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Overview

This program is designed to characterize the stress corrosion cracking response of waste canister
structural materials for the Yucca Mountain Project. The waste package is one of the few elements of the
project that can be engineered, and the ability to provide very long waste package lifetimes that can be
predicted with confidence is a central factor in the release rate of radionuclides from the mountain.

General and localized corrosion, and stress corrosion cracking represent the most likely degradation
modes for the waste package structural materials. The key to demonstrating and predicting the long waste
package lifetimes lies in characterizing the local environment that forms on the waste package. This is
particularly important for temperatures above ~ 75°C, where the heat flux through the waste package is
higher, the environments more concentrated, and the material susceptibility to corrosion degradation is
highest. Since the waste package is always hotter than its surrounding environment, probably by several
°C at 75 - 120°C, this translates into solution concentration on the waste package surface of at least
several molar, and obviously a concentrated solution as the waste package initially cools to the
temperature of the maximum boiling point elevation (of perhaps 120°C). As the Yucca Mountain water
drips or splashes onto the waste package and concentrates, its pH is expected to rise to at least 10, and
perhaps much higher.

The primary objective of this program is to measure the stress corrosion crack growth rates under
conditions that are both relevant and likely to promote stress corrosion cracking, i.e., fairly high
concentrations at fairly high temperature. A second objective is to evaluate SCC initiation using constant
load specimens. A third objective is to evaluate the passive film characteristics. Each area of work is
addressed in a separate section.
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1.0 - Crack Growth Rate Measurements

1.1 - Experimental Procedures

This program has utilized fracture mechanics, crack growth rate (I-inch compact type (I TCT) or, for cold
worked materials, 0.5T CT specimens) specimens of Alloy 22 and titanium grade 7; subsequent tests may
evaluate titanium grade 16 and perhaps type 316 NG stainless steel. Materials were supplied in specimen
form by the Project in the solution annealed condition (Table 1-1). All materials were provided by the
Yucca Mountain Project (YMP) and have been tested in the as-received and in the 20% cold worked
condition. The 20% cold work was performed by GE GRC by cross-rolling at room temperature by about
10% each direction. Because the resulting plate was thinner, only 0.5-inch (0.5TCT) specimens could be
produced, but because of the higher yield strength of the cold worked material, they were fully linear
elastic at 30 MPavim as specified by ASTM criteria E399 and E647. Crack length was monitored in-situ
using a reversing direct current (dc) potential drop technique, as shown schematically in Figure 1-1. Its
accuracy on the tests that have been completed is summarized in Table 1-2.

Most specimens were fatigue pre-cracked in air (some were done in the environment), with the ending
phase at the Kmax used for SCC testing (typically 30 MPavlm) at a load ratio R of 0.7. Each specimen was
assembled in an autoclave and tested in the specified chemistry at the corrosion potential. Solution
annealed (as-received) and 20% cold worked Alloy 22 and titanium grade 7 were tested at 30 MPavlm,
and one 1TCT specimen of as-received Alloy 22 is being tested at 45 MPavim. A complete transition
from fatigue pre-cracking 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 Kmax. "Gentle" unloading cycles are used to help ensure that optimal
results are obtained [1-2]. The specimen IDs and conditions are listed in Table 1-3.

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 the concentrated environment that must form on a hot waste package
(net heat flux from the waste package means that the local environment is always concentrated, ifnot
saturated). The mix of chemicals used for the test chemistry (specified by the YMP) is shown below, and
is known as Basic Saturated Water (BSW). Ignoring precipitation and Na2Si03*9H20, the solution
composition contains 156,073 ppm Na, 52,385 ppm K, 97,088 ppm CI, 136,546 ppm N03, 14,056 ppm
S04, 106,426 ppm C03, 2008 ppm F; solution analyses are presented in the Results section.

10.6 g Na2C03 (anhydrous) 9.7 g KCI
8.8 gNaCI 0.2 gNaF
13.6 g NaN03 1.4 g Na2S04 (anhydrous)
4.1 g Na2Si03*9H2O 55.3 g H2O

In the first test (cI43), the chemicals were mixed with water that had been heated to the boiling point in
the autoclave. However, the recipe provided by the YMP did not fully dissolve in water, leaving some
solids in the autoclave. For the subsequent tests (cI44, c148, c152, and cI53), the chemicals were mixed
with water maintained at the boiling point in a Teflon beaker for ~ 60 minutes, then the solution (not the
solids) was poured into the autoclave. Initial testing was performed in either a Hastelloy C-276 autoclave
body or a commercial purity titanium autoclave; however, a third system was started to accommodate test
c153, and only a stainless steel body was available. However, some stainless steel has been present in all
test autoclaves, and there has been no evidence of its corrosion. Solution was sampled from the
autoclaves during the test, as presented in the Results and Discussion section.
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Control of dissolved oxygen is important, 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 110°C is well known in pure water [3], the "salting out" effect of this particular
chemistry and at 110°C is not precisely known. Assuming that the "salting out" effect decreases the
dissolved oxygen concentration by 2X compared to pure water (the solubility of 02 in 110°C water is
25.6 ppm per atmosphere partial pressure of 02), the dissolved oxygen level should be about 0.91 ppm
(25.6 ppm x 20.9% 02 in air x 5 psi / 14.7 psi/atm divided by 2 for the "salting out" effect).

To prevent evaporative loss of water, a four foot long tube-in-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 checked periodically
by checking for continuity between the autoclave and an insulated stainless steel feed-through bar, and by
occasional visual inspection that entailed a brief depressurization of the system. No water addition was
needed.

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/AgCl electrodes containing 0.01 or 0.1 N
KCl would boil at 110°C, and zirconia membrane reference electrodes have very high resistivity at
<200°C. Thus, a modified external Ag/AgCl reference electrode was used which employed a 4 N KCl
solution. There are no data for these electrodes at high chloride concentrations and elevated temperatures,
but the conversion to Vshe was estimated to be +0.110 Vshe by evaluating literature data over a range of
chloride concentrations and temperatures and extrapolating to 4 N. Thus, 0.110 Vshe is added to the
measured values to produce Vshe.

1.2 - Results and Discussion

Specimen c143 of titanium grade 7. An overview of the air fatigue precracking and stress corrosion
cracking results is shown in Figures 1-2 and 1-3. Following air fatigue precracking and assembly into the
autoclave, the specimen was held at 11 MPavim while the temperature controller was tuned to provide
good stability vs. time and adjustments were made to the air pressurization system (bubbling of laboratory
air through the autoclave solution was initially attempted, but the tube used for bubbling was repeatedly
sealed off by encrustations of salt).

