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MAS it

Ion implantation is being used in an ongoing research program to
establish the mechanisms and corrosion characteristics of alloy systems in
which a noble metal (e.g., Pt) is alloyed with a passivatable base metal
(e.g., Ti). This paper describes results for "near surface" Ti(Pt) alloys
which establishes their essential corrosion characteristics.

High-purity,polycrysualline Ti was Implanted with Pt to fluences of
2 x 10 to 2.8 x i015dtoms/cm2 and at energies of 100 keV or 260 keV. The
corrosion behavior of the resulting "near-surface" noble-metal alloys was
electrochemically investigated in IN H jSOi* saturated with H2 at a temperature
of 30°C. The Pt distribution for samples before and after electrochemical
corrosion measurements was determined using Rutherford backscattering
analysis (RBS).

For freely corroding samples, potential vjs time curves initially showed
noble values due to the presence of an air-formed film. The potentials
then dropped sharply, tending toward the open-circuit value of -0.745 V
for pure active Ti. Subsequently, the potentials reversed, rising in the
noble direction to plateaus of varying magnitude and duration. These
effects correlated with sample fluence and peak concentration. Alloy
samples with fluences of 2.6 x 1011* and 3.1 x 10 1 5 atoms/cm2 were potentio-
statically corroded at -0.450 V and the net current vs time showed charac-
teristic (cathodic) peaks. The plateaus in open-circuit potentials as well
as the potentiostatic measurements were compared with RBS-determined Pt distri-
butions. The results were analyzed to distinguish the occurence of Pt sur-
face build-up from instanLaneous loss of unionized platinum. The critical
platinum surface concentration, necessary to maintain passivity, was also
determined. For samples which had been polarized at -0.300 to -0.340 V
and which eventually reverted to the behavior of "pure" Ti, post-corrosion
RBS data showed the presence of electrochemically "inactive" surface
p I a t i n urn.

Research partially sponsored by the Division of Materials Science,
U.S. Department of Energy, under contract W-7405-eng-26 with the
Union Carbide Corporation.
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Statement of Problem

This paper presents results of a study of the electrochemical behavior
and the corrosion characteristics in hydrogen-saturated sulfuric acid of
"near-surface" titanium-platinum alloys formed by implanting platinum in
high purity, polycrystalline titanium. The work is part of on-going inves-
tigations of the mechanisms of alloy corrosion in aqueous media using ion-
implantation and Rutherford backscattering (RBS) as essential tools to
complement standard electrochemical measurements. The titanium-platinum
system was selected for study for the following reasons:

1) The sysLem has possible practical application in the design and
use of surface alloying to produce natural passivity. The exceptional
catalytic activity of platinum has been shown to produce natural passivity
in dilute "bulk" Ti-Pt alloys (1). Thus, one ought to study the conditions
whereby small amounts of implanted solute (e.g. 10 1 2 - 10 1 6 atoms/cm2), may
be permanently retained in the near surface at the reduced rates of corro-
sion associated with passivity. (For titanium, it should be noted that
nionolayer coverage corresponds to 1.47 x 10 atoms/cm2).

2) The system represents an important limiting case of a highly active
metal (Ti) combined with a highly noble metal (Pt) giving rise to selective
oxidation during corrosion. Thus, by studying the redistribution of noble-
metal solute in this model system during corrosion, one may gain valuable
insight into the behavior of practical alloys, both in the presence or the
absence of protective passive films.

3) The high mass number of Pt (M=195) relative to that of Ti (M=48)
facilitates the determination of the distribution of implanted Pt in Ti
substrates during RBS analysis.

4) The electrochemistry of "pure" titanium in sulfuric acid solutions
has been thoroughly explored and characterized by Stern and Wissenberg (1)
and more recently and completely by Kelly (2-4). This previous work pro-
vides an appropriate frame of reference with which to interpret results
from ion-implanted alloys.

