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On the Repassivation Behavior of High-Purity Titanium and
Selected o, B, and B + « Titanium Alloys
in Aqueous Chloride Solutions
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ABSTRACT

The repassivation characteristics of a titanium thin film evaporated from a high-purity Ti source as well as selected
o (commercially pure Ti, Ti-5A1-2.55n), B, and B + « titanium alloys (Ti-15Mo-3Nb-3Al, Ti-15V-3Cr-3Al-3Sn, and Ti-3Al-
8V-6Cr-4Zr-4Mo) were examined. Both the rapid thin film fracture and scratch depassivation methods were used in aque-
ous chloride solutions (0.6 M NaCl, 5 M HC1, 5 M LiCl, 5 M HCl + 1 M TiCl,). Bare surface open-circuit potentials fol-
lowed the relationship E(Vges) = —1.20 (pH = 0) ~ 0.043 pH based on the mixed potential established between the anodic
Ti/Ti*3, Ti/TiO,, and water or H* reduction reactions. Oxide formation after depassivation was of low overall current effi-
ciency on all titanium materials; a large percentage of the anodic charge following depassivation contributed to dissolu-
tion. Consequently, an empirical expression was used to describe the anodic current density decay during repassivation;
i = i,(t/t,)™". Potentiostatic current transients on rapidly fractured thin film Ti produced plateau bare-metal i, values
greater than 100 A/cm’ which were below the theoretical ohmic limit, m = 1.0 to 1.4 depending on solution and potential
and t, values from 20 to 30 ps. Two anodic Tafel regions and a single cathodic region best described IR-corrected E —
log i relationships for bare Ti in all electrolytes. LiCl and TiCl, inhibited bare surface dissolution but slightly delayed cur-
rent density decay. Minimal differences between any of the repassivation parameters utilized were observed for selected
«, B, and B + o titanium alloys. The similarity was attributed to dominance of Ti** production in the total anodic charge
during repassivation and predominantly TiO, formation in the passivating oxides of all alloys. )

EAC mechanism, the bare surface electrode kinetics must
be evaluated.

Other researchers have attempted to evaluate the bare
surface kinetics on commercially pure titanium® with

Introduction

Environmentally assisted cracking (EAC) of metastable
B-titanium alloys has been observed in aqueous chloride

environments.’® The mechanism by which cracks initiate
and propagate is unknown. Mechanical tests on hydrogen-
precharged, air-tested, metastable B-titanium (bcc) alloys
have suggested that some hydrogen mechanism is respon-
sible for cracking in chloride environments.* Conversely,
research on many other alloys susceptible to EAC, such as
aluminum alloys, has suggested that a dissolution mecha-
nism is responsible for EAC in chloride environments.’
Previous research in this laboratory has shown that film
rupture is required to explain EAC in B-titanium alloys,
regardless of the exact mechanism.®” In order to fully
evaluate cracking in titanium alloys, whether by a disso-
lution mechanism, a hydrogen mechanism, or any other

* Electrochemical Society Active Member.
* Los Alamos National Laboratories, Los Alamos, NM 87545.

limited success, due to a variety of limitations of the
potentiostatic test techniques. These limitations have been
thoroughly discussed by the authors elsewhere.® Bare sur-
face polarization curves on o-titanium (hcp) alloys have
been generated by previous researchers®!* utilizing Ti-8Al-
1Mo-1V (Ti-8-1-1) fractured rods exposed to 12 M HCIL.
However, these tests were ohmically limited, and the frac-
ture speed was relatively slow (approximately 1 ms).%"*
The effects of alloy composition, cation, solution pH, and
TiCl; were also examined." It was generally found that
alloy composition, bulk solution pH, and cation type had
little effect on repassivation behavior. It is unclear, howev-
er, whether real differences would be revealed if shorter
times could be accessed. The true bare surface kinetics on
titanium alloys are unknown. Although previous research
has examined repassivation behavior of titanium, the data
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are limited by relatively slow depassivation rate and
ohmic drop in solution.®'>'*1% Recently, other researchers
have examined the bare surface kinetics on aluminum!'™?
and niobium'® utilizing thin films deposited on insulating
brittle substrates, which are fractured. The fracture and
resulting current transient spike occur over approximate-
ly 1 to 2 ps, reducing depassivation rate effects.’® The
small amount of bared area reduces the total current and
allows a much higher current density to be observed
before the ohmic limit is reached. Moreover, the smaller
bared area may more accurately simulate the amount of
area exposed at a crack tip following film rupture.
Therefore, in an effort to better understand the role of
crack tip electrode kinetics in EAC of B-titanium alloys,
one goal of this research is to examine the bare electrode
kinetics on titanium exposed to aqueous chloride solutions
through the utilization of fractured titanium thin films.
The effects of applied potential on parameters such as bare
surface peak current densities, repassivation charge densi-
ties, and other repassivation parameters were examined in
chloride solutions of differing pH.