An overview of the stress corrosion testing is shown in Figures 1-4 and 1-5. Figure 1-4 shows the raw
(point by point) data, as stored in the digital record, while Figure 1-5 shows the data using a 10-point
moving average. Since the test segments that will be discussed are all comprised of many hundreds
(typically 400 - 1200) of data points, the use of a moving average is fully justified and serves well its
intended purpose of damping the effects of temperature fluctuations on indicated crack length. The dc
potential drop crack monitoring system exhibited higher sensitivity to slight fluctuations in test
temperature, markedly more so than in our 288°C tests.

As shown in Figures 1-4 to 1-6, at 277 hours the specimen was loaded to 30 MPavim and a very low
frequency cycle was imposed at R = 0.7 and 0.001 Hz. Following an initial period of high growth rate,
the growth rate became quite well behaved at ~ 8 x 10-8 mm/s (Figure 1-6). At 1555 hours into the test,
the loading was modified by introducing a 1,000 s hold time at Kmax (making the duration of the hold time
and the full cycle the same). This had little effect on crack growth rate, although the crack growth rate
did slow down very slightly. Figure 1-6 (and the other figures that detail specific test segments) show the
linear regression fits over the duration of the test segment graphed, along with the calculations for the best
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fit slope (growth rate), the slopes corresponding to the upper and lower 95% confidence level, and the
correlation coefficient (R2

). The high correlation coefficient (1.0 represents a perfect correlation) and the
very close agreement of the upper and lower 95% confidence slopes provide a high level of confidence in
the quality of the observations.

At 2154 hours, a longer hold time (9,000 s) at Kmax was initiated (Figures 1-4, 1-5 and 1-7). This
produced a decrease in crack growth rate of about 2X. The subsequent response was quite well behaved
(Figure 1-7), although some tendency for the crack growth rate to decrease vs. time is evident.
Nonetheless, when the entire data set shown in Figure 1-7 is evaluated, a good fit and high correlation
coefficient are obtained, and the closeness of the upper and lower 95% confidence slopes strongly support
the best fit crack growth rate of 4.0 x 10-8 mm/s.

At 2848 hours, a yet longer hold time (85,400 s) was introduced, yielding one unloading cycle per day
(Figures 1-4, 1-5 and 1-8). Again, a relatively crisp and well-behaved response was observed, with a best
fit crack growth rate of 1.6 x 10-8 mm/s. At 3713 hours, the specimen was unloaded (but not cooled
down) because of concern for power outages as the threshold into the year 2000 was crossed. On re
loading, a small, short-term transient was observed (Figures 1-4 and 1-5), which is not unusual given the
deep loading cycle. The linear regression calculation for this transient period yields a growth rate of 1.6 x
10-8 mm/s, which was characterized in the last report (January 2000) as "probably a good representation
of the static load behavior of an actively growing stress corrosion crack". This is borne out in the change
to static load at 4073 hours (Figure 1-9) - during the nearly 2000 hours period of testing at static load, the
growth rate was maintained very stable at 1.25 x 10-8 mm/s.

The distinction "actively growing" is crucial, because round robins [1,2] and other studies [4,5] have
shown that there are many cases where cracks don't grow or temporarily cease growing that are
"anomalous" - i.e., in many other cases under identical conditions, well-behaved, long-term crack growth
is obtained. An extensive evaluation of crack growth data in nickel base alloys by a group of
international experts [6] concluded that among the many experimental flaws in the available crack growth
data, the failure to make a complete transition from fatigue precracking (which is transgranular and has
different plastic zone characteristics than a stress corrosion crack) to an see crack is crucial, as is the use
of at least occasional partial unloading to maintain an active crack. A more detailed discussion of the
origins and implications of this phenomenon has been made [7], which hypothesized that the large
differences in observed "Krscc" among different laboratories and investigators is associated with both
experimental problems and the inherent probabilistic nature of both see initiation and growth. Since few
specimens / sites / microstructures can be evaluated in the lab (compared to the available opportunities in
actual structures), it is crucial to quantify dependencies and overall susceptibility by maintaining an active
crack, or else the vast noise in the data overwhelms the dependencies [1,2,5-7].

However, it is equally important to recognize that "active" see is not necessarily easy to maintain, and
there is strong experimental evidence to suggest that the probability of maintaining "active" see (which
is much higher than the probability ofre-initiating see for a crack that has stopped) is related to the
crack growth rate (fast cracks are much more likely to sustain their advance vs. time) and factors such as
the creep rate, yield strength, etc. eompared to typical light water reactor operating temperatures of274
to 340 °e (where extensive studies have been performed), the probability of sustaining see is
significantly lower at ~ 110 °e at more reasonable stress intensity factors of <1 0 MPa~m (i.e., associated
with the development of readily detectable cracks of>10 - 15% of through-wall depth).

Another very important factor is the incidence of "transients" such as start up and shutdown, vibrations,
changes in plant output, etc. that (like partial unloading) can induce crack re-initiation. In this regard,
there has undoubtedly never been a human design that will operate under more fully static conditions than
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the Yucca Mountain repository, because (barring the occurrence of exceedingly unlikely and rare
incidents, such as earthquakes) the system will change (cool) only in a very slowly, well controlled
fashion involving thermal changes of perhaps < 1 °C per century once the waste package cools
sufficiently to have an aqueous environment (e.g., <120°C). This should provide a remarkably low
probability of stress corrosion cracking, especially given the low growth rates that are already measured,
which will be dramatically lower still at stress intensities relevant to crack development (e.g., « 10
MPavlm).

Corrosion potential measurements were made "continuously" (about once every 1.6 hours) of the CT
specimen and a Pt electrode vs. the 4N KCI external Ag/AgCI reference electrode throughout the test
(Figure 1-10). The corrosion potentials of the CT specimen and Pt electrode are similar, and the
measurements are also similar to those obtained on specimen c144. It is unclear why the data here are
noisy (much more so than on cI44), but it's possible that the impedance of the reference electrode was
high from a "tight" porous zirconia junction or a gas bubble in the electrode. Subsequent measurements
in tests c 148, c152, and c153 suggest that these readings are in error, probably because the reference
electrodes developed a lack of ionic continuity (usually from the formation of a gas bubble). Note that
there is a -110 mV correction from the measured values to Vshe, so that the measured values were always
fairly close to 0 V (which was also approximately what was expected). The reference electrode was
slightly modified in tests c148, c152, and c153 by adding a fiber wick which helps maintain ionic
continuity should gas bubbles develop. The measurement technique was also changed so that rather than
measuring the CT specimen and Pt electrode vs. the Ag/AgCI reference electrode (as done in tests c143
and cI44), measurements were made of the CT specimen vs. Ag/AgCI and CT specimen vs. Pt so that
even if the Ag/AgCI electrode fails, the potential between CT and Pt will be known. A summary of the
final, long term corrosion potential values is given in Table 1-4.

