I
*\

..
.

.

MOL.20051025.0086

SCC INITIATION AND GROWTH RATE STUDIES ON TITANIUM GRADE 7 AND
BASE METAL, WELDED AND AGED ALLOY 22 IN CONCENTRATED GROUNDWATER
P.L. Andresen, G.M. Catlin, P.W. Emigh
GE Global Research
One Research Circle K1-3A39
Schenectady, NY 12309
G.M. Gordon
AREVA, Framatome ANP
1 180 Town Center Drive
Las Vegas, NV 89 144
Key Words: Stress corrosion cracking, crack initiation, crack growth rate, titanium, alloy 22, concentrated groundwater, creep.
Abstract
The stress corrosion crack initiation and growth rate response
was evaluated on as-received, as-welded, cold worked and aged
Alloy 22 (UNS N06022) and titanium Grades 7 (UNS R52400),
28 (UNS R55323) and 29 (UNS R56404) at 105 - 165 "C in
various aerated, concentrated groundwater environments. Timeto-failure experiments on actively-loaded tensile specimens at
105 "C evaluated the effects of applied stress, welding, surface
finish, shot peening, cold work, crevicing, and aging treatments
in Alloy 22 (UNS N06022), and found these materials to be
highly resistant to SCC (none observed). Long-term U-bend
data at 165 "C corroborated these findings. Titanium Grade 7
and stainless steels were also included in the 105 "C test matrix.
Long term crack growth rate data showed stable crack growth in
titanium Grade 7. Recent creep tests in air confirm literature
data that these alloys are quite susceptible to creep failure, even
below the yield stress, and it is unclear whether cracking in SCC
tests is only accelerated by the creep response, or whether creep
is responsible for cracking. Alloy 22 exhibited stable growth
rates under "gentle" cyclic loading, but was prone to crack
arrest at fully static loading. No effect of Pb additions was
observed.
Introduction
The current reference material for the outer bamer in the
high level nuclear waste package for the Yucca Mountain
Project is Alloy 22 (UNS N06022). The waste packages
emplaced under titanium Grades 7 (UNS R52400) drip shields
are essential elements of the engineered barrier system, and
confident prediction of very long waste package and drip shield
lifetimes is central to the prediction of the release rate of
radionuclides to the accessible environment. Stress corrosion
cracking (SCC), along with general and localized corrosion, are
the most likely degradation modes for the waste package and
drip shield materials. While aggressive environments that give
rise to pitting and crevice corrosion may also induce stress
corrosion cracking, it has proven incorrect to assume materials
that are highly resistant to localized corrosion are resistant to
stress corrosion.
Many materials once thought to be immune have been
found susceptible to SCC growth under constant stress intensity
factor conditions using more sophisticated experiments [ 1,2].
However, in these studies, no crack initiation has ever been

observed, and only very slow or no sustained crack growth has
been observed in alloy 22. In contrast, Ti Grade 7 cracks
consistently in initiation tests and at moderate rates in growth
rate tests. Recent creep tests in air suggest that this may be
solely due to creep rupture (observed in air tests), or with some
environmental (SCC) component that is significantly
accelerated by creep.
Measurements and prediction of corrosion damage and
waste package lifetimes depends predominantly on
characterizing the local environment that forms on the waste ,
package [3]. This is particularly important at higher
,
temperatures (above s 75 C), where the heat flux through the
waste package and drip shield is higher, the environments more
concentrated, and the material susceptibility to corrosion
degradation highest. Because of the radioactive decay heat
generated within the waste packages, there is a resulting heat
flux across each waste package and drip shield and adjacent
drift wall that results in the waste package and drip shield
always being somewhat hotter than their surrounding
environment. It is reasonable to assume that water reaches the
emplacement drift, and that the higher surface area of the tunnel
walls controls the air temperature and, once the temperature
drops sufficiently, maintains relative humidity near 100%.
Thus, any liquid that forms on the waste package must
concentrate sufficiently to account for the temperature
differential between the emplacement drift wall and the waste
package and drip shield. Whether from dripping / splashing
ground water, contaminants from handling, or rock dust and
atmospheric aerosols (during construction / ventilation), a
bounding assumption would be to assume that an aqueous film
forms on the waste packages. A likely scenario relates to
evaporative concentration of seepage waters and/or
deliquescence of soluble species in surface dust deposits on the
titanium grade 7 drip shield andor the Alloy 22 waste package
that can lead to solution concentrations of at least several molar
on the metal surfaces. The concentration of any aqueous phase
will decrease with time / temperature, although even after
>>IO,OOO years, a waste package temperature of 40 or 50 "C is
expected, and this brings with it an aqueous phase of about one
molar solution. As the mobile carbonate dominated water from
Yucca Mountain concentrates, its mixed ion character remains
intact, and its pH rises to at least 9 or IO.
The general and localized corrosion in these and related
environments are being studied in other programs. This study is

