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ABSTRACT

Crevice corrosion products formed on titanium base materials exposed to
WIPP Brine A at 1500C have been analyzed by obtaining electron dif fraction
patterns of oxide filns 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 T10 . Both materials also showed trace2

amounts of T1 035 The intensity of the T1 03 5 peak in the diffraction
pattern is stronger in CP titanium than in TiCode-12. More Ti 035 18
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 80 C. 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 nore rapidly than CP
titanium. Breakdown of the passive film is attributed to the high chloride
concentration with Ni being preferentially dissolved.

_

Single-edged-notched tensile specimens have been used to obtain the
apparent stress intensity factors at 2% crack extension in hydrogenated
TiCode-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 TiCode-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-
mersed in acidified Brine A to test for stress corrosion cracking suscepti-
bility. These tests are presently under way.

.
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1. INTRODUCTION

Tne 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 shor: term testi

( data to the prediction of very long term container behavior. Work to date in
this program has shown that crevice 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

f the BNL effort is directed to finding conditions under which it occurs,
I determining the precise mechanism of f ailure, 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

j acidified brines has also been performed to aid in understanding the corrosion
of these materials in the crevice environment.

2. CREVICE CORROS10N

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 TEM 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 f rom the crevice perimeter and to determine whether the colors are
caused by optical interference or by different oxide phases.

2.1.1 TiCode-12

As shown in Figure 1, three samples taken from films with different
colors were prepared. The yellow film (position 1, Figure 1) showed crystals
with different shapes including pointed and block shaped crystals (Figure 2).
All the dif fraction rings for the crystals match the peaks for the anatase
form of TiO , except one peak at d = 1.762.2

The violet film (position 2, Figure 1) showed costly block shaped
crystals witn a f ew pointed crystals. The diffraction patterns show strong

(TiO ) peaks, with two extra weak peaks at d ; 2.13 and 1.75R.anatase 2
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 anctase (TiO ). Additional peaks2
(d ~ 2.85, 2.15, 2.03,1.77, and 1.412) were obse rved although they were
very weak.

-1-
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Figure 1. TiCode-12 specimens from which TEM samples were prepared.
1, 2, and 3 denote the locations of the areas studied.
Surf aces A and B f aced each other to form the crevice. *

0The crevice specimen was immersed in Brine A at 150 C
for 24 days.
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Figure 2. The TEM microstructure of the yellow film formed in position
1 showing pointed and block-shaped crystals.
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Figure 3. SEM photomicrograph of the violet film formed
inside the crevice of TiCode-12.
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Figure 4. The TEM microstructure of the blue film formed
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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 150oc 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 = 1.75S. The
crystals do not have definite shapes, but are aggregates of small
crystal 11tes.

/
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 1.422. 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 Ti 035 diffraction
pattern.

To compare the difference between the oxides present in the crevices and
an air-f ormed oxide, an oxide film was formed in air on CP titanium using a
gas flame. Electron diffraction patterns obtained from this filn accurately

matched those of the rutile form of TiO2 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.

-5-
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X-ray diffraction was also used to identify the crevice corrosion
product. Because of the small amount of the corrosion product, only one peak
was obtained as shown in Figure 8. However this clearly matches the major
peak of the anatase form of TiO2 (d = 3.522),.

2.1.3 Summary and Discussion -

It can be concluded that the crevice corrosion products formed on CP
titanium and TiCode-12 are mainly the anatase form of TiO . Both CP2
titanium and T! Code-12 samples also showed peaks for Ti 0 . The intensity35
of the T1 03 5 peaks are stronger in CP titanium than in TiCode-12. It also -

appears that the gecater the distance f rom the crevice perimeter, the greater _'
"the T1 03 5 concentration. In addition, optical interference in differing

thickness corrosion films can account for the observed colors of these films. -

-

'In the literature, three different oxide forms have been reported as
possible corrosion products of titanium and its alloys in acidic solu-
tions2,3 or in neutral Nacl solutions.4,5 These are stable rutile forms -

of TiO2 (tetragonal crystal structure), the metastable anatase form of -

TiO2 (tetragonal crystal structure) and another metastable brookite form of '

TiO2 (orthorhombic crystal sructure). Metastable forms have been reported
to be responsible for passivation,2 1.e., the formation of surface films