Recent reviews of alloy corrosion have been given by Vermilyea (5) and
Scully (6). Discussions of applications of ion-implantation to production
of corrosion-resistant alloys have been given by Dearnally (7,8), Ashworth
(9) and others (10-12). In this paper we attempt to demonstrate that ion- ^
implantation, coupled with RBS provides special advantages in the study of
alloy corrosion. Using RBS analysis the initial distribution of implanted
elements can be known with high resolution, and the unique distributions Hj
attainable 6ive rise to unique electrochemical behavior. By monitoring o
Lhe composition distribution at various stages of the corrosion process, one tfi
can begin to analyze the relation between electrode potential, corrosion rate, o
and "instantaneous" alloy composition at the reacting surface. In the present
work we have been concerned with two major issues: First, we have gained
considerable insight concerning the critical fluences necessary to promote
stable "natural passivity" in noble-metal, passivatable alloys. Second, we
have contributed to an understanding of the mechanism for noble-metal redis-
tribution during selective dissolution of the more active element, initially
present in large eiuess.



Passivity of Noble-Metal Alloys

Earlier work by Stern and Wissenberg (1) has established that in con- V *':

ventionally produced bulk alloys small concentrations (0.1 atomic percent)
of Pt alloyed with Ti produce "natural passivity" in H2SOi» by increasing
the corrosion potential above the critical value for passivity. This occurs
due to the greatly enhanced hydrogen discharge rates on the alloy surface
containing a sufficient concentration of Pt. The situation is illustrated
in Figure 1 which shows the polarization curve for Ti in IN H 2 S 0 ^ as deter-
mined by Kelly (3) and confirmed for all ion-implanted samples used in this
work. The behavior of unalloyed Ti is shown by the experimentally determined
anodic curve of potential vs^ current density (applied or external) which
indicates an open circuit, mixed potential of -0.745 (SCE) and an "active"
corrosion rate of 1 0 ~ 5 amps/cm 2. This rate is determined from the inter-
section of the component anodic and cathodic curves which are sketched
(schematically) in the diagram. Also shown are partial cathodic curves
associated with hydrogen discharge on the alloy surface for different sur-
face concentrations (Ci,C 2,etc.) of Pt exposed to the solution. Increasing
the surface concentration results in an increased rate of hydrogen discharge
(higher current at a given potential) and the component cathodic curve is
seen to intersect the anodic curve for Ti at increasingly higher (more noble)
potentials. Initially, the corrosion rate increases with Increasing Pt;
starting with a concentration between C 2 and c3 , however, the corrosion rate
decreases as the Pt concentration is further increased, until a limiting
(minimum) corrosion rate (corresponding to C^ and Eh in Figure 1) is reached
at the reversible hydrogen potential. Whereas the cathodic curve In the
absence of Pt is shown with a slope of 0.12 V per decade, the curves for
discharge of hydrogen on implanted Pt at the alloy surface are shown with a
slope of 0.06 v per decade. This value was determined in an investigation
complementary to the present work (13) and discussed in a following section.

Redistribution of Implanted Noble-Metal Element During Corrosion

A recent investigation by McCafferty and Hubler (14) has shown that for
surface alloys formed by iaiplani_at ion of palladium ions in Ti, redistribution
of Pd during corrosion in boiling 1 molar H 2 S 0 4 leads to surface build-up of
the noble metal. In addition, they observed a marked decrease in the corro-
sion rate compared with pure Ti, and the reduced rates were maintained over
periods of time which were long relative to the times required to penetrate
the implanted region. This is one of several possible behaviors for im-
planted noble-metal alloys, and similar results were observed in the present •
work. Other possibilities for the behavior of implanted systems are the o
following: (1) Noble metal present in low concentration may be "swept" into
the solution without ionization, due to the high ionic flux of the dissolving =*"
active metal. (2) Volume diffusion in the alloy may be anomalously high, a
leading to transport of noble metal away from the alloy-solution interface. o>
A steady state may attain in which the dissolution of active metal is limited 3
by back-diffusion of noble metal.