were used to help ensure that accurate, reproducible results were
obtained [5,6].

designed to measure the stress corrosion cracking (and
associated phenomena that might exacerbate cracking) under
conditions that are both relevant and more likely to promote
stress corrosion cracking, Le., fairly high concentrations at fairly
high temperatures.

Careful selection of the environments to be evaluated is
crucial, because the stress corrosion cracking results may be
highly biased if, e.g., pitting or crevice corrosion occurs. These
initial tests were performed in water that simulates one of the
highly concentrated brine environments that could form on a hot
waste package or drip shield (net heat flux from the waste
package means that the local environment is always
concentrated, if not saturated). The mix of chemicals used for
the test chemistry known as Basic Saturated Water (BSW) is
shown in Table 2; Saturated Concentrated Water (SCW) is
shown in Table 4. The three test systems used autoclaves of
Hastelloy (2-276, commercial purity titanium, and Type 3 16
stainless steel. Additions of PbN03 were made in the middle of
a test by stirring in a small quantity of the dissolved. salt. Some
stainless steel was present in all autoclaves, and there is no
evidence of localized corrosion of SCC. Solution was
occasionally sampled from the autoclaves during testing (see the
Results and Discussion section).

Experimental Procedures
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Table 1 shows the composition of materials used in these
studies. On-going stress corrosion crack initiation experiments
employ specimens that are individually and actively loaded by
the internal pressure of a large “Keno” autoclave. A schematic
of the Keno autoclave cross-section is shown in Figure 1. The
type 347 stainless steel autoclave has a volume of 68 liters,
which is filled with mixed salt solution. The composition of the
mixed salt solution used in this study was chosen to simulate
concentrated Yucca Mountain ground water (Table 2, diluted to
about 15% strength). Each of the three type 304 stainless steel
manifolds can hold fitly type 304 stainless steel specimen
modules (a total of 150 specimens). The load on each specimen
is created by the pressure differential across a sliding seal on a
piston connected to the specimen. The autoclave was
pressurized (and slowly purged) with a mixture of N2 and air
designed to maintain 1 atm. partial pressure of air. On specimen
failure, the piston causes a numbered indicator ball to be ejected
into the manifold, and the time to failure is registered when the
indicator ball travels down the manifold, past a sensor (which
records the time of failure), and into a tube where it is stored in
sequence. Time-to-failure results are plotted as a function of the
ratio of applied stress to yield stress to normalize the large
differences in yield strength among materials used in the study.
Measured yield strengths are shown in Table 3.

Dissolved oxygen needs to be controlled, and near the
boiling point of a solution the dissolved gas concentration varies
markedly with temperature. To avoid extreme variations (and
very low average dissolved oxygen concentrations), slowly
flowing laboratory air was kept pressurized at 5 psig throughout
the test. The exact concentration of dissolved oxygen can only
be estimated. While the solubility of dissolved oxygen at 1 IO
C is well known in pure water [7],the “salting out” effect of
this particular chemistry and at 1 IO “C is not precisely known.
Assuming that the “salting out” effect decreases the dissolved
oxygen level by 2X compared to pure water (the solubility of 9
in 1 IO “C water (about the boiling point) is 25.6 pprn per
atmosphere’partial pressure of 0 2 ) , the dissolved oxygen level
should be = 0.91 ppm (25.6 ppm x 20.9% O2in air x 5 psi / 14.7
psi/atm divided by 2 for the “salting out” effect).

