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ABSTRACT

Titanium has been proposed as one of the candidates for canister materials
for storing spent nuclear fuel in the Swedish bed-rock., The deposition
milieu was simulated on a laboratory scale by embedding titanium in
compacted bentonite and the general corrosion rate was investigated. More
fundamental studies were also performed where titanium was exposed to
water in which special attention was paid to the NaCl content (0 or 1%)
and oxygen content (saturated or free from oxygen). In reaction cells
designed according to high vacuum principles it was possible to reduce the
oxygen content to very low values, The exposure time ranged between 1 min.
and 6 months. Analysis of the corrosion products was performed mainly with
ESCA.

In water at 959C the oxide growth follows a direct logarithmic law:

y = 8.7 +3.651nt (y is the oxide thickness (A) and t is the exposure
time (s)). Oxygen and salt do not influence the rate of the oxide growth
significantly. The general corrosion rate is approximately the same as the
oxide growth rate since the dissolution of Ti into the water-solution is
very low. The oxide consists of an outer layer of Ti0p and a few atomic
layers of suboxide close to the oxide/metal interface. Transmission
electron microscopy studies of the water-formed oxides indicate that these

are amorphous.

The oxides formed on Ti exposed in bentonite is 70 - 100 A thick for
exposure times ranging between 4 months and 2 years. It is shown, that
montmorillonite - the main constituent in bentonite - is absorbed in the
Ti0p formed on these samples. If it is assumed that a logarithmic growth
law is valid even for long-term exposure in bentonite, the growth law
which will give the highest growth rate is y = 5.5 In t. An oxide thick-
ness of 160 A is obtained if this law is extrapolated to 100,000 years

exposure.



EXECUTIVE SUMMARY

Titanium has been proposed as one of the candidates for canister materials for
storing spent nuclear fuel in the Swedish bed-rock. At the deposition site,
titanium will be exposed to a sand-bentonite mixture which is saturated with ground
water at elevated temperature ( 80°C)., This milieu was simulated on a laboratory
scale and the general corrosion rate of Ti was investigated. More fundamental
studies were also performed where titanium was exposed to water in which special
attention was paid to the NaCl content (0 or 1%) and oxygen content (saturated or
free from oxygen). In reaction cells designed according to high vacuum principles
it was possible to reduce the oxygen content to very low values. The exposure time
ranged between 1 min, and 6 months. Analysis of the corrosion products was
performed mainly with ESCA.

It is shown that the oxide growth follows a direct logarithmic law in water at
950C: y = 8.7 + 3.65 In t (y is the oxide thickness (A) and t is the exposure time
(s)). Oxygen and salt do not influence the rate of the oxide growth significantly.
The oxide thickness increases with temperature: exposure for 10 days at 259C and
950C gives thicknesses of 44 A and 60 A respectively. The dissolution of Ti into
the aqueous solution is very low; less than one monolayer is dissolved in 3 months
even in the most severe environment. Hence, the general corrosion rate is approx-
imately the same as the oxide growth rate. The oxide was found to consist of an
outer layer of Ti0p with a few atomic layers of suboxide - Tip03 - close to the
oxide/metal interface. Transmission electron microscopy studies of the water-formed
oxides indicate that these are amorphous.

The measured thickness of the oxides formed on the samples exposed to bentonite
saturated with ground water are in the range 70 to 100 A. The metals were exposed
for times ranging from 4 months to 2 years at 959C, Alloying Ti with 0.2 weight-%
Pd does not have any influence on the oxide thickness. The oxides formed in
bentonite clay are slightly thicker than the oxides formed in water.The ESCA
analysis showed that cations from the bentonite - Si, Al and Mg - are present in
the oxide. The atomic ratios between these elements correspond with montmoril-

lonite, which is the main constituent in bentonite. The distribution profile shows
a maximum concentration of these elements at the surface and decreasing content
towards the oxide/metal interface. Absorption of montmorilionite in TiQp may
influence the ionic and electronic conductivity of the oxide. The increase in oxide
thickness is an indication of this.

If it is assumed that a logarithmic growth law is valid even for long-term exposure
in bentonite, the growth law which will give the highest growth rate isy 5.5 1Int
An oxide thickness of 160 A is obtained if this law is extrapolated to 100,000
years exposure, which is the desirable length of life for the nuclear waste
canister, This is equivalent to dissolution of 90 A of the metal. Thus, the
limitation of Ti as a canister material is not its general corrosion. Instead its
resistance against localized corrosion will determine its value. However, it is
necessary to determine composition, structure and thickness of the oxide products
because the localized corrosion attack will be influenced by the cathodic reaction
taking place on the passive film,

Keywords: Titanium, ESCA, XPS, Corrosion, Passive Films, Bentonite Clay.
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1. INTRODUCTION

Titanium has been proposed as one of the candidates for canister material
for storing spent nuclear fuel at 500 m depth in the Swedish bedrock (1).
The metal capsule is thought to serve as an outer corrosion resistant
barrier for the canister. The canister will besurrounded by compacted
bentonite. Due to the radioactive decay, the temperature may attain a
maximum 80°C during the first decades of storing (1). The bentonite

clay will be saturated with the species present in the ground water at
this depth. Due to the Fe2+ present in the granitic rock, the deep ground
waters will be oxygen free and reducing conditions will prevail. It is
considered unlikely that the NaCl content will exceed 0.5 weight-%, which
was the maximum value obtained in an investigation of the ground water
chemistry in the Swedish bedrock (2). However, if a new ice-age occurs
during the time of storing, higher values may be expected. One property
of the bentonite is that it will buffer the pH value around 8-9.

Titanium is of interest as a canister material because Ti and its alloys
exhibit excellent corrosion resistance in severe chemical environments.
This is due to the fact that Ti is a passivable metal and so the rate of
dissolution is governed by the properties of the passive film formed on
its surface. To maintain this passive state it is necessary that the metal
is exposed to an oxidizing environment. For passivable alloys as stainless
steel, oxygenated water provides the oxide forming elements. Due to the
very low oxygen content at the deposition site, objections can be raised
against Ti as a canister material. For Ti, however, water itself is an
oxidizing agent. That this really is the case can be understood from the
fact that the equilibrium potentials of the reactions Ti = Ti2% + 2e”

and 2Hp0 + 2e” = Hp + 20H~ are -1.81 V vs. SHE and -0.47 V vs. SHE
respectively at pH = 8.

There exists a considerable scatter in the literature data concerning the
oxide growth and dissolution rate of Ti exposed to aqueous solutions. The
values of the oxide thicknesses formed at room temperature are in the
interval 10-100 A (3,4,5,6). Smyrl and co-workers (7) found a corrosion
rate of 900 A/year for Ti exposed 270 days to natural brine. Other authors
found weight increases corresponding to an oxide thickening of 100-400



[3®]

A/year for Ti exposed for 600 days in Baltic sea water (8). At tempera-
tures above room temperature, the data concerning the oxide growth, oxide
composition and metal dissolution in aqueous and bentonite environments

for longer exposure times are very scarce.

