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Figure 2-19. Notched Keno specimen drawing implemented for 24 specimens added to Keno Run 2 in
March 2002.

GE GRC Report Page 135 December 15,2003



1 ANSYS 5.6.2
DEC 3 2001
10 :24:11
PLOT NO. 1
NODAL SOLUTION
STEP=l
SUB =29
TIME=l
SY (AVG)
RSYS=O
PowerGraphics
EFACET=l
AVRES=Mat
DMX = .107E-04
SMN =- .113E+08
SMX = .607E+09
_ -.113E+08

.574E+08
c::::::J .126E+09
c::::::J .195E+09

.264E+09
c::::::J .332E+09
c::::::J .401E+09
c::::::J .470E+09
_ .539E+09

.607E+09

Figure 2-20. FEA showing lack of stress field interaction for chosen 3-notch Keno geometry. Stress
level is indicated by color, where red is highest and blue is lowest. Note that the region of highest stress
concentration is local to the notch root.
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Figure 2-21. Smooth Keno specimens etched to locate the weld fusion line. Specimens were then
prestrained and shipped back to the machining vendor for final notch placement.
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Notches

Figure 2-22. Example ofNotched Keno Specimen (Welded C22)
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Figure 2-23. Corrosion potential ys. time for Alloy 22 CT specimen (as-welded + TCP = 650°C for 200
hours) and stainless steel coupon YS. Pt electrode in 150°C SCW water.
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Appendix 2-1

Solution pH measurements were performed on 100 ml of the 15% Keno solution that had been removed
from the autoclave on 7/18/00. This solution was stored in a sealed plastic container until pH
measurements were made on 7/24/00.

On 7/24/00, a high temperature Cole-Parmer glass pH electrode was calibrated using a two-point
calibration on the Coming model 340 pH meter. Fresh buffer solutions were made immediately prior to
the calibration using Metrepak pHydrion sodium carbonate and sodium phosphate capsules to obtain pH
7.00 and pH 10.00 buffered solutions, respectively. After the calibration, measurements were performed
to confirm the calibration, and a reading of7.02 was observed for the 7.00 buffered solution and 10.00
was observed for the 10.00 buffered solution. No further adjustments were made.

100 ml Keno solution was poured into a 250 ml pyrex cell. This cell was immersed in a 1 liter beaker of
water that served as a heating bath for the cell. A temperature controller was used to slowly increase the
temperature of the bath over several hours. A thermometer placed in the pyrex cell was used to provide
temperature indication of the Keno solution. pH measurements are provided in Table Al below.

Table Ai. pH measurements of i5% diluted solution

Time Temperature (OC) pH Comments

10:29 am 24 12.41 room temperature
10:54 am 50 12.13
11:12 am 60 11.93
11:32 am 68 11.77
11:40 am 74 11.63
12:46 pm 86 11.00
1:11 pm 91 10.93
1:44 pm 94 10.89 water bath boiling at 100°C

solution heated in a 125 ml stainless steel beaker

4:35-4:42 104.5 - 106.5 - placed directly on a hot plate; pH not measured
because salt solution diffusing into pH electrode
at these temperatures
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The data provided in Table Al are summarized in the plot below. A parabolic curve fit to the measured
pH data suggests that the solution pH inside the Keno autoclave is 9.2 at 125°C and 10.05 at 110°C.
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3.0 Electrochemical and Passive Film Measurements

3.1 Overview and Background

The passivity behavior of Alloy 22 and Grade 7 titanium has been studied at 95°C in a high pH salt
environment characteristic of concentrated Yucca Mountain groundwater. Measurements of corrosion
potential (CP) versus time, potentiostatic polarization (PP) and cyclic potentiodynamic polarization (CPP)
behavior were conducted to evaluate the passivity of these alloys. The characterization of passive films
was also analyzed by x-ray photoelectron spectroscopy (XPS) and transmission electron microscopy
(TEM) to obtain the chemical composition and cross-sectional view of the metal, interface, and oxide
layers.

It was observed that the oxide layer responsible for passivity of Alloy 22 consisted of chromium oxide
(Cr203) containing Ni. The surface analysis showed that the passive films formed on Alloy 22 at high
anodic potentials (> 0 mV vs. SCE) contained more Mo and W than ones formed at lower anodic
potentials « 0 mV vs. SCE). However, no visual evidence of localized corrosion on Alloy 22 after
potentiostatic polarization measurements was observed.

This program is designed to examine the oxide characteristics formed on Alloy 22 and Ti-grade 7 as
disposal-canister and drip-shield corrosion resistant materials, respectively for the Yucca Mountain
Project [1]. The waste package and drip shield are essential elements of the engineered barrier system,
and the ability to provide very long waste package lifetimes that can be predicted with confidence is a
central factor in the calculated release rate of radionucleides from the mountain.

General and localized corrosion, and stress corrosion cracking represent the most likely degradation
modes for the corrosion-resistant materials comprising the waste package and drip shield [2-5]. One key
to demonstrating and predicting 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 are more concentrated, and the material
susceptibility to corrosion degradation is highest. The waste package is always hotter than its
surrounding environment, probably by several degrees C at ~ 70°C.