An analysis of the autoclave solution was performed at 877 h into the test. The solution was sampled
then submitted to the Materials Characterization Laboratory at GE Global Research Center. The results
are shown in Table 1-5, and differ somewhat from the analysis of the solution used in test c144, perhaps
because the undissolved solids were not left in the autoclave in c144. The sample liquid was stored, and
later used to evaluate the room temperature and 100°C pH of the test solution. After calibration and
checks in two buffered solutions, the pH was measured at room temperature to be 13.43. The vial
containing the relatively small volume (about 25 cc) of solution was then heated in a beaker of boiling
water, and the pH at about 100°C was found to be 12.2 - 12.3. Note that the boiling point of this liquid
is above 110°C, so heating to 100°C did not produce boiling (or even consequential evaporation during
the short measurement). While this is not completely representative of the autoclave test solution, which
is at 110°C, the difference should be very small indeed.

The test ended at 6060 hours, and the CT specimen was removed and broken apart by fatigue cracking in
air. Optical evaluation of the fracture surface shows the dc potential drop readings to be in good
agreement with the actual crack length. The average crack depth is 0.136-inch, with a minimum of 0.122
inch and a maximum of 0.159-inch. Potential drop showed growth of 0.138-inch, which represents less
than 2% error, typical of many other tests performed in this laboratory. Post-test correction of crack
growth rates is not merited. Scanning electron microscopic examination of the fracture surface are shown
in Figure 1-11.
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Specimen c144 of Alloy e22. An overview of the air fatigue precrack and stress corrosion cracking
results for Alloy C22 is shown in Figures 1-12 and 1-13. Following air fatigue precracking and assembly
into the autoclave, the specimen was left unloaded while adjustments were made to the temperature
controller.

At 247 hours, the specimen was loaded to 11 MPa-Jm to equilibrate the dc potential drop system at the
110°C test temperature. At 272 hours, the specimen was loaded to 30 MPa-Jm and a very low frequency
cycle was imposed at R = 0.7 and 0.001 Hz (Figures 1-14 and 1-15). As with specimen c143, Figure 1-14
presents the raw, point-by-point data, while Figure 1-15 uses a moving average of 10 data points to
smooth out the minor crack length fluctuations from temperature.

Because there was little initial evidence of crack advance, at 345 hours the load ratio R was lowered to
0.5, at which point crack advance commenced, although at a relatively low growth rate of~ 2.5 x 10-8

mm/s (Figures 1-14 and 1-15). At ~ 600 hours, there is a dip in the crack length vs. time signal that
cannot be explained based on any change in the test conditions. The noise in the crack length vs. time
signal was of lower periodicity (about 24 hours, perhaps from slightly greater fluctuations in room
temperature) than for specimen c143. The subsequent response was well-behaved, as shown in Figure 1
16. At 1184 hours the loading was changed to R = 0.6,0.001 Hz; this initially produced little discernible
change in the growth rate. Over the time interval shown (including some data at R = 0.6), the linear
regression fit was evaluated to be 2.1 x 10-8 mm/s. Additionally, detailed calculations are shown for the
best fit growth rate, the growth rates corresponding to the upper and lower 95% confidence levels, and the
correlation coefficient (R2

). The high correlation coefficient and the close agreement of the upper and
lower 95% confidence values provide a high level of confidence in the quality of the observations.

About 100 hours after making the change to R = 0.6, the crack growth rate apparently stopped (Figures 1
14 and 1-15). Because of this, a change was made at 1801 hours into the test from 0.001 Hz to 0.003 Hz.
This was sufficient to re-activate the crack (Figures 1-14, 1-15 and 1-17) and produce well-behaved crack
growth response for the subsequent 300+ hours. The best fit growth rate was 3.3 x 10-8 mm/s, with a very
high correlation coefficient (R2

) of 0.988. Note that despite the increase in frequency by 3X, the growth
rate only increased by about 60%, indicating a very strong environmental component of crack advance (if
the crack were advancing by inert fatigue, its rate would be linear with frequency).

At 2137 hours, the frequency was returned to 0.001 Hz, and now the crack growth rate was sustained
(Figures 1-14, 1-15 and 1-18). At 2481 hours, the load ratio was increased to R = 0.65, and again the
growth rate was sustained. Finally, at 3345 hours the specimen was unloaded (but not cooled down) out
of concern for power outages as we entered the year 2000. However, no problems were encountered and,
on re-loading, the crack growth rate has been identical to the prior period.

At 3705 hours, the cycling was made more gentle by changing to R=0.7, 0.001 Hz, and the crack growth
rate was essentially unchanged (Figure 1-19). At 4405 hours a 3,000 s hold time was introduced, and
cracking appeared to cease. On removing the hold time at 5125 hours, the crack re-initiated, although at a
slightly lower rate.

The tendency for cracking to slow or cease in Alloy 22 more than Ti Grade 7 is consistent with the lower
growth rates observed for Alloy 22. This is consistent among a range of materials that show that the
propensity for "active cracking" to cease increases as the growth rate decreases. Estimates of the "active"
growth rate under static conditions can be made from experience and from comparison with the data from
specimen c143. Using a factor of 4 as a reasonable estimate, the expected / estimated growth rate for
Alloy 22 under static loading conditions might be between 1 - 2 x 10-9 mm/s, a low number indeed, and
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more difficult still to measure than the rates observed on specimen c143. Indeed, in few if any instances
have measurements at these rates ever been made.

Corrosion potential measurements of the CT specimen and a Pt electrode vs. the 4N KCI external
Ag/AgCI reference electrode were made "continuously" (about once every 1.6 hours) throughout the test
(Figure 1-20). The corrosion potentials of the CT specimen and Pt electrode are similar, and the
measurements are also similar to those obtained on specimen c143 (see the discussion for test cI43).

At 507 h into the test, the autoclave solution was sampled then submitted to the Materials
Characterization Laboratory at GE Global Research Center. The results are shown below, and differ
somewhat from the analysis of the solution used in test c143, perhaps because the undissolved solids were
not left in the autoclave of this test. As with specimen c143, the sample liquid was stored, and then
recently used to evaluate the room temperature and 100°C pH of the test solution. After calibration and
checks in two buffered solutions, the pH was measured at room temperature to be 13.42. The vial
containing the relatively small volume (about 25 cc) of solution was then heated in a beaker of boiling
water, and the pH at about 100°C was found to be about 12.6. Note that the boiling point of this liquid is
above 110°C, so heating to 100°C did not produce boiling (or even consequential evaporation during the
short measurement). While this is not completely representative of the autoclave test solution, which is at
110°C, the difference should be very small indeed.

