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ABSTRACT

Three abstracts were submitted to scientific meeting on the crevice
corrosion of titanium, the crevice corrosion of TiCode-12, and on the corro-
sion performance of TiCode-12. All of these subjects were studied for simu-
lated WIPP brines.

Long term uniform corrosion rates were tabulated for CP titanium and
TiCode-12 in WIPP brine. The potential problem of precipitation on the
samples is addressed.

The mechanism of crevice corrosion for CP titanium is outlined for Brine
A at 150°C. In the mechanism, macroscopic-concentration-cell formation, and
the subsequent breakdown of a passive film, are considered to be responsible
for crevice corrosion. To understand these phenomena, calculations of oxygen
depletion rates were initiated. Also, the effect of minor constituents
(Br™, I7) on passive-film breakdown was studied.

Samples of hydrogenated TiCode-12 were tension tested using a single-
edged-notch geometry with variour hydrogen concentrations. The elongation
decreased gradually as the hydrogen backfill pressure was decreased. Hydrogen
uptake was also measured in single coupons as well as in crevice samples. The
latter showed higher hydrogen uptake.

Reproducible results for gamma radiolysis were obtained for WIPP Brine A.
The calculated G(Hy) values were somewwhat lower than previous results
obtained by Jenks in a simpler brine formulation. The probable reasons for
this are discussed.
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l. ABSTRACTS SUBMITTED TO SCIENTIFIC MEETING

The crevice corrusion mechanisms in CP titanium and TiCode-12 have been
evaluated. Abstracts were submitted for publication to the Electrochemical
Society Symposium on Crevice Corrosion and the Third Conference on Industrial

Applications of Titanium, respectively. Copies of the abstracts are given in
Appendices A and B. An abstract was also submitted to the MRS meeting on the

corrosion performance of TiCode-~12 in a WIPP brine (Appendix C).

2. UNIFORM CORROSION

Continuing efforts were made to obtain long term data on uniform corro-
sion rates for times up to 200 days. As reported previously,1 the formation
of precipitates on the samples upon solution heating makes it difficult to
obtain reproducible corrosion-rate data. These precipitates were identified
as an amorphous compound of Mg and Si by EDAX probe and X-ray diffraction.
The amorphous X-ray diffraction pattern is shown in Figure 1.
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The amorphous X-ray diffraction pattern of the

Figure 1.
precipitates formed during heating of Brine A.

Figure 2 shows two sets of weight gain data, one with the deposits and
the other with deposits removed by scraping with filter paper. The complica-
tions arising from compound formation make it difficult to interpret the data

on a mechanical basis.
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Figure 2. The loung term uniform corrosion rates of CP titanium and TiCode-12
in Brine A.



The planned long teim testing will be continued using a different sample
design (bigger samples hung vertically) to avoid the precipitation problem.

3. CREVICE CORROSION

The crevice corrosion mechanism for CP titanium has been investigated for
WIPP Brine A at 150°C. The work was performed to gain a basic understanding
of the crevice corrosion mechanism for TiCode-12. Metal-metal crevices showed
the anatase form of Ti0j scale with traces of Ti305, while metal teflon
crevices showed severe corrosion resulting in the rutile form of Ti10; scale.
Macroscopic concentration cell formation, and the subsequent breakdown of the
passive film, are considered to be the mechanism of the crevice corrosion of
CP titanium in Brine A at 150°C. The details of this process are given in
Appendix A.

The first stage of crevice corrosion is oxygen depletion inside the crev-
ice. A calculation of oxygen depletion rates was initiated to understand the
process in this region. Figure 3 shows the idealized geometry of the crevice
sample used in the calculation. Oxygen is consumed in the crevice by the
cathodic reaction of uniform corrosion. A shallow crevice leads to a gradual
decrease of the oxygen level inside the crevice because of the limited
velocity of the oxygen diffusion into the crevice from the bulk solution.
Using a mass balance of the oxygen inflow and cathodic consumption in an in-
finitesimal area, we may write the oxygen concentration ¢ at time t in a
radial position r as:

se . pa¥e , D e _ CR.0.[A(Oy)/AW (T10p)] 1)
it ar? rar 8.dg

We assume that the concentration is symmetrical with a negligible amount of an-
gular flux, and that the oxide formed inside *he crevice is Ti03. D is the
oxygen diffusivity in the solution, CR is the corrosion rate, ¢ is the density
of the oxide, dg is the crevice gap and AW(03) and AW(Ti0p) are atomic

weights of 0y and TiOp, respectively. The initial and boundary conditions

are:

c=coatt=0
3c/ar = Qat r =0 (2)
c=cyatr=r,

where ¢, is the initial concentration of oxygen dissolved in the bulk solu-
tion. These equations were evaluated using the mathematical code PDECOLZ
developed with a finite element collocation method.