It is reasonable to assume that water eventually reaches the tunnel (drift) walls, and that the higher surface
area of the tunnel walls controls the air temperature and maintains relative humidities approaching 100%.
Thus any liquid that forms on the waste package must concentrate sufficiently for the temperature
differential (e.g., 2 - 5°C) of the waste package [1]. Whether from dripping or splashing of seepage
water similar to ground water, contaminants from handling, rock dust and atmospheric particulates and
aerosols (dispersed during construction or through ventilation), it is difficult to preclude the prospect of
aqueous films forming on the waste package. The most likely scenario is for water compositions similar
to ground water or rock pore water to concentrate (or hydrate) on the waste package and/or drip shield to
form a solution concentration of at least several molar on the metal surface. The concentration of any
aqueous phase will decrease with time / temperature, although even after more than 10,000 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 water from Yucca Mountain concentrates, its mixed ion character remains
intact, and its pH can span the range from near neutral to at least 9 or 10.

The objective of this program is to evaluate the passivity behavior of Alloy 22 and Ti Grade 7 by
measuring the corrosion potential (CP) and cyclic potentiodynamic polarization (CPP) and potentiostatic
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polarization (PP) behaviors of Alloy 22 and Ti Grade 7 in a mixed-salt environment at 95°C. Also, the
oxide film characteristics formed on both alloys are discussed.

3.2 Experimental Procedures

Alloy 22 (56Ni-22Cr-13Mo-3W-3Fe-2.5Co-0.5Mn-0.35V-0.08Si-0.OlC in atomic %) and titanium Grade
7 alloy (0.03N-0.10C-0.30Fe-0.2Pd-Ti balance in atomic %) were supplied by the Yucca Mountain
Project in the solution annealed condition. Pure Mo (99.95% ) and W (99.95%) rods of 0.125-inch
diameter, and a 80%Ni-20%Cr rod of 0.064-inch diameter were purchased on a non-Q basis for Alfa /
Johnson-Mathey. Their compositions were verified by Laboratory Testing.

All materials were tested in the as-received condition. Specimens (0.3 cm in diameter by 6 cm in length
for CP, PP, and CPP measurements, and 1 cm x 1 cm x 0.08 cm for the oxide analysis) were cut by
electrodischarging machining and then wet-ground using a 600 grit SiC paper before test. Specimens for
electrochemical measurements were spot welded to a polytetrafluoroethylene (PTFE)-insulated alloy 600
or Ti wire and mounted in a Conax fitting. The test chemistries are shown in Table 3-1. The solution
used represents a less concentrated version of so-called Basic Saturated Water (BSW) [1] which is
simulated Yucca Mountain ground water (1-13 well water) evaporatively concentrated ~50,000-fold. The
less concentrated solution used in these tests is BSW diluted to yield ~2800-fold J-13 and has a pH of
~12.4 at 95°C. Tests with Pb used 100 ppm Pb as Pb(N03)2.

The chemicals were mixed with water that had been heated to the boiling point in the autoclave. All
testing was performed in either a Hastelloy C-276 autoclave body or a commercial-purity titanium
autoclave. However, some stainless steel was present in all test autoclaves, and there was no evidence of
its corrosion, indicating the solution was not extremely aggressive. Solution was sampled from the
autoclaves during the test.

To prevent evaporative loss of water, a four foot long tube-in-tube heat exchanger was used, with cooling
water on the outside. The solution level in the test autoclave was monitored periodically by checking for
continuity between the autoclave and an insulated stainless steel feed-through bar. No water addition was
needed.

All potentials were measured with respect to a saturated calomel electrode (SCE). A Luggin probe with a
porous zirconia membrane filled with the test solution was used to maintain a SCE at room temperature.
A platinum flag electrode was employed as a counter electrode. All tests were performed at 95°C ± 1°C.
CPP scans at 0.17 mY/second were started at 50 mV below the steady-state corrosion potential obtained 1
hour after immersion in solution and reversed when a current density of 5 mA/cm2was reached. After the
completion of each test, specimens were cleaned ultrasonically in deionized water, dried, and the
specimen surface was examined with a scanning electron microscope (SEM). In addition, potentiostatic
polarization tests were conducted by applying various anodic potentials for 24 hours to measure the
passive current and to characterize the oxide properties; both, oxide composition and thickness were
analyzed by XPS. The XPS data are quantitative for film composition, but the depth is considered
qualitative because precise calibrations of sputtering rate on an oxide of this composition was not
performed (although very good estimates exist). No visual evidence of localized corrosion attack was
observed after CPP or PP measurements.

The cross-sectional TEM sample was prepared using a focused ion beam system (FIB). The bulk sample
was placed into the FIB system and the region of interest is coated with a 1um thick Pt layer using the in
situ metal deposition facilities of the FIB. The Pt layer was used to protect the underlying material.
Staircase shaped cuts were milled on either side of the region of interest using a Ga ion source. The ion
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current was reduced as the thickness of the section approached the desired dimension. The dimension of
the final TEM cross-section was 10 um long, 4 um deep and 150 nm thick. The sample was then removed
from the FIB chamber and the TEM cross-section was picked out of the bulk sample and placed on a
porous carbon grid using a micro-manipulator. The TEM data are considered quantitative for
composition, but qualitative dimensionally (although there is a very basis for believing that the indicated
dimensions are quite accurate).