The test ended at 5698 hours, and CT specimen has been removed and broken apart by fatigue cracking in
air. Optical evaluation of the fracture surface shows the dc potential drop readings to be in good
agreement with the actual crack length. The average crack depth is 0.120-inch, with a minimum of 0.104
inch and a maximum of 0.128-inch. Potential drop showed growth of 0.1 08-inch, which represents only
about 10% error, typical of many other tests performed in this laboratory. Post-test correction of crack
growth rates is not merited, because discrepancies almost are always associated with unevenness in the
crack front and the evolution of the unevenness with time is not known. Scanning electron microscopic
examination of the fracture surface shows a purely transgranular crack morphology (Figure 1-21).

Specimen c148 of 20% cold worked Ti Grade 7. An overview of the air fatigue precrack and stress
corrosion cracking results for a 0.5T CT specimen of20% cold worked Ti Grade 7 is shown in Figure 1
22. The air fatigue precracking response is shown in Figure 1-23. At 33.5 hours, following air fatigue
precracking and assembly into the autoclave, the specimen was loaded to Kmax = 30 MPavim and a very
low frequency cycle was imposed at R = 0.7 and 0.001 Hz, and a stable crack growth rate of 5 x 10-8

mm/s (Figures 1-24 and 1-25). Figure 1-24 presents the raw, point-by-point data, while Figure 1-25 uses
a moving average of 10 data points to smooth out the minor crack length fluctuations from temperature.

At 541 hours, a 1,000 s hold time at Kmax was introduced, and the growth rate slowed by about 2X to 2.2
X 10-8 mm/s. The hold time was increased to 3,000 at 993 hours, and the growth rate again slowed to
about 1.5 x 10-8 mm/s. At 1298 hours, the hold time was extended to 9,000 s, and very little change in
crack growth rate was observed. Unfortunately, a very slow leak developed along the Teflon sheathed Pt
wires used for the dc potential drop measurements, and its cumulative effect was not recognized. Over a
several week period the crack length measurements showed an increase but then became noisy, and an
evaluation of the situation led to the conclusion that the liquid level had dropped below the CT specimen.
The system was unloaded, cooled down, dis-assembled, and cleaned out. The slow leak was repaired and
new solution was put into the system. On re-heating and re-Ioading, the crack length returned to the
expected level, so the intermediate noisy data has not been plotted (see the purely linear portion between
1500 and 2100 hours in Figure 1-26).
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Since the crack growth rate had slowed to ~1 x 10-9 mm/s, at 2959 hours more aggressive cycling was re
introduced, and this caused an increase to 5 x 10-8 mm/s (Figure 1-26), identical to what had been
observed earlier (Figure 1-25). After what may seem like a long time, but involved only about 0.2 mm of
crack advance, the conditions were changed at 4270 hours to include a 1,000 s hold at Kmax (Figure 1-27).
The growth rate changed crisply to 3.4 x 10-8 mm/s. At about 4800 hours, the hold time has been again
increased to 3,000 s (Figure 1-28), which produced a growth rate of 1.7 x 10-8 mm/s.

At 5925 hours the hold time was increased to 9,000 s (Figure 1-29), and the crack growth rate slowed to
7.3 x 10-9 mm/s. At 6265 hours the hold time was increased to 85,400 s (Figure 1-29), and the crack
growth rate slowed, initially to 7 x 10-10 mm/s. Over the next several thousand hours (Figure 1-30) the
growth rate slowly decayed to 1.4 x 10-10 mm/s. The addition of 1000 ppm Pb as PbN03 at 11,160 hours
had no consequential effect on the growth rate - some minor perturbation occurs when the autoclave is
opened, depressurized, and cooled on adding the PbN03 .

At 11,876 hours, the specimen was more aggressively loaded at R = 0.7, 0.001 Hz, which produced a
growth rate of 2.5 x 10-8 mm/s (Figure 1-31). One objective was to promote the transport of Pb into the
crack by cycling. The resulting growth rates were slower than the comparable rate early in the test
(Figure 1-27) of 5.5 x 10-8 mm/s, again indicating that Pb has no deleterious effect. The test was ended at
13,050 hours.

Corrosion potential measurements of the CT specimen vs. a Pt electrode and a 4N KCI external Ag/AgCI
reference electrode were made continuously (Figures 1-32 and 1-33). Initially, as also observed in tests
c143 and c144, the corrosion potentials of the CT specimen and Pt electrode were similar, but careful
impedance checks of the reference electrode revealed some concerns for the formation of gas bubbles in
the electrode. Because at 110°C the autoclave solution is above the boiling point of pure water, a 4N
KCI electrolyte was used in the Ag/AgCI reference electrodes (coupled with the 5 psi overpressure, no
boiling should occur), although this is not a guarantee that gas bubbles will not form. To evaluate the
concern, the reference electrode was rebuilt, and a fiber wick was introduced so that ionic continuity
could be maintained even if some gas bubbles formed, and different potentials were indeed measured.
However, the reference electrode still has an ionic junction through which dilution and contamination of
its internal electrolyte can occur, either of which will cause its reference potential to shift, as was also
noted as time progressed. It is believed that the potential values measured shortly after rebuilding the
reference electrode are reasonably accurate.

Because long term drift in reference electrodes with ion junctions is inevitable, the "raw" potential of the
CT specimen vs. the Pt electrode was also measured. Since Pt should not react or undergo surface
changes, its potential should be stable with time. In tum, this can show whether the corrosion potential of
the CT specimen is stable. The response (Figures 1-32 and 1-33) showed little change in the corrosion
potential of the CT specimen (vs. the Pt electrode), but considerable drift did occur in the Ag/AgCI
reference electrode. The higher potential of Pt (evident from the negative potential of the CT specimen
vs. the Pt electrode) is consistent with many other measurements in 100 - 300°C solutions. These
observations clearly indicate that the reference electrode used prior to rebuilding did develop impedance
problems from gas bubbles (also evident from tests c152 and cI53), but that even after rebuilding the
reference electrode is subject to drift as its internal electrolyte changes composition.

The corrosion potentials observed in this study for Alloy 22 (about 0 to 0.100 Vshe) are similar to those
reported by Kim in section 3 of this report. In 100% BSW at 95C he observed corrosion potentials of
about -0.250 Vsce for Alloy 22 (~-0.064 Vshe) and about -0.300 Vsce Ti Grade 7 (~-0.114 Vshe) (based on
a conversion factor for SCE at 95°C of 0.1861 V from Table 8 in reference [8]). Farmer et al [8,9]
performed polarization scans of Alloy 22 in air saturated (no CO2), carbonate and silicate free, modified
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(pH = 13 by adding NaOH) basic saturated water (BSW-13) at 110°C (Figure 3-34 in Ref [9], Figure 5 in
Ref [8]). For Alloy 22 thermally aged at 700°C for 10 hours, he reported a corrosion potential of about
0.227 V, and his reported conversion to Vshe at 95°C of 0.199 V for Ag/AgCl/Sat'd.KCl (Table 8 in Ref
[8]) translates to a corrosion potential of approximately -0.03 Vshe.