The main purpose of this work was to investigate the dissolution rate and
the composition of the reaction products formed on the surfaces of pure Ti
and a Ti-0.2Pd alloy exposed to aqueous and bentonite clay environments.
Special interest was paid to the influence of oxygen and NaCl contents in
the aqueous environments. The reaction and dissolution rates were studied
quantitatively. In one set of experiments tne real deposition milieu was
simulated on a laboratory scale by embedding Ti and Ti-0.2Pd samples in
compacted bentonite clay saturated with synthetic ground water,

The analysis technique used was ESCA in combination with ion sputtering.
This is the most suitable tool for determination of the surface reaction

products and their thickness.

This report is a summary of the experimental work performed so far. A more
detailed and conclusive version will be given in a doctoral thesis (9).

2. EXPERIMENTAL

2.1. Materials

The metals used were commercially pure Ti (Avesta ATi24) and Ti-0.2Pd
(Avesta ATi24Pd). Chemical analyses of the two materials are given in
Table 1.

Table 1. Chemical analyses of ATi24 and ATi24Pd.
Material weight-% C 0 Fe N Pd Ti

ATi24 0.008 0.06 0.04 0.008 - bal.
AT i24Pd 0.008 0.06 0.04 0.008 0.18 bal.



2.2. Exposure eguipments

2.2.1. Bentonite exposures

The real deposition milieu was simulated on the laboratory scale by
embedding the samples in blocks of water-saturated dense bentonite. To
achieve long term exposure while maintaining high pressure and high
temperature the samples had to be located in thermostated pressure cells.
For this purpose eight cells and one insulated vessel were made., The box
marked A in fig. 1A is a double-walled thermostated bath in which the
pressure cells are located.

A.
outlet tube 1 inlet tube
—
{ ] | [ [ k71 teflon cork
% ‘ yoke _g
\ ‘ é< ! viton gasket _ exposure cell
| _witon gasket =
porosint filter @_ pressure cylinder = teflon holder
|
bentonite [ i sample £ sample
piston —]
r yoke -
L -1 thermostated bath
)| =
) < ] insulation
B c

Pig. 1. A: Overview of the experimental set up. B: Pressure cell for

the bentonite exposure. C: Water exposure cell.



Fig. 1B shows details of the pressure cell., It consists of a cylinder in
which two pistons are fitted. Two water tubes are welded to one of the
pistons. The sample is positioned in a block of bentonite. To prevent a
change in the volume of the bentonite block due to swelling, two yokes are
fixed to the two pistons by six bolts. Transportation of the bentonite
into the water tubes is prevented by a porous filter of stainless steel
located on the top of the bentonite clay.

The sample was pretreated by polishing on emery paper down to 600 grit and
then positioned in the center of a loosely packed volume of bentonite pow-
der and compressed between two pistons in a hydraulic press giving a den-
sity of 2.15 g/cm3. Then one of the pistons was removed and the cell was
assembled. The bentonite was saturated with water having a composition
corresponding to the ground water in the actual bedrock (10). Table 2
shows the chemical composition of the water. No attempt was made to reduce
the oxygen content. This would have been very difficult since oxygen is
trapped in the pores of the bentonite block during the compaction proce-
dure. The oxygen content of the ground water can therefore be assumed to
attain the value for water in equilibrium with air (i.e. 1 ppm at 959C).
To study the influence of oxygen, fundamental experiments were performed
in aqueous solutions where it was possible to reduce the oxygen content to

very low values.

Table 2. Chemical composition of artificial ground water (10).

Species HCO3  Si02 502' c1-  cadt mg?t okt Na'
Composition (ppm) 123 12 9.6 10 18 4.3 3.9 6.5

The exposure of eight samples started in Aug. 1981. Since then the expo-
sures have been broken for six of the samples namely after 6 months, one
year and two years. By successive ESCA analyses and ion etchings the
composition of the oxide in depths and its thickness were investigated.

2.2.2. Exposures in aqueous solutions

To be able to study the influence of oxygen on the corrosion rate of Ti
two kinds of exposure cells were designed and built. The intention was to

reduce the content of dissolved oxygen in the water to such a low level



that it does not participate in the oxidation of Ti to any appreciable
extent. Beside oxygen, the influence of NaCl, temperature and exposure
time were investigated. In table 3 the experimental conditions for these

exposures are given.

Table 3. Ti exposed to aqueous solutions: experimental conditions.

Parameter Values

NaCl content (weight-%) 0 1

0, content (ppm) 5-20 10-4

Temperatures (°C) 60 80* 95

Exposure times 1 min** 1 n** 1 day** 10 days**
3 months** 6 months*

*) Exposures only performed in the glass cells.
**) Exposures performed in the electropolishing device.

For adequately controlled, long term exposure specially designed exposure
cells were built. Fig. 1A shows the exterior of the three baths (marked B)
-one bath for each temperature. On a bench above the baths, four water
reservoirs made of Pyrex glass are placed (not shown in the figure). Each
of these contains one of the four differenf solutions (i.e. 0 or 1 weignht-
% NaCl; 0p or Ny saturated). The oxygen content was varied by bubbling
oxygen or nitrogen through the water in the water reservoirs. The oxygen
content in the oxygen saturated water is in the range 5-20 ppm at the
exposure temperature (depending on temperature and salt content). Satura-
tion of the water with high purity nitrogen (containing 1 ppm oxygen)
gives a theoretical value of the oxygen content in the water of about 10-4
ppm. Fig. 1C shows a schematic view of the thermostated bath and the cell
arrangement. The exposure water enters the cell via a glass tube at the
bottom. The flow rate - ca. 0.3 1 per day - is low enough to allow the
water to achieve the desired temperature. The flow of water through the
cell ensures that the content of oxygen and NaCl is constant throughout

the experiment,



With the ambition to decrease the oxygen content in the water to the
minimum obtainable value, reaction cells were built in which the residual
oxygen was brought to react with hydrogen gas on a Pt catalyst. Figs. 2
and 3 show a schematic drawing and a photo of the low oxygen exposure
device respectively. The system consists of an exposure cell and a pre-
paration cell., They are placed in thermostated baths and connected to each
other via stainless steé] tubing. Furthermore, the exposure cell is
connected to a gas container and a rotary pump at one end, and an 0y trap
filled with Hg at the other end. The preparation cell is connected to a
gas container (Ar) and an 0p trap filled with water,

SS tubing
RN

/7

4

valve A H,=>
2
H, {; F 1 1B ————
PP =
| L
%l exposure preparation
cell cell
0, trap
(Hg) 00
s C thermostated
baths
™, pump

Fig. 2. Schematic representation of the device for exposure to lLow

oxygen containing aqueous solutions.



