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ABSTRACT

Efforts in this quarter have been concentrated on the uniform and crevice
corrosion, and hydrogen embrittlement of TiCode-12, which are considered to be
potential corrosion failure modes in high level waste container systems.

The weight gain of TiCode-12 in WIPP Brine A is in good agreement with
previous results from Sandia National Laboratory. The selective etching in
weld heat-affected zones is considered to be responsible for the slower weight
gain in the welded TiCode-12 and commercially pure (CP) titanium. The inter-
action of the oxide film with a salt compound precipated from the solution
makes it difficult to correlate the weight gain with the thickness of the
oxide film.

The crevice corrosion of TiCode-12 in neutral brine solutions at 150%C
has been identified by the observation of corrosion products and oxygen
effects. The predominant oxide phase inside the crevice is TiO2. In order
to understand the mechanisms involved, crevice corrosion of CP titanium has
also been studied. The interference colors observed seem to arise from a
thickness variation of the corrosion products, which are composed of lower
oxides as well as TiO2. Variations of cathode/anode ratios and surface
finishes affect the crevice corrosion rates. These observations suggest two
possible hypotheses for the operating mechanism: variation of polariza-
tion inside the crevice and hydroloysis of dissolved metal ions.

The effect of the oxidizer (produced by radiolysis) on the open circuit
corrosion potential has been studied for TiCode-12 in WIPP Brine B. For a
concentration of 33,000 ppm HClO3, change in the potential has been
observed, which is an indication of enhanced susceptibility to stress cor-
rosion cracking in this material.

Fractographic analysis of TiCode-12 and titanium in the study of internal
hydrogen effects has been carried out using Scanning Electron Microscopy
(SEM). Two types of cleavage occur as the strain rate is decreased or hydro-
gen level is increased. Interfacial failure features appear below the
hydrogen level at which cleavage occurs. Present observations imply that the
hydride is very likely to be responsible for the fracture process. Prelimi-
nary results show that gaseous hydrogen also affects the fracture mode in
TiCode-12. Hydrogen analysis and hydrogen uptake tests are being initiated.

A limited amount of theoretical work has been performed on the construc-
tion of potential-pH diagrams for copper and lead at 1000C. Measurements have
been made of the pressure build-up during gamma irradiation of brine and the
gases generated were analyzed.
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1. INTRODUCTION

Efforts in this quarter have been concentrated on the corrosion and hydro-
gen embrittlement of CP (commercially pure) titanium and TiCode-12. Particu-
lar emphasis was placed on the uniform and crevice corrosion, and hydrogen
embrittlement of TiCode-12. These are considered to be potential corrosion
failure modes. The identification of possible mechanisms are important since
it forms the basis of analytical models for the long-term prediction of
failure. Progress has also been made in the areas of stress corrosion
cracking and radiation effects.

2. MATERIALS AND SOLUTIONS

The composition of CP titanium and TiCode-12 was reported in the last
quarterly progress report.1 Preparation techniques for Brine A were
slightly modified by using borax (Na2B40710H20) instead of HBO4.
This eliminated a precipitation problem in the process of solution prepara-
tion. The pH of the new solution was 7.1 while that of the unmodified one was
6.5.

3. UNIFORM CORROSION

In the last quarterly progress report1 some initial corrosion rates in
Brine A were reported using weight change measurements. Subsequent SEM obser-
vation of the corroded surface revealed that a significant amount of precipi-
tation from the solution had occurred. To reduce this artifact, all samples
were cleaned in boiling water. Figure 1 shows a current compilation of weight
gain data in Brine A. TiCode-12 is more resistant to uniform corrosion com-
pared with CP titanium. In general, welded samples show less weight gain.*
This can be attributed to selective attack (see Section 5). The data on
non-welded samples are in reasonable agreement with previous results.2

An attempt was made to measure the thicknesses of corrosion product films
to confirm the assumption of titanium oxide formation during immersion.
Generally, the observed thickness was greater (within a factor of 2) than
predicted. EDAX was utilized to probe the scale. It showed the presence of
significant amounts of Mg and Si incorporated in the film of both CP titanium
and TiCode-12. These elements may exist in place of titanium or as complex
compound(s) of Ti, Mg, and Si. In either case, it should be noted that: (1)
simple weight changes cannot be converted to corrosion rates by assuming tita-
nium oxide formation and (2) the passivation of titanium may not be maintained
because of the existence of other elements within the oxide film. A compre-
hensive study of these films is currently under way.

*One sample of electron-beam (EB) welded TiCode-12 showed a higher rate of
weight gain than TiCode-12, which was reported in the last quarterly pro-
gress report.1 This seems to be due to the precipitate effects mentioned
above.
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4. CREVICE CORROSION

It was shown in the last quarterly progress reportl that crevice corro-
sion of CP titanium had been confirmed and that there was an indication of
crevice attack in TiCode-12 also. We have continued our study in order to
understand the mechanisms giving rise to crevice corrosion of both CP titanium
and TiCode-12 in brine solutions.

4.1 TiCode-12

Initially, a crevice sample was Immersed in Brine A and heated to 200eC.
After three days, a distinct violet corrosion product was observable inside
the crevice (Figure 2). By comparison, the outer surface showed no visible
corrosion product. Subsequent testing at 1500C for 21 days also showed these
features. This was the first observation, to our knowledge, of crevice
corrosion of TiCode-12 in Brine A at 150*C.

The influence of oxygen content on crevice corrosion was subsequently
studied by immersing the samples n both aerated and deaerated Brine A solu-
tions at 1501C. After 21 days, the sample in the aerated solution showed the
same types of corrosion product inside the crevice as before, while the
deaerated solution gave rise to only a slight color change. This is
consistent with results for crevice corrosion of CP titanium.3 With an
increase in temperature (1701C) the deaerated solutions gave a similar effect
to the aerated solutions (i.e., both solutions gave significant crevice
corrosion). In Brine A at both 1500C and 170°C, the central region of the
crevice is violet and blue while the outer region is gold-yellow. In
contrast, all the samples in Brine B showed gold-yellow colors only.

