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1.0 INTRODUCTION

The Department of Energy's Nevada Nuclear Waste Storage lnvestigation
(NNWSI) Project is evaluating the suitability of the Topopah Spring Mevher of
the Paintbrush Tuff (Tpt) at Yucca Mountain, Nevada, as a repository site for
high-Tevel nuclear waste disposal. The target horizon is located at a depth of
350 to 400 m, approximately 200 to 400 m above the water table. 1n order for a
waste package to fylfill the long=term containment requirements imposed by the
Nuclear Requlatory Commission Regulation 10 CFR 60, it may be necessary for the
waste package containers tn resist failure by several different degradation
modes--such as general corrosion, pitting and crevice corrosion, stress-
corrosion cracking {SCC), hydrogen embrittlement, aging reactions, and mechani-
¢al overload--for up to 1000 years. It is estimated that the majority of the
packages in the tuff repository, and the rock within 1 m of the waste nackages,
would remain above the hoiling point for approximately 300 years (Glassley
1986). Thus, the containers will initially be exposed to irradiated weter
vapor and atmospheric gases at elevated temperature. Eventuaily, after the
containment period for most of the packages, the container temperature will
drop below the boiling point of water, thus allowing 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 eneray into heat, increasing the
temperature. The dissipation of the decay product kinetic emergy is referred
to as the power qutput 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 ot al. 1984).

1.1



Immediately after waste package empiacement, the temperature of the rock
and its associated 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 boiling point at horizon elevation in Yucca Mountain),
most of the liquid water in the rock will vaporize. The atmosphere in the pore
spaces and around the waste packades will then consist of a mixture of air and
steam, As the rock cools below 96°C, liquid water will slowly migrate back
into the rock pores, Resaturation of the rock around detense waste packages
may require hundreds of years; in the case of spent fuel packages, resaturation
may take thousands of years (0'Neal et af. 1984).

The composition of the pere water in the repository horizon is unknown,
Available evidence suggests that the pore water composition will be similar to
that obtairable 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 Iow in dissolved cativns and anions, including bicarbonate (2,34 m mo?/L)
and chloride (0,18 m moi/L). The pH of this water is nearly neutral {pH=6.9).

Vaporization of the pore water during the thermal perturbation of the
environment will resylt in the deposition of some salts in the pore spaces.
Wnen the waste package environment cools to temperatyres that will allow the
presence of liquid 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 a potential for water of 4 composition different from
that of J-13 to contact the container. Because the relative and absolute vol-
umes of salts that wil) be present in the waste package environment are small,
it is unlikely that high jonic 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 ta
understand the consequences of scenarios in which dilute solutions drip onto 2
hot container and evaporate, depositing salts in the process.

To determine the extent to whith such environmental conditiens could con-
tribute to failure of Type 304L stainless steel {SS) by SCC was the principal
motivation for the present study, performed at Pacific Northwest Laboratory
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(PNL).(a) Type 304L SS is expected to have excellent general corrosion resis-
tance in air and steam at temperatures in the range from 95 to 300°C and in
non-saline, near-neutral-pH waters below 95°C, Water from the J-13 well exhih-
its 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 ¢m
from a l-cm=thick canister wall. This estimate was hased on "high values" of
uniform corrosion and oxidation rates in water, steam, and air [LaQue and
Copson 1963) and on assumed linear pxide growth kinetics (McCright et al.
1983).

The conditions that limit the use of 304L S5 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 follaws:

1. Corrosion forms favored by a sensitized microstructure - Such a
microstructure an 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 intergranuylar cor-
rosion or intergranular stress-corrasion cracking (1G5CC) because of
the expected oxidizing nature of the agueous environment, should it
come in contact with the container surface.

2, Corrosion forms favored by concentration of the different chemical
species in J-13 water - The chloride-ion concentration is of para-
mount concern with regard to resistance of stainless steels to Jocal-
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

———ee e

(a) Operated for the U,S, Department of Energy (DOE) by Battelle Memorial
[nstitute,
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concentrated electrolytes--particularly in high-chloride solutions
{(McCright et al. 1983). A number of possible rencentrating mecha-
nisms may operate in a waste repository., Concentration of the crack-
ing species is considered the most sericus 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 304t SS is 3 suitable material
for a waste package container, or whether recourse will have to be made to
materials, such as 316 L SS or alloy 825, which are more resistant tg SCC and

tocalized corrosion.

Altheugh the testing of 308L 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 J04L SS material was being subjected. Lim-
ited tests on 316L SS material were also included as an adjunct to the slow-
strain-rate (SSR) tect matrix to determine the poteniial effect aof certain
sensitization neat treatments on its behavior.
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2,0 TECHNICAL APPROACH

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

2.1 IRRADIJATION-CORROSION TESTS

The surfaces of the waste packages in a repository Tocated in tuff in the
unsaturated zone are expected to be exposed ultimately to vadose water or ¢o
residues from the evaporation of vadose water, as modified by gamma jrradiation
from the waste form, As it s 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 80¢o-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 susceptibility 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 exce3s 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/h,

2.2 BOILDOWN TEST

A waste package empiaced in a tuff repository in the unsaturated zome is
expected to eventually cool to the poini 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 impingement of
water ontg hot package surfaces, resulting in distillation and deposition of
solutes,

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

The testing of 304 $S and 304L SS was emphasized in this study. The 304L
55 represented the current reference waste package container material; the 304
SS was primarily included as a "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-
merts 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 i 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 oxise surface film to expose unoxidized
material, which can provide active sites for environment/metal interactions.

