L e e e L T

BNL-NUREG -32047
INFORMAL REPORT
Limited Distribution

CONTAINER ASSESSMENT - CORROSION STUDY
OF HLW CONTAINER MATERIALS

QUARTERLY PROGRESS REPORT
JuLy-SepTeMBer 1982

T. M. A, B, S, Leg, an P, Soo

NUCLEAR WASTE MANAGEMENT DIVISION

DEPARTMENT OF NUCLEAR ENERGY BROOKHAVEN NATIONAL LABORATORY
UPTON. NEW YORK 11973

Prepared for the U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Contract No. DE-AC02-76CHO0014

8211180515 821031
PDR RES
8211180515 PDR



SR

T T e i e

NOTICE

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, or any of their employees, makes any werranty, expressed or imphied, or
assumes any legal liability or responsbility for any (hird party's use, or the results of o
such use, of any information, apparatus, product or process disclosed in this report, or
represents that its use by such third party would not infringe privately owned rights.
The views expressed in this report are not necesarily those of the US Nuclear
Regulatory Commission. v

Available from
GPO Sales Program
Division of Techmical Information and Document Control
U S. Nuclear Regulatory Commission
Washington, D.C. 20555
and
National Technwal Information Service

Springfield, Virginia 22161



NOTICE:

BNL-NUREG~-32047
INFORMAL REPORT
Limited Distribution

CONTAINER ASSESSMENT - CORROSION STUDY
OF HLW CONTAINER MATERIALS

QUARTERLY PROGRESS REPORT
July-September 1982

T. M. Ahn, B. S. Lee, and P. Soo

Manuscript Completed Octcber 1982

Prepared by
The Nuclear Waste Management Division
D. G. Schweitzer, Head
Department of Nuclear Energy
Brookhaven National Laboratory
Associated Universities, Inc.
Upton, NY 11973

This document contains preliminary information and was pre-
pared primarily for interim use. Since it may be subject to
revision or correction and does not represent a final report,
it should not be cited as reference without the expressed
consent of the author(s).

Prepared for the U.S. Nuclear Regulatory Commission

Office of Nuclear Regulatory Research
Contract No. DE-AC02-76CH00016
FIN No. A-3237



ABSTRACT

Crevice corrosion specimens consisting of Ti-Teflon and Ti-Ti couples have
been exposed to simulated Waste Isolation Pilot Project (WIFP) Brine A at
150°C. Studies were conducted on the morphology and chemical identification
of corrosion products formed within the crevice region. In the case of Ti-
Teflon samples, anodic dissolution was observed and this is apparently fol=-
lowed by a hydrolysis reaction. The reaction results in the formation of
rutile crystals and hydride precipitation beneath the oxide scale. For Ti-Ti
crevice samples, there is mechanical failure of the anatase oxide due to the
formation of blisters by hydrogen gas pressurization. The blisters fracture
when the hydrogen pressure is sufficiently high and rutile is observed to
precipitate on the crack surfaces. Based on these cbservations, a mechanism
for Ti-T{i crevice corrosion is proposed. This involves macroscopic concen-
tration cell formation accompanied by pH and electrode potential drops in the
crevice region. Rutile scale becomes dominant and hydrides form beneath the
scale.

The load-displacement curves for TiCode-12 single~edged-notched (SEN)
samples with various hydrogen levels were analyzed. Based on fractographic
analysis it was found that TiCode-12 is csusceptible to hydrogen embrictlement
above a hydrogen concentration level of about 200 ppm. Hydride formation is
considered to be responsible for the embrittlement observed.

The effects of contamination on gamma-radiation-induced gas generation in

WIPP Brine A has been discussed. Some preliminary data on solution chemistry
changes upon gamma irradiation are presented.
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1. CREVICE CORROSION OF COMMERCIALLY PURE (CP) TITANIUM

In this quarter, most of the morphological studies on titanium crevice
corrosion products and their identification have been completed. Based on
these results, crevice corrosion mechanisms have been proposed for this metal
during exposures to simulated Waste Isolation Pilot Project (WIPP) brine.

1.1 Ti-Teflon Crevices

Earlier work by Bohlman and Poseyl shows that crevice corrosion of Ti-
Teflon crevices in brine is more severe than that for Ti-Ti crevices. They
also show that the increased rate of attack is likely to be a result of small
amounts of fluoride released from the Teflon. In the present study, a similar
effort was initiated for Ti-Teflon crevices exposed to WIPP Brine A at
1509C. Such a study is an important step in determining the crevice cor-
rosion process in TiCode-=12 high level waste container material.

Results to date confirm that Ti-Teflon crevices indeed show faster rates
of crevice attack when compared to Ti-Ti couples. Typically, the Ti-Teflon
samples display a ring of corroded metal (anodic dissolution) at the center of
the crevice. This 1s surrounded by an ad jacent area consisting of aggregates
of small crystals approximately 2000-3000 £ in diameter. Figure 1 shows
these aggregates which were examined by electron diffraction techniques in the
transmission electron microscope and found to be the rutile form of Ti0,.

From the morphology of the aggregates it appears that they were formed by pre-
cipitation from the brine solution. Adjacent to the rutile crystals, in re-
glons closer to the perimeter of the crevice, large anatase Ti0; crystals

(1-3 um in diameter) were identified by electron diffraction. In some areas,
needle-shaped rutile was present above the anatase layer, as shown in Figure
2.