Related crack initiation tests were performed in aerated
Saturated Concentrated Water (SCW, Table 4) at 165 “C using
singkand double U-bends of klloy 22 in various conditions.
The U-bends were fabricated per ASTM G-30. Table Sa,b,c
summarizes the specimen conditions.

To prevent evaporative loss of water, a four foot long tubein-tube heat exchanger was used, with cooling water on the
outside. A back pressure regulator at the outlet of the autoclave
gas space was used to maintain the desired ( 5 psi) system
pressure. The water level in the autoclave was monitored
periodically by checking for continuity between the autoclave
and an insulated stainless steel feed-through bar, and by
occasionally visually inspecting the system, which entailed a
brief depressurization of the system. Water additions were
rarely needed, e.g., perhaps every few thousand hours of testing.

Because of extensive failures of Ti Grade 7 specimens in
the “Keno” tests, constant load, tensile creep tests were
performed in air at 105 “C, and the displacement (and load)
monitored vs. time. At all stresses evaluated in the Keno tests,
sustained creep and eventual failure was observed, and after
similar exposure times.
Fracture mechanics (1 inch compact type (ITCT) or 0.5T
CT) specimens of Alloy 22 (UNS N06022), titanium Grades 7,
28 and 29 were used to evaluate the SCC growth rate response.
The 20% cold worked (by cross-rolling at 25 “C by about 10%
in each direction) titanium Grade 7 and Alloy 22, and aged
Alloy 22 (as-received plus 700 OC / 175 h) were processed and
machined into 0.5-inch (OSTCT) specimens. Table 6
summarizes the test conditions. Crack length was monitored insitu using reversing dc potential drop [4].

Measurements of corrosion potential are complicated by
the operation of the system near the boiling point. Thus, the
solution in traditional internal or external Ag/AgCI electrodes
containing 0.01 or 0.1 N KCI would boil at 1 IO “C, and zirconia
membrane reference electrodes have very high resistivity at
4 5 0 “C. Thus, a modified external Ag/AgCI reference
electrode that used a 4 N KCI solution was employed in some
tests (a Pt coupon was used in all tests). The conversion to VShC
for this 4 N KCI was estimated to be +O. 1 IO Vshc.byevaluating
literature data over a range of chloride concentrations and
temperatures and extrapolating to 4 N. Thus, 0.110Vshc is
added to the measured values to produce VShC (in the
conventional meaning, i.e., referenced to the test temperature,
not 25 “C).

Specimens were usually fatigue pre-cracked in air (some
were done in the environment), with the ending phase at the
maximum stress intensity (KmaX)
used for SCC testing, typically
at a load ratio R of 0.7. Each specimen was assembled in an
autoclave and tested in the specified aerated chemistry at the
corrosion potential. A complete transition from fatigue precracking conditions to stress corrosion cracking conditions was
made by continuing the cycling (generally at a load ratio R =
0.7) at a very low frequency (0.001 Hz) and eventually to
increasingly long hold times at KmU. “Gentle” unloading cycles
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Keno Run #2 has produced 41 specimen failures during the
greater than 25,0000 hrs of exposure to date (Figure 5). Zero
time begins at 1000 psi, although the pressure was further
increased to 1500 psi (the target value) at 168.5 hrs. Several
sensitized type 304 stainless steel and titanium Grade 7 failures
occurred soon after the increase at 168.5 hrs, suggesting that
168.5 hrs may be a more accurate “time zero”. ’ However, time
zero was not adjusted since two sensitized type 304 stainless
steel failures occurred at < 168.5 hrs. Increased applied stress
decreased time-to-failure for the as-received titanium Grade 7
specimens (Figure 5). One as-received titanium Grade 7
specimen failed sometime between 4,146 and 16,218 hours - the
uncertainty created by the fact that the indicator ball did not
drop past the sensor.