Initially, the calculation was performed for a l-cm radius sample with
various (CR/dg) ratios. The oxygen diffusivity 2.62 x 104 cmzlsec,
(Reference 3) at 150°C, p 3.84 g/cm3 for the anatase form of TIOZ,“ a
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Figure 3. Simulated geometry of the crevice
corrosion sample used in the
calculation.

constant corrosion rate 1 um/year. For dg = 10 um which is the approximate
mean gap of the crevice in our experiment, the oxygen depletion is negligible.

However, the corrosion rate is very high initially and the bolted region
of the crevice may have a very shallow crevice gap less than 10 um. Both of
these effects may enhance the oxygen depletion rate. An example is shown in
Figure 4 where CR/dg = 1.26 x 107%/day was used. The significant oxygen
depletion as well as oxygen saturation at a concentration level below c, are
observed. When the CR/dg ratio is increased further, complete depletion in
the center was obtained. At the present time, neither the minimum dg values
nor CR kinetics are available. Currently we are generating these values
experimentally and the subsequent reevaluation of Equation (1) is under way.

4. ELECTROCHEMISTRY

The study of I™ and Br~ effects on the open circuit corrosion poten-
tial was initiated at a test temperature of 80°C. Standard Brine A was
prepared for all tests except those with Br™ and I™ contents. The I
and Br~ ions were added during the measurement of the corrosion potential.
Up to this time, no appreciable potential change was observed. The probable
reason for this is the presence of I™ and Br~ ions as impurities which
make the effects of intentionally added I™ and Br~ undetectable. This
work will be continued.

5. HYDROGEN EMBRITTLEMENT

5.1 Fracture Testin&

The testing of single-edged-notched tensile specimens was continued for
various hydrogen concentration levels. By fatigue precracking the specimens
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Figure 4. Typical example of the oxygen concentration
profile with a saturated level of oxygen
concentration.

at cyclic loads between 50 lbs tension and 500 1bs tension at 20 Hz, the pre-
viously reported crack blunting problem was eliminated. Also, a new specimen
geometry (3.00" x 0.75" x 0.10") was used with a ratio of crack length to
specimen width of 0.5. The hydrogenation of the samples was performed by
heating the samples in a vacuum furnace backfilled with ultra-high-purity
hydrogen. The heating condition was 750°C for five hours at hydrogen
pressures of 1/4 atm, 20 mm Hg, 500 um Hg and 30 um Hg. The specimens were
tension tested to failure at a crosshead speed of 0.005 cm/min. The load-
displacement curves were obtained and the plane-strain-threshold stress
intensity was calculated, if it existed, using the formula by Tada,s which
eliminates the uncertainty in the Poisson ratio. The hydrogen concentration
for each sample is being analyzed.

Table 1 shows the experimental conditions and the results, and Figure 5 shows
the load-displacement curves of the samples. The elongation is increased as
the hydrogen backfill pressure is decreased (Samples 2-4). For large hydrogen
backfill pressures (Samples 1 and 2), negligible ductility is observed and the
plane strain condition is used to obtain the approximate threshold stress
intensity. The fractographs of Samples 1 and 2 show alpha-beta



Table 1

Tensile Testing Results for Hydrogenated TiCode-12

Hydrogen
Backfill Maximum
Pressure Load Macroscopic Fracto-
Sample (mm Hg) (1b) Morphology graph Notes
1 190 180 Flat Fig. 6a Kg=Kth=9.5MPa/m
2 20 1000 Flat Fig. 6b Kq=Kth=52.5MPa/m
3 0.5 1020 Flat and Fig. 6¢ Non-plane-strain
minor shear condition.
lip.
4 0.03 900 Flat and Fig. 6¢ Non-plane strain

minor shear
lip.

condition.
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interfacial separation and crystallographic fracture (Figures 6a and 6b),
while samples 3 and 4 show quasi-cleavage of aigha-grains (Figures 6c and 6d).
Thin foil preparation, as well as hydrcgen analysis, are being performed to
further evaluate this behavior.