-

which drastically slow down corrosion processes. On the other hand, the
rutile form is known to be porous and it appears quite of ten adjacent to the
metastable form and near to the solution, or as a result of precipitation of -

the dissolved metal ions. Also, air formed titanium oxide has been shown to -

be rutile.3 However, there have been no comprehensive studies in the
literature on the identification of oxide films formed in various environments #

using surface sensitive analytical techniques.
-

Our present findings regarding the types of films are quite different to
those stated above. This may be a result of the new brine environment used in -

this work. The existence of lower oxides suggests that a potential distribu- =

tion exists inside the crevices. The major questions remaining to be answered
are: (1) are these oxides barriers to corrosion? and (2) are these oxide
hydrolysis products as a result of continuous metal dissolution? Work is J
continuing to obtain answers to these questions.

2.2 The Effects of Surface Oxidation State on the Crevice Corrosion of -

TiCode-12 "

The outer surfaces of TiCode-12 crevice samples (2 cm x 2 cm) were
,

oxidized in air using a gas flame, and immersed in a Brine A solution at -

1500C for 24 days. This preoxidation of the outer surface is a method of -

varying the cathodic reaction rate during crevice corrosion. The sample
showed black colored corrosion products inside the crevice, while regularly _

finished samples usually showed violet / blue films in this region. This _:

indicates that the rate of cathodic reaction probably changes the corrosion
potential and/or the solution chemistry inside the crevice. The corrosion -

products will be analyzed to evaluate this effect. -
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3. ELECTR0 CHEMISTRY -

-

Acidified brine is expected to form in a titanium crevice environment. _

In order to obtain kinetic data on the effect of acidified brine on the
passivation behavior of unalloyed titanium and TiCode-12, the open circuit j
(o/c) potential behavior of both was examined at 800C. An electrochemical
cell with a rotating disc electrode (defined mass transport) and a special gas ,

scrubber system enabling solution oxygen levels of approximately 1 ppb was
used. The saturated calomel reference electrode used was placed directly in
the hot brine. It was noted that the analytical reagents used in making up ;

the brine contained trace impurities considered capable of influencing the -

redox potential of the solution, e.g., Fe+3 and NO . By pre-electro- 2
3

lyzing the solution, i.e., by electrochemically reducing the impurity species e

to a lower oxidation state, a redox potential of the brine solution would be
obtained which is closer to that expected from the ionic concentrations. '

Following pre-electrolysis of the solution, specimens of CP titanium and
Ticode-12 polished (with 600-grit Sic paper) and ultrasonically cleaned (in _

distilled H O) were anodized for five minutes at a potential of +200 mV sce,2
to minimize the influence of the thickness of the air formed oxide film.
Potentiostatic polarization was discontinued and immediately the potential

became less noble (more cathodic) in both cases. In the case of CP titanium, ,

the potential fell instantly to ~-120 mV see (Figure 9) and for TiCode-12 the
potential attained a value of ~-360 mV see (Figure 10). Af ter approximately

-

four hours immersion, the potential of the TiCode-12 specimen reached a value ,

of ~-550 mV sce. The corresponding time for the CP titanium specimen to reach
the same potential was ~14 hours. However, the o/c potential of the TiCode-12
specimen did not change appreciably (i.e., -550 to -530 mV sce) at te rminat ion
of the test at ~20 hours total immersion time. In contrast, the o/c potential a

of the CP titanium specimen continued to fall until its potential was essen- ?

tially constant with E ~-620 mV sce at a time of ~17 hours. In the process of
attaining an essentially steady state condition, both materials exhibited
evidence of potential excursions (Figures 9 and 10).