However, Farmer's data are very short term measurements. Estill et al. [10] performed long term
measurements in various environments. He used a "saturated silver chloride" (SSC) reference electrode
with a luggin capillary into the test solution, apparently similar to that used by Farmer, and reported that
the SSC scale is 199 mV more positive than the standard hydrogen electrode (Vshe). For BSC (his table 3,
cell 4 and figure 6), he reports data after 407 days of exposure of 0.046 Vsse (0.245 Vshe) and 0.027 Vsse
(0.226 Vshe) for wrought and welded alloy 22 double U-bend specimens, respectively. For Pt, the
measured potential was 0.074 Vsse (0.273 Vshe). The initial (day 1) data on wrought alloy 22 double U
bend and Pt potential are within 100 mV of their long term value, but the welded alloy 22 double U-bend
data start at -0.754 Vsse (-0.555 Vshe), and take about 120 days to come up to within about 50 mV of
their 407-day value.

While the measurement of thermodynamic (i.e., Vshe) corrosion potentials has proven difficult under these
conditions, we believe that the initial measurements after rebuilding the Ag/AgCl reference electrode are
reasonably accurate. More important, the change in the potential of the titanium or Alloy 22 materials vs.
time seems to be very limited, and indeed the data uniformly shows a decrease in the potential of titanium
or Alloy 22 vs. the Pt electrode. The Pt electrode should be a stable, reliable indicator, because the test
conditions (temperature, solution pH at temperature, and dissolved oxygen concentration) should change
very little during the test.

Additionally, there is no sensible, foreseeable mechanism for the corrosion potential of Alloy 22 or
titanium to continue to rise indefinitely. It is not impossible to imagine that their potential might rise
slightly following initial exposure, but under these conditions their passive films are so protective and
stable that contributions from metal corrosion is infinitesimally small, and the redox reactions from the
species in solution should be stable. This should also apply to the waste packages, although some
increase in dissolved oxygen is expected as the solution on the waste package cools from its saturated
boiling point by 10 - 20°C. After that the solubility of oxygen in water changes much less with
temperature. This response is different than that in high temperature water, where there is a known
tendency for the corrosion potential of stainless steel to rise following initial exposure to 288°C water
(even in that case, the potential stabilizes). In 288C water stainless steel has a moderate corrosion rate
(especially after initial exposure), and its corrosion reaction can playa moderate role in determining the
corrosion potential in pure water.

Specimen c152 of as-received Alloy 22. Overviews of the air fatigue precrack and stress corrosion
cracking results for a 1T CT specimen of as-received Alloy 22 are shown in Figures 1-34 and 1-35. At
39.6 hours, following air fatigue precracking and assembly into the autoclave, the specimen was loaded to
Kmax = 45 MPavim and a low frequency cycle was imposed at R = 0.7 and 0.01 Hz, and a stable crack
growth rate of 2.3 x 10-7 mm/s (Figures 1-36 and 1-37). Figure 1-36 presents the raw, point-by-point
data, while Figure 1-37 uses a moving average of 10 data points to smooth out the minor crack length
fluctuations from temperature.

At 100 hours, the frequency was reduced to 0.001 Hz, and a stable growth rate was again observed at 2.5
x 10-8 mm/s. At 645 hours a 3,000 s hold time at Kmax was introduced, although because the growth rate
seemed to be slowing down too much, it was shifted to 1,000 s hold at 809 hours, where a growth rate of
~ 1.5 x 10-8 mm/s. At 1103 hours, the hold time was returned to 3,000 s, and the crack growth rate
slowed to ~ 7 X 10-9 mm/s (Figures 1-37 and 1-38). At 1523 hours, there was a small temperature
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excursion, which may have slowed the crack growth rate slightly. At 1978 hours, the hold time at Kmax

was changed to 9,000 s, which slowed the growth rate to ~ 1.3 X 10-9 mm/m. The growth rate slowly
increased vs. time to ~ 2.2 X 10-9 mm/s (Figures 1-39 and 1-40). At 3793 hours, the hold time was being
increased to 85,400 s, which produced a growth rate of about 4 x 10-10 mm/s (Figure 1-40), and the
growth rate slowed to 4 x 10-10 mm/s, then seemed to arrest at about 6800 hours (Figure 1-41).

At 8,670 hours, 1000 ppm of Pb as PbN03 was added, which had no effect on the growth rate (Figure 1
41). Note that at this pH, most of the Pb becomes insoluble in the test solution because of lead
carbonate, lead sulfate and possibly lead oxide precipitation. At 9,050 hours, the autoclave was
opened and the temperature perturbed slightly, which seemed to produce re-initiation of SCC growth,
although at a rate about 3X slower (1.2 x 10-10 mm/s) than prior to the Pb addition.

At 10,682 hours (Figure 1-42), the loading was made more aggressive (continuous cycling - no hold
time) to promote Pb transport in the crack (although this should not have been a limiting issue over the
thousands of hours of duration of the test) - these rates (with Pb present) will be compared later to data
obtained earlier in the test without Pb. At 11,789 hours, a 3,000 s hold time at Kmax was introduced,
slowing the growth rate from 2.1 x 10-8 mm/s to 6.3 x 10-9 mm/s. At 12,438 hours, a 9,000 s hold time
was introduced, further slowing the growth rate, to 2.2 x 10-9 mm/s (Figures 1-42 and 1-43).

At 14,381 hours, the loading was changed to continuous cycling at R=0.833 (~K = 7.5 MPavlm) and the
growth rate increased to 3.4 x 10-9 mm/s, later slowing to 3.0 x 10-9 mm/s. At 18,982 hours a 3,000 s
hold time at Kmax was introduced, and the rate slowed to 6 x 10-10 mm/s.

The test ended at 24,126 hours, and the CT specimen was removed and broken apart by fatigue cracking
in air. Optical evaluation of the fracture surface shows the dc potential drop readings to be in good
agreement with the actual crack length. The average crack depth is 0.074 inch, with a minimum of 0.060
inch and a maximum of 0.083 inch. Potential drop showed growth of 0.059 inch, which represents about
a 20% error compared to the average crack depth. While somewhat higher than average, it is consistent
with the strong influence of the area of least crack advance on dc potential drop. Post-test correction of
crack growth rates was not performed. A macrophotograph and scanning electron micrographs of the
fracture surface are shown in Figure 1-44.