5.2 Hydrogen Uptake Tests

In the previous quarterly repott.1 we reported that hydrogen uptake
tests were under way. The samples were single coupons, as well as creviced
samples, and they are being used to check the enhanced hydrogen uptake rate
caused by the breakdown of the passive film inside the crevice. Samples were
tested at 150°C in WIPP Brine B in the ;resence of hydrogen at a room
temperature pressure of 220 psi.

As shown in Tables 2 and 3 the single coupons uptake an appreciable
amount of hydrogen, especially in CP titanium. The noor reproducibility
implies that the initial state of the air-formed oxide may have played an
important role. Furthermore, the reducing environment caused by the hvdrogen
seems to have slowed down oxide scale growth in the aqueous environments which
leads to the enhanced hydrogen uptake. The most jmportant finding is that the
enhanced hydrogen uptake rate in the crevice sample is probably caused by the
breakdown of the passive film inside the crevice.

6. RADIATION EFFECTS

Reproducible results on gamma radiolysis were obtained for WIPP Brine A.
In the anaylsis of gases generated, the previously reported problem of inhomo-
geneous gas distribution was overcome by evacuating the gas generated with a
mechanical pump. Not only light gases, but also heavy ones, were extracted
from the irradiation cell for analysis. Figure 7 shows the pressure build-up
during irradiation at a dose rate of approximately 2.43 x 10° rad/hr. Table
4 shows the results of the analysis of gas generated, and preliminary calcula-
tions of G values are shown in Table 5. The following equation was used in
the calculation:®

T
c-%& % -i'l 2.93 x 106 (3)

where Vp is the plenum volume of the test cell, (cm3) Ms is the sample
weight (gm), (AP/4p) is the slope of the curve of pressure vs. radiation dose
(psi/rad), T, is 273.16°K, and T is the irradiation temperature (°K). T

was taken to be 2939%.

The ratios of the major gases generated are reproducible as seen in Table
4. At one~half of the total dose (Sample 2), the gases generated are not one
half of the gases in Samplz i, which implies that gases are not generated
linearly with the tnt=zi dose. This work is currently being repeated for con-
firmation. The calculated G(Hp) values are quite low compared to the
G(Hy) values reported previously by Jenks for NaCl-saturated brines with
additions of MgCly and NaBr.’ 1In the irradfation of Jenks' brines,
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Table 2

Hydrogen Uptake Results For TiCecde~12 in Brine B at 150°C

Run Single Coupon Crevice Sample
1 65.8 80.6 91.2
2 32.5 T4.4

Note: The hydrogen concentration is 34 ppm
in the as-received alloy.

Run Single Coupon Crevice Sample
1 174.2 186.2
2 139.0 395.0

Note: The hydrogen concentration is 74 ppm

|
|
Table 3
Hydrogen Uptake Results For CP Titanium in Brine B at 150°C
in the as-received metal.
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Table 4

Analysis of Gas Generated During Gamma Radiolysis

Pressure Percentage

Total Dose
Sample No. (rad x 1078) W, 0, N €O, H0 Ar He  CH,OH
1-run 1 6.95 58.23 21.62 3.62 2.85 0.23 0.05 11.60 1.74
l-run 2 7.39 58.97 26.72 4.54 0.49 0.32 0.06 8.90 ~--
60.35 25.01 5.05 0.45 0.40 0.05 8.68 ==
2-run 1 3.55 41.70 10.08 20.62 6.66 0.41 0.26  9.41 10.86

Table 5

Calculated G Values for Overall Gas and Hydrogen

Sample G (Overall) G(Hp)
l=run 1 0.33 0.19
l-run 1 0.37 0.22, 0.22
2-run 1 0.35 0.14

