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 SUMMARY

Type 304L stafnless steel (SS) fs currently considered to be a candidate
nuclear waste package material by the Nevada Nuclear Waste Storage Investiga-
tions (NNWS1) Project. In 2 study conducted for the NNWSI Project by Pacific
Northwest Laboratory, the stress-corrosfon cracking (SCC) resistance of this
materfal to elevated temperatures in tuff rock and tuff groundwater environ-
ments was determined under frradfated and nonirradfated conditions using U-bend
specimens and sYow-strain-rate tests. The steel was tested both in the
solution-annealed condition and after sensitization heat treatments. The mate-
rial was found to be susceptible to SCC (in both the solution-annealed and
solutfon-annealed-and-sensftized conditfons)}uheh exposed to an frradiated
(3 x 10° rad/h) crushed tuff rock environment contafning air and water vapor at
90°C. A similar exposure at 50°C did not result in failure after a 25-month
test duration., It should be noted that the stress in the specimen, fonic con-
tent of the water, and the ganma ray dose rates were a1l in excess of antici-
pated conditions in the repository. Specimens of sensitized 304 SS failed in
both the 90°C and 50°C environments. U-bend specimens of 304L SS conditioned
with a variety of sensitization heat treatments resisted failure during a2 test
of l-year duration in which 2 nonirradiated environment of tuff rock and
groundwater held at 200°C was allowed to boil to dryness on a cyclical {(weekly)
basis. A1l specimens of sensitized 304 SS exposed to this environment failed.
Slow-strain-rate studies were performed on 304L, 304, and 316L SS spetimens.
The 304L SS was_ tested in J-13 well water at 150°C, and the 316L SS at g5°C,
Neither material showed evidence of SCC in these tests. Sensitized 304 SS, on
" the other hand, did exhibit SCC in J-13 well water in tests conducted at 150°C,
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1.0 INTRODUCTION

The Department of Energy's Nevada Nuclear Waste Storage Investigation
(NNWS1) Project s evaluating the suftability of the Topopah Spring Member of
the Paintbrush Tuff (Tpt) at Yucca Mountain, Nevada, as a3 repository site for
high-level nuclear waste disposal. The target horizon 1s located at a depth of
350 to 400 m, approximately 200 to 400 m above the water table. In order for a
waste package to fulfill the long-term containment requirements fmposed by the
Nuclear Regulatory Commission Regulation 10 CFR 60, it may be necessary for the
waste package containers to resist failure by several different degradation
modes--such as general corrosfon, pitting and crevice corrosion, stress-
corrosfon cracking (SCC), hydrogen embrittlement, aging reactions, and mechani-
cal overload--for up to 1000 years. It is estimated that the majority of the
packages fn the tuff repository, and the rock within 1 m of the waste packages,
would remain above the boiling point for approximately 300 years (Glassley
1986). Thus, the containers will initially be exposed to frradiated water
vapor and atmospheric gases at elevated temperature. Eventually, after the
containment period for most of the packages, the container temperature will
drop below the boiling point of water, thus aliowing liquid water to contact
the waste containers if it is present. For anticipated conditions, the major-
ity of containers will not come in contact with liquid water.

Emplacement of waste packages in the tuff repository will cause physical
and chemical changes in the rock adjacent to the emplacement boreholes. These
are primarily the result of the thermal and radiation fields generated by the
waste forms within the containers. The decay of radionuclides transfers
kinetic energy to the decay products, and collision of these decay products
with the surrounding materials converts this energy into heat, increasing the
temperature. The dissipation of the decay product kinetic energy is referred
to as the power output of the waste form. For any high-level waste form, the
power output is highest when the waste is newest; it decreases as the radio-
nuclides decay to nonradioactive nuclei. Many of the fission products present
in spent fuel and reprocessed waste have relatively short half-lives. As a
result, the power output of the waste will decrease rather rapidly during the
first few decades of storage {0‘'Neal et al. 1984).
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Immediately after waste package emplacement, the temperature of the rock

- and fts assocfated pore water will increase; as this occurs, water will be

driven away from the waste package. When the rock temperature rises above

" about 96°C (estimated botlfng point at horizon elevation fn Yucca Hountéin).

most of the lfquid water {n the rock will vaporize. The atmosphere fn the pofe

" spaces and around the waste packages will then consist of a mixture of air and

steam.. As the rock cools below 96°C, liquid water will slowly migrate back
fnto the rock pores. Resaturatfon of the rock around defense waste 6ackages
may require hundreds of years; in the case of spent fuel packages, resaturatfon
may take thousands of years (0'Neal et al. 1984), '

The composition of the pore water in the repository horfzon fs unknown.
Available evidence suggests that the pore water compositfon will be similar to

~ that obtainable from well J-13 (Glassley 1986), since the producing horizon of

this well is the Topopah Spring tuff. The composition of water from well J-13
is low in dissolved cations and anfons, including bicarbonate (2.34 m mol/L)
and chloride (0.18 m mol/L). The pH of this water {s nearly neutral (pH=6.9).

Vaporization of the pore water during the therma) perturbation of the
environment will result in the deposition of some s2lts in the pore spaces.
When the waste package environment cools to temperatures that will allow the
presence of 1iquid water, the salts will be redissolved if 1iquid water does
return. Migration of this water to the vicinity of the waste package may
occur, thus providing 2 potential for water of a composition different from
that of J-13 to contact the container. Because the relative and absolute vol-
umes of salts that will be present in the waste package environment are Small,
it is hnlike]y that high ionic strength solutions will contact the waste pack-
age via the mechanism. It is nevertheless necessary to evaluate the effects of
higher fonic strength solutions on container material performance in order to
understand the consequences .of scenarios in which dilute solutions drip onto a
hot contziner and evaporate, depositing salts in the process.

To determine the extent to which such environmental conditions could con-
tribute to failure of Type 304L stainless steel {SS) by SCC was the principa)
motivation for the present study, performed at Pacific Northwest Laboratory
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(PNL).(‘) Type 304L SS §s expected to have excellent general corrosion resis-
tance in air and steam at temperatures in the range from 95 to 300°C and iIn
non-saline, near-neutral-pH waters below 95°C. Water from the J-13 well exhib-
fts these characteristics. A conservative estimate of the wastage of 304L SS
during the containment period (up to 1000 years) indicates a loss of 0.1 cm
from a l-cm-thick canister wall. This estimate was based on "high values® of
uniform corrosion and oxidation rates in water, steam, and atr (LaQue and
Copson 19563) and on assumed linear oxide growth kinetics (McCright et al.
1983).

The conditions that 1imit the use of 304L SS are rarely general corrosion
wastage, but rather occur by much more rapid penetration via localized or
stress-assisted forms of corrosion. The primary goal of the experimental test
plan is therefore to determine the extent to which these forms of corrosion
could occur during the containment period. For purposes of organization, the
localized/stress forms of corrosion can be categorized as follows:

1. Corrosion forms favored by a sensitized microstructure - Such a
microstructure can develop during the fabrication and welding of the
container, or at relatively low temperatures during storage in the
repository at container surface temperatures in excess of about
250°C. The sensitized microstructure may lead to intergranular cor-
rosion or intergranular stress-corrosion cracking (IGSCC) because of
the expected oxidizing nature of the aqueous environment, should it
come in contact with the container surface.

2. Corrosion forms favored by concentration of the different chemica)l
species in J-13 water - The chloride-ion concentration is of paré-
mount concern with regard to resistance of stainless steels to local-
ized and stress-assisted forms of corrosion. The other ions present
in J-13 water may favor or retard these kinds of corrosion attack.
Pitting attack, crevice attack, and transgranular stress-corrosion
cracking (TGSCC) are forms of corrosion that can develop on 304L in

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute,
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concentrated electrolytes-éparticularly in high=chloride solutions

(McCright et al. 1983). A number of possible concentrating mecha-

nisms may operate in & waste repository.  Concentration of the crack-

ing species fs considered the most serfous threat to the integrity of
~ waste packages with respect to SCC (Beavers et.al. 1985).