Based on these observations, and the electrochemical studies of other
workers,2»3 it is postulated that anatase crystals initially grow inside the
crevice causing oxygen depletion, and eventually lead to the formation of a
macroscopic concentration cell. As the oxygen depletion process proceeds, the
pH and electrode potential decrease. When the potential at the center of the
crevice becomes low encvugh, the anatase dissolves releasing a high concentra-
tion of titanium ions. This creates an electrode potential gradient with a
lower potential at the center of the crevice. To preserve the electro-
neutrality condition, titanium ions migrate outward, and C1~ ions migrate
into the crevice from the bulk brine solution. A hydrolysis reaction follows
and the rutile form of Ti0j is precipitated in the form of small crystals
(Figure 1). This is accompanied by the production of HCl. The stability of
rutile at the low potential condition is in accord with other work which shows
that rutile is more stable than anatase at lower potcntials.“ Because of
the hydrolysis reaction, the pH of the solution near the rutile particles de-
creases (probably to a value as low ae 1) and the anatase ad jacent to the
rutile begins to transform to rutile also. This rutile continues to form and
a needle-like morphology is produced as shown in Figure 2. Since the elec-
trode potential inside the crevice is so low the H' reduction reaction




Figure 1. Aggregates of very small rutile crystals formed
in Ti-Teflon crevices during ad jacent anodic
dissolution in crevices exposed to WIPP Brine
A at 150°C. Magnification 1000 X.

Figure 2. Needle-shaped rutile crystals formed on the
anatase layer in Ti-Teflon crevices exposed
to WIPP Brine A at 150°C. Magnification
10000 X.
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latter is thought

to be responsible for hydride formation beneath the oxide scale as shown in
Figure 3. The hydride probably causes the catastrophic disintegration of the
titanium which is observ.d after removal of samples from the solution.
Bohlman and Posev also observed hydride formation beneath oxide scales in
their work.}

becomes cathodic and penerates Hyp gas and atomic H. The

< Oxide
< Hydride
4 .
& < Metal
-
. e . ™ 4
Figure 3. Cross section of a severely attacked

Ti-Teflon crevice sample after ex-
posure to WIPP Brine A for four
weeks at 150" . Needle-shaped
crystals are thought to be hydrides.
Magnification 100 X.

1.2 Ti-Ti Crevices

The morphology of Ti-Ti crevice corrosion products formed after severe
aittack is quite different from that observed for Ti-Tefleon specimens. No
oxide or metal dissolution was observed. Instead, the anatase scale contains
blisters which eventually crack (Figure 4). Figure 5 shows a magnified



Blister formation and cracking in anatase films
formed in Ti~Ti crevices exposed to WIPP Brine
A for twe weeks at 150°C, Magnification 100 X.

Figure 4.

Figure 5. Anatase blister ruptured by hydrogen gas pressure
during exposure of Ti-T{i crevices to WIPP Brine
A for two weeks at 150°C. The arrow shows
rutile crystals forming on the crack surfaces.
Magnification 1000 X.



cracked blister with aggregates o. rutile crystals forming on the crack
surfaces. For samples showing lesser amounts of crevice corrosion, however,
blisters were absent. Instead, the anatase transforms directly to rutile as
shown in Figure 6. In this figure, the block-shaped crystals (top left) and
the very large crystals are anatase. The rutile rezion is seen (bottom left)
between the two large anatase {islands. It is possible that anatase crystals
transform to rutile before the solution pH and potential becomes low enough
for the hydrogen evolution to become a cathodic reaction. This will be
studied more fully in future work.

Figure 6. Transformation of rutile (bottom laft) from
anatase in Ti-Ti crevice samp .es exposed to
WIPP Brine A for four weeks a: 150°C. The
block=shaped crystals and the large islands
of large crystals are anatase. Magnifica-
tion 20000 X.

Some exp riments were also performed at 250°C. At this temperature,
anatase trans‘orms to Ti30g rather than to rutile, as shown in Figure 7.
The micrograph shows mainly pointed anatase crystals with small clusters of
Ti30g5 just beginning to form (bottom left). After transformation is
complete, the block-type morphology of the Tiq05 is apparent (Figure 8).
Blister formation and cracking of the anatase scale is also observed at
250°C as shown in Figure 9.



Figure 7. Ti30g crystals (small cluster,

bottom left) trans-
forming from anatase

crystals after
crevices to WIPP Brine A
Magnification 20000 X.

exposure of Ti-Ti
for four weeks at 2500C.

Figure 8

crystals after transformation from anatase

crevices exposed to WIPP Brine
Magnification 20000

A at 250°cC.
X



Figure 9. Cracking of anatase blisters by hydrogen pres-
surization in Ti-Ti crevices exposed to WIPP
Brine A for four weeks at 250°C., Magnifica-
tion 400 X.

Based on the above findings, the following mechanism is proposed for

vice corrosion during exposure to brine at 150°0C:

l. Dissolved oxygen inside the crevice decreases as it is absorbed by
1 cathodic reaction and the crevice gradually becomes an anode.

. Anatase scale inside the crevice (the anode) grows faster than it
joes outside and the concentration of HY inside the crevice in-
creases. Cl™ ions begin to migrate from the bulk solution into the
crevice. Low pH accelerates the anatase scale growth rate and large
anatase crystals are formed. At the same time, the potential inside
the crevice decreases.

3. Because of the low potential inside the crevice, Hp gas evolution
becomes a cathodic reaction in this region. Hy probably forms at
the interface between the metal and anatase scale and may also form

between anatase lavers.

4. Owing to hydrogen formation beneath the anatase scale, blisters form
by gas pressurization and when the pressure !5 sufficiently high the
blisters fracture. Acidic solution enters t>= blister region and

metal is dissolved as titanium ions.