The possibility of anomalous diffusion due to divapcy formation was dis-
cussed by Pickering and Wagner (15) who presented evidence for this mechanism
from observation of the corrosion of bulk alloys of Cu and Au, for composition
containing 5 - 5 0 atom percent Au. (Similar anomalous diffusion has apparently u>
been observed during electro-deposition of alloys (16) and in both instances,
A low activation enthalpy for migration of divacancies has been postulated.)
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Figure 1. Anodic Polarization Curve for Titanium (refs. 2-4) with
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These possibilities are illustrated schematically in Figure 2, for
cases in which there exists an initially gaussian distribution of implanted
noble metal in an active metal substrate. The left side of the figure shows 4.
a sequence of stages for a freely corroding alloy in which the alloy-solution
interface moves progressively to the right, by dissolution of the active *
metal (e.g., Ti). The instantaneous surface concentrations of noble-metal
(e.g., Pt) are shown as Ci,C2, C3, etc. These give rise to an instantaneous
increase in hydrogen discharge rate, with the corresponding increase in
corrosion potential. No accumulation or "retention" of platinum occurs, as
un-ionized platinum enters the solution along with ionized titanium. The
right side of Figure 2 shows a similar sequence but one in which progressive
dissolution of Ti leads to progressive accumulation and "retention"
of platinum on the alloy surface. If back-diffusion of Pt were to occur
(via the suggested mechanism of divacancies, or alternatively, through
dislocations or grain boundaries), then the profile would be "spread-out,"
and the steady-state described above would attain. In addition, long-time
or permanent retention of the noble metal would seem to require either
such volume back-diffusion or else surface diffusion, leading to stable
multi-atom clusters on the surface,in order to avoid loss of noble-metal
to the solution. This may be a necessary requirement for ion-implanted
systems for which the total fluence is frequently less than the available
number of substrate surface sites (e.g., 1.47 x 10 1 5 sites for titanium.)

It is clear that direct observations and analysis are required in order
to distinguish these possibilities and to more fully characterize corrosion
of ion-implanted, noble-metal alloys.

Experimental Procedures

Ion-Implantation and R5S Measurements

All implantations and RBS measurements were carried out using the
facilities of the suiid-ion group of the Solid State Division at Oak Ridge
National Laboratory. Implantation was carried out under high vacuum
(1-5x10 7 torr) using the Oak Ridge ion beam accelerator. Platinum ion
currents of 1 to 4 ua were obtained from a source consisting of an arc
chamber lined with platinum sheet using BF3 as the carrier gas. A combination
of sputtering and chemical attack by the carrier gas produced a platinum
ion beam of sufficien. intensity.

Titanium electrodes 1.27 cm in length were machined from zone-refined, •
polycrystalline titanium (Materials Research Corporation) and were either o
cylindrical (0.635 cm diameter), or of square cross section (0.5 cm edge)
producing four rectangular facets. Prior to implantation, the electrode a*
surfaces were prepared by grinding, polishing, and preconditioning, and B
all electrodes were completely electrochemically characterized to assure w
uniform initial behavior. (These procedures are described In detail in the a
following section.)

For all electrudes uniform fluences were assured during implantation
by a slow sample rotation (1 revolution per second) and a relatively long
implantation time (10 to 240 minutes). Approximate calculations showed that
surface temperatute rise during implantation was negligible. The nearly
gyussion distribution of implanted atoms was confirmed by RBS measurements.
Due to the rotation of the sample during implantation, the ion beam varied
periodically from normal incidence for both kinds of electrodes. Consequently, M
the expected gaussian distribution way always skewed toward the geometric
surface. Singly- o~ r*••••'?'.y-t:harged \:>ns were implanted at accelerating



potentials of 100 or 130 keV, giving effective implant energies for
doubly-charged ions of either 200 or 260 keV. /

Backscatterlng was accomplished using He"* ions, accelerated to 2.0 or •'..„
2.5 keV in a Van der Graff particle accelerator. Typically, the peaks in the \ '•
initial distributions.were at 250 to 300 A below the geometric surface.
The depth resolution is dependent on the detector geometry during RBS
analysis and ranges from 40 to 100 A.