The ultimate purpose of the work was to add to the data base that will
eventually be used to determine whether or not 304L SS is a suitable materfal
for a waste package containef} or whether recourse will have to be made to
materfals, such as 316 L SS or alloy 825 which are more resistant to SCC and
Tocalfzed corrosion,

Although the testing of 304L SS was emphasized in the present study, spec-
imens of 304 SS were included throughout the work to assist in ascertaining the
severity of the tests to which the 304L SS material was being subjected. Lim-
fted tests on 316L SS material were also included as an adjunct to the slow-
strain-rate (SSR) test matrix to determine the potentfal effect of certain
sensitization heat treatments on its behavior. : :
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2,0 TECHNICAL APPROACH

The SCC susceptibility of 304L 5SS was determined by three testing methods
in the present study. Ilrradiatfon-corrosion, boildown, and SSR testing methods
are described. The relatively severe test conditions used in this study,
fncluding mechanical stresses, solute concentrations, and trradiation rates,
were chosen to provide conservative tests for determining susceptibility to
ScC.

2.1 IRRADIATION-CORROSION TESTS

The surfaces of the waste packages in a repository located in tuff {n the
unsaturated 2one are expected to be exposed ultimately to vadose water or to
residues from the evaporation of vadose water, as modified by gamma irradiation
from the waste form. As it is extremely difficult to predict a priori the
effect that products of groundwater radiolysis (such as peroxides) might have
on the SCC resistance of a stressed stainless steel, it is essential that
actual experimental studies be performed under irradiated conditions. The
irradiation-corrosion testing portion of the present study involved exposure of
U-bend specimens to 60co-irradiated air/groundwater environments at elevated
temperatures for protracted time periods. Any cracking of a U-bend specimen
was defined as specimen failure and indicated susceptibi]ity to SCC under those
environmental conditions. It should be noted that both the stress in the spec-
imens and the gamma ray dose rates were in excess of anticipated conditions in
the repository. To be specific, after about 300 years, when the temperature
may decrease below the boiling point, the gamma flux is expected to be on the
order of only 102 to 103 R/n.

2.2 BOILDOwWN TEST

A waste package emplaced in a tuff repository in the unsaturated zone is
expected to eventually cool to the point where vadose water can contact its
surface. Dissolved species could become more concentrated either by initial
evaporation of the water in a mass of rock, leaving behind species that could
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Tater be redissolved in a smaller volume of water, or by direct {mpingement of
water onto hot package surfaces. resulting in distiilation and deposition of
solutes.. ’ : T - -

Such solutes. espectally halides, could promote the SCC of sustenitic
steels, especially under the elevated-temperature, oxidizing conditions
~ expected fn the repository. A boildown test was therefore conducted {n which
“U-bend specimens were embedded in water-saturated tuff rock fragments. Regular
boildowns of the water (and subsequent replacement with fresh groundwater) were
fntended to simulate the solute concentration phenomenon that might take place
on waste package surfaces. Any U-bend specimen cracking observed at the time
~ of specimen examination was taken to signal some degree of ScC sensitivity to
the environment.

The testing of 304 SS and 304L SS was emphasfized in this study. The 304L

SS represented the current reference waste package container material; the 304
~ SS was primarily {ncluded as & "standard® by which to gauge the severity of the

- test.

2,3 SLOW-STRAIN-RATE TESTS

A maJor portion of the present study was devoted to determining the behav-
jor of stainless steels under SSR testing conditions in nonirradiated environ-
ments of tuff groundwater. ‘In the SSR test, a specimen is typically loaded in
the service environment and strained until failure occurs. A range of (low)
displacement rates is often used so that the strain rate effects can be inves-
tigated. The continual straining of the specimen in tension increases its
surface area and continually breaks the oxide surface film to expose unoxidized
material, which can provide active sites for environment/metal interactions.

An SSR test can indicate the susceptibiiity of netais to env1ronnentaiiy
enhanced cracking in three ways (Payer et ai. 1976)

1. ‘ioss of ductility relative to an inert‘environmentv

2. ductility diminution at 2 particular strain rate relative to other
strain rates = - o - ' ’

'3, fractographic evidence of brittle failure.
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3.0 NATERIALS
The materials used in the corrosfon tests are described in this section.

3.1 METALS

Sheet stock, 1.52 mm (0.060 in.) thick, of 304 and 304L SS was obtained
for the fabrication of U-bend specimens. Plate stock, 6.35 mm (0.25 in.)
thick, of 304 and 304L SS was obtained for fabrication of SSR test specimens.
In addition, SSR specimens of 316L SS were obtained directly from Lawrence
Livermore National Laboratory (LLNL) for testing in PNL facilities. The
vendor-supplied chemical and mechanical certifications for these materials are
presented in Table 3.1.

The U-bend and SSR specimens were given a variety of heat treatments
(solution-annealed and solution-annealed-and-sensitized), then surface-ground
to a depth of 0.03 to 0.05 mm (1 to 2 mils) to remove the resulting oxide film
before testing. The gauge regions of the SSR specimens were of square cross
section of 6.4 mm (0.25 in.)/side and 25.4 mm (1 in.) long. Before testing,
the sides of the machined gauge regions of the SSR specimens were tapered
slightly by sanding to effect a total width reduction in the center of the gage
region of 0.08 to 0.13 mm (3 to 5 mils). The final sanding was done with
220-grit wet/dry paper. The remainder of the specimen was left in the surface-
ground condition.

3.2 TUFF ROCK AND TUFF GROUNDWATER

The approximate compositions of the tuff rock and the groundwater (pro-
vided by LLNL) are given in Tables 3.2 and 3.3. The rock was obtained from an
outcropping of Topopah Spring tuff on the Nevada Test Site and contains soluble
salts (Oversby 1984)., The composition of the specific lot of rock used in the
present study has not been determined, but it is expected to lie within the
composition ranges shown in the table. The rock used in these tests was not
pretreated (rinsed). Since non-pretreated surface outcroppings contain soluble
salts and may increase the composition of C17 in solution, these tests are
expected to provide conservative results. The water used in the test
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of Statnless Steel Test Matertals

1. Chemical Compositions

- JASLE 3.1, Cheatcal Corpositions and Mechanical Properties

Material | | Alloying Elerent, wii <
Code Materfal  — € W 3 L S ® o tr & N
| Wrought 304L 0,017 1.70 .57 0,019 0,018 0.19 0.66 18,42 0.21 0.082
$S sheet B R ‘ : ,
4 Wrought 304 0,063 1,35 0.45 0.026 0.018 0.10 9.3 18,33 0.19 ‘0.025
$S sheet L - SRR .
’ urw t mL 0302‘ ‘.65 o.‘z 0.03! 0.012 bd ! ’.52 la.lz o o
$S plate, ‘ , ‘ ,
Heat A :
4 Wrought 3041 0.020 1.81 0.55 0.03 0,008 -- .55 18,38 .- 0,08
$S plate, ‘
Heat 8
5 "rw’ht 30“ 0.05‘ !.“ 0039 0.019 00009 b ‘on 18.07 S O.Ms
$S plate - :
6 Wrought 3161 0.020 1.58 0.47 0.029 0,010 2.08 10.68 17,30 0.27 0.065
SS plate :
1. Mechanfca) Properties (As Recefved)
Material S . Yield . Tensile . o
Code “Material Strength, ksi  Strength, ksi Elongation, %
1 Wrought 304L SS sheet ~ 40.5 oed2 53,0
2 Wrought 304 S8 sheet 462 - 90.4 85,5
3 Mrought 304 SS plate, 42,5 811 8.5
4 Wrought 304L SS plate, .2 85.3 58.8
Heat B
€ drought 304 SS plate 47.3 - 89.4 7.3
6 Wrought 316 SS p1atg 48.4 84.6 52.0

3.2



TABLE 3.2. Percentages of Major Constituents tn Topopah Springs
Tuff, Fe 05 Represents Total Iron 2)

Average Three
Constituent Analyses, wt}

510, 78.73
A1 ,0, 12.17
Ca0 0.474
Mg0 0.123
Ti0, 0.101
Na 20 4,08
Mn0 0.052

(a) Schuraytz 1985; Glassley 1986,

was obtained from well J-13, Jackass Flats, Nevada Test Site. The J-13 well
water composition noted in Table 3.3 may or may not correspond closely to the
composition of the water lying near the ultimate tuff repository location, but
it is considered to be reasonably typical of the groundwaters in the region.