An SSR test can indicate the susceptibility of metals to environmentally
enhanced cracking in three ways (Payer et al. 1976):

1. loss of ductiiity relative to an inert environment

2. ductility diminution at a particular strain rate relative to other
strain rates

3, fractographic evidence of brittle failure.
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3,0 MATERIALS
The materials used in the corrosion 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 stoeck, 6.35 mm (0,25 in.)
thick, of 304 and 304L S§ was obtained for fabrication of SSR test specimens.
In addition, SSR specimens of 316L SS were otiained directly from Lawrence
Livermpre National Laboratory (LLNL) for testing in PHL facilities. The
vendor~supplied chemical and mechanical certifications for thase materials are
presented in Table 3.1,

The U-bend and 3SR 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 mn (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 my (0.25 in.)/side and 25,4 mm (1 in.) Jong. Before testing,
the sides of the machined gauge regions of the SSR specimens were t-pered
slightly by sanding to effect a total width reduction in the center of the gage
region of 0.08 tp 0,12 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 coniains seluble
salts (Qversby 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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TABLE 3.1, Chemical Compositions and Mechanical Properties
of Stainless Steel Test Materials

I.

Chemical Compositions

Material Alloying Element, wit
Code Haterial C M 51 P $ Mo Wi L]
1 Wrought 304 0.017 1.70 0.57 0,019 0,018 0,19 B8.66 18.42 0,21 0.082
§5 shr
2 Wrought 304 0.063 1,35 0.45 0,026 0,018 0,10 9.37 18.33 0.19 0.025
$S sheet
3 Wrought 304L 0,024 1,68 0,42 0,031 0.012 -- 9,52 18.12 -- -
55 plate,
Heat A
4 Wrought 3041 0,020 1.81 6.5 0,034 0.004 -- 8,55 18.38 -- 0.08
S plate,
Heat B
5 Wrought 304 0.054 1.44 0,39 0.019 0,009 -- 8,20 18,07 -- 0.048
55 plate
6 Wrought 316L 0.020 1,58 ©.47 0,029 0010 2.08 10.68 17.30 0,27 0.065
S5 plate
II. Mechanical Properties (As Received)
Material Yield . Tensile
Code Material Strength, ksi  Strength, ksi  Elongatien, %
1 Wrought 304L SS sheet 40,5 84,2 53,0
2 Wrought 304 55 sheet 4.2 90.4 55.5
3 Wrought 304L SS plate, 42.5 81.1 58.5
Heat A
4 Hrought 304L SS plate, 44.2 86.3 58.5
Heat B
5 Wrought 304 S5 plate 47.3 89.4 57.3
6 Wrought 316L 5§ plate 48.4 84.6 52.0
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TABLE 3.2. Percentages of Major Constituents }n Topopah Springs
Tuff, Fe,03 Represents Total Iron 1)

fverage Three
Constituent Analyses, wt¥

§i0, 18,73
Al,04 12,17
Fegly 0,296
a0 0.474
Mg 0.123
Ti0, 0.101
Nayl 4.08
K50 3.28
Py0g 0.02
#n) 0,052

{a) Schuraytz 1985; Glassley 1986.

was abtained 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
comosition of the water lying near the ultimate tuff repository tocation, but
it is considered to be reasonably typical of the groundwaters in the region.

An indepencent PNL analysis of the J-13 well water obtained for use in the cor-
rosfon studies was in substantial agreement with the results of Oversby {1988),
as is shown in Table 3.3.
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TABLE 3.3,

Composition of Water from Well J-13, Jackass Flats,
Nevada Test Site

Constituent Loncentration, mg/L(a) Concentration,;mg/L(b)
Na 43,6 46,0
K 5.14 6.5
Mg 1,92 2,1
Ca 12.5 12.9
B 0.122 0.13
Fe 0,006 -
Al 0,012 --
$i 27,0 62
Fr 2.2 2.0
e 6.5 7.7
HCO3 134 122
503 17,5 18,3
NQ7 -—- 1.4
NO3 8.5 7.6

pH = 7,6 pH = 7.1

{(a) As determined by Overshy {1984).
{b) As determined by PNL analysis. (Average of analyses from
three barrels of J-13 well water.)
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4.0 EXPERIMENTAL PROCEDURES

The experimental work utilized an irradiated autoclave test facility for
the irradiateu-environment testing of SCC susceptibility; a nonirradiated
autaclave for testing of SCC susceptibility under cyclic boil-to-dryness (boil-
down) conditions; and a 3SR facility for determining susceptibility of the
materials to environmentally enbanced crack propagation under dynamic strain
conditions. Each facility and the associated operating procedure are
described,

4,1 [RRADIATION-CORROSION TESTS

The irradiation-corrosion tests were performed in two Alloy 600 autoclaves
placed in a 60Co irradiation faciiity. The auteclaves were operated at 50°C
and 90°C and at (maximm) irradiation intensities of § x 10° and 3 x 10° rad/h,
respectively. Each autoclave was divided into three zomes: water and crushed
tuff rock (bottom); crushed rock and air/vapor (middle); and air/vapor only
(top). Each zone contained duplicate U-bend specimens of 304 and 304L 55--made
from 102-nm x 12.7-mm x 1.5-mm {4-in, x 0.5-in, x 0.060-in,) strips--in both
the sclution-annealed (15 min at 1050°C) and sulution-annealed-and-sensitized
(24 h at 600°C) conditions. The U-bend specimens were monnted horizontally on
an atumina rod with alumina spacers.