After the immersion, samples were dried in air and the surface films
analyzed using EDAX in order to identify, if possible, any chemical changes
taking place in the crevice. Samples in Brine A showed an indication of
cation depletion inside the crevice when compared with the same analysis of
the outside surface. However, further evidence is necessary because of the
reaction of the cation with the titanium oxide (see Section 3).

The oxide film inside a crevice was stripped off chemically by etching
(etchant: 5-parts HF, 10-parts HNO3, 30-parts lactic acid). The electron
diffraction pattern of the film formed at 200C showed mostly TiO2 (Brookite
or Anatase) with a trace of Ti305. A typical example of the microstruc-
ture of the oxide is shown in Figure 3. This result is quite different from
that obtained with CP titanium which showed appreciable amounts of lower
oxides (see Section 4.2). The modification of the oxides by the etchant is
under consideration.

The thickness of the oxide film could also be observed with SEM after
loosening the film by buckling the crevice and outside surfaces. The oxide
film inside a crevice is slightly thicker than the film outside. The thick-
ness inside the crevice is approximately 0.7 microns.

2



4.2 CP Titanium

The initial stage of crevice corrosion of CP titanium was studied in
deaerated neutral Brine A solution at 150'C. Figure 5 shows the typical color
bands of the scale inside the crevice. In order to determine the significance
of the colors, a coupon of pure Ti (2 cm x 4 cm) was polished to 600 grit SiC
paper and then heated in a gas flame. This produced many different colors on
the surface of the coupon as shown in Figure 6. This coupon has the same
sequence of colors as observed in crevice corroded specimens. These different
colors could be caused either by the differing thickness of the oxide film 4

(interference colors) or by different types of oxides. 5 It is likely that
they are interference colors caused by different thicknesses, based on the
fact that the crystals in each colored region look similar in SEM photos with
only grain size differences. In addition, there was no significant contrast
obtained in the S M. The crystal size observed in the greenish black region
ranges up to 500 A (Figure 7). Even when lower oxides are present or
predominant, the interference colors can still be obtained by thickness
variations.

The oxide films inside a crevice of several samples have been analyzed by
Transmission Electron Microscopy (TEM). After statistical analysis of the
diffraction pattern, there is a strong indication that lower oxides exist
particularly in the form of Ti3O5 with lesser possibilities of T1203
or TiO being present. These lower oxides seem to exist in outer parts of the
crevice surface while strong TiO2 peaks are observed in the central region.

Based on a macrocell formation hypothesis, the ratio of cathode area to
anode area (C/A) could affect the anodic process inside the crevice. Three
different crevice samples were prepared as shown in Figure 8, and were exposed
at 1501C for 35 days in Brine A. The samples with higher C/A ratio ( 4)
showed less corrosion compared with the lower C/A ( 1) ratio sample. Since
the higher C/A ratio should give a higher corrosion rate6 (Figure 9), the
observation is contrary to that expected and may be a result of a shift in the
corrosion potential inside the crevice above the active corrosion potential of
pure titanium.

The effects of surface finishes were also studied. The outer urface of
two CP titanium crevice samples (2 cm x 2 cm) were oxidized in air,} and
heated at 1500C in Brine A solution for 26 days. Samples with oxidized sur-
faces showed less crevice corrosion (weak violet and brass colored film or
almost no visible corrosion), while the regularly finished sample showed a
more bluish film. The outside oxide scale may have reduced the cathodic
reaction and caused less corrosion (Figure 9).

An attenpt was made to measure the thickness of the corrosion product
film by cracking the film. The film inside the crevice did not flake off
easily and, consequently, it was not possible to measure its thickness.

4.3 Probable Mechanism of Crevice Corrosion in CP Titanium and TiCode-12

Much of the theoretical interpretation of crevice corrosion has been
associated with some sort of concentration cell,8 which could be a metal-ion
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cell, a differential aeration cell, an active-passive cell, and/or other con-
centrated cells such as hydrogen-ion, neutral salt, and inhibitor cells. The
unified crevice corrosion mechanism postulated by Fontana and Greene6 in-
cludes most of these phenomena and is described below.

Initially, the anodic dissolution (i.e., M -> M+ + e) and
cathodic reduction (i.e., 02 + 2 H20 + 4e- > 40H-) processes
occur over the entire metal surface, including the crevice interior. The
oxygen in the shielded crevice area is consumed after some incubation period.
With the cessation of the cathodic hydroxide-producing reaction, however, the
migration of mobile negative ions (i.e., chlorides) into the crevice area is
required to maintain charge balance. The resulting metal chlorides hydrolyze
to form insoluble metal hydroxides and free acid. Both the chloride anions
and low pl accelerate crevice corrosion while the reduction reaction
cathodically protects the exterior surfaces. Also, for active-passive metals
that depend on protective oxide films for their corrosion resistance, the
breakdown of passive and active corrosion in crevices are favored by an
increased concentration of chloride and hydrogen ions. This model takes into
account metal-ion concentration, oxygen depletion, hydrolysis and
acidification, aggressive anion migration, and both active and active-passive
dissolution behavior. A specific system requires some refinement in order to
identify the predominent process.

An early study of TiCode-12 showed no crevice corrosion in Brines A and
B.2 Our observation of colored film formation, oxygen effects, and cation
depletion support the existence of crevice corrosion of TiCode-12. At
present, our results on CP titanium and TiCode-12 imply that the degree of
polarization in the crevice region may be different depending on the position
inside the crevice. An alternative interpretation is that the lower or higher
oxides may have formed by hydrolysis of the metal ions:

2 Ti+3 + 3 H20 > Ti2O3 + 6 H + 6 e

Ti2+ + 2 H20 -> TiO2 + 4 H+ + 4 e

Ti+3 and Ti+2 hydrolysis has been reported previously.9 "10 Further
effort is needed in the identification of the specific mechanisms for the
establishment of a mathematical description of crevice corrosion.

