

MO 

Mn 

c 
S 

zn 

' P  

Pb 

Si 

AI 

Ti- 

co 

N 

. . . . . . . . . 

68.'85% 

29.42% 

0.60% 

- 

0.60% 

0.01 5% 

0.006% 

0.05% 

0.004% 

0.01 % 

- 
- 
- 
- 
- 

-91 - 

1.76% 

40.22% 

30.41 % 

23.34% 

2.74% 

0.41 % 

0.02% 

0.001% 

- 
- 
- 

0.17% 

0.04% 

0.89% 

- 
- 

0.47% 

9.44% 

Balance 

18.27% 

0.1 0% 

1.39% 

0.020% 

0.01 5% 

- 

0.022% 

- 

0.54% 

- 
- 

0.1 8% 

0.023% 
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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. 

cu 

Ni 

Fe 

Cr 

Mo 

Mn 

C 

S 

Zn 

P 

Pb 

Si 

AI 

Ti 

co 

N 

68.85% 

29.42% 

0:60% 

- 
- 

0.60% 

0.01 5% 

0.006% 

0.05% 

0.004% 

0.01 % 

- 
- 
- 
- 
- 

1.71% 

42.20% 

29.06% 

22.56% 

2.74% 

0.51 % 

0.02% 

0.003% 

- 
- 
- 

0.33% 

0.06% 

0.81 % 

- 
- 

_. 

0.47% 

9.44% 

Balance 

18.27% 

0.1 0% 

1.39% 

0.020% 

0.01 5% 

- 

0.022% 

- 

0.54% 

- 
- .  

0.1 8% 

0.023% 



Table C.5 Candidate Alloy Compositions Of U-Bend Specimens Used For The Stress- 
Corrosion-Cracking Studies In 90°C Simulated J-13.Water Containing Salt; Task 7. 

cu 
Ni 

Fe 

Cr 

Mo 

Mn 

C 

S 

Zn 

P 

Pb 

Si 

AI 

Ti 

c o  

N 

I 

1.82% 

42.89% 

27.72% 

22.78% 

2.74% 

0.45% 

0.01 % 

0.001% 

__ 

- 

- 
- 

0.40% 

0.1 1% 

1.08% 

- 
- 

0.47% 

9.44Yo 

- 3  < 

Balance 

18.27% 

0.1 0% 

1.39% 

0.020% 

0.01 5% 

- 

0.022% 

- 

0.54% 

- 
- 

0.1 8% 

0.023% 
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Figure D.l Photomicrograph Of U-Bend Specimen Of Alloy 304L Following 2855 Hours Of 
Exposure To Solution No. 20 (With H202 Additions) At 90°C Showing 
Transgranular Stress-Corrosion Cracking; 250X Magnification. 

4 

Figure D.2 Photomicrograph Of U-Bend Specimen Of Alloy 304L Exposed To Simulated J-13 
Well Water Containing 100 000 ppm Chloride (As NaCI) For 181 Days at 90°C; 
50X Magnification. 
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Figure D.3 Photomicrograph Of U-Bend Specimen Of Alloy 304L Exposed In The Vapor 
Above Simulated J-13 Well Water Containing 1000 ppm Chloride (As NaCI) For 
100 Days at 90°C. H202 Added Daily; 1 OOX Magnification. 

Figure D.4 Photomicrograph Of U-Bend Specimen Of Alloy 304L Exposed In The Vapor 
Above Simulated J-13 Well Water Containing 10 000 ppm Chloride (As NaCI) For 
100 Days at 90°C. H202 Added Daily; 1 OOX Magnification. 
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Figure D.5 Photomicrograph Of U-Bend Specimen Of Alloy 304L Exposed In The Vapor 
Above Simulated J-13 Well Water Containing 1 0 000 ppm Chloride (As CaCIJ For 
100 Days at 90°C. H202 Added Daily; 1OOX Magnification. 