Electrode Surface Preparation

Electrodes were of two geometric shapes as previously described. All
surfaces were prepared by grinding (240 to 600 grit silicon carbide paper)
followed by polishing with 1.0 u alumina particles suspended in water. A
process of "preconditioning" has been found necessary to obtain reproducible
electrode behavior. This was accomplished by immersing the titanium elec-
trodes in 50% sulfuric acid at approximately 90°C for five minutes. Despite
such treatment, a thin air-formed film is always present on titanium surfaces
at room temperature. This film does not interfere with the implantation
process and is readily removed during electrochemical measurements. The
total geometric surface area of samples ranged from 2.54 to 2.33 cm . All
measured current densities are referred to the sample geometric area exposed
to the aqueous solution.

Electrochemical Measurements

The electrochemical measurements were made with a PAR potentiostat
(model 173), a Vand^rbilt pctentiostat (model JH100), a Hewlett-Packard
multi-meter (model 3-65A), a Horizon pH meter (model 2998-10), and a Hitachi
strip chart recorder (model QPD73).

The electrochemical cell assembly consisted of three compartments (test,
reference, and counter electrode). The cell assembly was produced entirely
from Pyrex glass and Teflon components. A saturated calomel reference
electrode (SCE) and platinum counter electrode were employed, and all elec-
trode potential values are given with reference to SCE. Titanium electrodes
were mounted on Teflon holders such that the electrolyte was not in contact
with either the top or bottom surfaces of the electrode.

The IN H2SOi» electrolyte was prepared using 55.6 ml of reagent grade z

concentrated H2SOl( plus triply distilled water to produce 2.0 liters of
solution. The electrolyte was maintained at 30°C (+ 0.05°C) and was saturated f1

with H2 at atmospheric pressure. High purity H2 was provided using a ,,
Matheson generator (model 8325) in which hydrogen is produced by electrolysis g
of distilled water and is diffused through a palladium membrane. In some %
instances, tank hydrogen was found to be adequate after passing through an g
Engelhard purifier u'hich also uses a palladium membrane. A Teflon-coated 3

magnetic stirrer was used in the test cell.

As previously mentioned, complete characterization of the individual
titanium clectroc'es was accomplished prior to implanting. This consisted
of establishing that the open-circuit potential of the sample achieved a
value of -0.745 + 0.005 V (S.C.E.) and by reproducing partial anodic
polarization curves for each sample. Samples exhibiting abnormal behavior
were not employed.



- Measurements consisted of (a) monitoring open-circuit potential vs ;
time for samples with platinum fluences ranging from 2 x 10 to 2.8 x 10 1 6 '
atoms/cm2; and (b) monitoring current \rs time for similar samples which
were polarized to anodic potentials between -0.300 and -0.450 V.

Results And Discussion

Freely Corroding Samples

Table I lists the total fluence, and maximum Pt concentration and peak
position for the specimens used in the present work.

Table I. Implant and Backscattering Data For Titanium Samples

Implant Total Peak Peak
Sample Type Energy Fluence Concentration Degth

keV atoms /cm2 atom % (A)

2

3

4

5

6

7

8

9

10

Cylindrical

Cylindrical

Cylindrical

Prismatic

Prismatic

Prismatic

Cylindrical

Prismatic

Prismatic

100

100

100

200

200

200

100

200

260

2

1.5

3.2

4.2

5.3

1.3

2.8

2.6

3.1

X

X

X

X

X

X

X

X

X

10 1 2

1013

101"

101"

101"