Pig. 3. Photo of the device for exposure to low oxygen containing

aqueous solutions.

Details of the exposure cell are shown in fig. 4. It consists of a con-
tainer and a 1id made of stainless steel. The sample to be exposed is
placed in an inner cell made of teflon. The container and the 1id are
pressed together with six bolts. A Pt net is placed 2 mm above the sample,
A teflon tube attached to the stainless steel tubing is sftuated a few mm
above the Pt net. During exposure the inner cell and the space between the
inner cell and the container are filled with exposure water.

The device was designed according to high vacuum principles. The tube
fittings and valves were made of stainless steel, Back diffusion of oxygen
from the atmosphere to the exposure cell was prevented by the 0y trap (Hg)
and by the water in the space between the inner teflon cell and the

container.

An exposure experiment is initiated by deaeration of the exposure water
with Hp. This takes place in the preparation cell by opening the valves A
and B (fig. 2) whereby Hp is allowed to bubble through the water in the
preparation cell whereafter it is led out through the 0 trap (Hp0). The
treatment of the water by Hp bubbling is maintained for one day.



oxygen dissolved in the solution at equilibrium with the gas phase can be
calculated from Henry's law:

0, (ag) = K Po,

where coz(aq) is the concentration of dissolved oxygen (ppm); K is a
constant and PO, is the partial pressure of oxygen. At 950C  the minimum
attainable oxygen concentration is estimated to 10-4 ppm for K = 23.6
(ppm/atm) (12) since the oxygen content of the gas is 5x10-6 atm.

2.3. Sample preparation

The samples used in the long term exposures in aqueous environment were
pretreated by polishing on both sides on emery paper down to 600 grit. To
remove the hard worked zone caused by mechanical polishing and to obtain a
smooth surface, the samples used for short term experiments and in the
low-oxygen exposure device were electropolished, This was performed on
both sides simultaneously in a cell shown in fig. 5. The sample 1§.p1aced
in the center of the electropolishing cell., Each side of the specimen is
facing a Pt counter electrode. The electrolyte is pumped through the cell
and past the sample from the bottom of the cylinder. The electropolishing
of Ti was found to demand a voltage of 25 V yielding a current density of
1.5 A/cmé at room temperature. The polishing time used was 25 secs. Under
these conditions 25 ym of the sample was dissolved. The electrolyte
consists of methanol (500 ml1), perchloric acid (50 ml spec. weight 1,54)
and butylcellosolve (300 ml1). A photo of an e]ectropb]isned surface is
shown in fig, 6. Twin and grain boundaries appear, showing that the hard
worked zone obtained during grinding has been removed during electro-

polishing.

The electropolishing was interrupted by turning the three-way valve to
allow exposure water to enter the cell, Hereby the electropolished surface
of the sample was immediately exposed to the water and the formation of an
air formed oxide was precluded. The samples exposed for 1 min to 1 hour
were prepared in this way, while the samples exposed for longer times were
transferred to the low oxygen exposure device.
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Fig. 5. Electropolishing device.

Photo of the surface of electropolished T7. Magnification 150X.
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3. CALIBRATION STUDIES

Analysis of the surface reaction products was performed with ESCA in com-
bination with Art ion sputtering. Calibration of the ESCA binding energies
was obtained from the C ls peak of graphite at 284.3 eV and the Cu 2p3/?
peak of copper at 932.5 eV. The sputtering rate of Ti0p at 1 keV Art don
beam energy was obtained by measuring the time to reach the oxide/metal
interface for Ti anodized in the range 4-16 V in 1 M HpS04. The oxide
growth dependence on the voltage is spprox. 25 A/V (4,13,14,15). In our
case an ion etching rate of 7.5+0.7 A/min was established for Tiog. Since
the sputtering rate is directly prcgortiona] to the ion beam current, this
was continuously measured and the sputtering rate was corrected for the
variations in the current,

Figure 7. shows ESCA signals of Ti 2p and 0 1s recorded after: a-ion
etching of Ti; b- oxidizing of Ti in oxygen to Ti0p (rutile); c- ion
etching of Ti0p. The recorded ESCA spectra (solid lines) are deconvoluted
into Gaussian-Lorentzian peaks corresponding to elastically scattered
photoelectrons from the actual core level (dashed lines) and a background
contribution originating from inelastically scattered photoelectrons
(also dashed lines), The Ti 2p3/2 signal representing the metal state is
found at a binding energy of 453.4:0,2 eV. The chemical shifts (the
difference in binding energy between the actual valence state and the
metal state) of the oxide states of Ti are given in table 4.

Table 4. Ti 2p chemical shifts of titanium oxides.

Valence 4+ 3+ 2+ met A

Chemical shift (eV) 5.5 3.7 1.7 0.0

The position of the 0 ls signal of Ti0p (rutile) is found at 530.3 eV and
the relative intensities of the 0 1s signal compared with the Ti 2p signal
as found in Ti0p (rutile) is 0.7. ’

ESCA spectra recorded after 60 A jon etching of Ti02 (rutile) are shown in
fig. 7c. Apart from Ti%t lower valence states, Tis* and Ti2*, appear in
the Ti 2p spectrum. The lower valence state oxides are artifacts created
during sputtering because X-ray diffraction showed that the oxide consists
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of Ti0p and that its thickness is about 1 pm. Thus, it is impossible to
determine the true valence state of a titanium oxide at a certain etch
depth directly from the Ti 2p spectrum. Instead comparison with a known
oxide jon-etched to the same etch depth under identical conditions must be
made. It can also be noted that the Ti 2p and 0 1ls signals are broadened
and that an additional peak appears at the high binding energy side in the
0 1s spectrum. After about 60 A ion sputtering of Ti0, a steady state is
reached where the intensities of the Ti#*, Ti3* and Ti2* signals are

approximately the same.

The composition of a compound j is established by calculating the atomic
fractions of the elements from the measured intensities. The atomic
fraction of an element A is obtained from the formula:

Xp = Iii/"Ai/Z(Igl/rk]) (1)

where Ii] is the measured intensity from the core level 1 of element k in
substance j and rgqp is the intensity of this core level relative to the
intensity of a standard compound. In this study, the intensities were
taken as areas under the deconvoluted Gaussian-Lorenizian peaks.