An attempt was made to determine the corrosion rate (anodic dissolution
rate) of the TiCode-12 specimen using an ac polarization technique. To a 2

first approximation, the current density was determined to be 5 uA cm-2 _

after 24 hours' immersion. If this rate remained constant it would indicate
'

that in 1000 years the depth of metal penetrated could be ~100 mn in an acidic
medium containing high halide concentrations. It must be assumed, however,

'

that as the crevice becomes larger the rate of dissolution would decrease '

since true crevice conditions would disappear. -

4Previous invest'igators ,5 of the behavior of/ri in acidified chloride
solutions consider that Ti is passive at potentials greater than ~-300 nV see =

at pH = 1 and for a chloride concentration [Cl~) equal to 1 M. The chloride 2
concentration in the present acidified Brine A is equivalent to a molarity of 1
~5.35 M. According to Criess' the chloride ion concentration is of lesser ;

importance than the hydrogen ion activity. However, Griess does consider that ]
the actual salt concentration is important, i.e., the more concentrated the
salt, the more severe the attack, irrespective of the halide ion. Based on 6

-
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6Kelly's model whereby passivation of an active surface is achieved by
attaining some critical concentration of Ti(IV) ions, the present results for
titanium in acidified brine could be considered in terms of a higher chloride /
halide concentration necessitating a higher concentration of Ti(IV) lons to be
present in solutio'n before the surface is passivated.

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

6 is not observedfor high purity titanium (pH = 0, [Cl-] = 1 M) by Kelly
bare 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 sce. This potential is similar to the open circuit
potential attained by CP titanium under similar conditions following mechani-
cal removal of the oxide (allowing for the difference in [Cl-1)).1 In
fact, this potential ~-620 mV see is very close to the potential shown by both
Griess4 6and Kelly at pH = 1 and [Cl-) = 1 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 Cl concentration
([Cl-] = 1 M) an abraded TiCode-12 surf ace attained a potential of approxi-
mately -400 mV see after approximately 83 minutes.1 After the same time the
o/c potential of TiCode-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

4 reveals that a Ti-1% Ni-1% Mo alloyrapid. Reference to work by Griess
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 see to -470 mV
see in Griess'4 work while the present study shows the average fluctuations

|

varied from -550 mV see to -480 mV sce, i.e., remaining more or less active.
I 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 ste 'l containing Mo, the
mechanism of crevice corrosion inhibition in acidic ch'oride environments is

1
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most probably associated with the formation of insoluble Mo02 which reduces
active dissolt'. ion.8 Hence, it is highly likely that the observed
oscillatory potential behavior is a result of varying concentrations of Ni at
the surface as a result of the dissolution. After some time, there should be
an appreciable buildup of Mo on the surface, reducing the influence of the Ni
concentration on the surface behavior. This is illustrated in Figure 10, )
which shows much smaller potential fluctuations, ~15 mV, af ter approximately
eight hours. A buildup of Mo in the surface film would then be responsible
for the " steady state" corrosion potential observed after ~18 hours.

These results are preliminary. Nevertheless, it can be concluded that
the breakdown of the passive film on TiCode-12 in the presence of acidified
Brine A is most probably due to the dissolution of Ni as a result of the high
halide concentrations used. Continuing efforts will be made to explore this
behavior further at higher temperatures and with various halides and oxidant
ion concentrations.

4. IlYDROGEN EMBRITTLEMENT

Up to this time,1 the fractographic analysis of hydrogenated TiCode-12
has been performed on smooth tensile specimens without notches. In this
quarter, fracture mechanics samples were used to control the crack path and
define the stress intensity level. Single-edged-notched tensile specimens,
15 x 2 x 10 cm with a 45 degree notch extending to a depth of 3 mm, were
machined in the samples. The surf ace was finished to 600 grit sic. Prior to
testing, a fatigue crack approximately 0.5-mm long was introduced at the notch
in the specimens. The hydrogenation of the samples was performed by heat
treating the samples in a vacuum furnace, backfilled with ultra high purity
hydrogen. Before the backfilling, the furnace was evacuated to 10- torr.

The heat treating time was 7500C for five hours at vacuum, and 190 and 760
torr of hydrogen. The specimens were tension tested to failure at a crosshead
speed of 0.005 cm/ min. The apparent stress intensity factor at 2% crack

extension, Kg, was estimated from the force-displacement curves following
9 10 Thisthe ASTM procedure using the formula given by Srawley and Brown

calculation is an estimate since the Poisson ratio of hydrogenated TiCode-12
has not been measured and there is a potential problem of crack blunting in
the fatigue precracking process. Currently, these problems are being
resolved. Af ter testing, the fracture surface was examined in an SEM and a
vacuum extraction method was used to determine the hydrogen concentretion.