1015

1O16

IO1-

10 1 5

0.001

0.006

0.12

0.14

0.16

0.32

9.10

0.086

0.83

300

300

300

266

270

280

318

260

360

Figure 3 is a plot of open-circuit potential (corrosion potential for
zero applied current) _v£ time for samples 2-8. For comparison, a similar
plot is shown for an ur. imp Ian ted pure Ti sample. As a consequence of the
air-formed film, all samples initially displayed a noble potential which
slowly decreased (became more active) with time. When the value -0.325 V
was reached, all samples (except Sample No. 8, that with the highest Pt 5*
fluence), rapidly began to "activate," i.e., tended rapidly toward the value
-0.745 V characteristic of pure, film-free titanium. Because the air-formed f>
film thickness varied from sample to sample, the time for activation varied H

slightly; therefore, in Figure 3 the curves have been shifted slightly on g*
the time scale so that all curves coincide at the start of activation, i.e., .§
at the potential -0.325 V. Subsequently, a reversal of potential occurred; g
the potential began rising in the noble direction to a maximum (Samples 2 and 3) a

or a plateau of varying duration, (Samples 4-7) after which "activation"
toward the potential of pure Ti again occurred.

In Figure 4, data for Sample 7 are replotted with a contracted time
scale to show the plateau region which also occurred for this sample. The one
apparent exception to this behavior is for Sample 8, which maintained **•
the reversible hydrogen potential (-0.260 V) for 30 days, at which time the
experiment was terminated. However, behavior of this sample nay be seen as
the limiting case of behavior which is characteristic of this system in M

general. Inspection of these curves reveals that the reversal of potential °*
toward the noble direction, as w.'H as the magnitude and extent of the
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voltage maxima or plateaus, are correlated with the sample fluence and
peak platinum concentration.

For those samples in which the corrosion potential of -0.745 V tended
to be established'after time, one suspects that the platinum was eventually
"lost" from the system even though transient maxima or plateaus in electrode
potential were observed. However, it is of interest to determine whether
or not "accumulation" of platinum had occured during some stage of the
corrosion process. This is attempted in the following analysis.

First, it may be assumed that sample 8 was brought to a state of perma-
nent passivity, with an associated very low corrosion rate and "permanent
retention" of Pt. This was confirmed by RBS data taken after corrosion.
This showed that platinum had redistributed on the surface in "patches" of
high and low concentration (3.5 x 1016and 2.0 x 1015atoms/cm2) respectively
and of approximately equal areas. By comparison, the initial distributed
fluence was 2.8 x 10 1 6 atoms/cm2, indicating that most of the accumulated
Pt was retained during the 30 days of corrosion.

For the lowest two Pt fluences (Samples 2 and 3), the effect of the
platinum is short-lived (^ 250 minutes) and the peak in potential is only
^ 20 and ^ 70 mV (respectively) more noble than the corrosion potential for
pure Ti. Assuming that the anodic polarization curve for pure Ti (Fig. 1)
is applicable for the dilute near-surface alloys, and using an average rate
of titanium dissolution of ^ 3 x 10~s amp/cm2, we calculate that corrosion
through the distribution occurs with virtually instantaneous loss of Pt.
'lhus, for these two samples platinum appears to be neither retained nor
accumulated at the alloy interface.

For Samples 4 to 7, a region of relatively constant potential is
observed to persist ever time before the decrease or "reactivation" begins.
for these samples, the uncertainty in initial corrosion rate of titanium
(due to the presence of the air-formed film) makes a current-integration
procedure less reliable. Therefore, to determine whether "accumulation"
has occured, we analyzed the "plateau" region of the corrosion process,
during which the oxidation rate of Ti is nearly constant. A best fit curve
was drawn through the RBS data for the initial platinum distribution and the
"width at 95% maximum", &Xc was determined. Thus, as corrosion occurs in the
dimension, AXc, the local surface concentration varies from 0.95c. to c to
0.95c. Assuming no change in the surface state of Pt atoms during corrosion
(prior to their being "swept" into the solution) the hydrogen discharge rate
should be proportional to the instanteous surface concentration. Thus, a 5%
change in concentration should give a 5% change in cathodic current for Ha
discharge. Using the relations