Results and Discussion
Crack Initiation Data
An initial matrix involving 50 specimens (Run #1) was
tested first at 125OC (Table 7): The results were used to
determine the stress levels and material conditions to be used in
the ensuing larger scale run (1 50 specimens) performed at 105
OC. In addition to the as-received Alloy 22 (UNS N06022) and
as-received titanium Grade 7,20% cold worked specimens and
as-machined + shot peened specimens of both materials were
also tested. Additionally, type 3 16NG stainless steel in the asreceived and shot peened conditions was tested.,. Finally, as a
reference / baseline condition, sensitized type 304 stainless steel
was tested in the as-received and shot peened conditions. Asmachined and cleaned specimens were shot peened using GP60
glass pellets to an intensity of 6 - 8 N (several thousands of an
inch depth).

Several unfailed specimens were removed for closer
observation at 2462 hours, including as-received type 3 16NG
stainless steel, as-received Alloy 22, LRO Alloy 22, TCP Alloy
22, and welded Alloy 22 specimens in the highest stress
conditions (3 1 specimens total). All removed specimens were
shiny with no evidence of corrosion or cracking (Figure 6).
Additionally, dye penetrant examination revealed no SCC
cracks or large pits on the surfaces of these specimens. Limited
small regions of damage (finer than the surface finish) were
observed on some of the specimens (both 3 16NG and Alloy 22),
but it is not known if this appearance,was present following
machining or during the environmental cracking experiment.

As expected, the sensitized type 304 stainless steel
specimens failed at the lowest applied stresses (54-60 ksi) and
lowest failure times (0.5 to 285.9 hrs, Figure 2), and exhibited
an intergranular morphology (Figure 3a,b). The titanium Grade ,
7 specimens (as-received and as-received + shot peened
conditions) also failed early in testing (0.7 to 49.8 hrs) and at
relatively low applied stress (49-56 ksi), although at higher
applied %UTS than the sensitized type 304 stainless steel
specimens (92% vs. 72-SO%, respectively). Their fracture
surfaces exhibited a mixture of transgranular and ductile
characteristics and are shown in Figures 3c,d.

.

Because no SCC failures have occurred for the
uncreviced and creviced Alloy 22 and 3 16NG materials after
over 25,0000 hours of testing, meaningful statistical analysis on
these materials is not possible at this time. The lack of SCC
failures in Alloy 22 under high applied stress in high
temperature, concentrated mixed salt solution corroborates the
high environmental cracking resistance observed in the crack
growth experiments.
..
U-Bend Data
. ,

The 20-% cold worked Ti Grade 7 specimens at about 1400
hoursand all of the Alloy 22 failures that occurred at 1922 hrs
were’due to the system overload and not due to SCC (the cold
worked Alloy 22 specimens and some of the cold worked Ti
Grade 7 specimens did not fail at 1922 hrs). Statistical analysis
using a Weibull distribution indicated that shot peening did not
significantly affect .time-to-failure for sensitized type 304
stainless steel or titanium grade 7.
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Table 5c shows the U-bend test conditions. The tests were
interrupted periodically, and all specimens examined without
unloading for evidence of localized corrosion and SCC (thus,
double U-bends were not disassembled). Single U-bends were
tightened (Table 5b) after 3431 hours of exposure to compensate
for any thermal creep relaxation. To date, there is no evidence
of either localized corrosion or SCC across the full range of
specimen types and metallurgical conditions.

A full matrix of 150 specimens (Run #2) allowed
investigation of the effect of material, applied stress, welded
regions, crevice geometry, surface finish, cold work, and aging
treatments producing topologically close-packed phases (TCP)
and long range ordering (LRO) in Alloy 22 (UNS N06022).
Applied heat treatments (Table 8) were suggested by previous
studies [8,9] performed at Lawrence Livermore National
Laboratory (LLNL) to produce detrimental second phases.
Optical microscopy and TEM were performed for these
materials [IO]. Welded specimens were centered on the fusion
line so that the gage section included both the weld and the heat
affected zone (HAZ). To create a tight crevice, creviced
specimens were plastically pre-strained to 93% of the stress to
be used in testing. Two half-cylinders of Teflon (0.75 inch
outside diameter with a custom-drilled inside diameter) were
clamped onto the specimens using stiff titanium wire.