3.3 Results And Discussion

The exposure history of the specimens in the three environments is summarized in Table 3-2. The
immersion tests continue, although for more than a year there has been little funding for analysis or
monitoring.

Corrosion Potential Behavior

Corrosion potential behavior of Alloy 22, Ti Grade 7, and Pt electrodes early in exposure is shown in
Figure 3-1. Initially, the corrosion potentials of all test electrodes were similar, increasing with time.
Since Pt should not react or undergo surface changes, its potential should be stable with time. The
corrosion potentials of Alloy 22 and Ti Grade 7 rose slightly following initial exposure but would not be
expected to continue to rise indefinitely. Under these conditions the passive films would be expected to
become so protective and stable that contributions from metal corrosion should become extremely small,
and redox reactions from the species in solution should be stable. This potential dependency 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.

Long-term exposure of these electrodes continues. Figures 3-2 and 3-3 and Tables 3-3 and 3-4 show the
longer term corrosion potential response, although in the last year little monitoring has been performed
because of limited funding. As shown in figures and tables, no significant change in the open circuit
potential (OCP, or corrosion potential) of the test electrodes was observed. These data indicate that (1)
the passive films become very protective and stable, (2) contributions from metal corrosion become
extremely small, and (3) redox reactions from the species in solution are stable.

Cyclic Potentiodynamic Polarization

The CPP measurement was conducted to detect any breakdown of passivity, such as pit and crevice
initiation potentials and repassivation potential if losses in passivity were observed. Figure 3-4 shows the
CPP behavior of Alloy 22 in the mixed-salt solution at 95°C. No localized corrosion attack on the sample
surface was observed after the CPP measurement. This CPP curve shows that Alloy 22 maintains its
passivity at potentials at least as high as 0 mV (vs. SCE). At approximately 150 mV (SCE), an anodic
oxidation peak was observed. This peak may be due to some change in oxidation state of the passive film
and not with loss of passivity since no evidence of localized corrosion was observed after the
potentiostatic polarization test.

It is also interesting to examine the effect of long-term aging of Alloy 22 under environmental condition
on the oxide stability. As seen in Figure 3-5, immersion of Alloy 22 for two weeks in the mixed-salt
solution at 95°C shifted the corrosion potential in a noble direction by approximately 200 mV. This is
accompanied by a slight decrease in passive current density before the anodic oxidation peak and
followed by a slight increase in passive current density above the peak. An example of CP data for Ti
Grade 7 in a mixed-salt solution at 95°C is shown in Figure 3-6. Little evidence of potential passive film
breakdown over a wide range of potential was observed.
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When Alloy 22 exists in the passive state in a given environment, the anodic currents are controlled by
the composition and structures of the protective oxide films. As an alloying element, Mo exerts its
beneficial effect on localized corrosion under acidic conditions but Mo is potentially harmful for the
passive film, especially at higher pH values where it can readily dissolve out as Mo(VI) in the form of
MOO-24 [6]. Similar electrochemical behavior is expected ofW [6]. A comparison of the CPP
characteristics for Alloy 22,80% Ni-20% Cr, Ni, Mo, and W is presented in Figure 3-7. In the corrosion
potential region, pure Mo and W exhibit an active anodic current-potential relationship with increasing
potential. This is associated with the formation of a non-protective oxide film as the potential becomes
more positive. Pitting corrosion was observed on 80% Ni-20% Cr, and high corrosion attack was also
measured on pure Ni. It is, therefore, noted that at higher pH values, the presence of Mo or W in the
outer oxide layers in the passive potential region may lead to transient, elevated passive current density as
these soluble species go into solution.

Potentiostatic Polarization Measurement

The passive current transition behavior and oxide thickness formed on Alloy 22 at various anodic
potentials is shown in Figure 3-8. Figure 3-9 shows the elemental distribution on the outermost oxide
layer formed on Alloy 22 at various anodic potentials. Applied anodic potentials were chosen from the
CPP behavior (see Figure 3-4). Steady-state currents were normally achieved within a 5-10 hour period
of polarization at applied potentials. In addition to anodic dissolution, there may be contributions to the
measured current due to redox reactions occurring in the mixed-salt environment. Such redox
contributions to potentiostatically measured currents were noted in a somewhat more dilute concentrated
Yucca-Mountain groundwater at 90°C on both Alloy 22 and platinum [7]. No evidence of localized
corrosion attack on test specimens after polarization was observed.

Note that the current density increased after the applied anodic potential was increased to 200 mV and a
slight increase in oxide thickness was also observed. However, no evidence was observed to conclude the
current increase and a slightly thicker oxide at high anodic potentials were due to localized film
breakdown. The primary cause of high current density may be due to changes in surface chemistry and
oxidation states of MOO-24 or WO-24 [6].

Oxide Analysis

The chemical composition and structure of oxide films play very important roles in the corrosion process
and protection. The mechanisms and kinetics of the corrosion processes can be altered by the chemical
and physical properties of oxide films. Figure 3-10 shows the TEM cross-section micrograph of the oxide
film formed for 2 months on Alloy 22 in the mixed-salt solution at 95°C. An oxide approximately 5-8 nm
thick, enriched with Cr, was formed. Electron diffraction patterns showed a thermodynamically stable
Cr203 rich oxide film containing Ni.