Ta 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 wel) water) was added 40 the autoclave
in sufficient gquantity to cover the bottom third of the specimens. A temparaty
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 & thermocouple in each of the three distinct environment zones, When the
temperature profile was uniform throughout the auteclave, the plastic “"signht

4,1



tube" was replaced with 3.2-mm (0,125-in.) Alloy 600 feed 1ine tubing, and the
autoclave was inserted inte the access tube of the irradiation facility for
test startup. The autoclaves were operated at atmospheric pressure. During
the exposure period, each autoclave was sparged daily via the inlet line with
~280 mL of air to ensure the presence of atmospheric gases within the auto-
clave, For the first 3 months of testing, the auraclave outlet Tines were
submerged in a water trap. It was noted, however, that water Suck-back would
occur in the 90°C test, so the use of water traps was abandoned at that time,
The anly barrier remaining hetween the autoclaves and tha atmosghere was ~3 m
(~30 ft) of 3.2-mm (0.125-in.) tubing,

Problems pccurred in the first few days of the 90°C test, due to dif-
ficulties in attaining a uniform temperature distribution. The autoclave
hoiled to dryness and the temperature in the autoclave increased to a maximum
of ~120°C for a short time {less than 2 hours). Because this temperature is
not high enaugh to cause metallurgical changes in stainless steel, groundwater
was added and the test was continued. The increased concentratian of soluble
elements resulting from the evaporation of grouncwater would be expected to
cause the test to be more conservative, i.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 a11 cases, the Topopah Spring tuff rock was used in a nominally 6-mm
{1/4-in,} major-dimension particle size. The fines resulting from the crushing
operation were not discarded, but wera included with the larger particles in
the autoclave tests. The rock was replaced in each test autoclave (aleng with
the groundwater) after specimen examinations at I, 3, 5, 7, and 10 months,
Rfter the 10-month examination, the rock was not replaced but was rzused for
the duration of the test. The water, however, was replaced after each specimen
examination thereafier, but no water was added during autoclave operation. The
water Jost to evaporation between specimen examinations was not measured, hut
was estimated at less than 10% of the total water volume. Typically, a water
analysis was made and the U-hend specimen holts 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 fn the specimens, which would otherwise be reduced by
time-dependent deformation mechanisms.

The irradiation intensity varied somewhat with position withia the auto~
clave because of the length of the autoclave (56 cm or 22 in.) compared with
the length of a typical 6060 source {~13 cm or ~5 in.). Also, during the 23-
to 25-month test durations, the 6DCo irradiation intensity decreased as a
natural consequence of radioactive decay. The approximate irradiation inten-
sity as a function of position within each autociave at the beginning and end
of the test is given in Table 4.1. The data given in Table 4,1 were determined
using 2 calibrated ion chamber and thermoluminescent dosimeters. Autoclave
attenuation was taken into account.

The irradiation intensities emplayed in 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 perfarmed 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/hj(2)

50°C Test 90°C Test
Position Jest Start  Test End Test Start Tost End
Top of autoclave 0.82 x 10° 0,60 x 10° 0,60 x 10°  0.45 x 10°
Vapor region 1L7x10% 1.2x10°  1.2x10% 0.8 x 109

Vapor/rack region 1.5x10°  2.6x10°  21x10° 1.6x10°
Water/rock region 5.4 x 100 4.0x 0% 2.8x10° 2.1« 109
Bottom of autoclave 4.2 x 10°  3.1x 10°  2.5x 10° 1.9 x 10°

(a) The accuracy is estimated at t10%.
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4,2 BOLLDOWN TEST

A groundwater boildown test was wsed to simulate the poscible wetting of
the emplaced waste package with subsequent evaporation of some (or all) of the
inpinging groundwater and deposition of solute residues, Such residues could
contain chemical species, such as chlorides, that could promote SCC of the con-
tainer. The boildown test used an autoclave filled with crushed tuff rock and
J-13 well water, with an assemblage of stressed (U-bend) specimens of 304 and
304L SS of various thermal historjes embedded in the rock/water matrix.

The autoclave was normally operated at 200°C and 1000 psig. Once every 7 days
the back pressure on the autoclave was reduced to a value <226 psi and the
water was allowed to boil off. After 24 h of “dry" operation, the autoclave
was refilled with fresh, air-sparged J-13 well water. Between boildawns, just
enough air-sparged water was pumped into the autoclave to ensyre that it
remained full,

On startup, the tuff rock/specimen array filled the 3.8-L avtoclave o
within 3.2 cm {1.3 in.) of the top. After the rock and U-bend specimens were
in place in the autoctave, 2,23 L of air-saturated d-13 well water was added to
fill the autoclave to the top. The autoclave was then sealed, and the test was
begun, At each programmed specimen examination, *he water in the autoclave at
the time of cooldown was reserved and replaced in the awtoclave 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

[n SR testing, specimens were strained to failure at a fixed rate while
immersed in test eavironments chosen to simulate sets of repository conditiens,
The test specimen was enclosed in a heated pressure vessel (autoclave) fitted
with a siiding seal for the pul) rod. Air-sparged J-13 well water was pumped
at a slow rate (~35 wl/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 a
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pressure-control valve, and out to drain on a once-through basis during the
test. The specimea load and strain were continuously monitored. Strain rates
of 107 in./in.-5 and 2 x 10”7 in./in.-s were routinely employed in the present
study. The 3SR system has been described elsewhere (Westerman ot al. 1987),
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5.0 RESULTS AND DISCUSSION