An independent PNL analysis of the J-13 well water obtained for use in the cor-
rosion studies was in substantial agreement with the results of Oversby (1984),
as is shown in Table 3.3.
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JABLE 3. 3 Composition of Water from Well J-13, Jackass Flats,

Nevada Test Site

Constituent Concentration, ng/L(‘)- Concentration, mg/L(b)
N a6 . 46,0
K. s34 S 6.8
Mg B W 7 R e S
Ca N T X ]
B 022 . - 0.13 -
Fe 0.006 | -
A 0.012 -
S§ 21,0 . . 62
Fo 2.2 | .20
(A b 6.5 B X 2
HCO3 134 S e
s0z¢ s 1.3
"'noz o S e
‘wo3 85 16
| | pH = 7.6 =T

(2) As ‘determined hy Overshy (1984)
(b) ‘As determined by PNL analysis. (Average’ of ana'lyses from
three barrels of J-13 well water.): . .
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4.0 EXPERIMENTAL PROCEDURES

The experimental work utilized an trradiated autoclave test facility for
the 1nrad1ated-environment'testing of SCC susceptibility; a nonirradiated
autoclave for testing of SCC susceptibility under cyclic bofl-to-dryness (boil-
down) conditions; and a SSR facility for determining susceptibility of the
materials to environmentally enhanced crack propagation under dynamic strain
conditions. Each facility and the associated operating procedure are
described.

4.1 IRRADIATION-CORROSION TESTS

The frradiation-corrosion tests were performed in two Alloy 600 autoclaves
placed in a 5000 frradiation facility. The autoclaves were operated at 50°C
and 90°C and at (maximum) irradiation intensities of 5 x 10° and 3 x 10° rad/h,
respectively. Each autoclave was divided into three zones: water and crushed
tuff rock (bottom); crushed rock and air/vapor (middie); and air/vapor only
(top). Each zone contained duplicate U-bend specimens of 304 and 304L SS--made
from 102-mm x 12.7-mm x 1,5-mm (4-in. x 0.5-in. x 0,060-in.) strips--in both
the solution-annealed (15 min at 1050°C) and solution-annealed-and-sensitized
(24 h at 600°C) conditions. The U-bend specimens were mounted horizontally on
an alumina rod with alumina spacers. '

To start the test, the specimen rack was put in place in the autoclave and
rock chips were added to cover the desired number (16) of specimens, i.e., two-
thirds of the total number (24) of specimens in the autoclave. The autoclave
was then sealed, and groundwater (J-13 well water) was added to the autoclave
in sufficient quantity to cover the bottom third of the specimens. A temporary
sight tube made of transparent plastic tubing connected to the inlet port at
the bottom of the autoclave was used to fix the water level at the desired
height. The temperature profile within the autoclave was adjusted by appropri-
ate positioning of electrical resistance heaters and insulation on the outside
of the autoclave. The temperature within the autoclave was monitored by means
of a thermocouple in each of the three distinct environment zones. When the
temperature profile was uniform throughout the autoclave, the plastic “sight
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tube® was replaced with 3.2-sm (0.125-fn.) Alloy 600 feed line tubing, and the
sutoclave was inserted into the access tube of the {rradiation facilfty for
test startup. The autoclaves were operated at atmospheric pressure. burfng
the exposure period, each autoclave was sparged daily via the fnlet 1ine with

- ~280 mL of afir to ensure the presence of atmospheric gases within the auto-

clave. For the first 3 months of testing, the autoclave outlet 1fnes were
submerged §n a water trap. It was noted, however, that water suck-back would
occur -n the 90°C test, so the use of water traps was abandoned at that time.

-The only barrier remaining between the autoclaves and the atmosphere was ~9 m

Problems -occurred fn the first few days of the 90°C test, due to dif-
ficulties fn attainfng 2 uniform temperature distributfon. The autoclave
boiled to dryness and the temperature in the autoclave increased to 2 maximum

i of ~120°C for a short time (less than 2 hours). Because this temperature {s

not high enough to:cause metallurgical changes. in stainless steel, groundwater
was added and the test was continued. The increased concentration of soluble
elements resulting from the evaporation of groundwater would be expected to
cause the test to be more conservative, 1.e., to increase the propensity for
SCC to occur. This increased propensity for SCC would most likely be exhibited
in the l-month test results, because the groundwater and rock were changed
after the l-month exposure was completed. ’

‘In a cases. the Topopah Spring tuff rock was used in & nominally 6-mm
(1/4—1n ) mejor-dimension particle size. The fines resu]ting from the crushing
operatton were not discarded, but were included with the larger particles in

" the autoc]ave tests. The rock was rep1aced in each test autoclave (along with
“the grounduater) after specimen examinations at 1, 3, 5,°7, and 10 months.

After the 10-month ‘examination, the rock was not replaced but was reused for
the duration of the test. The water, however, was replaced after each specimen
examination thereafter, but no water was added during autoclave operation. The
water lost to evaporation between specimen examinations was not measured, but
w2s estimated at less than 10% of the total water volume. Typically, 2 water
analysis was made and the U-bend specimen bolits were tightened a fraction of a
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turn at each specimen examination. The Intent of this tightening was to main-
tain the high stress in the specimens, which would otherwise be reduced by
time-dependent deformation mechanfsms.

The irradiation Iniensity varied somewhat with position within the auto-
clave because of the length of the autoclave (56 cm or 22 in.) compared with
the length of a typical 0co source (~13 cm or ~5 in.). Also, during the 23-
to 25-month test duratfons, the 6OCo frradiation intensity decreased as a
natural consequence of radfoactive decay. The approximate frradfation inten-
sity as a function of position within each autoclave at the beginning and end
of the test is given fn Table 4.1, The data given in Tadble 4.1 were determined
using 3 calibrated ton chamber and thermoluminescent dosimeters. Autoclave
attenuation was taken fnto account.

The irradiation intensities employed ¥n the current tests were purpose-
fully chosen to be higher than any anticipated at the surface of a waste pack-
age containing spent fuel under actual repository conditions so that the tests
would be performed using conservative values. The desired irradiation intensi-
ties were attained by placing each autoclave in an access tube located an
appropriate distance from the 60Co sources.

TABLE 4.1, Irradiation Intensity Within Test Autoclaves (rad/h)(a)

50°C Test 90°C Test
Position Test Start Test End Test Start Test End
Top of autoclave 0.82 x 10°  0.60 x 10°  0.60 x 10°  0.45 x 10°
Yapor region 1.7x10° 1.2x10°5  1.2x10° 0.8 x 105
Vapor/rock region 3.5 x 10° 2.6 x 10° 2.1 x 10° 1.6 x 10°
Water/rock region 5.4 x 10° 4,0 x 10°  2.8x 10° 2.1 x 10°
Bottom of autoclave 4.2 x 10° 3,1 x 10°  2.5x 10° 1.9 x 105

(a) Tne accuracy is estimated at $10%.
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4,2 BOILDOWN TEST

A groundwater boildown test was used to simu]ate the possib]e uetting of
the emplaced waste package with subsequent evaporation of some (or all) of the
{mpinging groundwater and depos'tion of solute resfdues. Such residues could
contain chemical species, such as chlorides. that could promote SCC of the con-
tatner. The boildown test used an autoc!ave filled with crushed tuff rock and
J-13 well water, with an assemblage of stressed (U-bend) specimens of 304 and
304L SS of varfous thermal histories embedded in the rock/water natrix.