Figures 1-45 to 1-47 compare the data from this specimen before and after the 1000 ppm Pb addition. In
all cases, the growth rate after the Pb addition was the same or slower, and the test conditions vary over a
significant range in loading conditions and growth rates. There appears to be no basis for concern that Pb
will affect SCC growth rates in this environment.

Corrosion potential measurements of the CT specimen vs. the Pt electrode and the 4N KCl external
Ag/AgCl reference electrode were made continuously (Figures 1-48 and 1-49). Discussion of the
reference electrode measurements was presented for test c148.

Specimen cIS3 of 20% cold worked Alloy 22. Overviews of the air fatigue precrack and stress
corrosion cracking results for a 0.5T CT specimen of20% cold worked Alloy 22 are shown in Figures 1
50 and 1-51. At 84.4 hours, following air fatigue precracking and assembly into the autoclave, the
specimen was loaded to Kmax = 30 MPavim and a very low frequency cycle was imposed at R = 0.7 and
0.003 Hz, and a stable crack growth rate of 1.7 x 10-8 mm/s (Figures 1-52 and 1-53). Figure 1-52 presents
the raw, point-by-point data, while Figure 1-53 uses a moving average of 10 data points to smooth out the
minor crack length fluctuations from temperature. At 721 hours, the frequency was reduced to 0.001 Hz,
and the growth rate slowed to 5 x 10-9 mm/s. Given the low growth rates, the time-based behavior is very
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stable. However, it takes longer to accommodate a given amount of crack advance, which is usually
necessary to promote stable crack growth as static load conditions are approached.

At ~ 1200 hours the load controller stopped cycling. When this was resolved, the crack growth rate was
essentially unchanged (Figure 1-54). At 1892 hours, a 1,000 s hold time at Kmax was introduced, and the
SCC growth rate slowed immediately to 2.6 x 10-9 mm/s. At 3202 hours, the loading was changed to
constant load, and after a brief transient, a very low growth rate of 5 x 10--10 mm/s was observed (Figures
1-54 to 1-56) for perhaps 700 hours, then slowed to a rate at least 2X lower.

Intermittent problems with the crack length measurements system appeared (Figure 1-57), and various
attempts to resolve them were made. Each "resolution" seemed to solve the problem for a while, but
finally the test was interrupted at 11,247 hours and the specimen was removed so the Pt potential drop
leads could be reattached to the specimen. This did resolve the problem.

At 11,234 hours, the loading was changed to R = 0.7, 0.001 Hz continuous, which produced a growth rate
of3.5 x 10--9 mm/s (Figure 1-58). At 11,905 hours, a 3,000 s hold time was introduced, which slowed the
growth rate to 1 x 10--9 mm/s.

At 13,324 hours, the Kmax was increased to 55 MPavim with cycling at R = 0.6,0.001 Hz. Because of the
change in Kmax, there is a change in indicated crack length, followed by a transient, then an initial growth
rate of 4 x 10--9 mm/s, rising to 5.4 x 10-8 mm/s. The introduction of a 3,000 s hold at Kmax at
19,219 hours produced a decrease to 1.3 x 10-8 mm/s, and a further increase in hold time to
9,000 sat 21,068 hours produced a growth rate of6 x 10-9 mm/s.

The test ended at 24,320 hours, and the CT specimen was removed and broken apart by fatigue cracking
in air. Optical evaluation of the fracture surface shows the dc potential drop readings to be in good
agreement with the actual crack length. The average crack depth is 0.083 inch, with a minimum of 0.075
inch and a maximum of 0.089 inch. Potential drop showed growth of 0.076 inch, which represents about
an 8% error compared to the average crack depth. This is closer agreement than for specimen c152, in
keeping with the more uniform crack front. Post-test correction of crack growth rates was not performed.
A macrophotograph and scanning electron micrographs of the fracture surface are shown in Figure 1-59.

Figure 1-60 compares the data from this specimen before and after the 1000 ppm Pb addition. The
growth rate after the Pb addition was slower, and thus there appears to be no basis for concern that Pb will
affect SCC growth rates.

Corrosion potential measurements of the CT specimen vs. a Pt electrode and the 4N KCI external
Ag/AgCI reference electrode were made continuously (Figure 1-61). Discussion of the reference
electrode measurements was presented in the section on specimen c148.

Specimen c200 of As-received + Aged (700°C for 175 hours) Alloy 22. The overviews of the air
fatigue precrack and stress corrosion cracking results for a 0.5T CT specimen of Alloy 22 (as-received +
aged (700°C for 175 hours) are shown in Figures 1-62 and 1-63. Part of the objective of this test is to
evaluate the effects of aging and of testing at lower stress intensity factors.

At 381 hours, following air fatigue precracking and assembly into the autoclave, the specimen was loaded
to Kmax = 16.5 MPavim and a very low frequency cycle was imposed at R = 0.7 and 0.001 Hz. A stable
crack growth rate of 2 x 10-8 mm/s was observed (Figures 1-64). Because the stress intensity amplitude
was so low (4.95 MPavlm), at 722 hours, the load ratio (R) value was reduced to 0.5, and the growth rate
increased to 6.4 x 10-8 mm/s. At 1010 hours, Kmax was increased to 24.2 MPavlm, and the ~K maintained
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constant by changing to R=0.66; a growth rate of9 x 10-8 mm/s was observed (Figure 1-65). At 1364
hours the load ratio was changed to R=0.5, and the rate increased to 3.4 x 10-7 mm/s (Figures 1-65 and 1
66). At 5,341 hours, a 3,000 s hold time at Kmax was introduced, causing the growth rate to slow to 1.3 x
10-7 mm/s. At 7,341 hours a 9,000 s hold time was introduced, which slowed the growth rate to 4.6 x 10
8 mm/s (Figure 1-67). A increase in hold time to 85,400 sat 7,492 hours decreased the growth rate to 6 x
10-9 mm/s (Figure 1-68). A change to constant stress intensity factor was made at 7,971 hours, and it
shows that a sustained crack growth rate of ~ 1 x 10-9 mm/s. The observed and predicted rates (based on
cycle-dependent growth) shown below indicate that there is a very limited environmental (time
dependent) effect, as also shown by the constant load rate.