G(H2) ranged from 0.4 to 0.7. The majority of his experiments were per-
formed in a helium environment and irradiation temperatures ranged from 30 to
182°9C. Also, the solute species and concentrations are quite different from
those used in the current program. The present experiment was performed at
20°C in air. 1In Jenks' experiments, certain solutions showed G(Hp) values

as low as ours for irradiation at 30 to 45°C. Therefore, our results are

not unusual. At the present time, we consider that the following three

factors (taken from Reference 9) may be the reasons for our low values for
G(Hp):

1. Recombination of gases as condensates on the low-temperature cell
vall may have reduced the molecular yield.

2. The presence of oxygen may have lowered the hydrogen yield by a
"scavenging effect"”.

13



3. The increased concentration of active solutes may have reduced the
molecular yield.

Currently, experiments in He environments and experiments at higher tempera-
tures are planned to study further the solute and envirommental effects.

14
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APPENDIX A

CREVICE CORROSION OF TITANIUM IN A BRINE SOLUTION*

B. S. Lee, T. M. Ahn and P. Soo
Brookhaven National Laboratory
Upten, NY 11973

Introduction

Crevice corrosion of titanium in a concentrated brine solution was
studied at a test temperature of 150°C. The work was performed to gain a
basic understanding of the crevice corrosion mechanism for a dilute titanium
alloy, TiCode-12 (Ti-0.3 Mo-0.8 Ni) which is a candidate container material
for the geological isolation of high level nuclear waste.

Results

In the current work titanium-titanium and teflon-titanium-teflon crevice
samples were prepared. Each element measured 2x1x0.05 cm and they were held
together by a titanium bolt passing through the center of the pieces. Samples
were exposed for periods up to two months in Brine A, typical of that at the
Waste Isolation Pilot Project site in New Mexico which contains 42,000 ppm
Na*, 30,000 ppm K*, 35,000 ppm Mg*2, 600 ppm Ca*2, 190,000 ppm C1~,

3,500 ppm SOZ< and 1,200 ppm BOJ.

Metal-metal crevices showed only oxide scale thickening at the center of
the crevice while metal-teflon crevices showed severe corrosion.

A transmission electron microscope (TEM) study showed that the scale
which formed inside the metal-metal crevices is made up of crystals of the
anatase form of TiOj. Traces of TijO5 were also identified. The amount
of this lower oxide increases at locations near the center of the crevice.

In the case of severe crevice corrosion, the corrosion product was
identified as a rutile form of TiOp by Griess.? 1In one of our teflon-
titanium-teflon specimens, exposed to brine for two months at 150°C, a con-
centric ring of corroded metal was found at the center of the crevice extend-
ing to a dictance of about 2 mm from the bolt hole. This was caused by active
titanium dissolution. This area was surrounded by aggregates of very fine
crystals (2000-3000 A as shown in Figure 1) which could, based on Griess'
work, be the rutile form of TiOj. From the morphology of the aggregates, it
is apparent that these are precipitated from the solution. Adjacent to these
aggregates, on the side closer to the perimeter of the crevice, large anatase
crystals (1-3 um, as shown in Figure 2) were identified by electon diffraction
in the TEM. The anatase often occurs in the presence of very fine crystals
(~2000 A in diameter). Still further out from th2se crystals were compact

*This work was performed under the auspices of the United States Nuclear
Regulatory Commission.
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crystals of anatase. These showed signs of transformation to smaller crystals
in some locations.

Discussion

Based on these observations, and electrochemical studies ot other
worker|,3-6 it is postulated that anatase crystals initially grow inside the
crevice, causing oxygen depletion and eventually forming a macroscopic con-
centration cell. As the oxygen depletion process proceeds the pH and elec~-
trode potential decrease and more Tij30g either forms or is transformed
from the anatase. Some of this dissolves into the electrolyte as Ti(III) or
Ti(IV) ions. The Ti(III) has been postulated to accelerate the dissolution of
titanium in both active and passive regions.

We believe that at the onset of breakdown of the anatase film at the
center of the crevice, Ti(II) ions from the active dissolution of Ti begin to
migrate outward. When these ions reach a site with the appropriate pH/
potential condition, they precipitate as rutile.