The resuits obtained in the irradiation-corrosion tests, the boildown
test, and the SSR tests are presented and discussed in this section,

5,1 [RRAOIATION-CORROSION TESTS

At each programmed Specimen examination, those specimens showing obvious
cracks were rembved from the test, while those not showing obvious cracks were
replaced in the test autoclav-s in their original positions. The 50°C test was
concluded after 2% months; the 90°C test, after 23 momths. In general, speci-
mens exposed in the rock/vapor and vapor-anly regions of the autoclaves showed
the most surface corrosion, primarily consisting of patches of red-brown corro-
sion product. No signs of significant pitting attack were abserved on any of
the specimens, Speciwens exposed in the water/rock regions of the test auto-
claves maintained surfaces free of significant corresion. The appearance of a
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 mumber of operational problems during its first month
of operatian. The test autoclave was removed from the irradiated access tube
and dismantled four times because of lire plugging, i.e., because refreshment
air could not be forced into the system, or because of aberrant temperature
profile conditions. Each time the autoclave was removed, it was found to be
dry, apparently because of maderate overheating accompanied by boiling. The
problem was solved by adjusting the position of the control thermocoupie, i.e.,
locating it more closely to the inside wall of the autaclave., The test
operated as intended thereafter.

The U-bend failure data are summarized in Table 5.1, Of the 15 tatal
failures observed, 10 pccurred in tha 90°C test; of these, six were found 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~anly region. Of the four 304L SS faii-
ures and the elaven 304 55 failures, only one specimen of each material was in
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,r 3x10° rad/hr (max.
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Appearance of Specimens at Conclusion of Irradiation-Corrosion
Tests, Test duration: 25 months, 50°C test; 23 months, 0°C
test. Only a representative sample of the test specimens is
shown,

5.2



£°¢g

TABLE 5.1.

Material .
Envirgnment Codefai Materiallib)

Vapor only 304 SS SA
304L 55 SAS
304 SS SA
304 SS SAS
304L SS SA
734L SS SAS
304 S5 SA
304 SS SAS

3041 55 SA
304L SS SAS
304 SS SA
304 SS sas
304L S5S SA
304L $S SAS
304 S§ SA
304 SS SAS

3n4L S5 SA
304L SS SAS
304 SS SA
304 SS SAS
304L SS SA
304L SS SAS
304 SS SA
304 S5 SAS

Rock /vapor

Rock /grounmater

I T I e L el L L T R ey N ]

{a) See Table 3.1.
SA

fb) SAS
{c) ]

nuan

ductite, TG = transgranular, IG

Summary of U-Bens Test Data under lrradiation-Corrosion Conditions

solution annealed (1050°C for 15 min, air cooled).
solution annealed and sensitized {60D°C for 24 h).
intergranular.

50°C Test, 902C Test,
5 x 1807 radsh {max.} 3 x 107 rad/h _(max.)
Failure Fatl ri ~Failure Fai1ufe
Specimen Time, mo itode‘"™ Specimen Time, mo Mode'C)

£419 P420

P431 pa3z 10 16
Pas3 paaa

P455 1 1G P456 5 1G
P421 paz2 23 146
P433 P434 14 TG/1G
P44s5 PAAG 23 16
Pas7 3 16 P458 3 16
Pa23 p424a

?435 P436 19 16
P447 P148

P4an9 7 1G PA60 3 16
7425 p426

P437 P438

P449 P450

P461 25 16 pas2

P427 pazg

P439 P440

P451 P452

P463 24 IG Pd64 1 iGg
Pa29 P430

P44l P342

P45 P454

P465 P466 1 16



ihe solution-annealed condition; all the rest of the failed spacimens had been
given an additional sensitization heat treatment.

Typically, fai'ed specimens of sensitized 304 SS 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 in the water/rock regfon of the 90°C autocTave,

Four failures were observed in the 304L SS specimens (P432, P422, P434,
PA36). Of special interest was the failure in the specimen having no sensiti-
zation heat treatment (P422), as this material was considered to represent the
candidate container material in its most corrosion=resistant condition. The
single 304 SS "SA" specimen evidencing failure (P4do) is 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.q., chloride, Several
of the solutions showing high ion 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 5 reflected in the lower ion streagths 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
chleride concentrations in the individuai lots of rock.

The follawing 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
P4d6 (304 SS)  Solution annealed only 23
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FIGURE 5,2,

Neg. 4U1 BOH\

Intergranular Cracking of Sensitized 304 SS Specimens After 1-Month
Exposures in {a) the 50°C Test, Vapor-Only Region (Specimen P455); and
(b) the 90°C Test, Rock/Water Region (Specimen P464)



TABLE 5,2. Water Analyses from Irradiation-Corrosion Tests
1. 50°% Test
Conduc -
Time, tivity, Concentration, mg/L
mo pH o F T W, W0, Kl 8, Ca N S W
377 180 22 515 82 190 100 42 110 25 --(2)
5 7,3 5400 7.0 420 570 670 210 970 S30 590 47 4.7
717 6800 7.2 470 §80 770 180 1130 560 660 40 11
10 7.7 250 2.5 119 106 201 182 802 278 218 37 2.0
6 7.8 192 --b) 110 24 189 100 510 140 206 26 0.4
4 81 280 -0V 3 3 323 3.3 806 210 275 37 0,03
% 8.1 100 -0 25 -.(¢) 125 6.3 219 98 97 28 0.01
1. 90°C Test
Conduc-
Time, tivity, Concentration, mg/L
m_ pH pmho _F " CT "N, W0, HCO; 30, Ca Na Si Wd3
19,2 1240 1,5 180 2 1 26 300 23 250 66 --(2)
5 82 1085 06 14 11 23 6 88 4 27 28 1.4
7 8,0 8450 12 600 1700 110 230 1400 820 950 58 0.3
0 83 123 02 03 3 W % 8 2 32 -
4 89 15 02 06 3 7 B 12 U T 3 <.l
23 9.0 601 - 2 a3 ) a7 138 18 101 28 0.04
(a) No analysis was performed.