5. WELD EFFECTS

In near alpha titanium alloys, the temperature during welding is suffi-
cient to reach the beta transus. Depending on the subsequent cooling rate,
several different microstructures have been reported. 11,.12 At very rapid
rates of cooling, criss-cross networks of alpha martensite are formed while
upon slow cooling, recrystallized alpha platelets are formed1l often with
eutectoid phases (alpha + Ti2Ni).12 The structure of electron beam welded
CP titanium and TiCode-12 have been considered and their response to uniform
and crevice corrosion have been studied by optical microscopy.
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Two 0.5 x 2.2-cm coupons were electron beam welded together in a vacuum
to form a coupon 1 x 2 cm in size.* TiCode-12 showed a significant amount of
martensite or recrystallized alpha platelet formation in the fused zone
(Figure 10a). Away from the heat affected zone (AZ) the microstructure
remained unchanged (Figure l0b). On the other hand, the CP titanium coupon
was heat affected over the whole sample showing recrystallized alpha platelets
(Figure 11), possibly with a minor eutectoid phase.

In TCode-12, there appeared to be a selective etching of the recrystal-
lized structure (Figure 12a) compared to fairly uniform etching away from the
HAZ (Figure 12b). The creviced sample did not show any distinct differ-
ence between the inside and outside of the crevice. Similar features were
also observed n CP titanium (Figure 13). Preferential attack seems to occur
along the boundaries between the beta and recrystallized alpha platelet in CP
titanium.

The results give general information on the microstructure of welded CP
titanium and TiCode-12 and the preferential attack of the newly formed phases
produced by welding. Longer time exposures are currently being conducted to
find out whether continuous attack will be prevented by the onset of repas-
sivation. If not, this may be another type of localized corrosion which needs
to be considered in connection with long-term containment of nuclear waste.

6. STRESS CORROSION CRACKING

In this quarter, our efforts have been on the potential effect of radio-
lytically generated oxdizer(s) on the stress corrosion cracking (SCC) of
TiCode-12 in brine solutions.

The anodic dissolution mechanism of stress corrosion cracking can be
represented as a crack tip strain rate and repassivation rate effect. Some
balance between the two rates is an essential feature of the crack propagation
rate.13 15 One of the effects of an oxidizer on SCC is to change the
repassivation rate via a corrosion potential shift. Scully13,1 has de-
veloped a relationship between the potential (E) and crack tip strain rate,
determining conditions under which a crack tip cracking solution is achieved
and maintained as shown in Figure 14. There is a range of potentials and
strain rates over which SCC occurs.

An earlier study at Sandia2 showed some fractographic evidence for SCC
of TiCode-12 in brines though the mechanical properties did not change signifi-
cantly. This suggests the possibility that the testing condition used may
have been at the limit of SCC susceptibility.

*For metallographic observations, samples were mounted and etched after
polishing.
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Among the oxidizers produced by radiolysis in brine, such as H202,
C103, C104, the strongest oxidizer (Cl03) was chosen as
an additive to Brine B to determine the influence of such species on the open
circuit corrosion potential at room temperature. At a 33,000 ppm ClO3
concentration, a corrosion potential change was observed as shown in Figure
15. The concentration of ClO3 used was about 8% of the expected concen-
tration of CO when all Cl- dissolved in Brine B is converted to
ClO3 by radiolysis. This indicates that the rise of corrosion poten-
tial might be much more significant under real repository conditions leading
to an increase in the susceptibility of TiCode-12 to SCC in Brine B.

The implication of this result is that radiation may enhance the SCC
susceptibility entirely by directing only the anodic dissolution process. Be-
sides the aodic dissolution process, hydrogen induced SCC also will be en-
hanced by radiolysis since hydrogen is also generated and can then lead to
delayed failure.

7. DETERMINATION OF POTENTIAL-pH DIAGRAM FOR Cu AND Pb IN AQUEOUS SOLUTION
WITH HIGH CHLORIDE CONTENT AT HIGH TEMPERATURE

A small continuing effort has been given to generate a potential-pH
diagram for Cu and Pb in aqueous solution with high chloride content at 100C.
New domains of Cu(OH)1.5Cl0.5 and CuCl are still observed with CuO and
Cu20 domains shifted to higher pH regions compared to the diagram at room
temperature (Figure 16a). If the otential is negative (vs hydrogen voltage
VH), dissolution of copper to form aqueous copper chloro-conplexes appear to
be highly probable. In the case of lead (Figure 16b) the stabilities of
PbS04 and PbC12 are observed at 100C as in the case at room temperature.

8. HYDROGEN EMBRITTLEMENT

8.1 Internal Hydrogen Effects

In the last quarterly progress report slow strain rate embrittlement and
impact embrittlement were reported in cathodically hydrogen charged CP tita-
nium and TiCode-12 in tension and buckling tests.1 Continuing efforts have
been made to characterize the fracture modes of these samples by analyzing the
fractographs. Such an approach is necessary in order to identify the mechan-
ism(s) involved in the hydrogen induced cracking of TiCode-12. An analytical
description of this cracking process is achievable provided the mechanism
responsible can be identified from the following possibilities:

1. stress assisted hydride formation at the crack tip and subsequent
crack propagation along the matrix hydride interface;16

2. titanium hydride enhanced creep;19

3. preferential segregation of hydrogen in the beta phase and hydride
precipiation at the alpha/beta interface leading to alpha/beta
interfacial separation;18
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4. slip inhibition by interstitial hydrogen;19

5. decohesion model;21

6. hydrogen gas ebrittlement.2l

Tables 1 and 2 are summaries of the fractographic observations.

Table 1

Fractographic Analysis of CP Titanium*t
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Table 2

Fractographic Analysis of TiCode-12



Ductile dimples are predominant in high strain rate tests. Two ypes of
cleavge occur (Figures 17a, 17b, 19, and 20b) as the strain rate is decreased
or hydrogen level is increased. Tentatively, these will be called type I and
type II cleavages. Both types of cleavage are distributed very inhomogene-
ously and are more frequently observed as the hydrogen level increases. Type
II cleavage tends to appear at higher hydrogen levels than type I cleavage.
Intergranular features (Figures 20a) appear below the hydrogen level at which
cleavage occurs. On the other hand, the observed beta phase1 and ductile
dimples implies the alpha phase fractures at low hydrogen level. Serrated
interfaces are frequently observed (Figure 20c) implying interfacial separa-
tion. Crack arrest markings are observed suggesting intermittent crack
propagation (Figure 17c).