Hold Time Duty Cycle Predicted Rate Assuming Growth Observed Growth Rate
ks (1) Occurs only During Cycling, mm/s mm/s
0 100% 5 x 10-7 (obs) 5 x 10-7

3 25% 1.25 x 10-7 1.3 X 10-7

9 10% 5 x 10-8 4.6 X 10-8

85.4 1.17% 5.8 x 10-9 6 X 10-9

00 0 0 6 X 10-10

(1) Duty cycle is the percentage of the test time in which the specimen is cycling vs. holding at Kmax

The test ended at 10,508 hours, and the CT specimen was removed and broken apart by fatigue cracking
in air. Optical evaluation of the fracture surface shows the dc potential drop readings to be in good
agreement with the actual crack length. The average crack depth is 0.294 inch, with a minimum of 0.278
inch and a maximum of 0.302 inch. Potential drop showed growth of 0.298 inch, which represents about
a 1% error compared to the average crack depth. This is closer agreement than for specimen c152, in
keeping with the more uniform crack front. Post-test correction of crack growth rates was not performed.
A macrophotograph and scanning electron micrographs of the fracture surface are shown in Figure 1-69.
No evidence of intergranular cracking was found despite careful examination of the crack front by SEM.

The corrosion potential behavior of the CT specimen and Pt electrode are shown in Figure 1-70.

Application to Prediction of Waste Package Performance. Generic concerns for stress corrosion
cracking in Ti alloys or alloy 22 cannot be dismissed based on the data obtained. However, the likelihood
that SCC growth in alloy 22 can be maintained - much less initiated, which looks nearly impossible based
on the SCC initiation data obtained to date - is very low (Figure 1-71). It was very difficult to sustain
SCC at or near constant load, despite elaborate attempts to slowly and optimally transition the test from a
fatigue-dominated crack to a stress corrosion crack. 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 »10,000 year time frame. Crack initiation testing [11] performed in this program
and described in Section 2 shows no initiation in Alloy 22 in any metallurgical or surface preparation
condition (including notched) at actively-loaded stresses up to 95% of the ultimate tensile strength and
over time periods approaching 10,000 hours. The static conditions of the repository, probabilistic nature
of SCC growth [2,12], and low growth rates support the crack initiation data in establishing the extremely
low susceptibility of Alloy 22 to SCC under these conditions. Efforts to understand the nature of SCC
under static load and at very low growth rates [7] have led to the formulation of a probability of
sustaining see which is dependent on the crack growth rate, as well as other parameters (Figure 1-72).

This contrasts with the "moderate" (still very low) susceptibility to SCC of titanium grade 7. Even in this
material, sustained SCC at static load was observed only in the annealed material, not in the 20% cold
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worked materials (Figure 1-73). Note that, as with Alloy 22, no effect of 1000 ppm Pb was observed in
titanium grade 7.

If the highly conservative assumption were made that see growth could be sustained, then it is
appropriate to develop a see growth rate prediction methodology. Initial efforts to extend see
prediction algorithms developed by Ford and Andresen [13,14] for stainless steels and nickel alloys in
288 °e pure water environments hold promise. This approach is expressed in general form as:

~ = f(n)(&ct)n

where Vt = average crack growth rate

&ct = the crack tip strain rate (lis)

n = a parameter that reflects the oxidation / repassivation kinetics at a strained crack tip. For
stainless steels in high temperature water, 'n' is related to measurable bulk parameters such as corrosion
potential, solution conductivity, and the degree of grain boundary chromium depletion. Because the
Alloy 22 material is highly corrosion resistant and can repassivate rapidly in these environments, a high
'n' value is appropriate, as indicated in Figures 1-74 and 1-75, and provides reasonable agreement with
the observed rates in this and other studies [15]. More data are needed to evaluate a broader range of
stress intensities, material conditions, and solution compositions.

f(n) = 7.8 x 10-3 n3.6

&ct =CK4 (for constant load)

where:

C = a constant dependent on material and yield stress

K = the stress intensity, via linear elastic fracture mechanics (LEFM)

Because of the lower temperature, an adjustment in strain rate calculation or pre-exponential term 'f(n) ,
may be appropriate.

Given the exceedingly low growth rates at moderate to high stress intensity factors, the prospect of
accurately measuring a threshold stress intensity factor (K1scc) for Alloy 22 in this environment is bleak.
However, there is broad concurrence that when the general corrosion rate exceeds the see growth rate
(as has more commonly been observed in less passive materials like carbon steel), see will cease as the
crack blunts. Figure 1-76 presents a basis for conservatively estimating K1scc based on the existing data
[15] and a K4 dependency obtained for an assumed n value equal to 1 (in the Ford/Andresen slip
dissolution / oxidation model, the K dependency for environmental cracking follows a K4n dependency,
so that in aggressive environments (e.g., sensitized stainless steel tested in an aggressive water chemistry,
n ~ 0.5, and the observed K dependency is ~ K2

). Based on the current upper bound values for general
corrosion rates in Alloy 22, a K1scc of about 13 MPavim can be estimated. The highly passive nature of
Alloy 22 in this environment justifies a value of n = 1.0.

1.3 - CONCLUSIONS
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Stable, long-term environmentally-assisted crack growth rates were measured on Alloy 22 in several
metallurgical conditions (as-received / solution annealed, 20% cold worked, and aged at 700°C / 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 mm/s) on titanium grade 7. By contrast, only
very low growth rates (5 x 10-10 mm/s) were observed on Alloy 22 under constant load, and only in the
20% cold worked material. This is consistent with other analyses of data in which the effect of hold time
was evaluated. Preliminary predictions based on the slip dissolution model of crack advance provide
reasonable agreement with observation. Methods for estimating a K1scc using a crack blunting criterion
are described.

Simpler tests, such as slow strain rate tests, do not have the sensitivity to detect very small levels of
susceptibility to SCC as were measured in these studies. It should be noted that the environment is not
aggressive to these two materials, with no evidence whatsoever of localized attack, even in creviced areas.
Indeed, only very limited signs of attack have been observed on type 304 or 316 stainless steel system
parts exposed in these environments during long term testing. In tum, the very low levels of SCC
susceptibility will translate into very high resistance to SCC in long term, constant load tests on smooth
specimens, which are described in this report. 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 6 - 9 mm of wall thickness.
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Table 1-1. Heat and composition of materials tested

Material Heat Composition in weight %
Ti Grade 7 S-3024, Lot Ti + O.OlN 0.02C 0.007H 0.12Fe 0.140 0.13Pd

P683
Ti Grade 7 CN0171 Ti + 0.15Fe 0.16Pd O.OlN 0.0450 O.OlC
Alloy 22 2277-8-3163 Ni + 21.61Cr 13.46Mo 4.17Fe 2.81W 0.87Co 0.35Mn 0.16V 0.009P

0.002S 0.003C
Alloy 22 2277-9-3192 Ni + 21.53Cr 13.34Mo 3.93Fe 2.92W 0.27Mn 0.96Co 0.006P O.OOlS