XPS analysis was performed for quantitative chemical profiles of the oxide thickness and elemental
distribution through the oxide film. Figures 3-11 and 3-12 show the elemental concentrations of the
outermost oxide layer formed on Alloy 22 and Ti Grade 7, respectively, in a mixed-salt solution at 95°C
as a function of immersion time. The oxide film on Alloy 22 was enriched with Cr and Ni, and no
significant amounts of Mo and W were measured. However, a large amount of Si02with various salts on
the outer oxide film was detected, but no evidence of penetration of Si02to the underlying substrate was
observed. Only a protective Ti02film on Ti Grade 7 was detected. Figure 3-13 and Table 3-5 show the
oxide thickness formed on Alloy 22 and Ti Grade 7 as a function of immersion time. Approximately 5 
6 nm thick oxides were formed on both alloys.
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An analysis of the XPS data was performed after removing impurities, such as C, Mg, Ca, Na, etc. on the
surface (Table 3-6). The oxide layer formed in this solution is covered with a Si02-enriched oxide that
may influence the measured Cr and Ni concentration in the oxide; that is, the very shallow depth of XPS
analyses makes it likely that an outer Si02-rich layer caused an artificially lower reading of the Cr and Ni
concentrations in the inner layer. Indeed, TEM shows a Cr rich oxide at the metal interface that is
covered by a Si02-rich outer layer. The long-term immersion test is still in progress to permit additional
oxide characterization to shed light on understanding the relation between corrosion potential and oxide
nature.

Corrosion Rate and Hydrogen Analysis in Titanium

Titanium Grade 7 specimens (dimension: 0.375 x 0.375 x 0.032 inch with a 0.094 inch drilled hole) were
evaluated for corrosion rate and hydrogen content in the three environments used for long-term exposure.
After removal and ultrasonic cleaning in pure water and acetone, there was no visual evidence of a salt
film on the surface, and no obvious difference in appearance whether Pb was present or not. No chemical
descaling procedure was used, although this may be tried in the future. Specimens were weighed before
and after the long-term immersion, and three as-received (unexposed) specimens and three specimens
from each environment were evaluated. The twelve specimens were then sent to Laboratory Testing, Inc.,
and the results are shown in Tables 3-7 and 3-8. Two failed Keno specimens were also sent for hydrogen
analysis, and these showed similar hydrogen levels (10 and 14 ppm H). The effect of Pb on the corrosion
rate was evaluated in the concentrated Yucca Mountain solution, and Table 3-9 shows that Pb increased
both the corrosion rate and the hydrogen uptake.

3.4 Conclusions

The passivity of Alloy 22 and Ti Grade 7 was examined by measuring the corrosion potential and
polarization behavior in a mixed-salt environment at 95°C. Steady-state corrosion potentials of Alloy 22
and Ti Grade 7 were measured. The surface analysis data indicate that the oxide layers responsible for
passivity of Alloy 22 consist of chromium oxide (Cr203) containing Ni. After two months' exposure to
the mixed-salt solution at 95°C, oxide films about 5 - 6 nm-thick were formed. In addition, the passive
films formed on Alloy 22 at high anodic potentials (> 0 mV vs. SCE) contained more Mo and W than
ones formed at lower anodic potentials « 0 mV vs. SCE). However, no evidence of localized corrosion
attack on Alloy 22 after potentiostatic polarization measurements was observed.
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Table 3-1. Chemical composition of concentrated (~2800-fold) Yucca Mountain J-13 well water
Dilute (DYM) test solution mixes these chemicals in 1000 g of water

Concentrated (CYM) test solution mixes these chemicals in 53.3 g of water

10.6 g Na2C03 (anhydrous) 9.7 g KCl
8.8 gNaCl 0.2 gNaF
13.6 g NaN03 1.4 g Na2S04 (anhydrous)
4.1 g Na2Si03*9H20 1000 g H2O

Table 3-2. Summary of specimen exposed in each composition.

DYM CYM (Pb) CYM (No Pb)

# of Immersion #of Immersion #of Immersion
Specimen since Specimen since Specimen since

C-22 16 ea 5/23/2001 16 ea 6/21/2001 16 ea 7/2/2001

Ti-Grade 7 13 ea 5/23/2001 13 ea 6/21/2001 13 ea 7/2/2001
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Table 3-3. OCP as a function of immersion time of Alloy 22,
Ti-Grade 7, Pt, and Alloy 276 autoclave in a concentrated Y-M solution.

With 100 pm Pb Without Pb
date Time Immersion time Alloy 22 Ti-Grade 7 Pt Alloy 276 AlC Temp·("Cl Alloy 22 Ti-Grade 7 Pt Alloy 276 AlC Temp·("Cl