Since no significant difference is observed between CP titanium and
TiCode-12, hydride formation seems to be responsible for the fracture. This
implies that slip inhibition, decohesion or gas embrittlement is unlikely
though confirmation is needed by the measurement of a yield drop or incubation
time for fracture.22 On this hypothesis, alpha phase cleavage at low hydro-
gen levels and alpha-beta interfacial cracking at higher hydrogen levels may
be operative.16,2 ,23,24-26 The absence of distinct serpentine features27

way discount a creep echanism also. Currently, more well defined fracture
mechanics samples are being tested for confirmation of the present general
observations.

8.2 Gaseous Hydrogen Effects

A preliminary study on the behavior of as received single-edged-notched
TiCode-12 strained at rates between 10-8 and 10-4s in low pressure
(42 atmospheres) of hydrogen gas at room temperature indicates that a hydro-
gen environment promotes cleavage type failure (Figure 21). The influence of
gaseous hydrogen on the maximum load is probably small, a result which has
been observed for other near alpha Ti alloys tested in the as received condi-
tion.24 The study is being extended to determine the role of temperature.
Results to date suggest that the effect of hydrogen on the failure mode is
increased with increasing temperature. The mechanism(s) by which gaseous
hydrogen affects the behavior of TiCode-12 at slow strain rates and under
creep conditions will be examined.

8.3 Hydrogen Analysis

Hot vacuum extraction and-mass spectrometric analysis were used to deter-
mine the hydrogen level of as received CP titanium and TiCode-12. Three to
four samples were used to check the reproducibility as shown in Table 3. The
analytical method will be expanded to find the maximum extent to which
hydrogen can be absorbed. Hydride formation (Figure 22) makes it difficult to
estimate the maximum amount of hydrogen in solution.

8.4 Hydrogen Uptake

It is generally known that hydrogen is absorbed in metals in the atomic
form.28 The presence of TiO2 surface films reduces the degree of hydrogen

9



Table 3

Hydrogen Levels in As Received Titaniwm and TiCode-12 Samples

TiCode-12 (ppm) 32 36 33 35

CP titanium (ppm) 92 72 75 --

penetration.29 The existence of crevice corrosion may produce sufficient.
active anodic areas enabling the dissociation of hydrogen olecules to take
place, this dissociation being a necessary precursor for hydrogen uptake of
crevice samples in brine solutions. At present, samples are being tested at
150C in Brine B in the presence of hydrogen at a pressure of 220 psi.

9. RADIATION EFFECTS

In Figure 23 are shown initial results
containing Brine A and air exposed to gamma
'4 x 106 rads/hr and the total dose is 1.2
analysis results using mass spectrometry.
geneous gas distribution is under study.

on pressure increases in capsules
irradiation. The dose rate is
x 09 rads. Table 4 shows gas
The potential problem of inhomo-

Table 4

Composition of Gas in Capsule Containing Brine B
and Air after Gamma Irradiation to a Dose of 1.2 x 109 Rads

02 N2 H2 C02 H20 Ar

Vol. % 42.8 39.1 15.4 1.98 0.57 0.16
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ABSTRACT

Crevice corrosion products formed on titanium base materials exposed to
WIPP Brine A at 150 0 C have been analyzed by obtaining electron diffraction
patterns of oxide films which were selected from various positions on the
crevice surface. The crevice corrosion products for CP titanium and TiCode-12
are mainly an anatase form of TiO2. Both materials also showed trace
amounts of Ti305. The intensity of the Ti3O5 peak in the diffraction
pattern is stronger in CP titanium than in TiCode-12. ore Ti30 is
formed in the center of the crevice. From the study, it seems that the color
differences of oxides inside the crevice are mainly due to optical interfer-
ence colors caused by varying film thickness.

The open-circuit corrosion potential behavior of CP titanium and
TiCode-12 has been examined in acidified Brine A at 80C. To reduce the
potential effect of oxidizing impurities in test media these solutions were
pre-electrolyzed. Both materials show breakdown of the passive film.
TiCode-12 reaches a quasi steady state potential more rapidly than CP
titanium. Breakdown of the passive film is attributed to the high chloride

Single-edged-notched tensile specimens have been used to obtain the
apparent stress ntensity factors at 2 crack extension in hydrogenated
TtCode-12 with hydrogen concentrations up to 10,900 ppm. For high hydrogen
levels the apparent stress intensity factor dropped roughly by a factor of 10
compared to nonhydrogenated TCode-12. Fractographs show both alpha phase
crystallographic fracture and alpha-beta interface cracking. These fracto-
graphs indicate that the formation of hydride is responsible for crack
initiation for hydrogen concentrations above 5000 ppm.

Notched c-rings of CP titanium and TiCode-12 have been loaded and im-
merged in acidified Brine A to test for stress corrosion cracking suscepti-
bility. These tests are presently under way.
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1 INTRODuCTioN

The current program was initiated to determine potential corrosion
failure modes in TiCode-12 high level waste container material exposed to
prototypic repository conditions. A basic goal was to elucidate the mechanism
by which failure occurs and to develop means of extrapolating short term test
data to the prediction of very long term container behavior. Work to date in
this program has shown that cerevice corrosion is a possible failure mode in
TiCode-12. This is the first observation that has been made of this type of
corrosion in a simulated repository brine environment. Thus, a major part of
the BNL effort is directed to finding conditions under which it occurs,
determining the precise mechanism of failure, and to evaluating whether the
occurence of long term crevice attack will compromise container integrity.
Efforts in this quarter have been concentrated on the crevice corrosion and
hydrogen embrittlement of TiCode-12 and CP titanium. Electrochemical work in
acidified brines has also been performed to aid in understanding the corrosion
of these materials in the crevice environment.