Not detected; <0,1 mg/L,

ot detected; <1 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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FIGURE 5.3. Transgranular Cracking of Solution-Annealed-and-Sensitized 304L 55
{Specimen P434). The specimen was exposed for 14 months to the
vapor-only region of the 90°C autoclave test system.



made a similar observation on 304L steel that had been sensitized at 600°C for
100 hours. They attributed the surface carbon to "unavoidable contamination
from lubricants during mill operations,” and noted that such contamination
might enhance the susceptibility of the material to sensitization and SCC.

Specimens PA22 and P446 were extensively cracked in the region covered
with heavy corrosion produycts, as is shown in Figure 5.4, Micrographs of the
cracked regions of specimens P422 and P446 are presented in Fiqures 5.5 and
5.8, Both specimens exhibited extensive cracking; only representative regions
are shown in the figures. Both specimens cracked in a transgranular fashion,
with no evidence of intergranular fajlure, This cracking failure mode is
consistent with the nonsensitized microstructures of the two specimens. These
resuils 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 nonsensitfzed 304L SS,
it is predominantly transgranular, however,

FIGURE 5.4, Specimens of 304L (Specimen P422) and 308 (Specimen P446) $S
After 23-Honth Exposure in the 90°C Irradiation-Corrosion Test.
Bath specimens are extensively cracked in the regions covered
with corrosion product.
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FIGURE 5.5.

Transgranular Fracture Mode of Solution-Anpealed 304L SS U-Bend {Specimen

P422) After 23 Months in the Vapor-Only Region of the 90°C, 3 x 10° rad/h
Test Autoclave
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An effort was made to determine the reasons for the transgranvlar crack-
ing. Concentration of chloride residues on the surfaces of the specimens dur-
ing the autocldve 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 can-
sidered to be a likely factor. Accordingly, one unfailed specimen was selected
from each of the three environmenta) regions 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 photaelectrons 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
thlorides building up on the surfaces of the U-bend specimens. The Fe and Ni
are mpst 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 baildown test. AT}
of the material was given a sensitization heat treatment after a soiution
anneal, The sensitization heat treatments are listed in Table 5.4,

Nine of the ten 304 S5 specimens had fajled at the time of the first
specimen examination, which took place after 3 months of exposure and
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TABLE 5.3. Composition of Surface Layers on U-Bend Specimens

Relative Elemental Concentrations, at.%

Specimen O_ € Ca Ha F Fe Wi 351 [\ 3 N ¢ _cTr
PA30 56 14 7.5 3.4 1.2 0.4 0.4 10 3.6 2.1 0.9 N.D.(3) NoD. N.D.
P62 49 25 3,7 5.5 N.O. 2.4 0.6 7T.r 1.9 2.8 (0.7){b} w.p. N.D. 1.6
PA44 47 25 0.7 9.1 1.1 0.9 (0.3) 12 0.4 1.3 1.0 1.0 0.6 N.D.
PAG5 52 24 1,3 2.6 N.D. 1.5 0.8 14  N.D, 1.8 0.7 N.D. N.D. 0.9
PA35 53 21 5.3 0.6 N.D. 0.8 G.4 14  N.D. 1.5 1.2 N.D. N.D. 0.9
PA19 46 34 1,7 1.3 N.D. 1.8 (0.3) 2.6 4.6 2.9 N.D. 3.4 N.D. 1.3

(a) "N.D." indicates that that element was nat detected.
{b) An entry in parentheses indicates that although a peak was found at the correct energy
for that element, the peak magnitude was nat significantly above the noise level.



TABLE 6,4, Sensitization Heat Treatments for Boildown Test

Mate{ii1 Stainless Number of
Code'® Steel Sensitization Heat Treatment  Specimens
1 304 24 h at 600°C, air cool 10
2 IpaL 24 n at 550°C, air cool 10
2 304L 24t at 700°C, water quench 10
2 304L 8 h at 700°C, water quench 10

e e e —

(a) See Table 3.1,

15 boildowns, None of the 304L S5 specimens showed any sign of cracking at
this time, and only a light tarnish film was noted on the specimens. The auto-
clave underwert an unpianned temperature excursion just before the 6-month spe-
cimen eramination; 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
vbserved in any of the 304L S5 specimens. Metallographic investigations were
conducted on 308L $5 specimens having widely different sensitization heat
treatments, i.e., 550°C and 700°C for 28 h, Typical microstructures of these
specimens are shown in Figure 5.8,

Water anzlyses from the autaciave were taken under both cold and hot
conditions, The results are presented in Table 5.5.

The reason Tor the lack of concentration of F and C1 af.er 50 boildowns
relative to their concentrations in J-13 well water is not known. While some
concentration accurred, 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
entrafament in the vapor phase, or solubility of the species in the boildown
vapors and subsequent 10ss from the system are all possibilities.