EAC has been observed for modern STA (solution heat-
treated plus aged) B-titanium alloys exposed to chloride
solutions but not for the ST (solution heat-treated) ver-
sions of these alloys.!® Also, planar slip has been correlat-
ed with the EAC susceptibility of STA alloys.'* The
Ti-156Mo-3Nb-3Al alloy examined here exhibited planar
slip while Ti-15V-3Cr-3Al-3Sn did not.* Thus, it is impor-
tant to examine the repassivation behavior of the STA (B
+ o) and ST (B) microstructures of B-titanium alloys sepa-
rately to discern any differences in their electrochemical
behaviors following film rupture that may account for the
observed difference in EAC susceptibility. Further, it is
of interest to compare the behaviors of the distinct o and
B phases in the STA variants of the B alloys to gain
insight into the individual components that form the sus-
ceptible STA material.

Limited repassivation data exist for B-titanium alloys.
Unfortunately, the fractured thin film method cannot
readily be used with engineering alloys, due to the diffi-
culty in producing thin films with the identical composi-
tion and structure as a bulk multiphase alloy. Thus, a dif-
ferent method must be used to compare the repassivation
properties of B-titanium alloys. The manual scratch repas-
sivation test was chosen to compare the repassivation
behavior of the alloys of interest. The limitations of this
method have been previously discussed by the authors.”
Although the scratch method is imperfect due to the rela-
tively slow depassivation speed (1 ms) and relatively large
scratch area, it may be used qualitatively to discern dif-
ferences between alloys. If differences between alloys are
not. observed during scratch testing, it can only be stated
that there are no differences between the alloys within the
limitations of the test method. The scratch repassivation
behaviors of six different alloys were examined: STA and
ST Ti-15V-3Cr-3Al1-35n, STA and ST Ti-15Mo-3Nb-3Al,
grade 6 Ti (which simulates a precipitates in the B matri-
ces),” and grade 2 Ti (commercially pure).

Experimental

Experimental procedure for manual scratch testing was
optimized to minimize shortcomings.*® Manual scratch
testing comprised a variety of a, B, and B + a titanium
alloys imbedded in epoxy and mounted on edge so that
0.09 X 0.6 cm was exposed to solution. The small width of
the sample (0.09 cm) helped to reduce depassivation speed
effects. Electrical connection was made through the back
of the sample, opposite the side exposed to solution. The
sample was coated with a thin layer of vacuum grease to
prevent capacitive current contributions from oxide adja-
cent to the scratch.’® Capacitive current contributions
from the surrounding oxide has been shown to alter the
current response during potentiostatic testing when
potentiostatic control of the surface is not maintained.”® A
diamond-tipped glass marker was utilized to scratch
through both the vacuum grease and underlying titanium
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across the 0.09 cm width. Samples were examined with an
optical microscope to ensure that no vacuum grease cont-
aminated the scratched region. A Mitutoyo Surftest 401
surface profilometer was utilized to determine the scratch
area. The amount of area bared (54.7 pm wide X 0.09 cm
scratch length) was obtained by the averaging of many
separate scratch tests.’® A small scratch length was used to
minimize depassivation rate effects.’®**