2. CREVICE CORROSION

2.1 Identification of the Crevice Corrosion Product

As reported earlier by BNL,1 it was possible to identify the corrosion
product formed in the crevices of TiCode-12 and CP titanium with an electron
diffraction technique utilizing TEM (Transmission Electron Microscopy). In
this quarter, more work was conducted to obtain additional data for
identifying the corrosion products. In the current work, the TEH diffraction
samples were selected from different colored parts of the film inside the
crevice. This enabled us to study crevice corrosion as a function of the
distance from the crevice perimeter and to determine whether the colors are
caused by optical interference or by different oxide phases.

2.1.1 TCode-12

As shown in Figure 1, three samples taken from films with different
colors wore prepared. The yellow film (position 1, Figure 1) showed crystals
with different shapes including pointed and block shaped crystals (Figure 2).
All the diffraction rings for the crystals match the peaks for the anatase
form of Ti02, except one peak at d - 1.76a.

The violet film (position 2, Figure 1) showed mostly block shaped
crystals with a few pointed crystals. The diffraction patterns show strong
anatase (TiO2) peaks, with two extra weak peaks at d - 2.13 and 1.75a.
Figure 3 is an SEM (Scanning Electron Microscopy) photomicrograph of this
violet film.

The blue film (position 3, Figure 1) consisted mostly of block shaped
crystals with almost no pointed crystals, as shown in Figure 4. All the
strong peaks were identified as those from anatase TiO2). Additional peaks
(d - 2.85, 2.15, 2.03, 1.77, and 1.41A) were observed although they were
very weak.
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Figure 5. CP titanium crevice corrosion specimen from which TEm
samples were prepared. 1, 2, and 3 denote the loca-
tions of the areas studied. The crevice specimen
was immersed in Brine A at 150C for 12 weeks.

2.1.2 CP Titanium

As shown in Figure 5, three samples with different colors were prepared
from crevice regions. The yellow film (position 1, Figure 5) shows all the
diffraction peaks of anatase with one very weak peak at-d - 1.75a. The
crystals do not have definite shapes, but are aggregates of small
crystallites.

The diffraction pattern of the violet film showed all the peaks expected
for anatase. The additional peaks were much stronger than those from
TiCode-12 samples, and were more numerous. Figure 6 shows a carbon replica of
the anatase crystals.

The black film shows strong extra peaks in addition to Anatase peaks, at
d 4.49, 2.91, 2.78 (band), 2.16, 1.76, and 1.42a. It was found that
all the extra peaks for the TiCode-12 samples are in fact part of this set for
CP titanium. This extra peak set matched best the Ti3O5 diffraction
pattern.

To compare the difference between the oxides present in the crevices and
an air-formed oxide, an oxide film was formed in air on C titanium using a
gas flame. Electron diffraction patterns obtained from this film accurately
matched those of the rutile form of T 2. The electron diffraction patterns
from the crevice corrosion product and the air-formed oxide film are compared
in Figures 7a and 7b. The two patterns are distinctly different. It is
interesting to note that there was no trace of the rutile form of TiO2
Inside the crevices of CP titanium or TiCode-12 exposed to brine.
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Electron dffractLon pattern from the violet film
inside the TiCode-12 crevice.

Figure 7b. Electron diffraction pattern from the blue film formed
on CP titanium by gas flame oxidation in air.
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Kelly's model6 whereby passivation of an active surface is achieved by
attaining some critical concentration of T(IV) ions, the present results for
tLtanium in acidified brine could be considered in terms of a higher chloride/
halide concentration necessitating a higher concentration of Ti(IV) ions to be
present in solution before the surface is passivated.

The free corrosion potential of CP titanium suggests that it was
initially in a passive state (E -120 V see, Figure 9) whereas TiCode-12 was
not (E -340 mV sce, Figure 10). After approximately two-hours' immersion the
passive behavior of the CP titanium surface appears to change in that the
potential became ore cathodic and fluctuated until E was -300 mV sce (Figure
9). The fluctuations probably indicate the ability of bulk impurities in the
metal (.g., F) surface to maintain passivation, but which are themselves

cycLLalLy depleted and enriched in the surface by dissolution. As film
breakdown continues, the facility with which the bulk impurities can maintain
passivation is reduced and the potential continues to fall until E -300 mV
ace. In this potential range, the oxide film is reduced to a monolayer,
according, to Kelly.6 The rapid decrease in potential at this point reported
for high purity titanium (pH - 0, [Cl- - 1 M) by elly6 is not observed
here and may be due to the continued influence of the bulk impurities.

With continued immersion, the potential decreased linearly at an approxi-
mate rate of 34 mV per hour. After about 17 hours, it reached a steady
state' value of E -620 mV se. This potential is similar to the open circuit
potential attained by CP titanium under similar conditions following mechanL-
cal removal of the oxide (allowing for the difference in [Cl-11). In
fact, this potential -620 mV see is very close to the potential shown by both
Griess4 and Kelly6 at pH - 1 and Cl- - M to be that associated with
the maximum corrosion rate and is independent of temperature.

The observations for TiCode-12 require further analysis. Previously it
was reported that for similar conditions but lower C- concentration
([Cl-l 1 M) an abraded TiCode-12 surface attained a potential of approxi-
mately -400 mV sce after approximately 83 minutes.1 After the same time the
o/c potential of TCode-12 in acidified brine reaches approximately the same
potential but at this point fluctuations in the potential are noted (Figure
10). It is not considered that these fluctuations are due to the same source
(i.e., bulk impurities such as Fe) as in the case of CP titanium since the
potential is considerably more cathodic and the fluctuations are much more
rapid. Reference to work by riess 4 reveals that a Ti-1Z Ni-1Z Ho alloy
also exhibited essentially similar potential cycling over a time period of
approximately 20 minutes. In this work, the time period was an order of
magnitude shorter. Also, the fluctuation ranges from -315 mV se to -470 mV
sce in Griess'4 work while the present study shows the average fluctuations
varied from -550 mV sce to -480 mV sce, i.e., remaining more or less active.
Reference to thermodynamic data allows some pertinent comments to be made
regarding this fluctuation behavior of TiCode-12. In the potential range
covered by the fluctuations, dissolution of Mo could be expected to be appre-
ciably less than in the case of Ni, after considering the Pourbaix diagrams
for Ni and Mo.7 Further, in the case of stainless steel containing Mo, the
mechanism of crevice corrosion inhibition in acidic chloride environments is
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ABSTRACT

Work. has been started on the corrosion and hydrogen embrittlement behavior
of commercially pure titanium (ASTM Grade 2), TiCode-12 (ASTM Grade 12)-, and
OFHC copper, which are primary candidate materials for high level waste con-
tainers. The test environment used is a simulated brine solution typical of
bedded salt at 150C or room temperature. The immersion test results for these
materials are in reasonable agreement with previous screening test results of
Sandia National Laboratory; electron beam welded titanium and TiCode-12 samples
show higher corrosion rates than the non-welded samples.