Air Creep Data for Titanium Alloys
Extensive apparent SCC occurred in Ti Grade 7 (in the asreceived but not the 20% cold worked condition) in the “Keno”
tests, so constant load, tensile creep tests were performed on
archive as-received specimens in air at 105 “C. At all stresses
evaluated in the air Keno tests (40 ksi - 50.7 ksi, 276 - 350
MPa), sustained creep and eventual failure was observed at
similar failure times. Displacement versus time plots, Figure 7,
indicate the specimens underwent primary, secondary and
tertiary creep with ruptures occurring after 2 to 493 hours under
load. Commercial purity titanium including Ti Grades 2 and 7
are known to undergo low temperature creep even at room
temperature and below [l I]. These rupture time data are
consistent with the limited literature data near 100°C [ 12,131,
showing that these alloys are quite susceptible to creep failure,
even below the yield stress. A comparison of the creep rupture
times in air at 105 OC (four square data points) with those in
105OC BSW (diamond data points) shown in Figure 8 indicate a

To evaluate the effects of fabrication defects, Run #2
included specimens with three circumferential U-shape grooves
(notches), one in the gage center and one located on either side
in the gage at a distance of 0.20 inch from the center notch
(Figure 4). Finite Element Analyses (FEA) showed that the
stress fields of the multiple notched specimens were
independent of each other and did not overlap. FEA results
agreed with elastic stress concentration calculations (stress
concentration factors were 3.55 by FEA and 3.38 by elastic
calculation).
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very similar stress versus time-to failure dependence for both
sets of data. Because the failure times are similar in air and in
the environment, it is reasonable to conclude that creep was the
primary cause of cracking, although it remains possible that
environmental (SCC) occurs and is accelerated by creep. In
many ductile alloys in aqueous environments, sustained
dynamic strain at the crack tip is considered important, so
accelerated environmental cracking in materials that creep
readily is expected. However, the role of creep in cracking may
be so dominant that the environmental contribution is small. A
comparison of the BSW-exposed failed specimen fractography
(Figure 3c and 3d) with that of an air failed specimen tested at
100°C (Figure A3 in reference [12]) indicates the air failed
specimen has a more ductile appearing fracture surface with the
presence of dimples resulting from fracture of creep formed
ductile cavities. Fractography is currently underway on the four
105OC air failed specimens tested in this study to obtain a better
assessment of any contributions to the failures due to SCC.

temperature creep behavior of titanium Grade 5 (an analog to
titanium Grade 29) to commercial purity titanium (an analog of
titanium Grade 7) indicates that the higher strength Grade 5
materials is significantly more creep resistant than the
commercial purity titanium materials [20]. Consequently, the
significantly higher crack growth rate observed for the titanium
Grade 29 material, Figure 12 compared to that for the titanium
Grade 7 material, Figure 10 indicates that SCC growth rather
than creep is occurring in the titanium Grade 29 material.

~

Several alloy 22 specimens were evaluated for crack
growth response, including base metal (c144, c152), aged
material (c~OO),and 20% cold worked material (c 153). The
first base metal specimen (c144) did not exhibit sustained crack
advance even under “gentle” cyclic loading conditions (Figure
13), and the observed rates were at least an order of magnitude
lower than in the as-received titanium grade 7 material (Figure
IO). The second base metal specimen (c152) exhibited
sustained crack growth under less aggressive loading conditions,
but still did not exhibit sustained crack advance even under all
“gentle” cyclic loading (much less constant K) conditions
(Figure 14). The corrosion potentials of the specimens were
monitored with a Pt electrode and an Ag/AgCI external
reference electrode filled with 4M KCI. The Ag/AgCI electrode
has a porous ion junction, and so it was expected that after
thousands of hours its reference potential would drift. The long
term corrosion potentia1 falls within the range of 0 to 0.1 VShc
(Figure 15), and the downward drift vs. time in the CT vs. Pt
signal suggests that alloy 22 is not becoming more noble with
time (based on the reasonable assumption that the potential of Pt
is very stable in this environment).