Thin film fracture samples comprised a 500 nm thick
titanium layer evaporated from a 99.999% titanium source
(at 1.8 x 107" Torr) onto a glass substrate. A 200 nm thick
layer of insulating SiO, was sputtered on top of the titani-
um to prevent capacitive charging'®* of the freshly bared
surface by its surrounding oxide. A supplemental layer of
GLPT insulating varnish was used to ensure insulation of
the Ti layer from solution for all open-circuit potential
tests, the open-circuit potential being very sensitive to
even the smallest of pinholes in the SiO,. The samples were
1 cm in width, yielding an exposed net-section area of 5 X
107 cm® upon fracture. Surface roughness of the film was
not measured. The film appeared to maintain cohesion
with the substrate after fracture, as observed in scanning
electron microscopy (SEM). The samples were scored on
the glass side of the sample and mounted in the thin film
fracture cell.”® The samples were fractured by impressing a
rotationally mounted acrylic breaker onto the bottom of
the sample.”® This method was found to be more satisfac-
tory than guillotining the sample, resulting in far less cell
vibration and solution perturbation. Assuming the thin
film breaks in a brittle fashion with the crack propagating
perpendicular to the thickness of the film, the 500 nm
thick layer should be depassivated in 1.6 ns.

Both scratch testing and thin film experiments incorpo-
rated a saturated calomel reference electrode (SCE) and a
platinized niobium mesh counterelectrode. The reference
electrode was placed approximately 50 mm away from the
newly exposed metal to allow calculation of the solution
resistance, satisfying the condition of being infinitely far
from the exposed area.”

Samples were held potentiostatically with an EG&G
Princeton Applied Research (EG&G PAR) 273 potentio-
stat. Surface potential and repassivation current were
measured with either a Hewlett Packard 54600A or 54601B
digital oscilloscope (thin film experiments, 500 ns/data
pt), and/or 7090A measurement plotting system (thin film
and scratch tests, 100 ps/data pt). The potential and cur-
rent signals were sampled through their respective analog
outputs on the potentiostat.

Potentiostat and reference electrode response have been
addressed earlier.”® In summary, it was found that the
response time of the EG&G PAR 273 potentiostat was
approximately 5 ps. The deviation of the true potential
from the applied potential due to finite potentiostat rise
time was found to be far less than that due to ohmic loss
in solution. Additionally, the reference electrode imposed
no additional limitation on testing beyond that of the
potentiostat. Additional tests beyond those discussed in
Ref. 15 have been performed. Potentiostatic fractured thin
film experiments were performed with an EG&G PAR 283
potentiostat (rise time ~500 ns). No difference was dis-
cernible between the current transients obtained with
either the EG&G PAR 273 or 283. Thus, the potentiostat
rise time does not appear to limit the peak current density
as was hypothesized in Ref. 15. Moreover, additional cal-
culations not included in Ref. 15 indicate that double-
layer charging contributions are small as determined by
current density (i,.. = 2 A/cm® assuming complete double-
layer charging in 10 ps) or charge (<0.1% of charge).

Electrochemical impedance spectroscopy (EIS) meas-
urements were performed with a Solartron 1286 electro-
chemical interface and 1255 frequency response analyzer
to determine solution resistance. Solution pH was meas-
ured with a Corning 350 pH analyzer.

Solutions of 0.6 M NaCl [k = 0.0521 (Q-cm)™] and 5 M
LiCl [k = 0.162 {Q-cm)”'] incorporated reagent-grade
NaCl and LiCl, respectively, added to distilled, deionized,
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18 MQ water. Other 0.6 M NaCl solutions [k = 0.0521 (Q-
cm)™'] were adjusted to alkaline pH values with reagent-
grade NaOH or to acidic pH values with reagent-grade
HCIL. 5 M HCl solutions [k = 0.602 (Q-cm) !, calculated pH
—1.64%) incorporated reagent-grade HCl added to dis-
tilled, deionized, 18 MQ water. TiCl, was added to the 5 M
HCI in powder form in an inert, dry atmosphere. The con-
ductivity of 5 M HCI + 1 M TiCl; was found to be approx-
imately equal to that of 5 M HCL