dEH/dlogi = S ; dETi/dlogi = S A,
C A

the corresponding shift in open-circuit potential is calculated as
S S

6E r mvl = — 1 . -^ £_ . $$- ' 1000
ot|.mvj 23Q3 S - S A C

C A
The value of Sc = -0.060 V has been determined for hydrogen discharge on
implanted platinum atoms in a titanium substrate (13). The value of
SA=-0.095 V is obtained from Fig.l for the region between -0.300 and -0.400 V
Substituting these values and 6c/c = 0.05 into the above equation, we obtain
5E=3..r> mV. This change is comparable to the sensitivity of the chart recorder
used to monitor the open-circuit potential of the Ti-Pt test electrode. Thus,
over an interval At- , corresponding to the dimension, AXg, one would expect
to see a "plateau" (in fact a soft maximum) in the solution-potential vs time
curve, evon in the lbsence of accumulation of Pt. If accumulation were



occurring, the plateau would be expected to be longer than At-. From Figures 3
and 4, the experimentally observed time intervals, At can beCdetermined and are
tabulated in Table II. These are compared with values of At- calculated from
the Faraday law relation c

AX-c

MTi At-
c

'Ti

where Hj,̂  and pT- are the atomic mass and the ordinary density of titanium, 2
is the valence of the Ti ion produced, F is the Faraday constant, and i«j»4 is the
anodic dissolution rate, determined for each constant "plateau" value of poten-
tial, using the anodic polarization curve for titanium. Results are shown in
Table II which also includes data and calculations for sample 8. For samples 4,
5, and 6 Ti 3 is formed; for samples 7 and 8, the "plateau" potential is greater
than -0.330 V, and accordingly Ti * is predominant (2-4).

Table II. Comparison of Observed Plateaus in

Corrosion Potentials (from Figs. 3 and 4) with Values

Calculated from RBS Data, Assuming No Accumulation.

Sample

4

5

6

7

8

Peak
Concentration

(atom %)

0.12

0.14

0.16

0.32

9.10

Peak
Potential

(mV)

-355

-340

-330

-268

-260

Si
'/SmpVem2)

4.0

2.5

2.0

0.68

0.62

At
P

(rain)

73

200

250

3,297

43,000
or

greater

At-
c

(Calculated)
(min)

105(Ti+3)

196(Ti+3)

261(Ti+3)

l,014(Ti+A)

l,168(Ti+4)
c
rr

Inspection of these results in Table II shows that Atp JJj Atg for samples
4, 5, and 6, and therefore indicates that no accumulation has occured for these
samples (E£-0.330 V; C <0.16 a/o). For sample 7, however, At exceeds Atg by
a factor of ̂  3; thus, we conclude that Pt has "accumulated" fot E>-0.268 V and
C>0.32 a/o pt. For all these cases, it should be noted that the samples dis-
played passive or near-passive behavior; namely, the corrosion occured at poten-
tials more noble than -0.530 V, the potential of maximum rate in Figure 1. It
has been proposed (4) that an oxide film, leading to stable passivity, begins
to form at -0.320 V. The effect of this oxide film on platinum redistribution
is not clear; however, the fact that accumulation and retention were only ob-
served for samples 7 and 8 (-0.268 V and -0.260 V respectively) raises the
possibility that the oxide may provide a barrier to entry of noble metal into
the solution. In the above analysis, it is not possible to distinguish the
relative importance of alloy concentration and the presence of an oxide film on
the retention of platinum.

Potentiostatic Corrosion
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The preceding analysis reveals that both the peak concentration as well
as the electrode potential determine corrosion behavior. It has been
established that a concentration of Pt as little as 0.12 atomic percent will
produce partial passivity in a Ti-Pt alloy, and that accumulation and