The autociave was normally operated at 200°C and’ 1000 psfg. Once every 7 days
the back pressure on the avtoclave was reduced to a value <226 psi and the
water was allowed to boil off. After 24 h of "dry* operatioh, the autoclave
was refilled with fresh, air-sparged J-lS'wel] water. Between boildowns, just
enough afr-sparged water was pumped into the autoclave to ensure that it
remained full.

On startup, the tuff rock/specimen array filled the 3.8-L autoclave to
within 3,2 em (1.3 in.) of the top. After the rock and U-bend specimens were
in place in the autoclave, 2.23 L of air-saturated J-13 well water was 2dded to
fill the autoclave to the top. The autoclave was then sealed, and the test was
begun. At each programmed specimen examination, the water in the autoclave at
the time of cooldown was reserved and réplaced in the .2utoclave at the time of
restart, as was the tuff rock. As in the case of the U-bend specimens in the
irradiation-corrosion study, the restraining bolts on the U-bend specimens were
tightened a fraction of a turn at each examination.

4.3 SLOW-STRAIN-RATE TESTS

In SSR testing, specimens were strained to failure at a fixed rate while
immersed in test environments chosen to simulate sets of repository conditions.
The test specimen was enclosed in a heated pressure vessel (autoclave) fitted
with 2 sliding se2l for the pull rod. Air-sparged J-13 well water was pumped
at a slow rate (~35 mL/h) through the autoclave during the entire test. A bed
of crushed tuff rock was placed in the bottom of the autoclave over the water
inlet to condition the water before it contacted the test specimen. The water
flowed upward, through the crushed rock, over the test specimen, through &
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pressure-control valve, and out to drain on a once-through basis during the
test. The specimeh load and strain were continuously monitored. Strafn rates
of 1074 in./in.-s and 2 x 10°7 in./in.~s were routinely employed in the present
study. The SSR system has been described elsewhere (Westerman et al. 1982).
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- 5,0' RESULTS AND DISCUSSIOK‘

The results obtained {n the irradiation-corrosion tests. the bofldown
test, and the SSR tests are presented and dfscussed in this section. .

6.1 IRRADIATION-CORROSION-TESTS.

At each programmed specimen examinatfon, those specimens showing obvious
cracks were removed from the test, while those not showing obvious cracks: were
replaced in the test autoclaves in their original posftions. The 50°C test was
concluded after 25 months; the 90°C test, after 23 months. In generei. speci-
mens exposed in the rock/vapor and vapor-only regions of the autoclaves showed
the most surface corrosion, primariiy consisting of patches of red-brown corro-
sion product. Ko signs of sfgnificant pitting attack were observed on any of
the specimens. Specimens exposed in the water/rock regions of the test auto-
claves mintained surfaces free—ofrsignificant corrosion. Thebabpearance of 2
representative group of specimens at the conclusion of the tests is shown in
Figure 5.1, The specimens were not cleaned before being,photographed.

| The 90°C study had a number of operatibnal‘brobiems'during fts first month
of operation. The teet autoclave was removed from the irradiated access tube
and dismantled four times because of line plugging, i.e., because refreshment
air could not be forced into the system, or because of aberrant7temperature
profile conditions, Each time the autoclave was removed, it was found to be
dry, apparently because of moderate overheeting accompanied by boiling. The
problem was solved by adjusting the position of the control thermocouple, i.e.,
locating it more closely to the inside wall of the autoclave. The test
operated as intended thereafter. '

The U-bend failure data are summarized in Table 5.1, Of the‘lSLtotal
failures observed, 10 occyrred in the 90°C test; of these, six were fbbnd in
the vapor-only region. Also, no failures of 304L SS U-bend specimens were
found at 50°C, but-four failures of this material were observed at 90°C, Of
~ these, three were located in the vapor-on!y region.} Of the four 304L SS fail-
i,ures and the eieven 304 SS fai]ures. on]y one speciren of each material was in
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'TABLE 5.1. Summary of U-Rend Test Data under Irradiation-Corrosion Conditions

. ) SO.C Tﬂt. ' 90;': _T”t' -
' '$ x 10° rad/n (max.) "3 x 10° rad/N (max,)
: HnteYC". Y ﬂ Fatlure Fa!lvr’ N Fallure Fliicf!
Environment  codeld) - mater1a)(®)  spectmen . Time, m  ModelC) Specimen  Time, w0 _Model®!
- Vapor only 5 I mnaL.ss SA-° - pale ' . Pe2o o
| nag -SS SAS Pall - : ' ' - Ppajy2 10 - 76
A 3 SS SA - pas) . P&
e 308 SS SAS - PasS 1 - 16 PRsS6 s - {G. .
1 304, SS SA - paz21 Paz22 23 . 16
1 InaL SS SAST - P43y . ~ Pe3¢ 14 TG/16
2 3ng SS SA P4as B N (L] ' 23 16
2 - 308 SS SAS - PAST -3 16 Pesg - . 3 16
Roek /vapor 1 - 306, SS SA . P83y I o pazs ' :
1 . JnaL SS SAS . P4a3lS ' oo - PAa3s : 14 76
4 304 SS SA . paay 4 : o PA4g . .
2 Joa SS SAS P59 7 1{d] PR6O0 3 16
1 JoaL SS SA- - PAags : . pPA2s- '
1 InaL sS SAS Pay? L Pals
2 © 300 35 SA P4ag . - _ o .peso
_ ‘ ' 2 304 SS SAS .Pa61- - 25 - 1c .. PaG2 .
Rock /groundwater 1 - 304 SS SR Pa27 - Pa2g ,
| 1 ©30aL SS SAS - PA39 - . : Paco o
2 . 308 5S SA . . pas) _ : - PesS2 : S
2 308 SS SAS - Pagy 28 . 16 PaGa - S DR {
1 nag, SS SA - . PA29 : o n , PaY) o
1 "3naL SSSAS . pael 0 . . T T peg2
_; 308 S5 SA Pasy B S pase

08 S5 SAS  Pass g Lo ess 118

(a) See Table 3.1, ‘ : ’

SA = solution annenled (1050°C for 15 min, alr cooled).
(b) SAS = solution annesled and sensitized (600°C for 28 %),
(c) D =ductile, 16 = transgranular, I = intergranular,




the solution-annealted condition; all the rest of the failed specimens had been
given an additional sensitization heat treatment. '

Typically, failed specimens of sensitized 304 55 showed intergranular
cracking. Examples of this behavior are shown in Figure 5.2, which shows spe-
cimens exhibiting cracks after 1 month in the vapor-only region of the 50°C
- autoclave and {n the water/rock region of the 90°C autoclave.

Four faflures were observed in the 304L SS specimens (P332, P422, P434,
P436). Of special iaterest was the faflure in the specimen having no sensiti-
zation heat treatment (P422), as this material was considered to represent the
candidate container materfal in fts most corrosion-resistant condition. The
single 304 SS "SA” specimen evidencing failure (P446) §5 also of interest, as
it was tested in the nonsensitized condition.

Analyses of the water residing in the bottom of the test autoclaves were
performed after specimen examinations. The results of these analyses are
presented in Table 5.2.

The analyses show a great deal of scatter, with the water showing a very
wide range of concentration values of key ingredients, e.g., chloride. Several
of the solutions showing high jon strengths were reanalyzed, with the subse-
quent analyses confirming the initial results. As noted earlier, the rock was
not replaced with fresh rock, but fresh J-13 well water was placed in the test
with the “old" rock at each specimen examination after 10 months. This proce-
dural change is reflected in the lower ion strengths of the water after
10 months in each test. The chloride concentrations attained high and erratic
values prior to this procedure change, apparently reflecting widely varying
chloride concentrations in the individual lots of rock.