The physical metallurgy of the metastable B-titanium
alloys, Ti-15Mo-3Nb-3Al (Ti-14.9Mo-2.64Nb-3.15Al,
weight percent (w/0)], and Ti-15V-3Cr-3A1-3Sn (Ti-15.0V-
2.99Cr-3.14A1-2.81Sn, w/0), have been discussed else-
where.*%" Ti-15Mo-3Nb-3Al was solution heat-treated
(ST) for 8 h at 871°C (1600°F) followed by an air cool.
Ti-15V-3Cr-3Al-3Sn was solution heat-treated for 30 min
at 816°C (1500°F) followed by an air cool. Peak aging for
both alloys comprised a subsequent single-step heat-treat-
ment at 538°C (1000°F) for 8 h followed by an air cool. The
presence of a B + o microstructure, and the absence of
other phases, was confirmed by both x-ray diffraction
(XRD) experiments, transmission electron microscopy
(TEM)/selected area diffraction, and optical microscopy
on the STA B alloys.* Limited testing was also performed
on STA Beta-C (Ti-3.4A1-8.3V-5.9Cr-4.4Zr-4.1Mo, w/o).
Beta-C was solutionized at 815°C for 1 h followed by an air
cool. The material was aged at 500°C for 24 h followed by
air cooling. Scratch tests on grade 6 Ti were performed to
examine the repassivation behavior of precipitates in B-
titanium alloys. The composition of grade 6 Ti (Ti-5.2Al-
2.35n) roughly approximates that of precipitates within
STA B-titanium alloys.”

Potential-current plots were corrected for ohmic loss in
solution except for plots where “applied potential” is
noted. Metal cation concentrations were assumed to be
107% M for all reversible potential calculations.

Results and Discussion

Bare Surface Open-Circuit Pofential Measurements

Figure 1 shows the bare surface open-circuit potentials
(OCP) obtained from fractured titanium thin films
exposed to 0.6 M NaCl solutions of various pH, from pH 1
to pH 13.7. Three individual OCP measurements were
obtained in each solution. The bare open-circuit potential
was taken as the most negative potential in the OCP tran-
sients. Additionally, the intersections of the anodic and
cathodic Tafel lines obtained by fitting of the bare surface
polarization curves at various pH (discussed later) are also
plotted in Fig. 1. In contrast, filmed steady-state OCP
range from —0.2 to —0.7 Vg in deaerated 5 M HCI and
near-neutral 0.6 M NaCl solutions.®” Linear regression of
the data in Fig. 1 indicates that the bare surface OCP
decreases 43 mV/pH unit [Eqcp (Vees) = —1.20 (pH 0) —
0.043 pH], a slope shallower than that proposed by
Beck.”** The linear correlation coefficient for the regres-
sion is 0.92, and there is greater than 95% confidence that
the magnitude of the slope is less than 50 mV. Good agree-
ment is observed between the individual transients and
the values obtained from fitting of the polarization curves.

Beck attempted to determine the dependence of bare
surface OCP on pH.*? The depassivation time for these
experiments was approximately 1 ms. However, it has
been shown that a 1 ms depassivation time alters the
apparent bare OCP from the true bare surface OCP"
Further, almost all of the tests were performed over a rel-
atively narrow band of pH in concentrated acid, compli-
cating slope determination. Moreover, the activity coeffi-
cient of H* was assumed to be 1 (i.e., the activity was
assumed to be equal to the concentration), which is erro-
neous in concentrated acid solutions.”? Thus, the —59
mV/pH result appears to be an overestimate.

The bare surface OCP data shown in Fig. 1 are superim-
posed on the equilibrium potential-pH diagram using the
thermodynamic data compiled by Silverman.?** Oxidation
of titanium to Ti*? is thermodynamically possible over the
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Fig. 1. Bare surface OCP as a function of pH superimposed on the
equilibrium potenfial-pH diagram for fitanium considering stability
and solubility of anhydrous Ti substances.* The open circles are
mixed potential minima observed from individual fractured titani-
um thin film experiments. The filled triangles represent the OCP as
determined by extrapolation of anodic and cathodic lines from the
bare surface polarization curves. Calculations of equilibrium poten-
tial-pH boundary lines assume that all metal cation concentrations
equal 107% M. Lines a and b delineate the stable region for water.
Limits of the domains of predominance of all dissolved Ti substances
are not shown.

observed OCP-pH range. Reduction of water is also ther-
modynamically possible at these bare metal OCP values.
Therefore, Fig. 1 illustrates that the OCP values on bare Ti
are mixed potentials established between Ti oxidation and
the reduction of water, or hydrogen ions. As such, the slope
of —43 mV/pH obtained here is a result of several kinetic
and thermodynamic factors changing with pH. If the OCP
is a mixed potential that depends on all of the kinetic fac-
tors associated with both the anodic and cathodic reac-
tions, as well as their reversible electrode potentials, then
a slope of exactly 59 mV/pH unit® would not be expected.