The oxide thickness can be obtained either directly from the ESCA Ti 2p
spectrum or by ion etching to the oxide/metal interface. If the oxide is
sufficiently thin, contributions both from the metal and oxide states
appear in the Ti 2p spectrum, If the oxide is evenly thick, the oxide
thickness can be calculated from the formulas

Iox = Iox (1 - exp(-ag, /(X sin 8)) (2)
Teup = leup (1 - expl-agyp/(X sin 8))) exp(-agy/(x sin 8) (3)

where I,y and Ig,, are the measured intensities of the ESCA signals from
the oxide and the substrate respectively; I” is the intensity from a
semiinfinitely thick layer; © is the angle between the spectrometer axis
and the sample surface; a5, and ag,p are the thicknesses of the oxide and
substrate respectively and A is the mean free path of the photoelectrons
in the oxide. The mean free path is known only for a few materials and
there is a large scatter in the reported values (16). For Ti 2p photo-
electrons in the Ti oxide A was set to 17 A which is close to the values
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employed by other authors (5,6) and to the value obtained by using the
theoretical model of Penn (17). The formulas (2) and (3) can practically

be used for layer thicknesses up to about 3AX.

Figure 8 shows the intensities of the O 1s and the Ti 2p (metal) signals
as function of tne etch depth recorded from a sample prepared by electro-
polishing and then exposed for 10 days in oxygen saturated water at 259c.
The ion etching was performed with 1 keV Art ions. The first data points
were obtained after removal of the contamination layer. The composition
profiles are characteristic for results obtained by ion etching of a
homogeneously thin film. They never exhibit a step function at the oxide/
metal interface due to the topography of the surface, non-uniform jon
etching and knock-on effects (18). Further, the level of residual oxygen
in the spectrometer chamber makes it difficult to obtain a completely
oxygen-free surface. Therefore a small 0 ls signal is detected even after
35 min. of ion etching.,
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The calculated oxide thicknesses, using the egns. (2) and (3), at each
etch depth, are included in the figure. The first four points fall on a
straight line. This implies that the oxide is uniformly thick. The slope
is equal to an etching rate of 8.3 A/min., which is close to the value
obtained from the independent calibration of anodized titanium. The
oxide/metal interface is obtained by extrapolating the straight line to

zero thickness.
From the figure it appears that the etch depth corresponding to the thick-
ness of the film is at the position where the intensity of the oxygen and

the metal peaks are about 50% of their maximum values. In the following,
the oxide thickness was determined by using this 50% intensity.

4, RESULTS AND DISCUSSION

4.1. Bentonite exposure

Commercially pure Ti and Ti-0.2Pd alloys were exposed in compacted
bentonite saturated with synthetic ground water at 959C for 4 months,

one year and two years. The elements detected on the surface with ESCA
were Ti, 0, Si, Al, Mg, Ca, S, C and N. Of these elements carbon and
nitrogen are contaminants originating from the atmosphere and from the
rinsing procedure. They are easily removed by a slight ion etching. It

is suggested that the elements Si, Al, Mg and Ca originate from the
bentonite clay since it consists mainly of montmorilionite
Al5/3Mgl/3(OH)2(51205)%/3' which is a two-dimensional silicate molecule
(electroneutrality of the compound is maintained by cations, Ca and Na
situated between the silicate layers). Traces of sulphur detected on the
surface of some samples presumably originate from the artificial ground
water which contained small amounts of sulphate (see tab. 1). In fig. 9
the Ti 2p, 0 1s, Si 2s, Al 2p and Mg Auger(KLL) spectra are shown from the
original surface and after 50 A ion etching. The positions of the peaks
recorded before ion etching correspond to Ti%*, si%t, A13* and Mg2* in
their simple oxides respectively. The 0 ls signal is split into two peaks.
The position of the peak at the lower binding energy (530.2 eV) corre-
sponds to oxygen in Ti0p. The ratio between the measured intensities of
the 0 1s and Ti 2p peaks is 0.7. This value is the same as the above
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reported ratio for synthetic Ti0p. The O ls peak at 532.1 eV (fig. 9a)

is positioned differently from oxygen in the simple oxides. The binding
energies of 0 ls in these oxides are: 533.5 eV for Si0p; 532.8 eV for
A1,03 and 531.0 eV for Mg0. Further, the intensity of the high binding
energy component of the 0 ls signal matches the intensities of Si4+, INEM
and M92+ if one assumes that these elements are present as montmorillonite
on the surface. In tab. 5 the mean values of the atomic ratios between Al,
Mg and Si for all the bentonite exposed samples are given at different
etch depths. As can be seen from this table, before and after a slight

jon etching the atomic ratios between Al, Mg and Si correspond well with

montmorillonite.

It appears from figure 9b that after 50 A ion etching, lower valence
states are present in the Ti 2p spectrum. These are created by decompo-
sition of the surface oxide during Art-ijon etching, as already observed
for pure Ti0p. However, by comparing the Ti 2p spectrum obtained after ion
etching of the bentonite exposed sample with that recorded from pure Ti0p,
(figures"9 and 7c), it appears that the former possesses a higher content
of Ti2* than the latter. This indicates that a valence state lower than
T4+ is present in the oxide product formed on the surface during exposure
in bentonite. Figure 9b shows that Si, Al, and Mg still are present at 50
A:s etch depth, From the fig. and table 5 it appears that the intensity
ratio between the Al and the Si signals has increased compared to the
ratio before jon etching. It is suggested that this is due to the pre-
ferential sputtering of Si in comparison with Al (19). The intensity of
the 0 1s peak corresponding to the silicate has decreased substantially at
50 A etch depth while the peak originating from the titanium oxide has
increased considerably.

Table 5. Atomic ratios between Si, Al and Mg at different etch depths for
Ti and Ti-0.2Pd exposed to compacted bentonite clay saturated with ground
water at 959C for times between 4 months and 2 years.

Element Etch depth (A) montmor-
0 2 15 35 50 illonite

Si 1 1 1 1 1 1

Al .44:,06 .49+,08 .66%,10 .78%.13 622,12 .42

Mg .09+,02 ,10%.,02 .11#,03 ,13:,04 .13:,02 .08
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Fig. 9. ESCA spectra recorded from Ti—0.2Pd exposed 2 years to ground water saturated bentonite clay at 957¢.