08/01/01 14:40 0.3 -262 -468 -106 -450 95 -274 -478 -98 -395 96
08/02/01 8:10 1 -257 -386 -85 -401 95 -262 -366 -87 -336 96
08/03/01 9:15 2 -247 -328 -75 -383 96 -238 -407 -86 -260 93
08/06/01 9:30 5 -246 -351 -40 -377 96 -234 -450 -87 -151 95
08/07/01 14:20 6.3 -243 -352 -37 -366 96 -241 -447 -93 -143 95
08/08/01 15:10 7.4 -238 -337 -31 -369 96 -234 -445 -94 -137 94
08/09/01 13:35 8.2 -248 -344 -32 -375 96 -241 -469 -106 -139 94
08/13/01 8:40 12 -243 -342 -30 -375 96 -241 -443 -117 -129 94
08/14/01 9:10 13 -245 -328 -26 -374 96 -242 -351 -129 -124 93
08/15/01 8:15 14 -244 -327 -29 -373 96 -239 -441 -124 -119 93
08/17/01 9:10 16 -238 -322 -28 -365 95.2 -237 -489 -110 -112 93.9
08/19/01 9:45 18 -251 -325 -36 -362 95.8 -230 -403 -108 -110 94
08/21/01 10:25 20 -251 -317 -33 -357 97.5 -234 -518 -104 -138 95
08/22/01 10:28 21 -248 -320 -34 -358 96.6 -225 -406 -102 -149 95.1
08/23/01 8:17 22 -257 -320 -34 -361 96.7 -231 -580 -102 -111 95.7
08/24/01 8:10 23 -261 -318 -35 -356 97.9 -225 -450 -100 -113 95.4
08/25/01 9:40 24 -263 -320 -35 -362 97.1 -214 -449 -102 -105 95.6
08/27/01 8:10 26 -259 -322 -32 -361 97 -214 -441 -101 -105 96.2
08/28/01 8:15 27 -257 -321 -33 -359 97.3 -213 -422 -102 -106 94.9
08/30101 9:40 29 -262 -316 -32 -359 97.3 -220 -430 -107 -108 97.2
08/31/01 9:00 30 -260 -317 -34 -356 96.9 -218 -435 -107 -103 97.1
09/04/01 10:00 34 -265 -319 -31 -360 96.6 -196 -491 -95 -94 97.4
09/05/01 7:50 35 -267 -319 -30 -360 97.4 -194 -476 -94 -92 97.5
09/06/01 7:30 36 -263 -314 -30 -356 97.4 -196 -455 -96 -95 96.8
09/07/01 8:15 37 -261 -312 -31 -346 96.8 -186 -444 -93 -90 96.8
09/09/01 9:45 39 -258 -307 -33 -344 96.5 -186 -450 -92 -96 95.6
09/10101 8:10 40 -255 -309 -34 -344 95.9 -184 -450 -94 -97 95.4
09/11/01 8:20 41 -255 -307 -30 -341 96.4 -190 -454 -90 -95 95.8
09/13/01 8:30 43 -257 -310 -31 -350 96.8 -180 -450 -94 -95 96.3
09/14/01 8:55 44 -258 -308 -29 -345 95.2 -177 -435 -95 -94 95
09/17/01 8:30 46 -260 -309 -28 -346 94.9 -177 -415 -95 -93 97.5
09/18/01 9:10 47 -256 -307 -30 -346 97 -177 -407 -93 -93 97.9
09/20101 9:40 49 -258 -306 -29 -344 95.8 -173 -392 -94 -93 97.5
09/21/01 8:15 50 -253 -305 -28 -346 95.4 -170 -381 -91 -91 95.5
09/24/01 8:25 53 -260 -306 -27 -347 95.6 -179 -365 -93 -92 95.8
09/27/01 5:13 56 -251 -307 -29 -347 96.1 -179 -350 -92 -93 98.4
09/28/01 8:30 57 -252 -307 -28 -348 95.3 -176 -347 -98 -93 98.1
10101/01 8:20 60 -248 -304 -27 -346 95.4 -180 -330 -94 -91 95.3
10102/01 8:30 61 -252 -303 -27 -335 96 -182 -339 -96 -90 96.1
10103/01 8:01 62 -246 -304 -26 -341 95.1 -187 -336 -97 -90 96.2
10104/01 9:30 63 -246 -305 -26 -346 96.1 -186 -337 -95 -89 95.7
10105/01 8:30 64 -251 -303 -25 -346 95 -180 -340 -94 -91 96.2
10108/01 8:20 67 -248 -300 -22 -347 95.9 -173 -346 -88 -89 95.1
10/11/01 8:30 69 -249 -301 -25 -346 94.8 -174 -349 -97 -89 95.3
10/13/01 8:45 72 -249 -300 -27 -346 96.9 -177 -355 -95 -91 97.5
10/16/01 9:10 76 -255 -298 -29 -347 97 -181 -361 -94 -93 96.1
10/19/01 8:40 79 -260 -300 -29 -342 96.2 -181 -358 -96 -92 97.4
10/24/01 9:10 84 -255 -297 -30 -346 95.8 -186 -359 -97 -93 95.4
10/26/01 8:50 86 -253 -298 -26 -344 96.4 -182 -356 -98 -91 96.2
10/31/01 8:30 91 -254 -295 -27 -348 95.5 -188 -357 -101 -88 96.5
11/05/01 8:11 96 -249 -298 -24 -348 96.7 -168 -352 -109 -84 95.7
11/08/01 9:10 99 -256 -300 -25 -346 95.5 -199 -363 -101 -90 95.8
11/16/01 8:10 107 -257 -303 -26 -344 96.7 -204 -384 -100 -89 96.4
11/19/01 9:00 110 -251 -301 -23 -345 96.5 -184 -387 -94 -83 95.5
11/20101 8:55 113 -260 -302 -24 -345 97.4 -165 -400 -94 -87 97.1
11/26/01 8:40 119 -255 -289 -24 -347 96.5 -189 -391 -96 -94 96.5
12103101 8:30 126 -250 -300 -27 -344 95.6 -205 -386 -95 -96 96.5
12107/01 9:05 130 -260 -301 -27 -346 94.9 -210 -397 -97 -99 -95.5
12117/01 8:55 140 -250 -275 -25 -335 94.5 -216 -380 -98 -91 96.2
12121/01 9:00 144 -255 -304 -27 -341 95.7 -200 -375 -96 -90 95.7
01/02/02 9:10 156 -252 -300 -26 -338 95.5 -210 -387 -100 -95 96.4
01/15/02 8:55 169 -245 -287 -23 -333 97 -203 -385 -98 -108 95.4
01/22/02 8:40 176 -260 -298 -24 -336 95.9 -182 -389 -97 -101 97.4
02104102 9:15 186 -257 -297 -24 -328 96.1 -212 -387 -95 -100 94.5
02113/02 8:45 195 -252 -288 -22 -320 95.5 -210 -382 -99 -120 96.4
02121/02 9:00 203 -260 -295 -25 -326 96.5 -220 -378 -101 -116 95.7
03/06/02 8:50 216 -261 -296 -25 -328 96.4 -201 -383 -90 -140 96.4
03/18/02 9:15 228 -257 -300 -23 -325 95.5 -223 -363 -92 -140 95.2
03/26/02 8:10 234 -257 -302 -24 -323 96.4 -245 -344 -89 -103 97.1
04/04/02 10:10 243 -259 -305 -24 -322 95.8 -258 -324 -80 -98 96.5
07/08/02 8:55 339 -262 -326 -19 -319 96.6 -199 -330 -80 -115 95.7
07/10102 9:00 341 -263 -330 -20 -320 96.2 -195 -327 -79 -114 96.3
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Table 3-4. OCP as a function of immersion time of Alloy 22,
Ti-Grade 7, Pt and Alloy 276 autoclave in a dilute Y-M solution.