With respect to the electrochemical aspects of crevice corrosion a poten-
tial drop has been observed after oxyszen depletion by Diegle-“ He measured
the crevice corrosion cell current and potential as functions of exposure time
at 150°C in neutral brine. For the first 100 minutes he showed that the
potential increased slowly, moving in the noble direction. However, the cur-
rent did not change significantly, indicating that the anatase scale was grow-
ing in thickness. At the end of this stage, the potential begins to decrease
and the current increases. Probably, the pH drop and oxygen depletion causes
the potential drop. As a result, Ti305 begins to form and breakdown of
the compact anatase film is initiated.

We are currently estimating crovice parameters which influence oxygen
depletion rates and attendant pH changes in our system. Our calculations
using a mathematical model show that initial oxygen depletion time is a strong
function of the crevice gap size and temperature. Furthermore, our erperi-
mental conditions can cause complete oxygen depletion in the center of the
crevice.
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Figure 1. Scanning Electron Microscope (SEM) micro-
graph of aggregates of fine titanium oxide
crystals deposited inside the metal-teflon
crevice. This is thought to be rutile.

\ s =Ny B e A
'}" r LM : .&:»".:".{,‘ 3
Y .L\';‘ "' ."‘ L

. " oL

Bl Nt g ntine
J'a'hif“ -1%?";::
- i Sage .:" ‘

4

Figure 2. SEM micrograph of larger crystals of
anatase inside the metal-teflon crevice.
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APPENDIX B

Identification of Crevice Corrosion in Titanium Alloy
TiCode-12 in Neutral Brine Solution at 1500C*

T. M. Ahn, B. S. Lee, J. Woodward and P. Soo
Brookhaven National Laboratory
Upton, NY 11973

ABSTRACT

There is currently in the U.S.A. an effort to develop titanium alloy
TiCode~12 (nominal composition: 0.80 weight percent Ni, 0.3 weight percent Mo
and the balance Ti) as the prime corrosion resistant material for high level
waste containers which will be emplaced in mined geologic repositories. Pre-
liminary data indicate that although uniform corrosion is unlikely to present
a problem with respect to failure of the container, little information is
available on possible localized corrosion failure mechanisms such as crevice
corrosion and hydrogen embrittlement. This paper outlines initial results on
the crevice corrosion of TiCode-12 in simulated rock salt brine solutions at
and above 150°C. The results will be used for the long term prediction and
assessment of crevice corrosion attack of TiCode-12 waste containers which are
situated in a rock salt repository. A distinct corrosion product (violet blue
or yellow color) was observed in a mechanically simulated crevice after two-
to four-weeks exposure. Increasing temperature accelerated the reaction rates
and deaecated solutions gave less corrosion than aerated ones. There was an
indication of cation depletion inside the crevice. TEM analysis of the oxide
film inside the crevice showed Ti0; was predominant, with a trace of lower
oxides. These results are consistent with those expected from the unified
theory of crevice corrosion, and consequently confirm the existence of crevice
corrosion of TiCode~12 in near neutral brine solutions at 150°C. In order to
evaluate the specific operating corrosion mechanisms, commercially pure
titanium was also studied. At least two hypotheses may be considered at the
present time: (1) the degree of polarization is different within the crevice,
(2) the hydrolysis of dissolved metal ions takes place. The role of alloying
elements, Mo and Ni, will be discussed with respect to these hypotheses.

*This work was carried out under the auspices of the U. S. Nuclear Regulatory
Commission.



APPENDIX C

Corrosion of TiCode-12 in a Simulated Waste
Isolation Pilot Project (WIPP) Brine*
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Brookhaven National Laboratory
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ABSTRACT

The corrosion behavior of TiCode-12 (Ti-0.3 Mo-0.8 Ni) high level waste
container alloy has been studied for a simulated WIPP brine at temperatures up
to 1509C. Crevice corrosion was identified as a potentially important fail-
ure mode for this material. Within a mechanical crevice, a thick oxide film
was found and shown to be the anatase form of TiOp, with smaller amounts of
Ti305 also present. Acidic conditions were found to cause a breakdown of
the passive oxide layer. Increasing temperature and solution aeration accel-
erate the corrosion rate. The incubation time for crevice corrosion has been
calculated for various test conditions. In hydrogen embrittlement studies, it
was found that hydrogen causes a significant decrease in the threshold stress
intensity level in fracture mechanics samples. Hydride formation is thought
to be responsible for crack initiation. Gamma irradiation studies were per-
formed in WIPP brine and the potential for radiolysis products to induce fail-
ure in TiCode-12 has been addressed. Attention has also been given to methods
for extrapolating short term uniform corrosion rate data to extended times, in
order to predict container performance.