FIGURE 5.7, Intergranular Cracking Failure of Solution-Annealed-and-Sensitized
304 55 U-Bend After l-Year Exposure in 200°C Boildown Test
(specimen §330)

Although the boildown test was a severe test for the sensitized 304 S5, it
did not prove to be overly severe for the 308L SS, even with the various sen-
sitization heat treatments and the presence of chloride ion and oxygen in the
test system. Chemical species capable of promoting intergranular SCC of the
sensitized 304 S$ were obviously present in the system, but the environment was
not sufficisntly aggressive to promote inter- or transgranular cracking of the
3D4L SS during the l-year duration of the test. In this regard, the system
environment was more benign than that in the 90°C irradiation-corrosion test,
which promoted cracking of the 304L SS in spite of the generally lower test
temperature,
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FIGURE 5.8.

o o

G

A

Solution-Annealed-and-Sensitized 304L SS After l-Year Exposure in 200°C Boildown
Test. No cracking was observed in any 304L SS specimen in this test. The
specimen on the left (R085) received a 24-h at 700°C sensitization heat treatment;
the specimen on the right {(R053) received a 24-h at 550°C sensitization heat
treatment,



TABLE 5,5. Water Analvses from Boildown Test

Concentration, mg/L

Twpe of Samle. T O W My SO AG G KR S
Cold, at 4 mo 9,4 48 1.7 38 3P0 160 33 3 269 65

Hot, at 4-1/2mo 114 44 -~ 36 310 85 13 Il 306 315
Cold, at 12 mo 19,0 9 - 38 123 64 7.8 1,6 25 120

5.3 SLOW-STRAIN-RATE TESTS

SSR tests were pericrmed on 304, 304L, and 316L SS that had undergone a
variety of heat treatments, The tests were performed over a wide range of
strain rates and environmental conditions. The 304 5S was tasted in the miii-
annaaled and in the solution-annealed-and-sensitized (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, air csol), The 316L S was solution annealed at 10G0°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 repasitory. Semsitizatien
of the material was not anticipated. Tha test data obtained to date are summa-
rized in Tables 5.6 through 5.8,

1t is clear from Table 5.6 that solution-annealed 304 $S 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 reiative to air) and strain rate. The fracture mode was entirely
ductile, as shown in Figure 5.9,

Sensitized 304 85 (Table 5.6) was found to be susceptible to intergranular
SCC in 150°C J-13 groundwater at strain rates of 2 x 1077 in./in.~s and
14 107 in,/in.-S; hawever, no SCC was observed at steain rates of 5 x 107
infine-s or 1 x 10 in.fin.=s. The ductility was diminished under the
SCC-susceptible conditions, and the fracture mode changed from microvoid coale-
scence £o intergranular fracture. Etxamples of che fracture morphology a1e
given in Figures 5,10 and 5,11, The fracture was entirely ductile at a strain
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TABLE 5.6,

Slow-Strain-Rate Test Result: for 304 Ss(a) at 150°C

I. Mill-Annealed Specimens

Strain Reduction Yeld  Ultipate

Rate, of Area, CElongation, Strength, Strength, failure
Number  Environment in./in.-s 1 ] ksl ksi Hode
PRO5  Afr 1x 1074 80 4 74 144 Buctile
P406  Air 2x 1077 7% 45 %9 766 Ductiie
P403 Mr s x 108 It 4 6.6 75.7 Ductile
PAOD  Air 5 x 1070 e a5 u,0 4.7 Ductile
P95 0-13(0) 5 1076 1 5 %8 76,1 Ductile
PI6  J-13 5 x 1078 68 47 #5752 Ductite
P3g7 213 1x 107 7 a %1 753 Ductile
P40 J-13 1 x4 80 % %, .9 Ductile
P40 -1 2 ¢ 107 7 50 33,5 7.8 Ductile
pa0z  J-13 2% 1077 7 & Bl 77,0 Ductile

11, Solution-Annealed and Sensitized'S) Specimens

Strain  Reductfon Yield  Utimate

Rate, of Area, Elongation, Strength, Strength, Failure
Number  Environment 1in./in.-s % % ksi - ksi Mode
PAI3  Mr 1x 107 72 52 2.9 680  Ductile
Pals  Air 110" 67 52 6.0 6.8 Ductile
PID  Air 5 x 1076 73 50 224 68.5  Ductile
PO Air 5 x 1078 67 50 8.5 9.9  Ductile
Mlz 13 5 x 1070 7 51 20,2 693 Ductile
PA11 J-13 5 x 1076 7 49 A7 68.6  Dductile
P10 J-13 1x 1070 58 3 9.8 65.5 Intergranular
pAD7 J-13 1x 1074 7% 54 23,5  68.8 Ductile
PR J-13 1x 107 75 51 2.5 69,0 Ductile
pald g3 2x 1077 51 () 2.0 1.1 Intergranular
PAIS  del3 2x 1077 2% (e) 20.7 6.5  Intergranylar

Material code 5 (see Table 3.1).
"J-13" refers to atr-sparged J-13 well water.

Not determined.

(a)
(b}
(c) Sensitized 24 n at 600°C,
(d)
(e)

Broke at gage mark.