Initial data have also been obtained on a ITCT specimen of
titanium Grade 7 tested in 1 I O “C air under constant load at 30
MPadm (Figure 9), identical to tests described later in the BSW
environment. The crack length data on the Y-axis represents the
conversion of pd potential drop data to crack length using the
algorithms we use for all CT specimens, but it’s possible that
potential drop is affected both by crack advance as well as by
creep alteration of the geometry of the specimen. The initial
growth rate is quite high (4 x IO-’ m d s ) , and it decays
continuously to 1 x 1O-* mm/s, and probably would continue to
decay. The growth rate at 700 hours is a bit slower than the
constant load growth rate observed in a 110 “C BSW
environment of I .25 x IO4 d s , as discussed later.

The response of the 20% cold worked alloy 22 specimen
(c153) is shown in Figure 16. While only very low growth rates
were observed, sustained growth at constant K was observed
over a 700 period before slowing to a much lower rate. The
corrosion potentials for this specimen were also quite stable
(Figure 15b), and were similar to those observed in specimen
c152 (Figure 15a). The response of the aged alloy 22 specimen
(c200) is shown in Figure 17. While the growth rates are again
slow, sustained crack advance at constant K was observed over
i~ 1000 hours with little evidence of retardation.

Crack Growth Data
Two titanium Grade 7 crack growth specimens were tested,
one 1TCT in the as-received condition (Figure IO), and one
OSTCT in a cold worked (20% reduction in thickness) condition
(Figure 11). References [14,15] describe the overall results of
these tests in more detail. Figure I O shows that sustained ‘SCC’
growth was observed at constant K. However, much of this
apparent growth is likely due to creep effects on the
displacement measurement. While extensive data shows that
cold work can accelerate SCC growth rates [16-18], the
observed rates on the 20% cold worked specimen (Figure IO)
showed only very low growth rates, even with the use of
“gentle” cyclic unloading once per day. This is consistent with
the high observed resistance of 20% cold worked titanium
Grade 7 to SCC initiation. The cold worked material is also
much more resistant to low temperature creep [ 1.91.

A comparison of the effect of 1000 ppm lead under
identical loading conditions is shown in Figures 18 and 19. In
all cases, the growth rate i n the presence of Pb is identical or
lower than without Pb, providing very solid evidence that Pb
plays no deleterious role in accelerating SCC growth rates in
these materials under these conditions. This contrasts with the
damaging effects of Pb on nickel alloys (esp. alloy 600) in high
temperature water, e.g., associated with pressurized water
reactor steam generators. The difference is not surprising,
because many characteristics of the passive film and nature of
passivity are very different above about 175 “C.

The crack growth rate behavior of titanium Grade.28
(Figure 1 1) and Grade 29 (Figure 12) were also evaluated under
tandem loading conditions. The titanium Grade 28 exhibited
higher growth rates, which resulted in an increasing K during
the part of the test that kept the Ti Grade 29 specimen at
constant K, then test control was based on Ti.Grade 28, and a
slow varying K (-dWda) was used to monitor the crack growth
rate as the K was slowly decreased. At 25 - 26 ksidin, the
growth rates of Ti Grade 28 at Grade 29 were similar at about 7
x 10-8 m d s , but the Ti Grade 28 had grown incrementally
faster during the earlier part of the test, resulting in a somewhat
higher K on that specimen. It then showed a fairly high growth
rate, but this occurred as its K was rising, or maintained constant
at 34 ksidin. As its K was decreased back to = 25 ksidin, the
growth rates became similar. A direct comparison of the low