5. A hydrolysis reaction occurs and Ti0; precipitates around the
cracks. Because of the low potential and low pH, rutile {s more
stable and grows on the surface of the anatase scale.

6. Hydride forms beneath the anatase scale and embrittles and disinte-
grates the metal.

At 250°C, however, Ti305 is the dominant oxide rather than rutile.
2. CORROSION OF TiCode-12

In this quarter, previous results were confirmed on TiCode~12 crevice
corrosion in WIPP Brine A at 1509C. These were summarized in a paper and
submitted for publication in the ASTM Special Technical Publication on
Titanium and Zirconium in Industrial Applications (New Orleans, September
1982). Also a paper on the corrosion properties of TiCode-1l2 was submitted
for publication in the proceedings of the Materials Research Society Meeting,
(Boston, November 1982). The topics in this paper include crevice corrosion,
hydrogen embrittlement, stress zorrosion, and uniform corrosion of TiCode-12.
All the data summarized are from previous BNL results. Draft copies of the
two papers are given in Appendixes A and B.

3. HYDROGEN EMBRITTLEMENT OF TiCode~12

Preliminary data were reported in the last quarterly report! concerning
the fracture properties of single-edged-notched (SEN) tensile specimens. At
that time, the results on hydrogen concentration levels for all of the speci-
mens were not available. In addition, no data were raported for as-received
and vacuum degassed TiCode~12. In this reporting period a more complete
series of tests was carried out, as summarized in Table 1. Figure 10 shows
load-displacement curves for the specimens which were tested at room tempera-
ture. Previous BNL analyses showed that for as-received material the hydrogen
concentration level is about 34 ppm. In the case of vacuum degassed (750°C,

5 hours) specimens, the hydrogen level measured for one sample was 4.5 ppm and
for another 100 ppm. The latter high value may have resulted from contamina-

tion within the vacuum furnace or by error in the analytical procedure. This

will be checked as soon as possible. However, the value of 4.5 ppm appears to
be the more reasonable.

Hydrogen embrittlement may be identified in several ways including
measurements of ductility loss, fracture toughness loss, and crack initiation
energy. In a prior report’ it was shown that TiCode-12 is susceptible to
embrittlement for hydrogen levels of 6560 ppm and higher. This was concluded
from fracture toughness evaluation. In the present lower range of hydrogen
levels, fracture toughness procedures are less relevant because load-dis-
placement curves are not as ideal as those specified in the ASTM standard.8
A crack-initiation-energy approach is, therefore, being pursued in the current
work using the data in Figure 10. Since the area beneath the load-displace-
ment curve may be used as a measure of the crack initiation energy,



Table 1

Tensile Testing Results for Hydrogenated TiCode-12

Hydrogen Concen- Macroscopic Fracture

Sample tration (ppm) Morphology Fractograph
1 7187 Flat See Figure 11
2 892 Flat See Figure 12
3 210 Flat and minor shear lip See Figure 13
4 197 Flat and minor shear lip See Figure 14
5 (vac. ann.) 4.5% Shear lip See Figure 15
6 (as-rec'd.) 34 Shear lip See Figure 16

*Most likely value although a level of 100 ppm was also measured.

2000

1500

1000

Load (1b)

500

fn X—Fracture
<—Further crack exten=-
sion after initiation

Displacement (arb. units)

Figure 10. Load-displacement curves for TiCode-12 SEN
samples containing various hydrogen con=
centration levels. The hydrogen levels
for specimens 1 through 6 are 7187, 892,
210, 197, 4.5, and 34 ppm, respectively.



a simple correlation may be obtained relating embrittlement to hydrogen con-
centration. From Figure 10 {t may be seen that as the hydrogen level is
increased the energy for crack initiation decreases markedly; compare the
areas beneath the curves for specimens 5 and 6 (vacvum degassed and as-
received material, respectively) with those for specimens 3 and 4 (210, 197
ppm Hy), specimen 2 (892 ppm Hy), and specimen 1 (7187 ppm Hz). The
discrepancy between the as-received and vacuum degassed specimens may be a
result of (1) differences in microstructures, (2) oxygen or nitrogen concen-
tration di ffereaces, or (3) hydrogen contamination. A study of these pos~-
sibilities is underway.

At high hydrogen concentrations (7187 ppm) the fractograph in Figure 11
shows brittle interfacial separation and crystallographic fracture. When the
hydrogen level is decreased to 892 ppm, crystallograpic fracture disappears
and extensive subsurface transgranmuilar cracking is obhserved (Figure 12).
Many of the cracks appear in dimpled ductile areas and may have formed during
passage of the main crack front. Such behavior has been reported previously
for a Ti-6Al=-4YV alloy.? For hydrogen levels of 197-210 ppm, the fracture
surfaces show that failure occurs by a mixture of small cleavage areas and
much larger regions displaying ductile microvoid coalescence features (Figures
13 and 14). The appearance of the latter is proof that for these hydrogen
levels the failure mechanism i{s mainly ductile in nature. A similar type of
mixed fracture behavior has been found for T1-6A1-4V.10 In the case of the
as-received and vacuum degassed specimens, there is little difference in the
fracture characteristics when compared to material containing approximately
200 ppm of hydrogen. Small amounts of cleavage are still present although
microvoid coalescence is the principal fracture process (Figures 15 and 16).

Figure 11. Brittle interfacial separation and crystallographic
fracture in TiCode-12 at high hydrogen concentra-
tions (7187 ppm). Magnification 9000 X.

10



Bk
Figure

Figure

13.

Subsurface transgranular cracking in TiCode~12 formed
during passage of the main crack front at a hydrogen
concentration of 892 ppm. Magnification 650 X.