The following specimens were examined metallographically:

Specimen Treatment Time to Failure, mo
P434 (304L SS) Solution annealed and sensitized 14
P422 (304L SS) Solution annealed only 23
P445 (304 SS) Solution annealed only 23
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TABLE 5.2. Water Analyses from Irradiation-Corrosion Tests
I. 50°C Test

Conduc-
Time, tivity, Concentration /L
mo  pH _umho F_ O N, K0, HiO; Sﬁq Ca Na_ 37 WA,
3 7.7 180 2.2 51 5 42 190 100 42 110 25 --(2)

5 7.3 5400 7.0 420 570 670 210 970 530 590 47 4.7
7 7.7 6800 7.2 470 680 770 180 1130 560 660 40 11
10 7.7 2520 2.5 119 106 201 182 802 278 218 37 2.0
16 7.8 1926 --(b) 310 22 189 100 510 140 200 26 0.4
28 8.1 2380 --(b) 33 37 323 343 806 210 275 37 0.03
25 8.1 1000 - --(0) 25 _.{¢) 125 56,3 219 93 97 28 o0.01

I1. 90°C Test

Conduc-
Time, tivity, Concentration, mg/L
mo pH pmho 3 C1_ NO, NO3  HCD; 80, Ca_ Na_ Si NH
3 9,2 1280 1.5 140 2 1 24 300 23 250 66 --(2)

5 8.2 1085 0.6 14 11 23 65 88 44 27 28 1.4
7 8.0 8450 12 600 1700 110 230 1400 820 950 58 0.3

10 8.3 123 0.2 0.3 3 10 34 8 22 3 22 --(2)
4 8.9 115 0.2 06 3 7 33 12 14 7 34 <0.1
23 9.0 601 --B) 22 a3 .de) 43 138 18 101 28 0,04

(a) No analysis was performed.
(b) Not detected; <0.1 mg/L.
(c) Not detected; <} mg/L.

A1l of these specimens were exposed in the vapor-only region of the 90°C
irradiation-corrosion test.

Micrographs of Specimen P434 are shown in Figure 5.3. Only transgranular
cracking was observed in this specimen, with the exception of a narrow band of
material near the specimen surface, where evidence of intergranular corrosion
may be seen. This effect may be due to carbon contamination of the stainless
steel surface during material processing operations. Abraham et al. (1986)
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made a similar observation on 304L steel that had been sensitized at 600°C for
100 hours. They attributed the surface cardbon to “unavoidadble contamination
from lubricants during mill operatfons,” and noted that such contamination
might enhance the susceptibility of the material to sensitization and SCC.

Specimens P422 and P446 were extensively cracked in the region covered
with heavy corrosion products, as is shown in Figure 5.4. Micrographs of the
cracked regfons of specimens P422 and P446 are presented in Figures 5.5 and
5.6. Both specimens exhidbited extensive cracking; only representative regions
are shown in the figures. Both specimens cracked in a transgranular fashion,
with no evidence of intergranular failure. This cracking failure mode s
consistent with the nonsensitized microstructures of the two specimens. These
results indicate that in this irradiated tuff/groundwater test environment
neither 304 nor 304L SS is completely resistant to cracking, even in the
solution-annealed condition, and failure might occur by transgranular or
intergranular crack propagation. When failure occurs in nonsensitized 304L SS,
it is predominantly transgranular, however,

FIGURE 5.4, Specimens of 304L (Specimen P422) and 304 (Specimen P446) SS
After 23-Month Exposure in the 90°C Irradiation-Corrosion Test.
Both specimens are extensively cracked in the regions covered
with corrosion product.

5.8



¢h contamination
sitizetion and SCC.

from Wubricants Guring mill operations,® and noted that
sight enhance thegusceptibility of the material) to

Specimens P422 Bod PAAS were extensively cr
with heavy corrosfon pPeducts, s 1s shown 4r
cracked regions'of kpeci s P422 and P446 re presented i{n Figures 5.5 and
§.6. Both specimens exhibited extensivp/cracking; only representative regfons
are shown in the figures. Bot specisens cracked in 8 transgranular fashion,
with no evidence of intergranular)failure. This cracking faflure mode §s
consfstent with'the_nbnsensit{z microstructures of the two specimens. These
resvits 1nd$cat9’that~in this/trradisded tuff/groundwater test environment
nefther 304 nor 304L SS 1s/ompletely régistant to cracking, even fn the
solution-annea]edfcdndi on, and faflure ht occur'hy tran#granular or
intergranular crack pybpagation. When failude occurs fn nonsensitized 304L S
it is prédominintl trénsgranular. however. S

gd tn the region covered

An effort wés made to determine the reasons f “the transgranular crack-
ing. Concentyftion of chloride restdues on the surfades of the specimens dur-
ing the aujbclave exposure, especially on those specimend exposed in the
rock/va and vapor-only, regions through “wicking® of water to the specimen

BREC LA
TRV

ﬁii

. .' Vil
ﬂ E%‘ " 'V
st ifl.! "0|-'.‘~"‘ .‘ ‘, .
[
[} On e ©
v
B "%,
,
) "

. . b
> g__
BT )
-
ol
2 .
59y \\_/
. ‘e-.' bl -
. e X }
. - -
- = =2 3>
X * - pEL- & ST A
. T > B o e = »” PR
- - = - f ta
el el - -— Py

FIGURE 5.4. Specimens of 304L (Specimen P422) and 304 (Specimen P445) SS
~ After 23-Fonth Exposure in the 90°C Irradistion-Corrosion Test.
Both specimens are extensively cracked in the regions covered
with corrosion product. SR »



6°S

55

i :);3- 4 \"Il-i'

X ";ﬂm"}{_ *-‘.':,.?

Pa22) After 23
Test Autoclave




ot's

3" llut

h‘g‘ﬂ? ‘”/’k ,.,"\

”3}* e h '3’«:.
"N

rre:
Neg. smus AW
!Q"l DREN A ""l . LR

~ FIGURE 5,6, Transgranular Fractura Mode of Solution-hnnealed 304.SS U-Begd (Specimen PR46)
' 0

After 23 Months in the Vapor—Only Region of the 90°C, 3 x 10° rad/h Test
Aufoclave . ..

-mg.sanzt TN YA . 280X



An effort was made to determine the reasons for the transgranular crack-
fng. Concentration of chloride residues on the surfaces of the specimens dur-
ing the autoclave exposure, especially on those specimens exposed in the
rock /vapor and vapor-only, regions through "wicking” of water to the specimen
surfaces via the rock particles or the specimen support structure with subse-
quent evaporation or through aerosol transport during air sparging, was con-
sidered to be a likely factor. Accordingly, one unfailed specimen was selected
from each of the three environmental regfons in each autoclave for surface
analysis. '

The specimen surfaces were analyzed by means of x-ray photoelectron spec-
troscopy (XPS) after removal from the test autoclaves without intermediate
cleaning or treatment. In this method, x-ray photons (Mg Kz in the present
case) impinge on the surface of a specimen and cause photoelectrons to be
emitted. The energy and intensity of the photoe!ectroqs are then analyzed.
Elements on the sample surface are identified through their characteristic
spectra. The relative intensities of the peaks allow semiquantitative concen-
tration determinations to be made. The results of the analysis are presented
in Table 5.3. Approximately three surface monolayers are sampled by the XPS
technique, which is capable of detecting chloride in concentrations greater
than 0.4 atom percent.

These particular analyses showed no evidence of high concentrations of
chlorides building up on the surfaces of the U-bend specimens. The Fe and Ni
are most likely derived from the specimen material, while the Ca, Na, Al, and
Si are most likely from the rock or groundwater. There were no striking singu-
larities or trends associated with the data that could lead to a straight-
forward explanation of the U-bend cracking that was observed.