*This work was performed under the auspices of the United States Nuclear
Regulatory Commission.
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Review Summary

The corrosion behavior of TiCode-12 (Ti-0.3 Mo-0.8 Ni) high level waste
container material has been studied in a simulated Waste Isolation Pilot Pro-
ject (WIPP) brine environnent,l-z for temperatures up to 150°C. Various
corrosion failure modes have been investigated with current principal emphasis
being on crevice corrosion and hydrogen embrittlement effects. A limited
amount of work has also been focused on radiolysis effects in brine, stress
corrosion cracking, uniform corrosion, and pitting.

The work on crevice corrosion was initiated because of the potential for
crevice type environments being formed between the TiCode-12 container and
surrounding backfill materials or metallic emplacement sleeves. Experiments
using metal/metal and metal/teflon crevice samples showed that thick multi-
colored oxide films were formed in WIPP brine for exposures up to two months
at 150°C. Electron diffraction analysis carried out in a transmission
electron microscope shows that the corrosion products are primarily made up of
the anatase form of TiO7 with much smaller amounts of Tij05 also pres-
ent. Increasing temperature and increased 0y concentration increase the
corrosion rate. Measurements of the open-circuit potentials at 80°C show
that there is a breakdown of the passive film as the pH of the brine falls
below one. The pH drop is expected to occur in the crevice. Work on pure
titanium was also carried out to provide additional data on the crevice
corrosion mechanism.

The deleterious effects of hydrogen on the mechanical properties of
TiCode-12 have been investigated since this material typically contains 30 ppm
of hydrogen as a residual element. Furthermore, radiolysis of the groundwater
may also cause an increase in the hydrogen level in the alloy. Slow-strain-
rate embrittlement and impact embrittlement have been observed in cathodically
charged specimens in tension and bend tests.l Fractographic analysis of the
specimens with a scanning electron microscope showed that interfacial separa-
tion between the alpha and beta phases appears below the hydrogen level at
which cleavage occurs. Single-edged-notched fracture mechanics samples were
used to obtain the apparent stress intensity factors at 2% crack extension for
samples containing hydrogen levels in excess of 5000 ppm. The apparent stress
intensity factor was found to decrease by a factor of about 10 to approxi-
mately 5 MPa v after hydrogenation. Fractographs show both alpha phase
crystallographic fracture and alpha-beta interface cracking. Thes2 obser-
vations imply that the formation of hydride is responsible for crack initia-
tion. Based on the hydride formation mechanism, a model is currently being
developed to predict the crack initiation time for prototypic repository
conditions.

Acidified brine formed by crevice corrosion can induce other corrosion
failure modes such as stress corrosion cracking, pitting, and hydrogen uptake
after breakdown of the passive film. These modes are unlikely to occur in
neutral brines.? To study these phenomena, immersion tests on C-rings and
unstressed specimens are being performed. Enhanced hydrogen uptake has been
observed in crevice coupons compared to single coupons.



Measurements have been made of the pressure buildug during gamma-ray
irradiation of the WIPP brine at a dose rate of ~4 x 10° rad/hr and a total
dose of 1.2 x 109 rads. The gas generated contains about 58Z hydrogen. The
irradiated solution is being analyzed for oxidants such as €103 and

H202. The effect of these oxidizers on open-circuit corrosion has been
measured at room temperature. A potential rise has been observed, which is a
possible indication of enhanced susceptibility to stress corrosion cracking.

Uniform corrosion has been studied as a function of time using immersion
tests at 150°C. The results are in reasonable agreement with previous
data.2»3 It was found that direct correlation between weight gain and the
oxide thickness may be difficult because of salt deposition on the samples
and/or possible compound formation. In the extrapolation of these results to
extended times, oxide growth kinetics should be used because the corrosion
rate 1s highest during the initial stages of attack.
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