Disagreement exists over the details of the electromotive
force (EMF)-pH relationships for the Ti-H,O system.**?
Silverman found no evidence for presence of Ti*? ions.?*
Olver and Ross* utilized kinetic and thermodynamic
evidence to deduce that the Ti**/Ti*® equilibrium poten-
tial is approximately —2.54 Vg rather than —0.61Vg
used by Pourbaix.”®?® Beck argued that the standard
equilibrium potential for direct Ti oxidation to Ti*? is
—1.451 Vgue and that freshly generated bare Ti may oxi-
dize to TiO, at —1.221 Vg, — 0.059 pH.*" It has also been
argued that TiH, should form spontaneously uporrscratch-
ing® and that bare titanium is never a thermodynamically
favorable surface state at any potential 2

Bare Surface Current Density Measurements

Effect of applied potential.—An individual potentiostat-
ic current transient observed during the fracture of a tita-
nium thin film exposed to 0.6 M NaCl (Eapptiea = 0 Vo) is
seen in Fig. 2. A peak current of 8.75 mA was recorded.
This corresponds to a current density of 175 A/em?®
Comparable current densities have been observed on frac-
tured aluminum'™*® and niobium® thin films. The anodic
bare surface current density is approximately eight orders
of magnitude larger than that seen at similar potentials at
steady state.*’ Also, the measured anodic current density
is approximately 100 to 1000 times larger than that
observed from tests which utilized different depassivation
methods.*>""*? In contrast to previous repassivation meth-
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Fig. 2. Measured current repassivation fransient for a fractured
tilanium thin film electrode exposed to 0.6 M NaCl at E,,, = 0 V.

ods, fractured thin films yield peak current densities that
are neither limited by voltage drop in solution® nor by
depassivation speed.® (The theoretical ohmic limit for the
experiment of Fig. 2 is 23 mA.) Thus, fractured thin film
data appear to be a more accurate characterization of the
bare surface dissolution plateau for titanium.

Current transients at selected applied potentials are
plotted in Fig. 3 on a log i - log ¢ scale. The current tran-
sient of Fig. 2 is the 0 Vg experiment in Fig. 3. Each tran-
sient is a combination of two sets of data recorded at dif-
ferent sampling rates from the same test, in order to
examine current decay over five time decades. Current
decay is plotted from the peak current observed. The time
of the peak current (2.5 X 1077 s) is taken to be half of the
sampling frequency. The peak anodic bare surface current
densities decrease with decreasing potential due to
decreasing overpotential for anodic dissclution. The tran-
sients at the most positive potentials in Fig. 3 (0, —0.3, and
—0.9 V4o) remain net anodic over the duration of the test.
Experiments at intermediate potentials (—1.1 and —1.525

* We strictly define the term “ohmically limited” to describe the
instance where the current reaches the ohmic limit. Tests that are
not ohmically limited may still be ohmically affected, i.e., may
experience ohmic loss in solution.
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Fig. 3. Individual current fransients of fractured titanium thin films
at the indicated applied potentials in 0.6 M NaCl. Each current fran-
sient is a combination of two sets of data acquired from the same
experiment at different acquisition rates. The theoretical ohmically
limited maximum current density is indicated. The time required at
constant current density for salt film formation assuming semi-infi-

nite linear diffusion from a planar electrode is indicated.
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Vsce) are initially anodic but become cathodic as repassi-
vation occurs. This is due to the fact that the applied
potential is anodic to the bare surface OCP (Fig. 1) but
cathodic to the OCP of the filmed surface (—0.2 to —0.7
Vsce) at steady state. Tests at the most negative potentials
(—1.8 V¢ep) remain net cathodic throughout the length of
the test, also consistent with Fig. 1. In fact, little change is
observed following fracture. The surface has been shown
to never remain film-~free at equilibrium, even at poten-
tials below —2 Vgeg. Under these conditions, TiH, may be
the equilibrium surface state instead.?#

Other investigators have attached significance to the
length of the current density plateau at the earliest times
following depassivation.'*** Models have been developed®
and used!®!? which attribute the plateau length to the time
required for the formation of the initial monolayer of
oxide. However, experimental artifacts have been shown
to affect the length and magnitude (current) of the plateau
in ohmically limited**' or depassivation speed limited
experiments.'® In the absence of ohmic or depassivation
speed limitations, as in fractured thin film tests, it may be
possible that the 10 to 50 ps plateau length may be indica-
tive of the time required for monolayer chemisorbed oxy-
gen or oxide formation. Further study would be required
to confirm this hypothesis.