5.2 BOILDOwN TEST

Forty U-bend specimens were initially included in the boildown test. A1}
of the material was given a sensitization heat treatment after a solution
anneal. The sensitization heat treatments are listed in Table 5.4,

Nine of the ten 304 SS specimens had failed at the time of the first
specimen examination, which took place after 3 months of exposure and
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A

Specimen T C_

- Pa30
P462-
Paaa

P465

Pa3s
Pa19

" TABLE 5.3.

cOmpositicc of Surface Ldyecs on U-Bend Specimens

Relative EIemental Concentrations, at. 2

46

—

Ta_Fa_ T _Fe W S P M 3 N Tl
56 14 7.5 3.4 1.2 0.4 0.4 10 3.6 21 0.9 u.o.(a) N.D. HN.D.
89 25 3.7 5.5 N.D. 2.4 0.6 7. 1.9 2.5 (0.7)() np. w0,
47 25 0,7 91 11 0.9 (0.3) 12 0.4 1.3 1.0 1.0 0.6 N.D.
52 24 1.3 2.6 N.D. 1.5 0.8 14 N.D. 1.8 07  ND.  ND. 0.9
's3 21 5.3 0.6 N.D. 0.8 0.4 14 ND, 1.5 1.2 _ND.  N.D. 0.9
38 1.7 1.3 N0 1.8 (0.3) 2.6 4.6 2.9 | '

ND. 3.4 . N.D. 1.3

(a) °“N.D." indicates that that element was not detected. . ) ‘ “
(b) An entry in parentheses' indicates that although a peak was found at the correct energy :
for: that eloment the peak magnitude was not significantly above the noise level.




TJABLE 5.4, Sensitfzation Heat Treatments for Boildown Test

gateig,l Stainless Number of
ode Steel Sensitization Heat Treatment Specimens
1 304 24 h at 600°C, air cool 10
2 304L 24 h at 550°C, air coo! 10
2 304L 24 h at 700°C, water quench 10
2 304L 8 h at 700°C, water quench 10

(a) See Tadble 3.1.

15 boildowns. None of the 304L SS specimens showed any sign of cracking at
this time, and only a light tarnish film was noted on the specimens. The auto-
clave underwent an unplanned temperature excursion just before the 6-month spe-
cimen examination; it attained a temperature of 290°C for a 41-h period. The
autoclave, dry after the forced boildown, was opened for the 6-month specimen
examination. No additional failures were noted at this time. The boildown
test was terminated after 12 months of exposure and 50 boildowns. At that
time, small cracks were noted in the remaining 304 SS U-bend specimen, A
metallographic examination revealed intergranular cracking (see Figure 5.7),
the anticipated mode of failure of this sensitized material. No failures were
observed in any of the 304L SS specimens. Metallographic investigations were
conducted on 304L SS specimens having widely different sensitization heat
treatments, i.e., 550°C and 700°C for 24 h. Typical microstructures of these
specimens are shown in Figure 5.8.

Water analyses from the autoclave were taken under both cold and hot
conditions. The results are presented in Table 5.5.

The reason for the lack of concentration of F and C1 after 50 boildowns
relative to their concentrations in J-13 well water is not known. While some
concentration occurred, it is not enough to account for the 50-fold
concentration possible. Formation of insoluble precipitates or reaction
products, a mechanical carryover of droplets during boildown by their
entrainment in the vapor phase, or solubility of the species in the boildown
vapors and subsequent loss from the system are all possibilities.
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FIGURE 5.7. Intergranular Cracking Failure of Sd\ution-AnneaIed-and Sensitized
304 SS U-Bend After 1-Year Exposure in 200°C Boildown Test
(specimen 0330)

A1though the boildown test was 2 severe test for the sens1tized 304 SS, it

'dld not prove to be overIy severe for the 30¢L SS even with the various sen-

" sitization heat treatments ‘and the presence of chlorlde fon and oxygen in the
- test system.' Chemical species capable of promoting intergranuiar SCC of the

. sensitized 304 SS were obviously present in the system but the env1ronment was
not sufficiently aggressive to promote-inter- or transgranular crack1ng of the
304L SS during the l-year duration of the test.' In this regard, the system
environment was more benign than that in the 90°C 1rrad1ation-corrosion test,
which promoted cracking of the 304L SS in spite of the generaIIy lower test
temperature. IO ' - : ‘
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FIGURE 5.7. 1Intergranular Cracking Failure of Solution-Annealed-and-Sensitized

304 SS U-Bend After 1-Year Exposure in 200°C Boildown Test
(specimen Q330)

test system. Chemical species capable of /promoting intergranular SCC of the
04 SS were obviously prese
aggressive to promaye inter- or transg-anular cracking of the
304L SS during tiw l-year duration/of the test. In this regard, the system
environment was more that in the 30°C irradiation-corrosion test,
which promoted cracking qf the/304L SS in spite of the generally lower test

temperature.

sensitize
not sufficient

in the system, but the environment was

5.3 SLOW-STRAIN-RATE TEATS

SSR tests were pérformed on 304,°3D4L, and 316L SS that had undergone a
variety of heat trfatments. The tests we
strain rates and environmental conditions. The 304 SS was tested in the

performed over a wide rangs of
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Test,  No cracking was observed in any 308L SS specimen in this test., The

- specimen on the left (ROBS) recefved a 28-h at 700°C sensitization heat treatmt:
“the specimen on the right (R053) received a 24-h at 550°C sensitization heat

treatment.




TABLE 5.5. Water Analyses from Boildown Test

Concentration, mg/L
Type of Sample  F_ a N, 30y HO; fa KM

LT M
Cold, at 4 mo 9.4 48 1,7 38 390 160 33 3 29 &5

36

38

&

310 85 13 11 306 315
123 64 7.8 16 205 120

Hot, at 4-1/2mo 11.4 44 -
Cold, at 12 mo 19.0 9% --

5.3 SLOW-STRAIN-RATE TESTS

SSR tests were performed on 304, 304L, and 316L $S that had undergone a
variety of heat treatments. The tests were performed over a wide range of
strain rates and environmental conditions. The 304 SS was tested in the mill-
annealed and in the solution-annealed-and-sensitfzed (600°C for 24 h) condi-
tions. The 304L SS was tested in the solution-annealed condition (1050°C for
15 min, water quench) and the solution-annealed-and-sensitized condition (600°C
for 10 or 24 h, afir cool). The 316L SS was solution annealed at 1000°C for
15 min and water quenched, then heat treated at 250°C for either 1 day or
1 week, followed by a water quench. This heat treatment was chosen because
250°C is the maximum temperature anticipated in the repository. Sensitization
of the material was not anticipated. The test data obtained to date are summa-
rized in Tables 5.6 through 5.8. '

It is clear from Table 5.6 that solution-annealed 304 SS was ductile at
150°C at all of the strain rates tested. The reduction of area, elongation,
yield strength, and ultimate strength were all independent of environment (J-13
groundwater relative to air) and strain rate. The fracture mode was entirely
ductile, as shown in Figure 5.9.