Upper row: spectra recorded as received.
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Figure 10 shows the concentrations of the cations Si4+, A13% and Ti%X (the
sum of all Ti oxide states) vs. etch depth. The exposure times were 4
months and 2 years. The analysis was performed in the way described in
section 3, It appears from the figure that the highest concentration of
si%* and A13* is at the surface. Their concentrations decreases through
the oxide (which is 80-90 A thick). At the oxide/metal interface Si and
Al can still be detected. The concentration of Ti%X jis low at the surface
but increases to a maximum value of c:a 35 atomic % at 40-50 A etch depth.
Approaching the oxide/metal interface the Ti%X concentration decreases
considerably but can still be found in significant amounts after 150 A ijon
etching. This is probably an artifact created during ion etching due to

the roughness of the surface,

The ESCA spectra are interpreted starting from three models which take the
distribution of Si and Al in the oxide into consideration. These models
are shown schematically in fig. 11. In model a the bentonite is adsorbed
on top of the titanium oxide in a few monolayers thickness. The predicted
ESCA intensity depth profiles are shown in the right column of fig. 11, A
high intensity from the bentonite elements is expected in the unetched
condition which rapidly decreases to zero after a few angstroms ion
etching., In model b the bentonite is assumed to be distributed as
agglomerates on the surface of the titanium oxide. The agglomerates are
arranged as islands and their thicknesses are presumed to range between
300 A and 600 A, Thus a constant intensity from the bentonite elements is
predicted over several hundreds of A and a slow decrease in the intensity
is expected as the bentonite/oxide interface is reached, The Ti%X ip-
tensity profile is more difficult to predict since the Ti%X jptensity
increases as soon as the covering bentonite is etched away at the same
time as it begins to decrease due to removal of the titanium oxide by ion
etching. The Ti%X profile of fig. 11b was calculated by assuming that the
top layer of the oxide was ion etched as soon as the thinnest agglomerate
was etched away. In model ¢ finally, the bentonite is incorporated into
the titanium oxide. Here the highest concentrations of bentonite elements
are found at the surface of the oxide and decrease to zero over the depth
of the oxide., The intensity of Ti%% will be low at the outermost surface
but increase to a maximum somewhere between the surface and the oxide/
metal interface. Approaching the oxide/metal interface the TiOX intensity
will decrease due to the fact that photoelectrons from the metal now
contribute significantly to the ESCA signal,



19

4
Ti% O—-—mn
o Si A——A
e \x' Al o——e
30 // / \\\ Unfitled symbols: 4 months exposure
3 / // \\ Filled symbols: 2 years exposure
° H NN\
£ Iz R
5 v N
Kol / =m \ N
z 20 /! a =
= /! \\\
2 1/ T~
a a / ~ -
= N
e} \ ~ -
© 10 =~
A ~o

A
— S \
50 - 100 150 -

ETCH DEPTH (A)

Fig.10. Depth profile of Ti exposed to water saturated bentonite clay

at 95°¢ for ¢ months and 2 years.

A comparison between the actual concentration profile and the three models
clearly shows that the best agreement is obtained with model ¢ (incorpo-
ration of bentonite into the oxide): the concentration of the elements, Si
and Al, are monotonously decreasing throughout the oxide and the measured
Ti profile shows a maximum in the interior of the oxide. It is stated that
the aggregates are enclosed in the oxide as it grows. A suggested model
for this is that silicate molecules are adsorbed on the surface of the
oxide with a constant rate. In other words, a non-equilibrium state exists
on the surface. Because the growth rate of the oxide decreases with time
the enrichment of the silicate molecules in the outer layer becomes higher
for increasing thickness of the oxide. The model is supported by the
concentration profile in fig. 10 and the observation that the concentra-
tion of the silicate elements increases with exposure time.

From the spectra of Ti 2p and O 1s recorded before ion etching it was
concluded that at least the top layer of the oxide consists of Ti0p
because no contribution from any other valence state than Ti%+ yas
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detected. The minimum thickness of the Ti0p layer was calculated to be 40
A thick since the intensity of any prospective suboxide was less than 1%
of the intensity from Ti0p. As reported above, ion etching of the sample
causes the titanium oxide to decompose. This makes it difficult to estab-
lish the true composition of the inner layers of the oxide. To overcome
this we have compared the decomposition benhaviour of the actual oxide with
that of a known oxide. Fig. 12 shows the decomposition behaviour of pure
Ti0p. The ratios between the intensities recorded from the cdifferent
valence states at various etch depths and the intensity of Ti4* before ion
etching are given., Fig. 13 shows the corresponding intensity fractions
obtained from the alloy Ti-0.2Pd exposed for two years. By comparing the
two figures it is evident that the decomposition products of the two
oxides are quite similar down to 35 A, At etch depths greater than 50 A
the results differ: the contribution from Ti2* is markedly greater for the
oxide formed in bentonite environment compared to the pure Ti0z. The
conclusion is that lower valence oxides exist below this etch depth. In
this respect the exposure time does not influence the Tiz"'/Ti4+ ratio.
Thus, it is suggested that a quasi-thermodynamic equilibrium exists at the
oxide/metal interface.
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Fig. 12. Decomposition of Ti0, (rutile) at 1 keV Ar’ iom etehing.

2
Intensgity fractions of the three Ti valence states vs. etch depth.



bl

l
109,
& N\
o 'Y
< e
& Ti
= Ti%
— (o]
= 2 8/ Tid*
fa¥ O ¢
CO/O/ T T s
50 100

ETCH DEPTH (A)

Fig. 13. Intensity fractions of the different T1 valence states
(ESCA-Ti 2p signal) vs. etch depth for Ti-0.2Pd exposed 2 years to

vater-saturated bentonite clay at 95°¢.

It was not possible to detect any enrichment of Pd on the surface of the
Ti-0.2Pd alloy. Passing the oxide/metal interface, Pd was found in amounts
approaching the bulk value. The effect of Pd is to increase the ability of
the alloy to repassivate in non-oxidizing, severe acid environments., This
is accomplished by an enrichment of the more noble Pd metal in the outer-
most metal layers by dissolution of Ti metal atoms. In our case the amount
of dissolved Ti is limited whereby the enrichment effect of Pd is Jlow.
This is confirmed by the fact that no significant difference in oxide
composition and thickness exists between the pure and Pd-alloyed material.

The thickness of the oxide products was established by ion etching. It
appears from fig. 14 that the oxide thickness is in the range 70-100 A for

exposures between 4 months and 2 years. Only a small tendency of oxide
thickening can be seen. The explanation for this observation may be either

that the oxide growth has reached a point where the dissolution rate is



equal to the growth rate or that a very slow growth law is prevailing.
Such a slow growth rate, namely the direct logarithmic growth law, has
been observed for Ti oxidized in oxygen at elevated temperature (1499¢)
(20) and for Ti exposed to aqueous solutions (this work; see section
4.2.1.). The latter gives an oxide thickness of 68 A after exposure for 4
months in water and a total increase in thickness of 7 A during prolonged
exposure up to 2 years., These oxide thicknesses are only slightly less
than what is found for the bentonite exposed samples. No significant
difference can be observed between pure Ti and the Ti-0.2Pd alloy. The
oxide thicknesses found in this investigation are in good agreement with
those found by other authors., By gravimetric measurements Henriksson and
de Pourbaix (8) found corrosion product thicknesses between 100 and 400 A
for Ti exposed 300 days at 100°C to bentonite clay. However, ‘their results
were close to the sensitivity of ‘the method.
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Fig. 14. Oxide thickness vs. exposure time for TP and Ti-0.2Pd exposed

to water saturated bentonite clay at 95%¢.