A mixture of small cleavage areas and much larger regions
displayving ductile microvoid coalescence in TiCode-12
with a hydrogen concentration of 210 ppm. Magnification
650 X.
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Figure

12
L9

A mixture of small cleavage areas and much larger re-
gions displaying ductile microvoid coalescence in
TiCode-12 with a hydrogen concentration of 197 ppm.

Magnification 750 X.

15.

Fractograph of a vacuum annealed sample of Tifode-12.
Small amounts of cleavage are still present although
microvoid coalescence is the principal fracture pro-
cess. There is no distinction between the vacuum
annealed sample and those with a hydrogen concentra-
tion of about 200 ppm. Magnification 500 X.
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Figure 16. Fractograph of an as-received sample of TiCode~12
showing small amounts of cleavage and major micro-
void coalescence. There is no distinction between
the as-received sample, vacuum annealed sample,
and samples with hydrogen concentrations of abou*
200 ppm. Magnification 500 X.

From the above observations it is concluded that TiCode-12 shows hydrogen
embrittlement characteristics which are very similar to those observed for
yther near-alpha-phase alloys such as Ti-6A1-4V and Ti-6Al1-6V-2Sn. Since
these materials have been shown to fail by a hydride formation processl1 it
is concluded that TiCode-12 fails by the same mechanism.

4, RADIATION EFFECTS

In the last quarterly reports preliminary results were given o the
analysis of gases generated during the gamma radiolysis of WIPP Brine A.
Unexpected products such as helium and CH30H were apparently detected and
work was undertaken to check the data. It is possible that the methanol was
introduced by incomplete drying of the irradiation capsule after cleaning, or
during chemical analysis of the gas. In the case of the helium, this may have
been introduced during the leak detection procedure used for the glass ir-
radiation capsule. If it is assumed that the detection of the CH30H and
helium are artifacts then the gas volumes specified previously may be simply
ad justed to the values given in Table 2.




Table 2

Reanalysis of Gas Generated During Gamma Radiolysis
of WIPP Brine A

Pressure Percentage

Total Dose
Sample No. (rad x 1079) Hy 02 Ny €0y Hy0 At G(Hy)
l=run 1 6.95 67.24 24.97 4.18 3.29 0.27 0.06 O
l-run 2 7:39 6‘073 29033 6198 0056 0135 0-07 002‘
66.09 27.39 5.53 0.49 0.44 0.05 0.24
2=run 1 3.55 52.30 12.64 25.86 8.35 0.51 0.33 0.18
Table 3
Preliminary Results of Solution Analysis
of Gamma Irradiated WIPP Brine A
Total Dose €l Hp0p
Sample No. (rad x 10=-8) (ug/ml) (ug/ml) pH
1°l'ul‘l l 6-95 0.32 2-25 6-‘.1
l=run 2 7.39 0.23 1.07 6.71
2-l‘un 1 3.55 0059 N.D.(O.Z 6035

N.D.: Non-detectable.

Some prelimiunary solution analyses have been obtained on the irradiated
WIPP Brine A. Table 3 shows that quantities of Cl; are produced, together
with hydrogen peroxide. The Cl; is apparently a new discovery since recent
work by Jenksl? did not detect this gas. The amounts of Hy0y observed
in the current studies are significantly lower than those detected by
Jenks.!2 The pH of the solution did not significantly change during ir-
radiation. Further work will confirm these preliminary data and attempts will
be made to determine {f Cl0F and Cl07 species are also present in
the irradiated brine.
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APPENDIX A

IDENTIFICATION OF CREVICE CORROSION IN THE TITANIUM ALLOY
TiCode=12 IN SIMULATED ROCK SALT BRINE AT 150°0C*

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

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

17



ABSTRACT: TiCode~12 (Ti - 0.3 Mo - 0.8 Ni) is a prime corrosion resistant
material for high level nuclear waste containers which will be emplaced in
mined geologic repositories such as those in rock salt. The crevice corrosicn
behavior of this alloy was investigated in simulated rock salt brine solutions
at a temperature of 150°C. A distinct corrosion product with a range of
interference colors was observed in a mechanically simulated crevice after two
to four weeks' exposure. Low pH accelerated the reaction rate and deaerated
solutions gave less corrosion than aerated ones. Also, increasing specimen
size, decreasing crevice gap, and preoxidation of the cathodic area gave more
voluminous corrosion products inside the crevice. High temperature did not
necessarily accelerate crevice corrosion. These results are consistent with
those expected from macroscopic concentration cell formation accompanied by
oxygen depletion, potential drop, and acidification inside the crevice. TEM
and SEM techniques were extensively utilized to identify the film formed in-
side the crevice at each stage of the corrosion process. In the early stage
of cell formation, compact anatase-type Ti0; was formed which acted as a
barrier to further corrosion inside the crevice. Traces of Ti305 were

also identified. In the case of severe crevice corrosion, the corrosion prod-
uct was identified as a porous rutile form of TiO7. Measurements of the

open circuit corrosion potentials at 80°C showed that there is a breakdown

of the passive film as the pH of the brine falls below unity. Accelerated
hydrogen uptake was observed in the crevice region. This was caused by break-
dowm of the passive film or by high acidity in the crevice. Based on these
observations, and pH and potential measurements inside the crevice of commer-
¢/ ''1y pure titanium done by other workers, a mechanism for crevice corrosion

in TiCode-12 has been developed. It involves the initial formation of compact

18



anatase crystals inside the crevice. As the macroscopic cell develops
further, it is postulated that either the anatase form of TiOp will
transform to the lower oxide Ti305 and to the rutile form of TiO, or
titanium dissolves into the solution after the breakdown of the protective
film and subsequent hydr.lysis takes place to form the lower oxide and the
rutile form of Ti0p. The role of alloying elements (Mo and Ni) and
dissolved solutes are discussed with respect to these postulations.