To understand the difference between titanium and TiCode-12 in uniform and
crevice corrosion, electrochemical tests were performed. While the initial
repassivation behavior is similar in terms of charge density transfer after
scratching tests in 1 M HCl solution at 800C, titanium shows an active peak in
polarization curves in brine at room temperature while TiCode-12 does not.
Also, the open circuit corrosion potential of TiCode-12 is about 300 mV more
anodic than that of titanium in 0.1 M HCl plus 0.9 M KClsolution at 85%.

In the immersion tests on mechanically-creviced titanium, a major crevice
corrosion product is observed which has various colors and was identified by
Transmission Electron Microscopy to be a mixture of TiO2 and other low oxides
such as Ti203 and TiO. The crevice region of TiCode-12 shows a color change
at 1500C with a thicker film forming at 200C. The correlation of electro-
chemistry and immersion tests is under study. Sulfur introduced in a crevice
simulation test on copper has been shown to cause attack. Copper, in the
absence of sulfur, however, shows no visible crevice corrosion. As an aid to
understanding uniform and crevice corrosion results, potential-pH diagrams are
being constructed.

Slow strain rate ebrittlement and impact embrittlement have been observed
in cathodically hydrogen charged commercially pure titanium and .TiCode-12 in
tension and buckling tests. C-ring and U-bend specimens of titanium and
TiCode-12 have been designed and a slow strain rate test machine is being built
to study stress corrosion cracking. Alternating Current Impedance and Scanning
Reference Electrode Techniques are ready for pitting studies.

For the study of radiation-induced corrosion, an irradiation cell was set
up in the gamma pool to estimate quantitatively the oxidants as well as hydrogen
produced by the gamma radiation in the brine solutions.
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1. INTRODUCTION

Initial work is presented on the corrosion and hydrogen embrittlement be-
havior of commercially pure titanium (ASTM Grade 2), TiCode-12 (ASTM Grade 12)
and OFHC copper, which are primary candidate materials selected by DOE1-4 and
foreign countries for HLW containers.5 -7 A major aim of this program is to
confirm that the container materials selected will withstand corrosion and
hydrogen attack for extended eriods. Following the outline of this program
described in the last report, the progress made in this quarter includes
results in the areas of uniform corrosion, crevice corrosion and pitting cor-
rosion, stress corrosion and hydrogen embrittlement, and radiation effects.

2. MATERIALS AND SOLUTIONS

Pure titanium (Grade 2) and TiCode-12 (Grade 12) plates and
obtained from three different sources; RML, Timet, and Crucible.
compositions and mill analyses are shown in Table 1. TiCode-12

sheets were
The nominal

was reanalyzed

Table 1

Compositions of Pure Titanium Grade 2 and TiCode-12

Weight Percent Ni Mo Fe C H N 0 Ti

Commercially
Pure Titanium

Nominal Composition -- -- 0.30M* 0.10 0.015 O.03M 0.25 Bal.

25.4 mm Plate (RMI),
(Mill Anal.) -- -- 0.02 0.01 0.0032 0.013 0.131 Bal.

0.5 mm Sheet (Crucible)
(Mill Anal.) -- -- 0.09 0.02 0.0055 0.008 - 0.138 Bal.

TiCode-12

Nominal Composition 0.80 0.30 0.3M 0.1M 0.015M 0.03M 0.25M Bal.

19.1 mm Plate (Timet): -

(Mill Anal.) 0.74 0.29 0.14 0.012 0.01 0.01 0.13 Bal.
(BNL Anal.) 0.72 0.53 0.22 -- -- __ __ Bal.

0.9 mm Sheet (Timet):

(Mill Anal.) 0.82 0.29 0.09 0.013 0.01 0.15 0.16 Bal.
(BNL Anal.) 0.71 0.60 0.12 -- -- -- -- Bal.

6.4 iun Plate (Timet):

(BNL Anal.) 0.99 0.54 0.50 -- -- -- -- Bal.

*M denotes the maximum
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Table 2

Compositions of Brine Solutions



3. UNIFORM CORROSION

Immersion tests were used to study uniform corrosion. Each coupon (1-cm x
2-cm) of sheet material was polished mechanically for nonwelded specimens and
immersed in a Brine A quartz tube maintaining the ratio of solution volume to
surface area at 20 ml/cm2 10 (Figure 2). Weld samples were cleaned by
pickling in 5% HF-35% HN03 solution. The capsules were heated for various
times at 150C. This type of experiment is both economical and useful with no
significant synergistic effect between capsule and coupon reported.1 1

- -

.

S

Figure 2. Capsule test design for uniform and crevice
corrosion testing.

Figure 3 shows the weight loss of copper as a function of exposure. The
results are in agreement with previous results.12 Oxygen consumption and
solubility limits are being analyzed to understand these results. Table 4 shows
the corrosion rates of TiCode-12, EB (Electron Beam Weld) TiCode-12 and EB
titanium. The result for TiCode-12 is in agreement with previous data.3

Welded samples generally show higher weiqht losses compared with non-welded
samples in the same environment.

4. ELECTROCHEMISTRY

To obtain more information on uniform corrosion and to study the relation-
ship between the passivation characteristics and crevice corrosion of titanium

4 -
.