partial retention of Pt occurs at 0.32 atomic percent Pt. For longer-term re-
tention, however, a larger concentration and/or more noble potential are appar-
ently required, e.g., 9.1% and -0.260 V. In order to distinguish the effect of
an oxide film from that of peak concentration of Pt, potentiostatic corrosion
was carried out at a potential of -0.450 V for two samples containing peak
concentrations of 0.086 atomic percent Pt (Sample 9, Figure 5) and 0.83 atomic
percent Pt (Sample 10, Figure 6). At this potential, presumably no passive
oxide film is present, and the variation with time of current supplied by the
potentiostat may be analyzed to deduce changes in the local surface concentra-
tion of Pt. Figure 5 shows results for Sample 9. Because the very near-
surface region is platinum-free, the current initially tends toward the anodic
dissolution rate for titanium at this potential. As the leading edge of the Pt
distribution is approached, the current reverses, eventually becoming strongly
cathodic due to the increased rate of H2 reduction. The current is seen to
pass through a maximum, decreasing to zero and finally achieving the anodic
current expected for a platinum-free surface. Tentatively, we may assume no
accumulation, and calculate the instantaneous position of the corrosion inter-
face, and hence the instantaneous surface concentration of Pt (using the
RBS distribution prior to corrosion). As in the previous analysis, we assume
steady-state (constant) anodic dissolution throughout the potentiostatic pro-
cess, and except for an uncertainty due to the initial air-formed film, the
time-scale can be converted to a depth-scale as in Figure 5.

Finally, we use a variation of equation (1) evaluated for ixi • 3.2 x
I0~5 amp/cm2 at -0.450 V,

MT, iT,

~ a 7 F \^a)
pTi Ti

or

X [A] = 6.38 t [minutes] (2b)

where X is the depth of corrosion in time t under constant rate. Again, as
for freely corroded samples, there is an uncertainty in the initial
corrosion rates d^e to the presence of the air-formed film. Thus, the Pt
distribution has been plotted in Figure 5, bur the zero of the "depth scale"
has been displaced so that there is coincidence between the maxima in the Pt
distribution and the net current curve. Examination of these curves shows
that little or no accumulation of Pt occurred. We may therefore calculate the
cathodic current attributable to the hydrogen reaction at Pt surface sites.
We note that at any time, t,

where the vector sum is over all electrode processes occurring on the alloy
surface. Near the peak in Figure 5 and at the potential of -0.450 V, only
the anodic dissolution of titanium (+) and the cathodic discharge of H2 on
Pt (-) contribute to this sum. Furthermore, equation (3) may be rewritten
in terms of the anodic current density, the cathodic current per atom, the
surface area and the local Pt surface concentration (or atom percent Pt).
Thus

xmax . . j
Xnet = £Ti " A + ^
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where iH2/pt) is the H2 discharge rate on platinum, J is the rate normalized
per atom of platinum, and

2
A = 2.33 [cm ] is the geometric surface area;

i™. = 3.2 x 10~5 [ amp/cm ] is the anodic dissolution rate of
titanium;

_2
N p ^ / = 0.086 x 10 is the peak atom fraction of Pt;

15 2
n = 1.47 x 10 [atom/cm ] is the density of total surface

sites;

12 2
= 1.26 x 10 [ Pt atom/cm ] is the peak concentration of

Pt atoms.

Substitution in equation (4) yields:
1H2(Pt) = -1.82 x lO'^amp/cm

2]

JH2(Pt) = -1.44 x 10~
iet amp/atom]

These results nav r.ow be used to analyze data shown in Figure 6 for Sample
10.

First, during the potentiostatic polarization of Sample 10 the net
cathodic current exceeded the limit of potentiostat control. Therefore,
Figure 6 indicates several values of more noble potentials attained
during the experiment. The maximum observed value was -0.402 V.and this
corresponds to the maximum platinum concentration attaihed>during the
experiment. Using the value of Sc - -0.060 V,the cathodic current was extra-
polated from the value at -0.402 V to a value corresponding to -0.450 V. This
estimated value is tabulated in Table III. Because the anodic dissolution
of Ti does not vary appreciably in the range -0.400 to -0.450 V,(See Figure 1)
this extrapolation seems justified.

Table III. Summary and Analyzxs of

Sample

9

10

Po ten t ios t a t i c Data

Before Corrosion Max
RBS Data Net

[peak atom %] [ y a ]

0.086

0.83

-350

-168,000*

at -450

JTi
[ya]

75

75

mV.