TABLE 5,7, Slow-Strain-Rate Test Results for 304L SS at 150°C

te Solution-Annealsd Specimens

Strain Reduction Yield Ultimate

Rate, ot Aren, Elongation,  Strength, Strength, Faiture
Number  Environment In,/In,-5 £ [ ksl ksi Mode
P37y Alr 1 x 107 81 54 28,4 70.1
P374 alr 1x 107! 0 54 8.6 9.6
Peu®  es® g 81 5 25,8 68,4 Ductile
P35 s 1x 107t ® 52 2.1 68,2  Ductlle
passt® s 2% 107 &9 s 8.8 67  Ductile
Pt ye1s 2% 1077 7 16 2.7 68,2  Ductile
ret® i 1x 1078 ) a8 26,4 69,6  Ductlle
P37z e 1 x 1078 79 52 25,9 694 Ductile
Pg2'? s 1x 108 6 52 oAl - puctire
P31 n a0 54 o = perige

11, Sofutlon-Annealed end Sensitized Specimens

Straln Reductlon Yield Ultimate

Rate, of Area,  Elongation, Streagth, Strength, Fallure
Number  Environment  1n,/ln,=s H g ksl ks | ¥ode
23 i T 7 4 29.4 68,6  Ductlile
P29 et TR 2 50 L < petite
r2ept® s 1xo 1074 75 52 5.6 59.1  Ductile
P2 s 2% 107 76 49 26,6 68.8  Ductife
Y TTLLL 2% 107 70 ® 7.2 6.8  Dustlie
L LT 1x 10 72 53 19,3 64,6  Ductile
AT 1 x 107 69 50 20.4 63.9  Ductile
p3er® g3 1x 107 57 51 21,8 659  Ductile
psast)  gai3 1 x 108 70 53 20,6 654 Ductiie
P389 Ar 2% 107 7 50 0 L huctie

ta) Specimans P233 through F244 are trom heat A (meterial codw 3, Table 3,7),
(d)  Alr-sparged J~13 well watar,

fc)  Specimens P37% Yo P393 are trom heat B (mate 12l code 4, Table 3.1),

{d) Mot determined becausaoof equipment malfunction,

{a} Sansitized i0 h 2t 60000. alr cooled,

(¢} Sensitized 24 h at 600°C, alr cooled,

rate of 5 x 1070 in.fin.-s (Figure 5,10) but was entirely intergranule. at a
strain rate of 1 x 1078 fn./in.-s {Figure 5.11).

No SCC was observed in 304L S5 at 1%9°C (Table 5.7). The fracture mode
was ductile in each case, Examples of the fracture morphalogy are given in
Figure 5,12,
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TABLE 5.8.

Slow-Strain-Rate Test Results for 30473) ang 316L(P) sS at 95°C and a Strain Rate of

1 x 107°/s
I. 304 SS
Reduction Yield Uitimate

Specimen Sensitization of Area, Elongation, Strength, Strength, Failure
Number Environment Heat Treatment % % ksi ksi Mode
151 Air 1 wk at 700°C, wolt) 57 34 66.2 91.7 Ductile
152 Air 1 wk at 700°C, WQ 56 33 70.8 91.5 Ductile
153 3-13(d) 1 wk at 700°C, WQ 57 35 68.3 89.9 Ductile
154 J-13 1 wk at 700°C, WQ 62 34 69.0 90.4 Ductile

I11. 316L ss
Reduction Yield Ultimate

Specimen Sensitization of Area, Elongation, Strength, Strength, Failure

Number Environment Heat Treatment % % ks kst 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 Buctile
123 J-~13 1 day at 250°C, WQ 54 16 100.8 107.8 Ductile
124 J-13 1 day at 250°C, WQ 53 16 100.6 106.4 Ductile
125 Air 1 day at 250°C, WQ 54 16 97.0 107.2 Ductile
132 J-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
138 Air 1 wk at 250°C, WQ ag 13 105.7 113.1 Ductile
135 J-13 1 wk at 250°C, WQ 47 13 106.2 112.3 Ductile

(a) Material code 5 (see Table 3.1)}. These specimens were not solution annealed,

(b) Matertial code 6 (see Table 3.1).

(c) Water quench,

{d) Air-sparged J-13 well water.



02°¢

FIGURE 5.9.

Fracture Surface of Solution-Annealed 304 SS Specime
in 150°C J-13 Well Water at a Stratn Rate of § x 107

8

{P395) Strained to Failure
s



[e®s

FIGURE 5.10,

Fracture Surface of Solution-Annealed-and-Sensitized 304 5SS Specimen (P4l1)
Straineg to Fatlure in 150°C J-13 Well Water at a Strain Rate of
=07

5 x 10 s



FIGURE 6,11, Fracture Surface of solution-Annealed-and-Sensitized
304 S5 Specimen {P410) Strained to Failure jn 150°C
J-13 Well Water at a Strain Rate of 1 x 107°/s
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Keither 304 SS nor 316L SS exhibited susceptibility to SCC at 95°C
{Table 5.8), The ductility of the 316 SS was considerably lower than that of
the other materials tested; however, this is consistent with a greater amount
of cold work in the as-received siaterial, Examples of the ductile fracture
morphology are given in Figure 5.13 (304 SS) and Figure 5.14 (316L 55). 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 sensitization
treatment with the results of SSR tests and nondestructive measures of sensiti-
zation, This study consisted of metalloegraphic 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, 1n 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, 15 expressed in cou]ombs/cm2 of exposed syrface. 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 ic 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
Table 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
s concistent with the results of the SSR tests, where reduced ductifity and
intergranular fracture were observed in specimens heated to 600°C but not in
specimens heated to 700°C,
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FIGURE 5.13,
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Fracture Surface of a Solution-Annealed-and-Sensitized (168 h at 700°C) 304

SS Specimen (15
Rate of 1 x 107

3

) Strained to Failure in 95°C J=13 Well Water at a Strain
/s
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TABLE 5.9.