Sandia2 studied the polarization behavior of titanium and TiCode-12 in
brine at higher temperatures up to 245C and concluded that the only significant
difference occurs at both 70'C and 245C in the Cl2 evolution reaction. It is
believed that they could not observe the active peak for pure Ti because the
surfaces of the specimens were covered with passive films. As soon as a
polished specimen is exposed to the brine solution, the corrosion potential
begins to move in a noble direction, which indicates the formation of a passive
film. At higher temperatures, this passive film formation might be faster
compared to lower temperatures, and consequently the active peak would not
necessarily be observed in the polarization curve. There was no significant
difference in the corrosion potentials of pure Ti and TiCode-12 in Brine A and B
solutions at 250C. Results indicate that at the same potential (at corrosion
potential) TiCode-12 makes a passive film more easily and faster than pure Ti.

In order to understand corrosion in an acidic environment, which is ex-
pected in a crevice,14 repassivation studies were initiated in 1 M HCl
solution. Titanium and TiCode-12 specimens were fixed to the base of a Pyrex
vessel using epoxy resin, and 1 M HCl added. A platinum counter electrode and
SCE reference were used. A diamond tipped scribe, coated with plastic except
for the tip, was used to scratch the surface at 80C, with the potential
controlled by a potentiosat. The resulting current transients were stored on a
digital storage oscilloscope. The areas of the scratches were measured using
width x length. Assuming a roughness factor of 1.5,15 the current vs time
transients were integrated to give the total excess charge (and therefore charge
density) passed on the scratches.

The current transients observed at -530 mV (the active peak of titanium in
1 M HCl)16 were very short, with >95% repassivation occuring within 100 ms of
last diamond contact (the contact time was typically 50 ms). Values of the
charge density qs (microcoulombs/cm2) passed were as follows (from 5
scratches).

Titanium 420 /100

TiCode-12 400 + 100

Thus, the two specimens behave essentially similarly. No noticeable dif-
ferences in qs were observed at potentials up to -250 mV (SCE) where it was
still typical ly 400-500 pCicm2 and the specimens were passive at steady state.
For a perfect polycrystalline titanium surface, 400 VC/cm2 would represent
about 2 electrons per surface atom or a single complete monolayer of Ti(OH)2.
This confirms Kelly's predictions.16 It is hardly surprising that the primary
passivation is the same for titanium and a highly dilute alloy such as
TiCode-12. The reason the scratch test does not give values of q varyin up
to 800 PC/cm2 (i.e., 1 monolayer Ti4+) is that the conversion of Ti2 to
Ti4+ in the monolayer is slow as pointed out by Kelly.1 6
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Experiments were also performed in which the.whole exposed surface of
rotating titanium and TiCode-12 electrodes were abraded under a deoxygenated
solution of 0.1 M HCl and 0.9 M KCl (pH 1). This solution is considered
representative of a crevice corrosion environment.14 Both open circuit and
potentiostatic measurements were made up to 1000C. Figure 6 is an example of
the open-circuit Potential transient behavior of titanium and TiCode-12 at 850C.
At 50C and above, TiCode-12 seemed to passivate spontaneously at open circuit
(E -400 mV (SCE)), while titanium remained at a low, active potential (E -700
mV (SCE)).

200

400



The spontaneous repassivation of TiCode-12 is being confirmed. If this ob-
servation is correct, this may be the result of enhancement of the hydrogen ion
reduction reaction by nickel. These studies in severe environments will be
continued to gain an understanding of localized corrosion.

5. CREVICE CORROSION

Earlier results from Sandia showed that TiCode-12 does not show any signs
of crevice corrosion while pure titanium experienced severe crevice corro-
sion.2 This task was undertaken to investigate under what conditions
TiCode-12 is susceptible or immune to crevice corrosion. An understanding of
the mechanisms involved in the phenomena is also one of our objectives.

Titanium, TiCode-12 and EB TiCode-12 coupons were immersion-tested follow-
inq the method described in the previous section on uniform corrosion. Titanium
and TiCode-12 were mirror polished with 1 diamond paste and EB TiCode-12 was
pickled to clean it. The crevice was simulated by joining two coupons with a
nylon bolt through a hole made in the center of the coupons (Figure 7). The
period of immersion was 12 weeks.

Figure 7. Simulated crevice by bolt-joining two coupons.

Titanium showed a black corrosion product in the center of the crevice
after about two weeks with various colors (yellow, blue, and purple) in the
crevice region away from the central hole (Fiqure 8). Results for various times
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perature potential-pH diagram,17 the lower oxide formation suggests hat
acidification is in progress by the continuous depletion of oxygen in the
crevice. The colored film may be lower oxides while the black film a.
hydride.16 They would he formed by cathodic and various anodic reactions
because of differing deqrees of polarization obtained in the crevice region. An
alternative interpretation of the existence of lower oxides is also possible.
If indeed the crevice achieves an active or active-passive transition state the
anodic product expected is a surface monolayer.16 In this situation, the
observed oxide may form from the interaction between the dissolved corrosion-
product and the external solution.

It is generally known that the presence of dilute alloying elements, Ni and
Mo, as in TiCode-12, increases the uniform and crevice corrosion re-
sistance4 ,14, 1 8 of titanium. However, the present findings on the color
change at 150'C and film formation at 200C implies that this alloy may not be
completely immune to crevice corrosion under repository conditions. Previous
experimental results 14 "8 for Ti-Ni and Ti-Mo in an acidic environment and our
electrochemistry results do not completely answer this question at the moment
because of the lack of knowledge of real crevice environments. The confirmation
of the degree of crevice corrosion susceptibility of TiCode-12 and EB TiCode-12
will be continued and the results will be interpreted in relation to the results
of the electrochemical investigations.