Sensitized 304 SS (Table 5.6) was found {b be susceptible to intergranular
SCC in 150°C J-13 groundwater at strain rates of 2 x 10”7 in./in.-s and
1 x 1076 in./in.~-s; however, no SCC was observed at strain rates of 5 «x 105
in./in.-s or 1 x 10'4 in./in.-s. The ductility was diminished under the
SCC-susceptible conditions, and the fracture mode changed from microvoid coale-
scence to intergranular fracture. Examples of the fracture morphology are
given in Figqures 5.10 and 5.11, The fracture was entirely ductile at a strain
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TABLE §.6. Siow-Strafn-Rate Test lesu‘ts for 304 SS(‘) st 150

1. Mll-lnnu\ed Spechens

Strafn  Reduction Yield  Ultimate
- Rate, of Area, Elongation, Strength, Strength, Fallure

Number Environment 1n./in.-s 3 3 kst kst Mode
peos Ar . 1axt0tt o e ., Y4 M Duetile
POE - Afr 2 51077 76 ' 3.9 26,6 Ductile
PO3  Ar sx10% N €. %.6  T57  Ductfle
P00 AMr 8 x10°6 ” - s MO0 WD Ductile
pe9s o-13(0) g 10°C £ [T %.8 761 Ductite
e 9-13 . sx10f s Q B X X Duct§le
P91 91 . 1x107Y a %9 753 Ductile
papd 913 1x10°! 80 a5 3.3 .19 Ductle
PO J-13 2x107? 2% 50 NS 1.8 Ductite
P02 3-13 2x107? %6 o B 7.0 Ductile

-1, Solution-lnnea?ed and Sensitized(" Specinens

'Strain ' Reduction

Yield Ultimate
: . 'Rate,” "~ of Ares, [Iongation. ‘Strength, Strength,  Faflure
Number Environment {in./in.-s - % 1 ks ks Mode
PR3 M axwt 52 2.8 68.0  Ductile
- pals AMr 1 x 1074 6 52 26.0  65.8 Ductile
P40 Afr s x 10°6 13 50 2.4 68.5  Ductfle
P Air sx1006 @ 50 18.6  69.9 Ductile
Pa12 313 sx oS 2 3| 0.2 65.3 Ductile
P41 J3-13 sx106 79 a5 A 68.6 ‘Duztile
P210 J-13 12 1076 - 88 kH] - 19.8 65.5 Intergranular
PaO? 913 ax10tt e 58 23.5  68.B  Ductile
PaOE | 9-13 1 x 2078 7 51 23.5  69.0  Ductile
pa1e 9213 2x107’7 55 {4 22.0 70,1 Intergranular
PeYE  9-13 2x107 MO 20.7 645 Intergranular

(2) Materie)l code & (see Tadle 3.1).

{t) ®J-13° refers to air-sparped J-13 well water,
{c) Se~zitizez 2& h 2t 600°C.

(c) Kot dete—vwined,

(e) Eroke at g2ge mark,

.17



JABLE 5.7. Slow-Strain-Rate Test Results for 304L SS at 150°C

fo Sotution-Anneatsd Specimens

Stratn Reduction Yield Ultimats
. Rate, . of Ares, Elongation, Strength, Strength, Faliure
Number Environment  In,/in,~3 | 3 (11 ks) Mode
P379 Alr 1 x 10°° Y 54 28,4 70.1
P374 Alr 1 x 1074 8 54 28,6 69.6
P23’ 3™ g x0t - 54 25.8 88,4  Ductile
P233'® 413 tx 107! 78 52 27.1 68.2  Ductile
p233(® R 2 x 1077 69 s 28,4 67.7  Ductile
) 313 2 x 1077 73 45 26,7 68.2  Ductile
p318'S)  air 1 %1078 74 8 26,4 59.0  Duetife
p312¢  air 1 x 1078 7 52 25,9 69.4  Ductife
STV 2-13 1 x 1078 89 52 {9 - betite
P37 Alr 2 x 10”7 78 54 - < pietite
ti, Solutlon-Annssled and Sensitized Specimens

Strain Reduction Yield Ultimats

Rate, of Area, Elongation, Strength, Strength, Faliurse
Number Environment In,/in,-s 4 | 4 ksl ksl Mode
p243(®) Alr 1 x 107! 78 9 29.4 63,6  Ductlle
p239'®’ 3-13 1 x 1074 72 50 L -9 ouctine
p2s0'®’ =13 1 x 1074 75 52 29.6 69,1 Ductile
p241® 13 2x 107 76 49 26.6 68.8  Ductlle
p244‘®’ 4-13 2 x 10”7 70 48 27.2 68,8  Ductlle
STTAR Air 1 x 10°° 72 53 19.3 64.6  Ductile
p3g3it Alr 1% 10°° 69 50 20.4 63.9 Ductile
p3g7tt =13 1 x 1078 57 51 21,5 65.1  Ductile
psestt?  yo1n 1 x 1078 70 53 20.6 65.4  Ductlle
P38 Alr 2 x 1077 78 50 LY -9 puctite

(2) Specimens P233 through F244 are from heat A (materlal code 3, Table 3.1).
(b) Alr-spa-gad J-13 well water,

{c) Specimens P371 to P394 are from heat B (material code 4, Tadle 3,1),

(d) Not deterrinec becauseoof equlpment maltunction,

{e) Sensitizer 10 h 2t 600°C, alr cooled,

(f) Sensitizez 24 h at 600 C, air cooled,

rate of 5 x 1[)'6 in./in.-s (Figure 5.,10) but was entirely intergranular at a
strain rate of 1 x 10'6 in./in.-s (Figure 5.11).

No SCC was observed in 304L SS at 150°C (Table 5.7). The fracture mode
was ductile in each case. Examples of the fracture morphology are given in
Figure 5.12.

5.18



61°S

TABLE 5.8. Slow-Stpain-Rate Test Results for 308(2) and 316L(P) S5 at 95°C and a Stratn Rate of
1x 107"/s o
. 3048 | -
o : Reduction . Yield - Ultimate
Specimen “ - ‘Sensitization ~ ~ of Area, Elongation, Strength, Strength, Fallure
Number  Environment Heat Treatment. % % kst : ks Mode
151 Ar 1w at 700°C, Wof¢) &7 3 66.2 91.7  Ductile
152 Afr 1 wk at 700°C, WQ 56 33 70.8 91.5  Ductile
153 J-13(d) 1w at 700°C, WO 57 3 68,3 899  Ductile -
15 J-13 1wk at 700°C, WQ 62 38 " 69.0 90.4  Ductile
1. 316 SS
S , 4 Reduction : Yield Ultimate
Specimen Sensitization of Area, Elongation, Strength, Strength, Faflure
Number  Environment Heat Treatment % % ~_ks} ksi Mode
121 Air 1 day at 250°C, WQ 54 17 101.1  106.1  Ductile
122 J-13 1 day at 250°C, WQ 56 16 100.9° = 106.5  Ductile
123 J-13 1 day at 250°C, WQ 54 16 100.8 = 107.8  Ductile
128 913 1 day at 250°C, WQ 53 16 100.6 =~ 106.4  Ductile
125 Ae 1 day at 250°C, WQ 54 16 97.0 107.2  Ductile
132 9-13 1 wk at 250°C, WQ 47 12 109.5 114.5  Ductile
133 Air 1 wk at 250°C, WQ 51 13 111.6 117,0  Ductile
134 Afr 1 wk at 250°C, WQ a8 13 105.7 113.1  Ductile
135 J-13 1 wk at 250°C, WQ a7 13 106.2 Ductile

(a) Material code 5 (see Table 3.1).
(b) Material code 6 (see Table 3.1).

(c) Water quench,
(d) Air-sparged J-13 well water,

112,3

These specimens were not solution annealed.
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FIGWRE 5.12.

‘Fracture Surface of a Solut1onpnhnea1ed-and-5énsit1zed 304,SS Spe¢1men (P240)
Strained to Failure in 150°C J-13 Well Water at a Strain Rate of '
1 x1077/s. S i » ‘ P




Neither 304 SS nor J16L SS exhibited susceptidility to SCC at 95°C
(Tadble 5.8). The ductility of the 316 SS was considerably lower than that of
the other materfals tested; however, this is consistent with a greater amount
of cold work in the as-received material. Examples of the ductile fracture
morpholoqgy are given in Figure 5.13 (304 SS) and Figure 5.14 (316L SS). There
was no evidence that the heavy cold work in the material assisted in producing
a sensitized microstructure. '

5.4 SENSITIZATION STUDY

A study was done to correlate microstructural changes during sensftization
treatment with the results of SSR tests and nondestructive measures of sensiti-
2ation. This study consisted of metallographic and electron microscopic analy-
ses of the microstructure and electrochemical potentiokinetic reactivation
(EPR) measurement of the degree of sensitization.