KEY WORDS: TiCode-12, brine, crevice corrosion, anatase, rutile.
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Introduction

There is currently in the U.S.A. an effort to develop titanium alloy
TiCode=12 (T1{ - 0.3 Mo - 0.8 Ni) as a prime corrosion resistant material for
high level nuclear waste containers which will be emplaced in mined geologic
repositories such as those in rock salt [1-7]. Crevice-type environments are
expected to form between the TiCode-12 container and surrounding backfill
materials or metallic emplacement sleeves. Earlier screening tests of various
candidate materials showed that TiCode=12 is immune to crevice corrosion in
simulated rock salt brines (neutral pH) below the temperatures of 300°C and
dissolved oxygen concentrations below 250 ppm [l]. This immunity has been
attributed to the addition of Mo and Ni to titanium [8] since pure titanium
shows significant crevice corrosion in neutral brines at 150°C or below
[9,10]. This paper outlines the results of immersion tests, and electrochem=-
ical and surface analysis studies. The main objectives were to determine
whether crevice corrosion is likely in TiCode-12 exposed to simulated rock

salt brines at 1509C and to ascertain the probable mechanisms involved.

Materials and Test Environments

TiCode-12 is a two-phase material composed of alpha and a minor beta
phase. Sheet materials were obtained from TIMET Corporation. The nominal com=-
positions are shown in Table 1. Small differences in the compositions were
found by BNL in the analysis of Ni, Mo, and Fe in the various heats of
TiCode~12 compared to those specified by the vendor. However, compositions

were within specification.
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TABLE l--Nominal compositions of TiCode~12 (weight percent)

Ni Mo Fe C H N 0 Ti

0.80 0.30 0.3d3) 0.1M 0.015M 0.03M 0.25M Balance

a)M denotes the maximum.

Brine solutions selected for this study were based on those used by Sandia
National Laboratories [l] which are considered to simulate those at the Waste
Isolation Pilot Project Site in New Mexico. The concentrations of the major
ions in the sclutions used are shown in Table 2. The majority of the work was

performed on Brine A and the main test temperature was 150°C.

TABLE 2--Compositions of brine solutions (ppm) [1]

Brine Na* kKt Mg*? ca*? sr*2 c1m soz? 1T HCO Br~  BO3

A 42000 30000 35000 600 5 190000 350C 10 700 400 1200
B 11500 15 10 900 15 175000 3500 10 10 400 10

Experimental Procedures

Three different sizes of coupons were used (1 x 2, 2 x 2, and 2 x 4 cm)
for the tests on crevice corrosion. After mirror polishing of the coupons up
to 6 um diamond paste, a crevice was simulated by joining metal/metal or
metal/Teflon couples with titanium bolts. The immersion studies were per-
formed in quartz tubes or in static autoclaves for two to four week periods.
The acidity and oxygen concentration of the solutions were varied. The degree
of corrosion was examined optically and the morphology of the corrosion

product inside the crevice was analyzed by SEM. An oxide film sample from
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inside the crevice was selected by punching out an area of diameter 3.2 mm
from the coupon. The oxide was carbon coated and it was stripped off chemi-
cally by etching (etchant: 22 HF solution). It was identified by TEM
diffraction analysis.

In order to obtain kinetic data on the effect of acidified brine on the
passivation behavior, the open circuit corrosion (o/c) poteﬁtial behavior was
examined at 80°C for Brine A. Pre-electrolysis of the solution was used to
obtain a brine redox potential close to that expected from the ionic concen-
trations. Also, the surface of the sample was anodized after polishing with
600-grit SiC paper to minimize the influence of the air formed oxide film.

Hydrogen uptake experiments were performed in Brine B during immersion
tests on single and creviced coupons at 150°C in an autoclave with a hydro-
gen overpressure at room temperature of 1.5 MPa. Passivity breakdown or low
pH will lead to enhanced hydrogen uptake because of high proton concentration
or the easy dissociation of hydrogen molecules into atoms on the pristine

titanium surface.

Results

During the initial stage of crevice corrosion (first. few days of immer-
sion), a very thin multicolored corrosion product was observed. This cype of
film was found especially in smaller samples and remained for exposures
greater than two weeks. Three distinctive areas (blue, violet, and yellow
regions) were s~lected for electron diffraction. Regardless of the color, the
diffraction patterns showed strong anatase TiO; peaks. Traces of Ti30g

were also identified. The anatase form of TiOj was mostly present
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FIGURE 1--SEM micrograph of the anatase form of Ti0j.
Magnification 20000 X.

.3

FTGURE 2--TEM micrograph of the anatase form of Ti0,.
Mr.aification 200000 X.



as block-shaped crystals as shown in Figures 1 and 2. For exposures of over
two weeks, the largest samples (2 x 4 cm) with the smaller crevice gaps showed
severe black corrosion products. This was composed of the rutile form of

TiOy with traces of lower oxide also present. The rutile was in the form of
need le=shaped crystals as shown in Figures 3 and 4.

The severest attack was observed when the sample size was increased as de-
scribed previously. Metal/Teflon crevice corrosion was more severe than that
for metal/metal crevices. Aerated solutions gave more severe attack than de-
aerated solutions, and lower pH enhanced the crevice corrosion rate. In addi-
tion, preoxidation of the cathodic area gave more voluminous corrosion prod-
ucts. A typical example of severe attack is shown in Figure 5. However,
increasing temperature did not necessarily accelerate the corrosion rate. At
250°C, for two to four weeks' exposure, no severe attack was observed.