["

-168

ll
-425

,075*

During Corrosion
r Calculated.
L peak atom%J

0.086

3 ' *

hom
pson

Extrapolation of data from -402 to -450 mV using Pt cathodic Taiel slope
of 60 mV/decade.



Second, it is observed that the derived depth scale shows that the net
current no longer follows the platinum concentration profile, indicating
that platinum has been accumulated and partially retained. :

Third, in the absence of accumulation, the maximum cathodic current,
would be expected to scale with maximum platinum concentration as given by
the RBS peak value, i.e.,

I u (Pt) [sample 10, 0.83 a/o Pt]
"2 « 10
I,, (Pt) [ sampla 9, 0.086 a/0 Ft]
H 2

In fact, the ratio of the measured values is closer to ̂  400. The observed
currents I m| x and lH2(Pt)

 a r e ^ * 2 t i m e s greater than values computed
assuming no accumulation.

Fourth, Figure 6 reveals that at depths and times greater than those
associated with the peak values of current and platinum concentration, the
current appears highly unstable and erratic, and indicates that platinum
clusters detach from the surface discontinuously and are eventually lost to
the solution.

These results and calculations are summarized in Table III. The accumu-
lation for sample 10 is estimated to result in an increase in the maximum
platinum concentration from 0.83 to ^ 34 atomic percent.

Post Corrosion RBS Results

Samples with low concentrations polarized at potentials of -0.300,
-0.320, and -0.340 V give results similar to ^hat of sample 9. In each
case the net current returns to a value associated with the anodic dissolution
rate for pure Ti for the given potential. Upon subsequent backscattering
of these samples, a Pt surface peak greater than the original Pt peak is
observed. This indicates that the Pt is not "lost" to the solution as
presumed, but that Pt is on the surface in an electrochemically "inactive"
form. The idea of inactive species during corrosion of titanium alloys has
previously been suggested by Tomashev e^ al̂  (17) who observed formation
of PdS during anodic dissolution of a Ti-Pd alloy (0.2 and 1.0%) in 80% =3
H2S(\ at 60°C. The compound was present on the surface in a loosely bound
form and not in electrical contact with the underlying alloy surface.

H
The presence of the inactive Pt on the Ti and the conditions under o

which it will and will not occur are the subject of continuing studies, "g
along with further investigations of the retention of active Pt, and the o
kinetics of the H2 reaction on Pt implanted in titanium.

Conclusions

The following conclusions apply to the Ti(Pt) near-surface alloys
studied in this investigation: **

1) Open-circuit corrosion measurements show that accumulation of
platinum may occur at a surface concentration of 0.32 atomic percent Pt HJ
wliile no accumulation occurs at 0.16 atomic percent Pt. However, these
results do not allow a distinction as to cause of accumulation to be made



between concentration effects and effects due to the presence of an
oxide film.

2) Potentiostatic corrosion at -0.450 V (active corrosion) establish
that little or no accumulation of platinum occurs at an oxide-free surface
for concentrations less than 0.086 atomic percent Pt; whereas, a large amount
of accumulation occurs for a distribution with a peak concentration of O.83
atomic percent Pt.

3) An initial distribution having a peak concentration of 0.32 atomic
percent platinum is sufficient to induce natural passivity in titanium and
bring a freely corroding sample to a potential of -0.269 V. This is nearly
the applicable reversible potential (-0.260 V) for the hydrogen reaction
in IN H2SO,,.

4) Of three samples which showed accumulation, platinum was eventually
lost for two of these samples (0.32 atomic percent, open-circuit corrosion;
0.83 atomic percent, potentiostatic corrosion). The remaining sample (9,1
atomic percent, open-circuit corrosion) maintained the maximum possible poten-
tial of -0.260 V for the length of the experiment (̂ 30 days).

5) For samples which had been polarized at -0.300 to -0.340 V and
which had eventually reverted to the behavior of "pure" Ti, post-corrosion
RBS measurements reveal that a substantial fraction of the Pt fluence is
regained on the surface in an "electrochemically inactive" state.
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