day Time Immersion Time, day Alloy 22 Ti-Grade 7 Pt Ti Autoclave Temp. (C)
5/23/2001 12:40 0.1 -297 -310 -29 97

4:40 0.4 -240 -201 8 96
5/24/2001 8:00 0.9 -135 -151 24 95

10:00 1 -118 -146 18 94.9
3:40 1.2 -138 -135 23 94.1

5/25/2001 7:40 1.8 -131 -134 26 93.9
1:00 2.2 -152 -127 27 97
6:00 2.4 -153 -127 28 95.2

5/26/2001 10:00 3 -150 -125 30 56 94.9
6:00 3.4 -147 -126 32 75 95.1

5/27/2001 8:00 4 -148 -125 35 64 94.8
5:00 4.5 -147 -124 37 67 95.2

5/28/2001 8:00 5 -149 -124 38 63 95.6
5/29/2001 8:00 6 -146 -124 39 58 96
5/30/2001 9:00 7 -149 -122 44 69 95
5/31/2001 9:40 8 -150 -119 42 70 96.1
6/1/2001 10:00 9 -153 -119 43 68 95.2
6/3/2001 9:50 11 -154 -117 46 72 94.7
6/4/2001 11 :00 12 -156 -116 48 68 95.5
6/5/2001 8:20 13 -136 -111 51 70 94.7
6/6/2001 10:15 14 -151 -113 57 77 95.5
6/7/2001 11: 10 15 -137 -109 57 65 95

6/10/2001 10:00 16 -147 -108 56 68 96.1
6/12/2001 10:00 18 -165 -117 50 74 96.4
6/13/2001 8:05 19 -139 -123 49 59 95
6/15/2001 10:00 21 -181 -109 48 76 95.1
6/18/2001 10:00 24 -175 -110 50 58 95.2
6/20/2001 11: 10 26 -174 -111 55 66 95.7
6/22/2001 8:50 27 -179 -108 62 63 95.1
6/26/2001 10:40 31 -174 -109 65 68 95.2
6/28/2001 10:10 33 -172 -110 68 67 95.2
7/2/2001 10:15 36 -180 -112 78 70 94.9
7/3/2001 10:20 37 -178 -109 80 68 95.3
7/5/2001 10:10 39 -175 -106 91 63 96
7/6/2001 10:10 40 -179 -110 85 69 95.2
7/9/2001 9:00 43 -172 -114 94 70 94.7

7/10/2001 10:00 44 -174 -109 82 72 95.3
7/11/2001 9:15 45 -169 -111 80 74 95.7
7/13/2001 9:00 47 -174 -105 73 78 94.4
7/16/2001 9:00 50 -160 -100 69 74 94.7
7/18/2001 10:00 52 -161 -107 84 69 95.3
7/23/2001 9:10 57 -164 -100 92 70 95.9
7/24/2001 10:00 58 -155 -110 85 67 96.2
7/25/2001 9:00 59 -159 -114 90 65 95.4
7/26/2001 8:40 60 -157 -111 91 69 94.9
7/27/2001 9:10 61 -177 -115 49 70 95.3
7/29/2001 10:40 63 -185 -119 42 72 96.3
7/30/2001 8:20 64 -174 -107 58 68 95.2
7/31/2001 10:10 65 -178 -117 40 65 95
8/1/2001 9:55 66 -177 -123 53 68 94.7
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8/2/2001 10:10 67 -176 -121 49 70 95.1
8/3/2001 9:20 68 -175 -119 47 73 94
8/6/2001 11 :00 71 -185 -119 46 59 95.2
8/7/2001 9:10 72 -177 -120 44 64 95
8/8/2001 10:00 73 -190 -114 42 69 94.4
8/9/2001 9:55 74 -185 -113 46 58 95.1