0.27Si 0.17V
Alloy 22 2277-9-3263 Ni + 21.00Cr 13.60Mo 4.03Fe 1.24Co 0.24Mn 2.90W 0.010P 0.003S

weld SN016, SN015 0.003C 0.15V 0.027Si
Alloy 22 filler Ni + 59.70Ni 20.54Cr 14.00Mo 3.10W 2.08Fe 0.20Mn 0.06Si
XX1753BG 0.04Cu 0.03V 0.03Co 0.004P 0.004C 0.001 S

Alloy 22 filler Ni + 59.31Ni 20.44Cr 14.16Mo 3.07W 2.20Fe 0.21Mn 0.07Si
XX1829BG 0.15Cu 0.05V 0.03Co <O.OOlP 0.005C O.OOlS

316NG SS K29861 Fe + 16.27Cr 10.15Ni 2.08Mo 1.67Mn 0.49Si 0.083N 0.018C 0.035P
0.008S 0.37Cu

316NG SS 32555-2A Plate from Framatome without accompanying certs - not yet used
304 SS AJ9139 Fe + 18.34Cr 8.14Ni 0.48Si 1.09Mn 0.024S 0.024P 0.04C

Table 1-2. Accuracy of dc potential drop crack measurement technique
Specimen ID Material Actual depth based on Actual depth based on

Crack growth increment total crack length
C143 Ti Grade 7 1.4% shorter 0.2% shorter
C144 Alloy 22 10% longer 1.2% longer
C148 Ti Grade 7 22% longer 3.8% longer
C152 Alloy 22 21 % longer 1.6% longer
C153 Alloy 22 8% longer 1.5% longer
C200 Alloy 22 1.3% shorter 0.6% shorter

Table 1-3. Materials, condition, and specimen ID for crack growth tests

Specimen ID Material Condition Size Stress Intensity
C143 Ti Grade 7 As-received 1TCT 30 MPavim

from LLNL, GCT#1
C144 Alloy 22 As-received 1TCT 30 MPavim

from LLNL, DCT#1
C148 Ti Grade 7 20% cold work 0.5TCT 30 MPavim
C152 Alloy 22 As-received 1TCT 45 MPavim

from LLNL, DCT#2
C153 Alloy 22 20% cold work 0.5TCT 30 MPavim
C200 Alloy 22 Aged 700C/175h 0.5TCT ~ 16 MPavim
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Table 1-4. Final, Long term corrosion potential values
Specimen ID Material Corrosion potential, Vshe

C143 Ti Grade 7 ~ 0.10 Vshe *
C144 Alloy 22 ~ 0.10 Vshe *
C148 Ti Grade 7 + 20%CW ~ 0.03 - 0.05 Vshe

C152 Alloy 22 ~ 0.10 - 0.11 Vshe

C153 Alloy 22 + 20%CW ~ 0.10 - 0.11 Vshe

C200 Alloy 22, Aged 700C/175h ~ 0.10 - 0.11 Vshe

* value is not as definitive as other data

Table 1-5. The concentration of ions in the samples (ppm)
Ion c143 - 9/3/99 c144 - 9/3/99

Sodium 130794 140322
140412 139931

Potassium 56387 67651
58772 71569

Fluoride <145 <145
<145 <145

Chloride 95989 101331
91472 99920

Nitrate 101366 112752
96497 105970

Sulfate 6249 5528
6482 5976

Sulfur (33% of sulfate) 2107 1819
2185 1968

The as-prepared solutions have the following ppm ionic concentrations - note that this does not account
for the addition ofNa2Si03*9H20, nor for precipitation of species after mixing. There is reasonable
agreement with the solution analyses above.

156,073 ppm Na
52,385 ppmK
97,088 ppm Cl
136,546 ppm N03
14,056 ppm S04
106,426 ppm C03
2008 ppm F
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Schematic of dc Potential Drop System
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Figure 1-1. Schematic of (a) the computer control of current reversal, data acquisition, and data
averaging techniques, (b) the relationship between measured potential and crack length, and (c) the
loading vs. time used for transitioning from transgranular fatigue to intergranular stress corrosion
cracking.
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Overview of c143 - Titanium Grade 7
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Figure 1-2. Overview of the air fatigue precracking and stress corrosion cracking testing of specimen
c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5 psi over
pressure of laboratory air.
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Figure 1-3. Air fatigue precracking of specimen c143 (as-received titanium grade 7) at 25°C.
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Figure 1-4. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5
psi over-pressure of laboratory air.
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Figure 1-5. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5
psi over-pressure of laboratory air. A 10-point moving average was used to smooth the data, which
proved quite sensitive to fluctuations in room and test (110°C) temperature.
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Figure 1-6. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5
psi over-pressure of laboratory air. The test interval of297 to 2154 hours is shown, which corresponds to
the period in which the loading was Kmax = 30 MPavlm, R = 0.7, and 0.001 Hz. At 1555 hours, a 1,000 s
hold at Kmax was introduced. A 10-point moving average was used to smooth the data, which proved
quite sensitive to fluctuations in room and test (110 °C) temperature.
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Figure 1-7. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5
psi over-pressure of laboratory air. The test interval of 2154 to 2848 hours is shown, which corresponds
to the period in which the loading was Kmax = 30 MPa-Vm, R = 0.7, and 0.001 Hz with a 9,000 s hold at
Kmax. A 10-point moving average was used to smooth the data, which proved quite sensitive to
fluctuations in room and test (110°C) temperature.
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Figure 1-8. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen c143 (as-received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5
psi over-pressure of laboratory air. The test interval of 2848 to 3724 hours is shown, which corresponds
to the period in which the loading was Kmax = 30 MPa-Vm, R = 0.7, and 0.001 Hz, with a 85,400 s hold at
Kmax. A 10-point moving average was used to smooth the data, which proved quite sensitive to
fluctuations in room and test (110°C) temperature.
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Figure 1-9. Crack length and temperature vs. time plot of the stress corrosion cracking response of
specimen cl43 (as-received titanium grade 7) at 110 °C in a concentrated mixed salt environment with 5
psi over-pressure oflaboratory air. The test interval of 4075 to 6060 hours is shown, which corresponds
to the period in which the loading was constant at 30 MPa-Vm. A 10-point moving average was used to
smooth the data, which proved quite sensitive to fluctuations in room and test (110°C) temperature.
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Figure 1-10. Corrosion potential vs. time plot of the corrosion potential response of specimen c143 (as
received titanium grade 7) at 110°C in a concentrated mixed salt environment with 5 psi over-pressure of
laboratory air. These potentials are very similar to those measured on specimen c144, but exhibit more
noise. Subsequent corrosion potential measurements on specimens c148, c152, and c153 suggest that
these potentials may be in error, likely because the reference electrode probably developed a lack of ionic
continuity (usually from the formation of a gas bubble).
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