SCC growth rate tests were also performed at two K levels
on six weld metal specimens of Alloy 22 (machined from about
I-inch thick welded Alloy 22 plate) - as-welded, as-welded .t
TCP (650 “C for 200 hrs) and as-welded + LRO (550 “C for I O
hrs). None of the specimens exhibit unusual or more rapid
crack growth rate behavior than the base metal (Figure 20).
SCC Growth Rate Behavior and Predictions
There are a number of indications that the environmental
cracking susceptibility of Alloy 22 is very low. Growth at
constant load was directly observed on specimen c153 (Figure
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16), and while it extended over about 700 hours, it subsequently
arrested - or at least reduced in rate by a large factor. Growth at
constant load was also observed on thermally aged specimen
c200 (Figure 17), and it did not arrest. Figure 21 shows the
effect of hold time between “gentle” partial unloading (R=0.7)
cycles on crack growth rate. It should be noted that these are
extremely low crack growth rates, perhaps the lowest that have
been directly observed in-situ on any material in any
environment. Given these very low growth rates, and the
incredibly static’(temperature and load) conditions of the waste
package in the repository, it is exceedingly unlikely that SCC
will occur in this material, even over a >>IO,OOO year time
frame [21]. The crack initiation tests show that no initiation
occurs in Alloy 22 in any metallurgical or surface preparation
condition (including notched) at actively-loaded stresses u p to
95% of the ultimate tensile strength and over a time period Qf
over 25,000 hours. The static conditions of the repository,
probabilistic nature of SCC growth [2,21], and low growth nates
support the crack initiation data in establishing the extremely
low susceptibility of Alloy 22 to SCC under these conditions.

Conclusions
’
,

Alloy 22 (UNS N06022) and 316NG exhibit excellent SCC
resistance after over 25,0000 hours of exposure in hot
concentrated salt solution (pH=l0.3 at 105 “C) designed to
simulate the chemistry of concentrated Yucca Mountain ground
water, as shown by constant load tests on smooth, creviced, and
notched tensile specimens in several microstructural conditions.
Sensitized type 304 stainless steel is highly susceptible to SCC
in this environment. Although titanium Grade 7 is potentially
susceptible to SCC in this environment, particularly at a high
fraction of its UTS, it is not yet possible to fully separate the
effects of low temperature creep for any SCC component that
may exist. Shot peening did not affect time-to-failure for
sensitized type 304 stainless steel and titanium Grade 7. To
date, an effect of surface roughness on time-to-failure has not
been observed.
At or near constant stress intensity conditions, stable, longterm environmentally-assisted crack growth rates were
measured in a concentrated, high pH brine on Alloy 22 (UNS
N06022) in several metallurgical conditions (as-received I
solution annealed, 20% cold worked, and aged at 700 “C I 175
h). Obtaining meaningful and accurate results require very
careful attention to testing detail and protocol. Prior
measurements of SCC under fully static load / stress intensity
conditions were obtained at growth rates that could be measured
with confidence (1.25 x 10-8 M s ) on titanium grade 7. By
contrast, only very low SCC growth rates (2 - 8 x
M s )
were observed on fatigue precracked Alloy 22 CT specimens
’
under constant load conditions, and only in the 20% cold
worked or thermally aged materials. This is consistent with
other analyses of data in which the effect of hold time was
evaluated. .Predictions based on the slip dissolution model of
crack advance provide reasonable agreement with observation. ..
A method for estimating a KIsccwas developed based on a crack
blunting criterion.

This contrasts with the “moderate” (still very low) potential
susceptibility to SCC of titanium grade 7 (Figure IO) [15].
More likely, the crack growth observed was due principally to
creep rather than SCC. Even in this material, sustained SCC at
static load, if it occurs, was observed only in the annealed
material, not in the 20% cold worked materials (Figure 22). As
with Alloy 22, no effect of 1000 ppm Pb was observed in
titanium grade 7.
Initial efforts to extend SCC prediction algorithms
developed by Ford and Andresen [22,23] for stainless steels: and
nickel alloys in 288 “C pure water environments hold piomise.
While the temperature is much lower and the solutions are mot
similar to “pure water”, the materials are highly resistant in this
environment and are therefore expected to have rapid
repassivation rates. In the slip dissolution model of crack
advance, this corresponds to a high “n” value, e.g., n > 0.8.
. Figure 23 shows curves for ‘n’ between 0.8 and 1.4, which
provide reasonable agreement with the observed rates in this and
other studies that covered a range of environments [24].

‘

Other, simpler tests, such as slow strain rate tests, do not
have adequate sensitivity to permit detection of the very low
susceptibility to SCC that were measured in these studies. The
environments employed are not aggressive to these two
materials: there was no evidence whatsoever of localized attack,
even in creviced areas. Indeed, only very limited signs of attack
have been observed on type 304 or 3 16 stainless steel system
parts exposed in these environments during long term testing.
In turn, the very low levels of SCC susceptibility translate into
very high resistance to SCC in long term, constant load tests on
smooth specimens, which are now being undertaken. Current
waste package design includes solution annealing of all welds
but the final closure weld, which will be stress mitigated to
reduce tensile stresses and/or make them compressive through
as much as 4 mm of wall thickness.