In acidified Brine A (pH = 1), the o/c potential attained a value of
=360 mV sce after discontinuing anodic polarization as shown in Figure 6.
After approximately four hours' immersion, ghe potential reached a value of
~~550 mV sce, and did not change appreciably during the remainder of the test.
In the time taken to attain the steady state condition, evidence of potential
excursions was observed. Since titanium is passive in 1 M acidified chloride
solutions (pH=1) for potentials greater than ~~-300 mV sce [9,11], this o/c
behavior indicates that there is sporadic breakdown of the passive film.

Table 3 shows hydrogen uptake results for tests lasting 14 days. The
crevice samples show significantly higher hydrogen concentrations than those

for the single coupons.
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FIGURE 3--SEM micrograph of the rutile form of TiO0,.
Magnification 20000 X.

Pia a

FIGURE 4--TEM micrograph of the rutile form of TiO0,.
200000 X.
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TABLE 3--Hydrogen uptake results (ppm) for TiCode-=12
in Brine B for 14 days

Run Single Coupon Crevice Samples
1 65.8 80.6 91.2
2 32.5 74.4

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

Discussion

It is evident that the formation of a concentration cell is responsible
for crevice corrosion. The concentration of oxygen inside the crevice
compared to the bulk solution will determine the severity of corrosion for the
initial aeration cell. The results for aerated solutions showed this effect
quite clearly. Also, increasing the sample size and decreasing the crevice
gap (metal/Teflon samples) gives lower oxygen (or other species) inflow into
the center of the crevice, leading to more severe crevice corrosion. These
observations are-consistent with the results of a mass balance calculation of
oxygen concentrations inside the crevice [l2]. Temperature effects may also
be explained on the basis of the above arguments. Above a certain critical
temperature, the diffusion rates of any species are so fast that a
concentration cell may not develop easily thereby minimizing crevice attack.

The results obtained on the effect of surface preoxidation are an
indication of potential drop occurring inside the crevice. The preoxidation
probably decreases the cathodic reaction rate facilitating a potential drop
inside the crevice. Similar behavior was noted by Diegle who observed a
potential drop in a Grade 2 titanium crevice specimen exposed to acidified

chloride-containing solutions at 150°C [13].
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The data on solution pH effects implies that it is necessary to attain
very low pH values to cause severe crevice corrosion in TiCode~12. This
confirms earlier work on the crevice corrosion of CP titanium in concentrated
neutral brine solutions at 150°C [9]. The pH drop and passivity breakdown
are consistent with the results on o/c potential behavior and hydrogen uptake
since high acidity and a pristine surface will enhance hydrogen uptake [14].

In the literature, three different oxide forms have been reported as
possible corrosion products of titanium and its alloys in acidic solution
[15,16] or in neutral NaCl solutions [9,17]). These are the stable rutile form
of TiOp (a tetragonal crystal structure), the metastable anatase form of
Ti0p (a tetragonal crystal structure), and another metastable brookite form
of Ti0y (an orthorhombic crystal structure). Metastable forms have been
reported to act as a barrier to corrosion and drastically slow down the
corrosion proces [l5]. However, the rutile form is known to be porous
(Figures 3 and 4) and it causes accelerated attack. Figures 7-9 show the
sequence of rutile formation within the crevice. 1Initially, rutile needles
are formed on the anatase surface (Figure 7) forming domains (Figure 8). The
thick rutile in these areas is often cracked as shown in Figure 9. Cracking
was not observed in the anatase phase for TiCode=12 but in a related test in
commercial purity titanium severe anatase cracking was noted (Figure 10).
With respect to the mechanism of rutile formation it is not currently clear
whether it forms by the transformation of the anatase via lower oxides, or
whether it is formed by the reprecipitation of metal ions in solution.

TiCode-12 is a dilute alloy of titanium containing small additions of Mo

and Ni. Depending on the amount of these elements, the degree of active
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FIGURE 7--Initial stage of rutile formation.
Magnification 20000 X.

FIGURE 8==Growing rutile islands.

Magnification 2000 X
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FIGURE 9--Well-developed rutile scale showing mechanical
breakdown of the scale. Magnification 200 X.

FIGURE 1C=-=The mechanical breakdown of the anatase form of
Ti02 in commercially pure titanium. Magnifi-
cation 500 X.



dissolution is known to vary [9]. Our experiments show that TiCode-12 is very
resistant to crevice corrosion compared to commercially pure titanium [12].
Often these alloying elements cause active/passive cvclic behavior [9]. The
fluctuations observed in the o/c potential measurements may arise from this
cyclic behavior which may be caused by the enrichment of Mo and Ni on the
surface and subsequent dissolution of these elements. The details o: the role
of Mo and Ni are not known. Despite this sporadic behavior, the main passiv-
ity considerations discussed previously are believed to be of more importance
with respect tec crevice corrosion.

The halide (especially chloride) ion concentration is of lesser importance
in crevice corrosion than the hydrogen ion activity [9). However, Griess [9]
does consider that the actual salt concentration is significant, i.e., the
more concentrated the salt, the more severe the attack, irrespective of the
halide ion. This behavior was observed in the present study. While the o/c
potential shows spontaneous passivation in 0.1 M HCl and 0.9 M KC1 (pH=1)
[12], the present acidified Brine A causes breakdown of passivity with a
chloride concentration of 5.35 M. The results on Brine B are similar to those

for Brine A. This implies that the total salt concentration may be more

important than the amounts of various types of salt.