Results of Electrochemical Potentiokinetic Reactivation Tests

ASTH
Material  Specimen Heat Grain Size EPR Number
Code Number Treatment No. 1 2 kN
1. 304 SS Mill-Annealed Specimens
5 1) 7 0.00 0.00 0,00
5 P396 [ 0.00 0,00 0,00
11, 304 $S Solution-Annealed-and-Sensitized Specimens
5 P&07 £00°C/24 h 1 38.94 4,79 23,12
5 P409 600°C/24 h 1 13,82 40.16 -
5 151 700°C/168 h b 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 P233 5 0.00 0,00 0,00
3 P23 5 0,00 0,00 0,00
1V, 3041 §S Solution-Annealed-and-Sensitized Specimens
3 P239 600°C/10 h 4 37.82 50.28 33,52
3 P240 600°C/10 h 4 25,35 42,11 21,92
4 P3g4 600°C/24 h 4 1,42 Q.00 0.69
¥, 316L 55 Solution-Annealed-and-Sensitized Specimens
6 121 250°C/24 p 4 0.00 0,00 0,00
b 122 250°C/24 h 4 0.00 0,00 0,00
$ 132 250°C /168 4 0,00 @G0 0,00
6 133 250°C/168 h 4 0,00 0.00 0,00

{a) 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 60D°C

far 24 h,

This is consistent with the observations from metallographic 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. MNeither heat treatment
produted 2 reductfon of ductility or a change fn the nature of the fracture
surface in SSR tests,

The 316L S5 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, frartography,
and metallegraphy,

The results of metallography of 304 SS are given in Figures 5.15 to 5.17,
A mill-annealed specimen (Figuee 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 S5 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 S5 (Figure 5.20) was typical of & 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 throughaut the microstructure.

Two specimens of 304 S5 were studied using transmission electron micro-
scopy (TEM), One spectmen was heated to 600°C for 24 b 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 preduced
a mitrostructure 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. Nefther 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
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pecimen (P409) Sensitized

Microstructure of Solution-Annealed 304 5§ §

at 600°C for 24 h

FIGURE 5.16.
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5.32

Microstructure of Solution-Annealed 304L SS Specimen (P384)

FIGURE 5.18.



~Anneated 304L SS Specimen (240) Sensitized

Microstructure of Solution

at 600°C for 10 h

FIGURE 5.19.






FIGURE 5.21. TEM Micrograph of 304 SS Specimen (P407) Solution-Annealed
and Sensitized at 600°C for 24 h

5,35



FIGURE 5,22, TEM Wicrograph of 304 SS Specimen (153) Heated to 700°C for 168 h



FIGUPE 5,23, TEM Micrograph of Solution-Annealed 304L SS Specimen (#233),
Showing Clean Grain Boundaries at Triple Point
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boundary precipitate {Figure 5.25). No explamation for this anomalous behavior
has been found except that the specimens were fabricated from two different
heats of material, and perhaps some irregularity in the processing of the steel
increased the sensitization kinetics of the Specimens that were heated to 600°C
for 10 h.

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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FIGURE 5,25, TEM Micrograph of 3040 S5 Specimen (P239) Solution-innealed
and Hpated ta 60077 for 1 n, Snawing Pracipitate
Formation at the Grain Jouncary



FIGURE 5,26, TEM Micrograph of 316L SS Specimen {122) Heateo to 259°C for
4 k, Showing Clean Grain Bnundaries and Triple Point



FIGURE 5,27, TEM Micrograph of 316L SS Specimen [133) Heated to 280°C for
16 h, Showing Clean Grain Boundaries and Triple Point
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6.0 CONCLUSIONS

The following conclusions are based on the results of the irradiation-

corrosion, boildown, and SSR testing:

Under gamma flux and stress conditions that are accelerated 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 likely that the cracking was chleride induced and
accelerated by additional oxidizing power resulting from the gamma
flux. No cracking was found in this material without gamma flux.
Sensitized 304L exhibited stress corrgsion cracking both with ard
without gamma flux.

Most of the failures observed in the ganma 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,

Type 30¢ stainless steel was more susceptible to stress corrision

cracking than 304L in that cracking of solution heat treated Type 304
occurred over a broader temperature range when 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.

The 304 SS was found to be susceptible to intergranylar SCC in SSR
tests performed in 150°C J-13 well water after sensitization at 600°C
for 24 h, The $CC was found to be most severe when tests were done
at a strain rate of 2 x 1077 in./in.-s, but cracking was also
observed at 1 x 1076 in/Tn.-s, SCC was not detected at higher
strain rates.
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* The susceptibility of 304 55 to SCC in S5R tests was correlated with
the formation of grain boundary precipitates, Cracking was inter-
granular in all cases,

» Neither 304L nor J16L SS was found to be susceptible to SCC in SSR
tests using a J-13 well water test environment. The 304L S5 was
tested at 150°C, and the 316L S5 was tested at 95°C, The 304L mate-
rial was found to be sensitized after heating to 600°C for 10 h, but
the width of the chromium-depleted zone near the grain boundaries was
probably too small to induce cracking in these tests irn a relatively
benign environment,
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