4.2. Exposures in aqueous solutions

4.2.1. Oxide growth

Figure 15 shows the ESCA Ti 2p spectra recorded after exposure of Ti in
aqueous solutions for various temperatures and times. The binding energies
of the main comporents of the Ti 2p and the 0 ls signals correspond to
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those found for Ti0p. The Ti 2p spectrum recorded from the sample exposed
for 1 min. at 609C shows that a state occurs between the peaks represent-
ing the four valency and the metallic states of Ti. The position of that
peak is 457.3 eV which corresponds to the three valency state in table 4.
Thus the spectra indicates that a suboxide exists between the outer Ti02
and the metal phase. Contribution from the metal state appears in the Ti
2p spectrum after exposure for 1 min. at 60°C. No metal contribution can
be seen for the samples exposed for 10 days at 259C and 959C, thus the
oxides are more than c:a 50 A thick according to egns. (2) and (3). It
appears from the lower row of fig. 15 that the metallic state dominates
after ion etching to a depth 30 A below the original surface of the sample
exposed for 1 min. while the Ti 2p spectrum of the sample exposed 10 days
at 259C still contains contributions from the oxide state. The Ti 2p
spectrum recorded after ion etching of the sample exposed for 10 days at
959C is very complex and resembles the spectrum obtained after ion etching
of pure Ti0p to the same depth (see fig. 7c). At this etch depth, the
spectrum contains a minor contribution from the metal state.

Due to the fact that the thickness of the oxide formed on the surface
during prolonged exposure time is more than 3 times the attenuation length
of the photoelectrons the thickness has to be assessed by Art don sputte=-
ring. The thickness is set as the sputtering depth where the intensity of
the Ti 2p metal signal has reached its half maximum value.

The thickness of the oxide formed on pure Ti versus the exposure time is
summarized in figures 16 and 17. The temperatures were 95°C and 25°C (fig.
16) and 600C (fig., 17). The aqueous solutions were either saturated with
oxygen or hydrogen. At 95°C and 60°C the water contained either 1% NaCl or
was free from salt. The exposure times were 1 min,, 1 h, 10 days or 3
months. Most of the analyses were performed after exposure for 10 days at
950C, It appears from fig. 16 that at this temperature and exposure time
the thickness of the oxide product is 602 A, Thus, the measured scatter
in thickness is rather small., Further it is not possible to draw con-
clusions about the influence of the water composition. The thickness of
the oxide formed at 60°C is 566 A, which is close to the thickness of the
layer formed at 959C. The oxide formed at 259C is on the other hand
markedly thinnner. After 10 days the measured layer is about 44:5 A, The
results indicate that the film formed in the oxygen saturated solution is
somewhat thicker than the oxide formed in the hydrogen saturated solution.
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However, only four experiments have been performed and the observed
difference is smaller than the scatter in data. To clarify this more
experiments have to be done. The thickness of the oxides formed during
exposure for short time are estimated from the spectra by egns. (2) and
(3). The layer formed at 259C directly after electropolishing or grinding
of the surface is about 20 A. At 950C the measured oxide is about 5 A
thicker. Again no conclusions can be drawn about the influence of the

composition of the water.
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Figure 16 shows that the thickness of the oxides measured as a function of
time follows a straight line in a semi-logarithmic diagram. The line

corresponds to the expression:

y = 8,70 + 3,65 In t (4)



where y is the thickness (A) and t is the time {s). Thus, the oxide growtnh
follows a logarithmic law.
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The results from the series of experiments performed in glass cells are
shown in table 6. Titanium and the Ti-0.2Pd alloy were exposed for six
months in water saturated with either oxygen or nitrogen. The measured
thicknesses of the oxides range from 80 A to 250 A. The mean value of all
the oxide layers is about 140 A. The table doesn"t show any general trend:
the average thickness in chloride containing water does not differ
significantly from the average thickness in chloride-free water; the Pd
content of the alloy does not influence the oxide thickness significally;
the average thickness at 600C is approximately the same as at 95°C,



Table 6. Oxide thickness (A) of Ti and Ti-0.2Pd exposed 6 months to
aqueous environments in glass cells.

Gas Temp. Pure water 1% NaCl

saturation (c) Ti Ti0.2Pd Ti Ti0.2Pd

in water
No 60 225%* 185 142 115
02 60 131 134 123 124
No 80 145 121 88 86
02 80 (201)* (152)* 81 81
No 95 129 133 160 178
02 95 - ** 125 131 146

Notes: *) These experiments lasted only 3 months due to failure of the

glass cell.
**) These samples were heavily contaminated.

From the logarithmic growth law presented in fig. 17 and in egn. (4) the
estimated thickness of the oxide after 6 months exposure is in the range
65 to 80 A. The values given in table 6 are markedly higher than tnis. QOne
reason for this is that the glass walls were dissolved during the expo-
sure. This effect was more accentuated in the NaCl-containing solutions.
Thus, the elements Si, Sn and Pb were transferred from the glass to the
surface of the Ti samples.

Figure 18a shows the distribution of C1™ ions through the oxide film for
two Ti samples exposed in 1% NaCl solutions for 3 months at 950C which was
either oxygen saturated or deaerated. Figure 18b shows the same distri-
bution for two samples exposed for 1 min. at 609C in oxygen saturated
water which either contained 1% NaCl or was salt free. Figure 18a shows
that the C1~ concentration in the oxide is less than 1 atomic-%. The ion
etching profile shows that C1~ ions are present in the oxide. The evidence
that C1- jons are dissolved in the oxide and not present as salt crystals
is the fact that Na¥ jons could not be detected. The C1~ content of the
short time exposed samples (fig. 18b) is higher than in the former case.
It is notable that the highest C1~ concentration is obtained at the oxide/
metal interface. It is suggested that the chloride originates from the
perchlorate in the electropolishing electrolyte which is deposited on the
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metal as soon as the voltage is turned off. In tnis case it functions as a
marker and the maximum concentration found at the oxide/metal interface
shows that the oxide is growing outwards. The lower concentration found
after 3 months exposure indicates that the C17 is dissolved from the oxide
into the aqueous solution. This is also the reason why no distinct maximum

can be seen,
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Fig. 18. Chloride concentration in the oxide film as a function of

etch depth for Ti exposed to vartous agueous solutions.