Given the exceedingly low growth rates at moderate to
high stress intensity factors, the prospect of accurately
measuring a threshold stress intensity factor (Krscc)for Alloy 22
in this environment is challenging. However, there is broad
concurrence that when the general corrosion rate exceeds the
SCC growth rate (as has more commonly been observed in k s s
passive materials like carbon steel), SCC will cease as the crack
blunts. Figure 24 presents a basis for conservatively estimating
Klsccbased on the existing data [24] and a K4 dependency
obtained for an assumed n value equal to 1 (in the
FordIAndresen slip dissolution I oxidation model, the K
dependency for environmental cracking follows a K4”
dependency, so that in aggressive environments (e.g., sensiked
stainless steel tested in an aggressive water chemistry, n 0 0.5,
and the observed K dependency is = Kz). Based on the current
upper bound values for general corrosion rates in Alloy 22, a
Klscc of about 13 MPadm can be estimated. The highly passive
nature of Alloy 22 in this environment justifies a value of n =
1 .o.

Additional studies to evaluate the SCC growth rate
response in other environments and at higher temperatures of
Alloy 22 in various heat treatments, and titanium Grade 29, are
being initiated along with lower applied stress tests for titanium
Grade 7 in the Keno system.
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Table 1. Heat and Composition of Materials Tested

Table 2. Composition of Basic Saturated Water (BSW)
The solution used in Keno tests was diluted to 15% strength
9.7 g KCI
10.6 g Na2C03(anhydrous)
8.8 g NaC
1.4 g Na2S04 (anhydrous)
0.2 g NaF
4.1 g Na2Si03*9H20
55.3 e H,O
13.6 e NaNO.
Table 3. Tensile ProDerties in Air

*

Interpolated using RT and 288°C data

1770 g NaHC03 (anhydrous)
276.8 g Na2S04(anhydrous)
8.32 g MgS04 (anhydrous)

106.9 g KCI
93.9 g NaC
8.32 g CaCI2 (anhydrous)

145.8 g NaN03
53.0 g NaF
6.16 g Na2Si03*9H20

Table 5a. Project Supplied Double U-Bend Specimens

* - dimension shown for inspection after 343 1 hours; at that time, all U-bends were
re-tightened as shown to compensate for possible stress relaxation.

7

*I

- machined U-bends after heat treatment below from customer supplied C-22 welded

plate HT 2277-9-3263. The weld was located at middle of 6” dimension.
AR = as-received (as-welded)
TCP (topologically close packed) = 650C for 200 hrs with water quench
LRO (long range ordering) = 550C for IO hrs with water quench
*2 - dimension shown for inspection after 343 1hours; at that time, all U-bends were
re-tightened as shown to compensate for possible stress relaxation.
Table 5c. U-bend Inspection Results - 14,314 hours of exposure on July 22, 2005
Date of Inspection
Hours at Inspection
Findings
October 3 1,2003
0 hours
Start of test
No cracks observed * 1
January 29,2004
2 166 hours
May 5,2004
343 1 hours
No cracks observed * 1
July 19,2004
4844 hours
No cracks observed * 1
No cracks observed * 1
January 3 1,2005
10,474 hours

* 1 - AR-6 (as received) and TCP-I

(HT TCP) showed microscopic surface imperfections
perhaps related to dissolution of inclusions, but no evidence of SCC.
Table 6. CT Specimen Heats and Heat Treatments

TCP = 650°C for 200 hours, LRO = 550°C for I O hours

8
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Table 7. Initial Run #1 Matrix

Table 8. Full Autoclave Run Matrix (Run #2)

Notched specimens contain 3 circumferential U-shape grooves, one' in the gage center and others located
0.20 inch from the center notch. Each blunt notch had a tip radius of 0.010 inch and a depth of 0.038 inch.
Additional specimens, including Ti Grade 29, will be included soon in this test.
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