Conclusions

Crevice corrosion of TiCode-12 was identified at 150°C in simulated rock
salt brine solutions. Lower pH accelerated the reaction rates and deaer-
ated solutions gave less corrosion than aerated ones. Also, increasing speci-

men size, decreasing crevice gap, and preoxidation of the cathodic area give
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more voluminous corrosion products. These results are consistent with those

expected from macroscopic concentration cell formation accompanied by oxygen
depletion, potential drop, and acidification inside the crevice. The results
of oxide film analysis show that the compact anatase crystals are formed
initially inside the crevice. As the macroscopic cell develops further, it is
postulated that eitlier the anatase form of Ti0; will transform to the lower
oxide Ti30g and to the rutile form of Ti0Op, or titanium dissolves into

the solution after the breakdown of the protective film and subsequent

hydrolysis takes place to form the lower oxide and the rutile form of TiOj.
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CORROSION OF TiCode~12 IN A SIMULATED WASTE ISOLATION PILOT PROJECT (WIPP)
BRINE*

T. M. AHN, B. S. LEE, J. WOODWARD, R. L. SABATINI, AND P. SO0
drookhaven Natioral Laboratory, Upton, NY 11973

ABSTRACT

The corrosion behavior of TiCode-12 (Ti-0.3 Mo-0.8 Ni) high level nuclear
waste container alloy has been studied for a simulated WIPP brine at a tempera-
ture of 150°C or below. Crevice corrosion was identified as a potentially
important failure mode for this material. Within a mechanical crevice, a thick
oxide film was found and shown to be the rutile form of Ti0p, with a trace of
lower oxide also present. Acidic conditions were found to cause a breakdown of
the passive oxide layer. Solution aeration and 1increased acidity accelerate
the corrosion rate. In hydrogen embrittlement studies, it was found that
hydrogen causes a significant decrease in the apparent stress intensity level
in fracture mechanics samples. Hydride formation is thought to be responsible
for crack initiation. Stress corrosion cracking under static loads was not
observed. Attention has also been given to methods for extrapolating short
term uniform corrosion rate data to extended times.

INTRODUCTION

Currently in the U.S.A. there is an effort to develop titanium alloy
TiCode=12 (Ti-0.3 Mo-0.8 Ni) as a prime corrosion resistant material for high
level nuclear waste containers which will be emplaced in mined geologic reposi-
tories [1-7]). Preliminary 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.
The assessment of localized corrosion mechanisms is, therefore, essentiai for
the prediction of the life time of the containers. This paper outlines initial
results on the possible major localized failure modes of TiCode-12 in simulated
rock salt brine solutions. Emphasis was on the study of crevice corrosion and
hydrogen embrittlement. Crevice-type environments are expected to form between
the TiCode~12 container and surrounding backfill materials or metallic emplace-
ment sleeves. Hydrogen embrittlement is also possible since this material
typically contains 30 ppm of hydrogen as a residual element. Furthermore,
radiolysis of the groundwater may cause an increase in the hydrogen level.
Preliminary results on stress corrosion cracking (SCC) are presented. Atten~-
tion has also been given to methods for extrapolating short term uniform corro=-
sion rate data to extended times, in order to predict container performance.

*This work was performed under the auspices of the U.S. Nuclear Regulatory
Commission.
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MATERIALS AND ENVIRONMENT

TiCode=12 is a two-phase material composed of alpha and minor beta phases.
Plate and sheet materials were obtained from three diftarent sources: RML,
Timet, and Crucible. The nominal compositions are shown in Table I. Differ-
ences in the compositions were found by BNL in the analysis of Ni, Mo, and Fe
in the various heats of TiCode-12. The maximum variation was a factor two
larger than vilues specified by the vendors.

TABLE 1
Nowlnal compositions of TiCode-12 (weight percent)

Ni Mo Fe c H N 0 Ti

0.80 0.30 0.343) 0.1M 0.015M 0.03M 0.25M Balance

a)M denotes the maximum.

Brine solutions selected for this study were based on those used by Sandia
National Laboratcries [1] which are considered to simulate salt repository con-
ditions at the Waste Isolation Pilot Plant site. The concentrations of the
ma jor ions in the two solutions used are shown in Table II. The majority of
the work was performed on Brine A. The reference text temperature was 150°C.
[ower temperatures were sometimes used to develop an understanding of the
mechanisms of failure.

TABLE II
Compositions of brine solutions (ppm) [1]

Brine Na‘t Kkt Mg*2  ca*?2 sc*2 c1-  s0z2  1°  HCO§ Br~  BOJ

A 42000 30000 35000 600 5 190000 3500 10 700 400 1200
B 11500 15 10 900 15 175000 3500 10 10 400 10

EXPERIMENTAL PROCEDURES

Three different sizes of coupon were used (1 x 2, 2 x 2, and 2 x 4 cm) for
the tests on crevice corrosion. After mirror polishing of the coupons, a crev-
ice was simulated by joining metal/metal or metal/Teflon couples with titanium
bolts. The immersion studies were performed in quartz tubes or in static auto-
claves for two to four week periods at 150°C. The solution acidity and
oxygen concentration of the solutions were varied. The degree of corrosion was
examined optically and the corrosion products were analyzed by SEM and TEM.

Hydrogen embrittlement was evaluated at room temperature using thermally
hydrogenated single-edged-notched (SEN) tensile samples [8] (cross head speed
0.005 cm/min) to determine the susceptibility of TiCode-12 to hydrogen embrit-
tlement and to ascertain the probable mechanisms involved. The hydrogen con-
centration was determined after the tests by the vacuum extraction method and
the fracture surface was examined by SEM. Hydrogen uptake experiments were
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performed in Brine B during immersion tests on single and creviced coupons at
150°C in an autoclave with a hydrogen overpressure at a room temperature of
1.5 MPa (220 psi).