4,2,2, Oxide composition

Above, it was pointed out that suboxides exist between the outer Ti0» and
the metal substrate. The position of the extra Ti 2p peak corresponds 10
the position of the three valency Ti. Therefore it is suggested that the
suboxide is Tip03. On a Ti sample exposed 1 min. to hydrogen-saturated
water at 600C the thickness of the Tip0O3 layer is estimated as 6 A and the
outer Ti0p layer as 21 A using equations (2) and (3). The suboxides are
only observed after short exposure at elevated temperature. After pro-
longed exposure the outer Ti0, layer has grown to such an extent that
contributions from species below the Ti0, layer become undetectable.
Because ion etching changes the chemical state of the species this method
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cannot be used to determine the valency states of the oxide film. However,
by comparing the ion etch profiles of the water-exposed samples with those
obtained by etching pure Ti0p it is possible to obtain an indication of
the existence of suboxides. In figs. 19 and 20 the intensity fractions of
the different Ti valence oxides are shown as function of etch depth. The
Ti samples were exposed at 959C either to oxygen-saturated or hydrogen-
saturated water. No significant difference between the profiles is obser-
ved, Before ion-etching only Ti%* s detected in both cases. Comparison
with the ion-etching profile for solid Ti0, gives good agreement down to
20 A etch depth. Since the mean free path of the Ti 2p photoelectrons is
17 A the Ti0, layer must be at least 40 A thick. The figures 19 and 20
show that the fraction of the Ti2* intensity near the oxide/metal inter-
face is significantly nigher than is found for Ti0p. From this observation
one concludes that suboxides are also present in a thick oxide film formed
for prolonged exposure in hot water,
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The composition of the outer oxide layer is very important for the
corrosion properties of Ti; nydrated titanium oxide is slightly soluble in
acid solutions whereas the annhydrous oxide is not (21). Information about
the hydrated/anhydrated state can be sought in the shape of the oxygen

signal. However, contamination compounds containing oxygen contribute to



the oxygen signal at positions corresponding to hydroxide and water. In
fig. 21 the 0 1s and C 1s spectra are shown for a clean Ti0, oxide and for
Ti exposed 10 days at 259C in oxygenated water, The intensity of the 0 ls
peak recorded from clean Ti0p sample (produced in the preparation system
of the ESCA) matches completely the intensity of the Ti 2p signal. The C
1s spectrum shows that the sample is practically free from carbon conta-
mination. The O 1s spectrum recorded from the oxide formed in water shows
a high intensity peak the binding energy of which corresponds to the
oxygen in Ti0p. A shoulder is present on the high binding energy side of
this peak. The C 1s spectrum shows that a high level of contaminating
carbon is present on the surface. The C ls spectrum consists of three
peaks: the binding energy of the highest peak (285.5 eV) is attributed to
hydrocarbons; the peak at 286.8 eV is attributed to hydroxyl bonded carbon
and the peak at 288.9 eV is attributed to carbonyl carbon (22). The
intensities of the latter two peaks matches the intensity of the hignh
binding energy shoulder in the 0 ls spectrum. It is thus concluded that
even the outer oxide layers of the oxide formed in water consists of
Ti0p. Thus, the the oxide is anhydrous and it is suggested that this

property is one reason for Ti:s superior corrosion properties.

4,2.3. Oxide morphology

We have made an attempt to clarify the structure of the surface oxide by
electron diffraction studies. Extraction replicas of the oxide formed
during exposure for 10 days to hydrogenated water at 950C were prepared by
dissolution of the metal in a 4% bromine-methanol solution. Before dis-
solution the oxide was reinforced by a deposit layer of carbon. Further,
thin foils of Ti were prepared by the usual etching/electropolishing
technique for TEM samples. These were then exposed five days at 959C in
either oxygen or hydrogen saturated water.

A diffraction pattern of a thin foil exposed 5 days to oxygenated water at
959C js shown in fig. 22. The bright spots originate from the metal phase,
(5153) reflection in ncp Ti. Two halos can be seen in the figure. The
inner halo corresponds to a lattice spacing of 3.09+.10 A whereas the
outer halo corresponds to 1.512,07 A, The same halos were observed from
the samples exposed to hydrogenated water and also from the extraction

replica.
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Fig. 22. Electron diffraction pattern of a Ti thin foil exposed 5§ days

to oiygen-saturated vater at 95°C.

The presence of the two diffuse halos in our diffraction patterns shows,
that the oxide is either amorphous or consists of crystallites of small
lateral dimensions (of the order 20 A). The absence of spots and high
intensity ring patterns expected for the crystalline modifications of Ti0p

shows that the oxide is amorphous.
4,2,4, Metal dissolution

Attempts were made to monitor the dissolution of the metal by measuring
the titanium content of the exposure water by analysis with atomic
absorption spectroscopy. After exposure the water was poured into a
carefully cleaned polyethylene bottle whereafter it was acidified with
hydrochloric acid. Analyses were made on water from all exposures ranging
from one day to 3 months (i.e. at 60° and 950C; with and without NaCl;
oxygen-free and oxygen-saturated water).

It was not possible in any case to find titanium by atomic absorption
analysis of the exposure water. The detection limit of the method is 3
ppb. In our case this corresponds to dissolution of less than one atomic
plane of the metal. To ascertain whether or not dissolved Ti is adsorbed
on the surfaces of the teflon cell, ESCA analysis was carried out on
teflon samples exposed to the aqueous solutions. Only very small traces of
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Ti were found corresponding to dissolution of much less than one atomic
plane. It was not possible to discover any influence of the environmental

conditions,

This analysis shows that almost all of the oxidized Ti atoms are bonded
in the solid oxide on the surface. Only a very low percentage of the atoms
are dissolved into the solution.

5. DISCUSSION

The corrosion rate and the composition of the passive film formed on
the surface during exposure of Ti in aqueous solutions were studied
with microanalysis techniques such as ESCA, TEM and atomic absorption
spectroscopy.

The thickness of the oxides formed on Ti after electropolishing of the
surface and after grinding is approximately 20 A. This is in good agree-
ment with values given in the literature. By ellipsometry Andreeva (3)
found an oxide thickness of 12-16 A. Using coulometry Nishimura and Kudo
(4) determined oxide thicknesses in the range 14-100 A at potentials in
the passive region. The thicker oxides were obtained at higher potentials.
Porte and co-workers (5) analysed by ESCA Ti exposed to oxygen at room
temperature and obtained an oxide thickness of 45 A, In another study they
(6) reported an oxide thickness of 12 A for Ti exposed to oxygen at Tow

pressure.