Table 1 shows the approximate Kg values and hydrogen concentration
levels of the tested samples. At a 100 ppm hydrogen concentration, the sample

llwas very ductile with a slanted fracture surface suggesting that plane
strain conditions had not been achieved for this thickness. The fracture
surface is very ductile with dimples as shown in Figure 11.

The hydrogen backfill pressures of 190 and 760 torr both gave hydrogen

concentrations above 5000 ppm. The Kg values do not show a systematic trend
as shown in Table 1. However, the Kg values for the 6560 or 10900 ppm
hydrogen semples differ within experimental error. At these levels of

- 14 -
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Table 1

The Apparent Stress Intensity Factor at Crack Initiation
at Three Hydrogen Concentration Levels

100 6560 10900
Concen r on (ppm)

Kg (MPa /m) 45.4 4.5 5.8
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Figure 11. Ductile fracture of TiCode-12 with a hydrogen
concentration of 100 ppm.

I

- 15 -

i - _ _ __ _ _ _ . . _ _ - _ _ . - _ _ _



i

l
i

i

I

hydrogen concentration, the samples have become brittle showing no slanted
fracture surfaces. The stress level needed for crack growth is apparently
sufficiently low to obtain plane strain conditions. The observed sharp drop

in force in the force-displacement curve may indicate that Kg values
obtained approximate the true threshold stress intensity factor Kth (stress
intensity factor at crack initiation). Currently, the testing is being
repeated at lower and higher hydrogen concentrations using partial unloading
techniques.12

The fractographs obtained for high hydrogen concentrations show both
alpha phase cleavage and interface cracking. Figure 12 shows a typical
example of an interface crack showing surface facets. When the sample is
rotated, the facets may be examined nore easily as shown in Figure 13. This
figure is quite similar to the fractographs observed in other near-alpha
titanium alloys.13 Figure 14 shows intermittent crack propagation in a
grain and a secondary interface crack developed in the center of the micro-
crack. The grain size is much smaller than the figure size indicating that
the fracture mode is alpha phase cleavage. The direction of intermittent
crack propagation changes depending on the grain orientation. Also, at least
two different orientations of crack propagati6n in one grain are observed.
This suggests crystallographic fracture in the alpha grain as discussed by
other authors.14 Figures 15 and 16 show quite clearly this crystallographic
fracture. Meyn has identified this feature as the cleavage of alpha phase on
or near the (0001) basal plane in Ti-6Al-4V.15 Meyn,16 and Blackburn and
W1111amsl7 have found the cleavage-like facets lie approximately 14 degrees
from (0001). Figure 17 shows another feature of crystallographic fracture.
However, in this case, there is a pos,sibility that the cleavage might be from
interface cracking since the interface also has crystallographic features.13
Currently, this crystallographic behavior is being investigated using Laue
back-reflection techniques to determine the cleavage surface orientation.

As mentioned above, the fractographic observations in comparison to other
near-alpha titanium alloys suggest that hydride formation is probably respon-
sible for the hydrogen embrittlement of TiCode-12 at least at hydrogen concen-
trations above 5000 ppm. The mechanism may be:

o stress assisted hydride formation at the crack tip and subsequent
crack propagation along the matrix-hydride interface;18 or

o preferential segregation of hydrogen in the beta phase and hydride
precipitation at the alpha / beta interface leading to alpha / beta
interfacial separation.19

In future work quantitative values of Kth will be generated as a func-
tion of temperature and hydrogen concentration.

1
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Figure 12. Ilydrogen induced interface facets formed by brittle inter-
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Figure 13. ilydrogen induced interface facets observed after rotation
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Figure 16. Fracture surface of TiCode-12 with hydrogen concentration
above 5000 ppm showing crystallographic fracture, magni-
fication 1000X.
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5. STRESS CORROSION CRACKING

Notched c-rings of CP titanium and TiCode-12 have been calibrated (using
an SR-4 type K strain indicator). Both notched and un-notched c-rings were
loaded and sealed in a capsule containing acidified Brine A to simulate crev-
ice corrosion conditions i.e., adjusted to a pH of 1 (volume / surface area
ratio approximately 6.5). Notched e-rings of CP titanium and TiCode-12 which

were plastically deformed prior to immersion are also being tested. The test
temperature is 1500C.
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