Information on crevice corrosion in copper is very limited. The modified
ASTM19 method was used for crevice simulation by tightening two coupons with
rubber bands with a Teflon tape providing clearance at one end. While Cu/Cu and
Cu/Teflon interfaces showed no visible changes after 3 to 9 weeks, a major cor-
rosion product (black) was apparent beneath the rubber hand (Figure 11). EDAX
analysis showed a sulfur peak from this product. One probable reason is the
preferential attack by sulfur leached from the rubber bands. The reaction of
copper with sulfide has been postulated previously in the use of copper as a con-
tainer material since there are a number of sulfide sources in the waste
repository including the buffered bed, groundwater or from bacterial action.5

6. DETERMINATION OF POTENTIAL-pH DIAGRAMS FOR Cu, Pb, AND Ti IN AQUEOUS
SOLUTIONS WITH HIGH CHLORIDE CONTENT.

Calculations have been made on the electrochemical corrosion of copper,
lead, and titanium exposed to Brine A and B at 25C. The ions which were con-
sidered to be the most important in causing corrosion are listed in Table 5.
These activities do not correspond exactly to the concentration. However, the
differences do not significantly affect the calculations. The values for the
equilibrium constant for copper were obtained primarily from the Swedish report
on copper as a container material.5 The values for lead and titanium were
calculated from free energy data.20

For titanium, the anhydrous state was considered. The potential-pH diagram
was not altered significantly from the diagram of the system of titanium and
pure water.21 By considering the influence of the ions shown in Table 5, it
was found that there are no stable chloro-complexes of titanium.
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in the lead-pure water system.21 The formation of this compound may affect
the passivity of any solid film formed on this material.

The results obtained in this calculation are used for an understanding of
uniform as well as localized corrosion of these materials. The work will be
continued for higher temperatures.

7. STRESS CORROSION AND PITTING CORROSION

U-bend and C-ring specimens were designed following ASTM standards23 ,24

as shown in Figure 14 for titanium. Part of the C-rings were precracked to
provide stress concentration.25 The stress levels of C-rings are being esti-
mated.26 Because it is difficult to detect stress corrosion susceptibility of
TiCode-12 at 150C In Brine A or B2, samples will be immersed in concentrated
chloride solutions, such as LiC127, in order to increase susceptibility. The
components of the slow strain rate machine are in the laboratory being
assembled. The ac Impedance and Scanning Reference Electrode Techniques are
ready for pitting studies.



A method of hydrogen analysis is ready using a hot vacuum extraction
procedure and a mss spectrometer. The pressure change and fraction of hydrogen
present are determined. Typical heating conditions are 90'C and one hour for a
coupon of 1-cm x 2-cm (0.5 - 1.0-mm) thickness. This facility will he used for
hydrogen analysis in the case of possible hydrogen uptake during radiolysis and
stress corrosion cracking where hydrogen ebrittlement is expected to be the
rate controlling factor.

The tensile specimens of gauge length 2.54-cm were machined from sheet
samples with a thickness of 0.5-mm for titanium and 0.9-mm for TiCode-12 in
accordance with ASTM specifications. 28 These samples were hydrogenated
cathodically in 10% sulfuric acid with 3.1 x 10-3 M a4P207 cathodic
poison for half to one hour at 90'C and 15 mA/cm2 . Titanium was homogenized
in argon at 500C for one hour. Due to severe loss of hydrogen during homo-
genization, and the enhanced solubility29 and diffusivity30 of hydrogen in
the presence of the beta phase, TiCode-12 was not homogenized.

Tensile testing was performed at a crosshead speed 0.05 mm/min (equivalent
to an approximate strain rate 2.5 x 10-5/sec) as a slow strain rate and 2.54
cm/min (equivalent to an approximate strain rate 1.2 x0- 2/sec) as a high
strain rate. As a reference, tensile specimens without hydrogenation were heat
treated in the argon environment.

With titanium there was no significant change between charged and uncharged
specimens in tensile strength, elongation, reduction area and fracture stress at
high strain rate within experimental error. At the slow strain rate, however,
the fracture stress was reduced by more than 20% while the changes in the other
properties were not discernible. This result indicates that the hydrogen level
was probably in the range of. slow strain rate embrittlement, which is lower than
the hydrogen content required for Impact embrittlement. 31 This is consistent
with previous observations that tensile properties are unaffected by a modest
hydrogen addition32 and that hydrogen content has a much more striking effect
on fracture properties. 33

For TiCode-12, the hydrogenated sample showed more than 30% decrease in
elongation at the slow strain rate. Figure 15 shows embrittlement of features
in a hydrogenated specimen in contrast to the ductile features of a nonhydro-
genated specimen (Figure 16). This seems to be consistent with previous results
on other alpha and beta titanium alloys34 and the result of stress corrosion
cracking under strongly cathodic conditions in TiCode-12. 4 No change of
fracture stress seems to arise from the alteration of initial microstructure of
nonhydroqenated samples by argon atmosphere heat treatment. 35 The slow strain
rate sensitivity test on hydrogenated TiCode-12 will be repeated to confirm the
present finding with extensive metallographic examination since slow strain rate
embrittlement may be a major cause of delayed failure over extended times.

Impact embrittlement was found in a separate experiment using TiCode-12.
Samples were cathodically charged in molten salt for two hours at 100 mA/cm2
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9. RADIATION EFFECTS

Gamma radiolysis of brine solution is expected to produce oxidants as well
as hydrogen, which influence the corrosion and hydrogen behavior of the mate-
rials being studied.4 The principal species of interest are H2, 02.
Cl2, H202, C03, C104, HN03, and H2S04. In this quarter, the
effort was directed at setting up an irradiation cell in the gamma pool.

The irradiation cell used consisted of a 22.9-cm long 1.9-cm O.D. stainless
steel tube with a 0.2-cm wall thickness. The bottom of the tube was welded shut
and the top fitted with a Swagelok connector. Stainless steel tubing (0.6-cm
O.D.) coupled to this connector was terminated in a manifold incorporating a
rupture disc, gas handling valve and a strain gauge pressure transducer. 5-10
ml brine is irradiated in a silica liner tube at pool temperature (350C) and
atmospheric pressure. The pressure changes in the cell were recorded during
irradiation to 107 and 108 rads, at a dose rate of A x 106 rads/hour.
Following irradiation, gas samples were analyzed in a mass spectrometer.
Development of a suitable analytical technique for the analysis of irradiated
brine is an ongoing task.
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