1 ox a. As Polished 

Figure D.6a Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To 90°C Simulated J- 
13 Water Containing 1000 ppm CI As NaCI. Specimen Potentiostated To +200 
mV (SCE) And Strained To Failure At 1 X 10" sec-'; (Test No. M20). 
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1 oox b. Etched In 97ml Conc. HCI, 3ml Conc. HNO,, '/2 gm CuCI, 

Figure D.6b Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To 90°C Simulated J- 
13 Water Containing 1000 ppm CI As NaCI. Specimen Potentiostated To +200 
mV (SCE) And Strained To Failure At 1 X los  sec-'; (Test No. M20). 

Figure D.7 Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To The Vapor Phase 
Of Solution Number 20 At 90°C. H202 Added Daily. Specimen Strained To Failure 
At 1 X IO-'sec-'; 50X Magnification (Test No. 34). 
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Figure D.8 Phase 
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Figure D.9 Photomicrograph Of SSR Specimen Of Alloy 304L Exposed To 90°C Simulated J- 
13 Well Water Containing 100 000 ppm Chloride As NaCI. Specimen Polarized 
To -0.174 V(SCE) (Eplt + 50 mv). Specimen Strained To Failure At 1 x lo8  sec-‘; 
1OOX 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 NaCI. 
H202 Added Daily. Specimen Strained To Failure At 1 x I O s  sec-'; IOOX 
Magnification (Test No. 39). 
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Figure E.l Photomicrograph Of U-Bend Specimen Of Alloy 825 Exposed In The Vapor Above 
Simulated J-13 Well Water Containing 10 000 ppm Chloride (As CaC1.J For 103 
Days at 90°C. HLO, Added Daily. 

Figure E.2 Photomicrograph Of The Reduced Gage Section Of A Specimen Of Alloy 825 
Exposed To The Vapor Phase Of Simulated J-13 Water Containing 100 000 ppm 
Chloride As Sodium Chloride. Specimen Strained To Failure At 1 x IO* sec-'; 
IOOX Magnification (Test No. 50). 
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Figure F.3 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 0.005M NaNO, 
At 23°C And Polarized To +0.200 Volts (SCE). Specimen Strained To Failure At 
1 X los sec-’; 1OOX Magnification (Test No. 19). 

Figure F.4 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 0.005M NaNO, 
At 23°C And Polarized To 0.174 Volts (SCE). Specimen Strained To Failure At 
1 X 1 Os sec-’; 1 OOX Magnification (Test No. 20). 
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Figure F.5 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 1 M NaNO, At 
23OC And Polarized To +0.061 Volts (SCE). Specimen Strained To Failure At 
1 X los sec"; 1OOX Magnification (Test No. 17). 

Figure F.6 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 1 M NaNO, At 
23°C And Polarized To +0.068 Volts (SCE). Specimen Strained To Failure At 
1 X los  sec;'; 1OOX Magnification (Test No. 18). 
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Figure F.7 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 0.005M NaNO, 
At 90°C And Polarized To 4.234 Volts (SCE). Specimen Strained To Failure At 
1 X 10" sec"; 1OOX Magnification (Test No. 29). 

Figure F.8 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 0.005M NaNO, 
At 90°C And Polarized To +0.246 Volts (SCE). Specimen Strained To Failure At 
1 X 10" sec"; 1OOX Magnification (Test No. 31). 
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Figure F.9 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 1 M NaNO, At 
90°C And Polarized To +0.122 Volts (SCE). Specimen Strained To Failure At 
1 X los sec-'; 1OOX Magnification (Test No. 23). 

Figure F.10 Photomicrograph Of SSR Specimen Of Alloy CDA 102 Exposed To 1 M NaNO, At 
90°C And Polarized To +0.021 Volts (SCE). Specimen Strained To Failure At 
1 X lo*  sec-'; 1OOX Magnification (Test No. 24). 
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Figure G.l Photomicrograph Of SSR Specimen Of Alloy CDA 715 Exposed To 1 M NaNO, At 
23OC And Polarized To +0.033 Volts (SCE). Specimen Strained To Failure At 
1 X los sec-I; 250X Magnification (Test No. 28). 

Figure G.2 Photomicrograph Of SSR Specimen Of Alloy CDA 715 Exposed To 1 M NaNO, At 
23°C And Polarized To +0.127 Volts (SCE). Specimen Strained To Failure At 
1 X 1 Os sec-I; 1 OOX Magnification (Test No. 30). 
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