The EPR test is a rapid, quantitative, and nondestructive measurement of
the degree of sensitization. It is based on the charge transfer between the
metal and electrolyte during reactivation from the passive state. In nonsensi-
tized material, the passive film remains intact for longer times during reacti-
vation and the anodic peak is suppressed. This allows an easy distinction
between sensitized and nonsensitized material., The result of this test, the
EPR number, is expressed in coulombs/cm2 of exposed surface. Values over 2 or
3 indicate a sensitized microstructure. The test is repeated three times for
each specimen. The second test is done on the same area as the first test; the
result is generally higher than that of the first test if the microstructure is
sensitized. The third test is done on a new area to confirm the result of the
first test.

The results of EPR tests of 304, 304L, and 316L SS specimens are given in
Tatle 5.9. It is clear that 304 SS was sensitized by heating to 600°C for 24 h
but that no sensitization was present after heating to 700°C for 168 h., This
is consistent with the results of the SSR tests, where reduced ductility and
intergranular fracture were observed in specimens heated to 600°C but not in
specimens heated to 700°C.
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TABLE 5.9. Results of tlééifbébémita1 Pbtent1okinetic Reactivation Tests

| R ASTM . | ,
Material Spectimen ~ Heat Grain Size . EPR Number

Code Mumber _Treatment No. 1 i 3
. . i . . ,

| I. 304 §S Mill-Annealed Specimens
5 P395 7 0.00 0.00 0,00

5 P396 | . 1 . 000 0.00 0,00
I1. 304 SS Solution-Annealed-and-Sensftized Specimens
5°  pa07  600°C/24 h 1 3894 4879 23,12
5 P409 600°C/24 k1 13,82 40.16 -
5 151 © 700°C/168h 6 0,00 0.00 0.39
5 153  700°C/168 h 6 0.00 0,00 0.00
| 111, 304L SS Solution-Annealed Specimens
3 e33 . .5 0.0 0.00 0,00
'3 p3& 5. 000 0,00 0.00
"1V, 304L SS Solution-Annealed-and-Sensitized Specimens
-3 p23g - 600°C/10 h 4 37.82 - 50.28 33,52
P24D - 600°C/10 h 4 25.35 42,11 21,92
4 - P38a - 600°C/24 h 4 142 0,00 0,69
V. 316L SS Solution-Annealed-and-Sensitized Specimens
6 121 250°C/24h 4 0.0 0.00 0.00
6 122 = 250°C/24 h 4 0.00 0.00 0.00
6 132 ~ 250°C/168 h 4 0.00 0,00 0,00
6 133~ 250°C/168 h & 0.00 0.00 0.00

(2) See Table 3.1.

‘The EPR tests indicate that 304L SS was sensitized after heating to 600°C
for 10 h, but that most of the sensitization was ‘gone after heating to 600°C
.for. 24 h. - This is consistent with the observations from meta1lo§rapﬁic and TEM
analyses that a continuous grain boundary precipitate was formed after 10 h but
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that the precipitate was not present after 24 h, Neither heat treatment
produced a reduction of ductility or a change in the nature of the fracture
surface tn SSR tests.

The 316L SS was not sensitized by heating to 250°C for 24 or 168 h. This
fact is demonstrated by the results of the EPR tests, SSR tests, fractography,
and metallography.

The results of metallography of 304 5S are given in Figures 5,15 to 5.17,
A mill-annealed specimen (Figure 5.15) was found to have carbide precipitates
dispersed throughout the microstructure. The grain boundaries were essentially
free of precipitates. The microstructure of a specimen sensitized for 24 h at
600°C is shown in Figure 5.16. Continuous precipitates were found at the grain
boundaries. A specimen sensitized at 700°C for 168 h was found to have large,
discontinuous grain boundary precipitates, as shown in Figure 5.17.

The microstructure of 304L SS was altered by sensitization at 600°C, as is
shown in Figures 5.18 and 5.19. The solution-annealed microstructure (Fig-
ure 5,18) had no grain boundary precipitation, but the sensitized microstruc-
ture had a continuous grain boundary precipitate (Figure 5.19).

The microstructure of the 316L SS (Figure 5.20) was typical of a cold-
worked material. There was no evidence of grain boundary precipitation during
the sensitization treatment of 168 h at 250°C, although large precipitates were
found throughout the microstructure.

Two specimens of 304 SS were studied using transmission electron micro-
scopy (TEM). One specimen was heated to 600°C for 24 h and had heavily
decorated grain boundaries, indicating a sensitized condition (Figure 5.21),
The other specimen was heated to 700°C for 168 h. This heat treatment produced
a microstructure with coarse, discontinuous precipitates along the grain
boundaries (Figure 5.22).

Three specimens of 304L SS were studied using TEM: a solution-annealed
specimen, a specimen heated to 600°C for 10 h, and a specimen heated to 600°C
for 24 h. Neither the solution-annealed specimen {Figure 5.23) nor the
specimen heated to 600°C for 24 h (Figure 5.24) showed any grain boundary pre-
cipitation, but the specimen heated to 600°C for 10 h had a continuous grain

5.28
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TEM Micro
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boundary precipitate (Figure,§;25).‘ No épranation for this anomalous behavior
has been found except that the specimens were fabricated from two different
heats of material, and perhaps some irregularity fn the processing of the steel
fncreased the sensitt;ggion kinetics of the specimehs that were heated to 600°C
for 10 h. B

Two specimens of 316L stainless steel were examined using TEM. Both
specimens were given a 250°C heat treatment; one for 24 h and one for 168 h.
Neither specimen had grain boundary precipitates (Figures 5.26 and 5.27),
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© 6.0 CONCLUSIONS

The following conclusions are based on the results of thé ifradiation-
corrqsion, boildown, and SSR testing: ‘ ‘

e Under gamma flux and stress conditfons that are dccelefated with
respect to the expected case for the repository, it was found that
solution heat treated 304L can exhibit transgranular stress corrosion
cracking. It is 1ikely that the cracking was chloride induced and

- accelerated by additional oxidizing power resulting from the gamma
flux. No cracking was found in this material without gamma flux.
Sensftized 304L exhibited stress corrosion craéking both with and
without gamma flux.

e Most of the failures observed in the gamma flux test occurred in the
vapor-phase region of the 90°C autoclave test. The test conditions
differ from the anticipated repository conditions because 1) the tem-
perature was not well controlled at the beginning of the 90°C test,
and boildown occurred; 2) the rock used in the test was surface out-
cropping, containing soluble salts; 3) the method of air-sparging
might have caused the transfer and concentration of chlorides on the
specimen surfaces; 4) the gamma radiation doses were higher than
expected; and 5) the applied stress was quite high.

e Type 304 stainless steel was more susceptible to stress corrosion
cracking than 304L in that cracking of solution heat treated Type 304
occurred over & broader temperature'rahge vhen exposed to gamma flux,
When gamma flux was not present, the sensitized 304 exhibited inter-
granular stress corrosion cracking while the sensitized 304L did not.

‘o The 304 SS was found to be susceptible to intergranular SCC in SSR
tests performed in 150°C J-13 well water after sensitization at 600°C
for 24 h. The SCC was found to be most severe when tests were done
at a strain rate of 2 x 10”7 in./in.-s, but cracking was also
observed at 1 x 1076 §n./in.-s. SCC was not detected at higher
strain rates,

6.1



® The susceptidbility of 304 $S to SCC fn SSR tests was correlated with
the formation of gratn boundary precipfitates, Cracking was inter-
granular in all cases.

® Neither 304L nor 316L SS was found to be susceptible to SCC §n SSR
tests using 2 J-13 well water test environment. The 304L SS was
tested at 150°C, and the 316L SS was tested at 95°C, The 304L mate-
rial was found to be sensftized after heating to 600°C for 10 h, but
the width of the chromium-depleted zone near the grain boundarfes was
probably too small to induce cracking fn these tests in a relatively
benign environment.
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