8/13/2001 10:50 77 -190 -114 45 65 93.9
8/14/2001 10:00 78 -181 -112 43 66 94
8/15/2001 9:45 79 -185 -115 45 59 95.1
8/16/2001 10:10 80 -175 -117 43 60 95
8/19/2001 9:25 83 -195 -112 41 62 96.1
8/21/2001 10:10 85 -180 -116 35 64 96.5
8/23/2001 9:30 87 -240 -109 40 70 95.1
8/24/2001 8:20 88 -243 -108 30 61 94.4
8/25/2001 9:50 89 -230 -92 33 66 95.1
8/27/2001 8:10 91 -227 -88 41 69 95.8
8/28/2001 8:15 92 -221 -89 40 67 96.4
8/30/2001 9:50 94 -238 -86 41 72 96.3
8/31/2001 10:10 95 -227 -91 41 51 94.6
9/5/2001 8:15 100 -220 -90 40 50 94.3
9/7/2001 8:15 101 -240 -90 35 57 97.6
9/9/2001 9:25 103 -219 -87 38 51 96.9

9/10/2001 8:15 104 -210 -82 45 73 96.6
9/11/2001 8:25 105 -209 -80 46 83 94.9
9/13/2001 8:30 107 -191 -80 50 77 96.2
9/14/2001 8:50 108 -189 -79 52 79 95.2
9/17/2001 8:30 111 -186 -75 50 85 93.4
9/18/2001 9:15 112 -181 -81 59 68 96.1
9/20/2001 9:50 114 -189 -80 53 76 94.5
9/21/2001 8:10 115 -184 -84 45 59 95.9
9/24/2001 8:30 118 -186 -83 50 79 96.2
9/27/2001 5:15 121 -215 -82 56 83 94.9
9/28/2001 8:30 122 -172 -83 56 81 94.5
10/1/2001 8:25 125 -180 -83 57 79 95.5
10/2/2001 8:30 126 -188 -82 59 83 95.7
10/3/2001 8:10 127 -195 -84 60 84 96.5
10/4/2001 9:15 128 -190 -81 61 88 94.3
10/5/2001 8:50 129 -187 -83 55 99 95.1
10/8/2001 8:25 132 -209 -91 66 92 94.2

10/11/2001 8:40 134 -202 -90 60 93 95.3
10/13/2001 8:45 136 -199 -89 57 92 94.8
10/16/2001 9:05 139 -185 -87 60 91 94.7
10/19/2001 8:47 142 -188 -83 60 88 95.2
10/20/2001 8:10 143 -175 -86 57 86 94.9
10/22/2001 9:00 145 -179 -84 58 89 95
10/24/2001 8:55 147 -170 -85 59 85 95.5
10/26/2001 9:10 149 -188 -90 57 78 94.9
10/29/2001 8:40 152 -180 -102 56 67 5.7
10/31/2001 9:55 154 -177 -119 50 84 96.8
11/5/2001 8:10 159 -174 -120 47 78 97.2
11/8/2001 9:20 162 -185 -110 43 79 95.8

11/15/2001 8:10 169 -212 -103 47 78 95.7
11/16/2001 8:00 170 -210 -114 47 75 97
11/19/2001 9:00 173 -189 -130 59 67 96.7
11/20/2001 8:50 174 -210 -89 42 69 96.4
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11/26/2001 8:30 180 -205 -77 60 49 95.3
12/3/2001 8:30 189 -222 -78 62 68 95.7
12/7/2001 9:10 191 -201 -75 60 66 95.4

12/17/2001 8:50 201 -200 -72 61 66 97.1
12/21/2001 9:10 205 -194 -71 60 69 96

1/2/2002 9:05 217 -200 -70 66 67 95.7
1/15/2002 8:40 230 -191 -68 60 70 96.4
1/22/2002 8:50 237 -194 -67 62 70 95.5
2/4/2002 9:10 240 -185 -65 55 74 96.7

2/13/2002 8:40 249 -187 -70 59 73 95.4
2/21/2002 9:00 257 -180 -66 53 70 96.9
3/6/2002 8:45 270 -171 -66 57 70 95.9

3/18/2002 9:10 282 -159 -62 53 73 95.1
3/26/2002 8:15 290 -166 -64 55 72 95.4
4/4/2002 10:10 299 -159 -65 53 71 96.2
7/8/2002 9:10 395 -160 -74 54 72 96

7/10/2002 8:55 397 -159 -75 55 73 95.5
7/15/2002 8:36 402 -162 -72 59 70 94.8
7/18/2002 9:00 405 -150 -83 51 63 95.7

Table 3-5. Oxide film thickness VS. immersion time for Alloy 22 and Ti Gr.7

Oxide thickness, A
Immersion time, mo C-22 Ti-Grade 7

0 a a
1 57.5 50
2 75 57
8 130 112

Table 3-6. Primary elemental composition of outermost surface of oxide layer
formed on Alloy 22 in dilute Yucca Mountain solution at 95°C