At 959C the oxide growth follows a logarithmic law: y = 8.7 + 3.65 In t ,
where y is the oxide thickness (A) and t is the exposure time (s). Oxide
growth of thin films at low temperature can be described by two loga-
rithmic growth laws, the direct and the inverse one, and it is often
difficult to distinguish between them., In the literature, both growth

laws have been used to describe the kinetics: the direct logarithmic
growth law has been proposed for the oxidation of Ti in oxygen below 3309C
and in aqueous solutions at room temperature (20,23,24); Nishimura and
Kudo (4) have performed potentiostatic experiments and stated that

oxidation of Ti in 1 M C1~ solutions follows the inverse logarithmic law.
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The results show that the thickness of the oxide is independent of the
oxygen content in the water, This shows that the oxidation kinetics of Ti
is controlled by HoO decomposition. This is in agreement with the reported
literature data for corrosion of Ti at elevated temperature in seawater
(25) where almost the same corrosion rate was found for the oxygen
saturated as for the deaerated solution. Further, it was not possible to
find any influence of the chloride content on the thickness of the oxide.
Chloride ions could not be detected from the oxide (except after electro-
polishing). It is suggested that this is due to the fact that the samples
were exposed in neutral water. At lower pH chloride ions may be incorpo-
rated into the oxide.

The measured thickness of the oxide formed on the surface of the samples
exposed in bentonite clay is in the range 70 to 100 A. This is somewhat
thicker than would be expected from the formula above. After exposure for
two years the difference is about 20 A. Due to the fact that only one
sample is exposed and analysed per set of parameters the determination of
the thickness cannot be of the same accuracy as in the case of the water
exposed samples. The lack of agreement with the water and bentonite
exposures cannot easily be predicted. It may be due to the fact that the
surfaces of the samples for the bentonite exposure were ground on emery
papers and that the increased thicknesses is an apparent topographic
effect. On the other hand it cannot be excluded that the increased growth
rate is due to molecules of montmorillonite being adsorbed in the oxide.
If we assume that a logarithmic law is valid even for long term exposure
the growth law which will give the highest growth rate is y ='5.5 In t.
Using this and extrapolating to 100,000 years exposure, which is the
desired lifetime for the canister material, an oxide thickness of about
160 A is obtained. This is equivalent to dissolution of 90 A of the metal.

The oxide is found to consist of a top layer of Ti0p with suboxides of
Ti503. The phase diagram shows the existence of the suboxides Ti,0, Ti0,
Tip03, Ti30g and the homologous series Ti 0p,.1 (n= 4 - 10) at 6000C (26).
Some of these oxides may also exist at room temperature. The oxide with
the lowest dissolution pressure is situated at the oxide/metal interface.
From the thermodynamical point of view (27) it can be suggested that Tiy03
is formed at the interface. On a sample exposed 1 min. to hydrogen-
saturated water at 60°C a 6 A thick layer of Tip03 was found beneath a

21 A thick layer of Ti02. This is in good agreement with findings in the
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literature (5) where ESCA analysis of the oxide formed on Ti exposed to
oxygen at low pressure shows the existence of both Ti0» and suboxides
which are estimated to be c:a 18 A and 5-10 A thick respectively. We found
in our investigation that the ESCA signal of the suboxide is strongly
reduced with exposure time while the signal from Ti0, dominates the
spectrum, This is simply explained by a model where Ti0p thickens on top
of the suboxides and thus attenuates the photoelectrons from the layers

below.

The oxide formed in aqueous environments at elevated temperature was found
to be amorphous. Other investigators have reported amorphous oxides on Ti
formed at low anodic potentials (14,28) and in methanol solutions with
traces of water (29). The latter authors also stress the significance of
sample pretreatment and of removing the cold worked zone since plastic
deformation of the surface region promotes the formation of a more ordered
oxide film., The Ti 2p and the 0 ls peaks recorded from samples with a
water-formed oxide were found to be broader than the peaks recorded from
rutile. This observation implies that the individual atoms in the two
oxides experience different environments. The presence of an amorphous
oxide can be expected to have benificial influence on the corrosive
properties of a metal in comparison with a crystalline one since the grain
boundaries present in the latter are weak spots where preferential attack

may set in.

Analysis of the aqueous solution after long term exposure shows that the
concentration of titanium ions dissolved in the water is very low. The
dissolution corresponds to less than one monolayer for three months
exposure. Very low dissolution rates have also been observed by Nishimura
and Kudo (4) who found that 1 A dissolved in the first hour of anodic
oxidation of Ti in 1 M NaCl. Hence, the major part of the oxidized Ti
atoms remains in the oxide and therefore the general corrosion rate is
approximately the same as the oxide growth rate.

From above it appears that the general corrosion attack of the metal is
negligible. Instead it is the localized corrosion properties of Ti or the
Ti-alloys which will determine the use of this metal as canister material
from the corrosion point of view. However, it is necessary to characterize
the chemical and physical properties of the oxide formed on Ti if the
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localized corrosion properties are also to be understood. The crevice and
the pitting corrosion attacks will to some extent be controlled by the
cathodic reaction occuring on the free passivated surface.

CONCLUSIONS
Bentonite exposure:

0 The thicknesses of the oxide formed on Ti and the Ti-0.2Pd alloy are
in the range 70-100 A for exposure times between 4 months and
2 years.

0 Assuming that a logarithmic growth law is valid for long-term
exposure in water-saturated bentonite, the expression giving the
highest growth rate is y = 5.5 In t; where y is the thickness (A) and
t is the time (s). For 100,000 years exposure, which is the desired
life of the nuclear waste canister, the oxide formed is 160 A thick.
This is equivalent to dissolution of 90 A of the metal.

0 The oxide consists mainly of Ti0Op and suboxides at the oxide/metal

interface.

0 It is shown that montmorillonite, the main constituent of bentonite,
is enclosed in the oxide. This species is enriched in the outer part
of the oxide. It is suggested that the incorporation of
montmorillonite is dependent on the growth rate of the oxide.

0o No difference in the oxide thickness could be found between Ti and
the Ti-0.2Pd alloy. Pd is not present in the oxide and not enriched
in the metal phase.

Aqueous exposure:

0 The oxide grows according to a logarithmic law. At 959C the growth
law is y = 8.7 + 3.65 In t.
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o In neutral water, NaCl does not influence the oxide growth rate.

No chloride jons were detected in the oxide.

o The oxide thickness increases with the temperature; exposure for 10
days at 250C and 95°C gives thicknesses of 44 A and 60 A

respectively.

o The oxidation kinetics are controlled by Hp0 decomposition since the
thickness of the oxide is independent of the oxygen content, The
oxide grows outwards by diffusion of titanium ions.

o The oxide consists mainly of Ti0p and suboxides (T1203) present at

the oxide/metal interface.

0 TEM studies of oxides formed in aqueous solutions at 95°C show
that they are amorphous.

o Thne dissolution of Ti into the aqueous solutions is very low; less
than one monolayer is dissolved in 3 months even in the most severe
environment (959C, 1% NaCl).
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