In the SCC study, both notched and un-notched C-rings were designed follow=-
ing ASTM standards [9] and these were loaded and sealed in quartz tubes con-
taining acidified brines (pH = 1.1) to simulate crevice conditions. The test
was performed at 150°C for an exposure time of three months. The acidified
brine was also used in an attempt to understand the passivation behavior of
TiCode-12. The open circuit corrosion potential was measured at B80°C for
this purpose.

Immersion tests on single coupons (1l x 2 cm) were performed at 150°C. The
weight gain was measured after varying exposure time to obtain uniform corro-
sion kinetics.

RESULTS AND DISCUSSIONS

During the initial stage of the crevice corrosion in Brine A (first few days
immersion) a very thin multicolored corrosion product was observed (Fig. 1).
This film was found to be the anatase form of Ti02. For exposures of over
two weeks the largest samples (2 x 4 cm) with the smallest crevice gap showed a
thicker black corrosion product (Fig. 2). This was composed of the rutile form
of Ti0y with traces of lower oxides such as Ti405. Higher 0 concentra-
tions promote rutile formation. In general, lower pH, larger sample sizes, and
smaller crevice gaps gave higher crevice corrosion rates. In order to under-
stand the crevice corrosion mechanism, measurements of the open=-circuit corro=-
sion potentials were made at 80°C. These showed a breakdown of the passive
film occurs as the pH of the brine falls below 1.0. Since a pH drop is ex-
pected to occur in the crevice, loss of passivation and crevice attack are also
anticipated. These results are similar to the crevice corrosion of pure tita-
nium in NaCl solution [10,11]. FHowever, the crevice corrosion rates are much
slower in TiCode-12. Mass transport calculations for oxygen inside the crevice
showed a significant oxygen depletion in this region. The results imply that
the compact and passive anatase form of TiO ([12] is no longer stable as the
macroscopic concentration cell is developed. Consequently, the more porous
rutile form of TiOj and lower oxides are probably formed in the crevice.

In the hydrogen embrittlement tests for SEN samples, the apparent stress in-
tensity (Kg) [13] values and hydrogen concentrations were determined and are
given in Table III. At the 100 ppm hydrogen concentration level, the sample
was very ductile (Fig. 3) with a slanted fracture surface aund it had a high

value. The KQ values for 6560 and 10900 ppm of hydrogen were decreas=-
ed by a factor of about 10 compared to the 100 ppm hydrogen sample. Fracto-
graphs show both alpha phase brittle fracture and alpha-beta interface cracking
(Fig. 4). These features are similar to those observed in other near-alpha
titanium alloys [14,15], and implies that the formation of hydride is
responsible for crack initiation [16,17].

In the hydrogen uptake tests, single coupons, as well as creviced samples,
were used to check the enhanced hydrogen uptake rate caused by the breakdown of
the passive film inside the crevice. As shown in Table IV, the hydrogen uptake
rate in the crevice sample was significantly higher than that tor the single
coupons. The breakdown of the passive film inside the crevice is probably re-
sponsible for the enhanced attack. Also, the reducing environment may have
slowed down oxide scale growth which in turn inhibits hydrogen penetration.

C-ring tests did not show cracking for either elastically or plastically
defcrmed samples. However, there is a possibility tha® dynamic tests, or the
presence of radistion-induced oxidants such as Cl03 or Hy0p, may
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Fig. 1. The initial stage of the crevice corrosion of TiCode~-12.

Fig. 2. Well developed crevice corrosion product on TiCode-=12.

Ty

LA

The apparent stress intensity factor of SEN samples

at three nydrogen concentration levels

Hydrogen

conce

nt
ng

ration (ppm) 100 6560 10900

Approximate

Ko (MPavm) 43.0 6.1 5:5

a4l



Fig. 3. Ductile fracture of Fig. 4. Brittle fracture of
[{Code~12 at 100 ppm hydrogen TiCode-12 at hydrogen concentration
concentration. in access of 6560 ppm. Note the

interface cracking in the center.

TABLE IV

Hydrogen uptake results (ppm) for TiCode-12 in Brine B

Run Single coupon Crevice samples
1 65.8 80.6 91.2
2 32.5 74.4

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

induce stress corrosion cracking since we observed hydrogen embrittlement and
an increase in the open=circuit corrosion potential with the addition of
oxidants to the brine.

Preliminary data on long term uniform corrosion rates showed that the corro-
sion rates decrease gradually with time. Corrosion rates are not reproducible
at the present time because of the formation of precipitates (amorphous pro=-
ducts of Mg and Si) on the samples. For the extrapolation of uniform corrosion
rates to longer periods, the effect of this

, precipitate on the kinetics must be

established



CONCLUSIONS

The corrosion of TiCode-12 in simulated rock salt brine was investigated.
The following conclusions may be drawn from this study:

e Crevice corrosion of TiCode-~12 was observed at 150°C. The corrosion
product was the rutile form of Ti0j with a trace of lower oxides.

e Hydrogen caused a significant decrease in the apparent stress intensity
level in fracture mechanics samples. Hydride formation is thought to be
responsible for crack initiation.

e Enhanced hydrogen uptake was observed in crevice samples.

e Static C-ring tests did not show stress corrosion cracking in acidified
brines.

e Extrapolating of short term uniform corrosion rate data is complicated by
the presence of precipitates on the sample.
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