Su rface Conce ntration, atom ic %
1m mersion time, month Ni Cr Mo W 0 Si

0 48.6 22.2 10.3 1.9 7.2 0
1 13.6 16.7 2.7 0 48.7 8.7
2 12.2 12.3 2.1 0.3 47.5 13.8
8 10 8.4 2.4 0.5 45.2 14.6
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Table 3-7. Hydrogen levels in Titanium Grade 7 before and after exposure.
Tests in Pb used 100 ppm Pb as Pb(N03)2

AS-received, no immersion
wt.%

TA-1 0.0017
TA-2 0.0014
TA-3 0.0014

Immersion for 24 months+20 days in CYM solution with 1000 ppm Pb
wt.%

TP5 0.0026
TP6 0.0024
TP7 0.0029

Immersion for 24 months in CYM solution without Pb
wt.%

T5 0.0019
T6 0.0021
T7 0.0021

Immersion for 25 months+13 days in OYM solution (no Pb)
wt.%

T07 0.0022
T08 0.0021
T09 0.0019

Table 3-8. Average hydrogen uptake in Titanium Grade 7 during exposure.

Average H concentration
wt. 0/0 Uptake, wt. 0/0

As-received 0.00150 0.00000
CYM-Pb 0.00263 0.00113

CYM 0.00203 0.00053
DYM 0.00207 0.00057

Table 3-9. Corrosion rate of Titanium Grade 7 during exposure.

Tests in Pb used 100 ppm Pb as Pb(N03)2

Concentrated 95°C Y-M solution without Pb addition for 24 months
Specimen T5 0.105 J.un/year
Specimen T6 0.115 J.un/year
Specimen T7 0.094 Jl1n/year

Concentrated 95°C Y-M solution with Pb addition for 24 months + 20 days
Specimen TP5 0.526 Jl1n/year
Specimen TP6 0.643 Jlm/year
Specimen TP7 0.490 Jlm/year
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Figure 3-1. Corrosion potential vs. time plot for Alloy 22, Ti Grade 7 and Pt electrodes and Ti autoclave
at 95°C in a dilute Y-M solution (no Pb).
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Figure 3-2. Corrosion potential vs. time plot for Alloy 22, Ti Grade 7 and Pt electrodes at 95°C in a
mixed-salt environment (no Pb).
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Figure 3-3. Corrosion potential vs. time plot for Alloy 22, Ti Grade 7 and Pt electrodes and Alloy 276
autoclave at 95°C in a concentrated Y-M solution containing 100 ppm Pb.
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Figure 3-4. Cyclic potentiodynamic polarization curve of Alloy 22 at 95°C in a mixed-salt environment.
The arrow defining O2 evolution is based on the absence of localized corrosion and the very high current
densities achieved. The repassivation potential does not reflect metal repassivation, only the crossing of
the curves for the forward and back scan.

GE GRC Report Page 154 December 15,2003



1.2
Alloy 22

1.0 Dilute Y-M solution at 95°C

~ 0.8
U
00

>'
J 0.6
<....
Eo--
Z 0.4
~
Eo--
0
~ 0.2
~
~
0
~ 0.0
Eo--
U
~
...:l -0.2
~

-0.4

,..---After 2 week immersion

r+--- As-polished surface

-0.6
1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-OS 1.0E-04 1.0E-03 1.0E-02 1.0E-Ol

CURRENT DENSITY, A/cm2

Figure 3-5. Effect of preoxidation of Alloy 22 in a test environment on cyclic potentiodynamic
polarization curve at 95°C in a mixed-salt environment.
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Figure 3-6. Cyclic potentiodynamic polarization curve of Ti Grade 7 at 95°C in a mixed-salt
environment.
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Figure 3-7. Cyclic potentiodynamic polarization curve of Alloy 22, 80% Ni-20% Cr, Ni, Mo, and W at
95°C in a mixed-salt environment.
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Figure 3-8: Passive current densities and oxide thickness as a function of applied potential for Alloy 22.
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Figure 3-9: Elemental concentration on the outermost oxide layer as a function of applied potential for
Alloy 22.
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Figure 3-10. TEM micrograph showing the cross-section views and oxide chemistry formed on Alloy 22
for 2 months at 95°C in a mixed-salt environment.
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Conceniration on the outmost oxide laye." fonned on Alloy 22
in dilute Y-M solution at 95°C
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Figure 3-11. Elemental concentration on the outmost oxide layer formed on Alloy 22 at 95°C in a
mixed-salt environment as a function of immersion time. TEM evaluation shows that the high Si levels
results from an outer SiOrrich layer that gives an artificially low measurement ofthe Cr and Ni
concentrations in the inner film.
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Figure 3-12. Elemental concentration on the outmost oxide layer formed on Ti Grade 7 at 110°C in a
mixed-salt environment. TEM evaluation shows that the high Si levels results from an outer SiOrrich
layer that gives an artificially low measurement of the Cr and Ni concentrations in the inner film.
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Alloy 22

Oxide formed on Alloy 22 and Ti-Grade 7 in dilute Y-M solution at 95°C
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Figure 3-13. Oxide thickness formed on Alloy 22 and Ti Grade 7 as a function of immersion time at 95°C
in a mixed-salt environment.
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