Charge density.—The charge density passed following
fracture was calculated by integration of current density-
time curves up to 30 ms (Table I). For all of the charge den-
sities in Table I, the net current remained anodic for the
entire 30 ms of data acquisition, thereby allowing integra-
tion over this time. At potentials below —0.6 Vgcg, charge
densities are not reported, due to significant contribution
from cathodic reactions on the repassivating surfaces at
longer time periods which could not be accounted for
accurately. For instance, at 0 Vg in 0.6 M NaCl, the
charge density was found to be 25 mC/cm® after 30 ms. The
calculated charge density, an average of multiple tests, is
actually an underestimate of the true anodic charge densi-
ty, because it neither incorporates unaccounted anodic
current equaling the cathodic current supplied by the bare
surface nor anodic current data after 30 ms. If it is
assumed that the current decays with a slope of —1.09 on
the log i — log ¢ plot until the steady-state current passive
density®” is reached, the anodic charge density would be
almost 50% greater than obtained after 30 ms at all
applied potentials reported in Table 1. The charge densities
required for oxides of steady-state thicknesses formed at
—0.6, —0.3, and 0 Vg in 0.6 M NaCl range from 1.2 to 3.2
mC/cm?, assuming steady-state thicknesses that increase
2.3 nm/V (as determined by EIS®"), a 0.52 nm monolayer
thickness? assumed to exist below —0.37 Vg, and 3.4
g/cm® oxide density® The oxide thickness on titanium fol-
lowing repassivation has been found to be consistent with
these.”® The resulting overall current efficiencies after 30
ms are less than about 13%. The extrapolated anodic
charge densities for complete repassivation, assuming the
current decays with a slope of —1.09 on the log i — log ¢
plot at —0.6, —0.3, and 0 Vg in 0.6 M NaCl, range from 27
to 32 mC/cm? The overall current efficiency for oxide
formation after decay to steady state would be less than
10% for the applied potentials reported in Table I.

Table I. Comparison of charge densities passed (mC/cm?) following
fracture of fitanium thin films up to 30 ms. Charge densities are
obtuined by integration of the current density-time transient and

represent an average of at least two experiments.

{Charge density to form steady-state oxide = 1.2 to 3.1 mC/cm?
for steady-state oxide thicknesses at —0.6 to 0 Vi)
Potential 5 M HCl 0.6 M NaCl 0.6 M NaCl, pH 10

0.5 V, 36 — —
0 Veer 30 25 28
~0.3 Ve 28 16 —
—0.6 Vacz . 17 16
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Therefore, the large majority of repassivation charge goes
toward dissolution of titanium for all of the conditions of
Table I (probably as Ti** or TiO*?, as confirmed elsewhere
from scraped disk/ring experiments®) and not into oxide
formation (Ti + 2H,0 — TiO, + 4H* + 4e7). Therefore, the
conclusion that a large portion of the charge passed fol-
lowing Ti film rupture in chloride solutions goes toward
dissolution is well supported.’”*® However, the rapid frac-
ture thin film technique gives a more accurate assessment
of overall current efficiencies for oxide formation.

Previous theories have suggested that the entirety of the
dissolution occurs during the plateau current density
region (Fig. 3) at early time.'>** The charge passed during
the subsequent current decay was attributed to oxide
thickening.’*"* The depth of metal penetration by dissolu-
tion in 20 us (Fig. 3) could reach 1.6 nm, possibly under-
cutting islands of oxide attempting to cover the bare sur-
face as reasoned before.” However, this effect could only
partially account for low efficiencies seen. The charge den-
sity passed during each subsequent time decade is rough-
ly equal, because the current decay is nearly logarithmic.'®
Therefore, significant dissolution must take place for the
entire duration of the current decay transient because
nearly 90% of the total charge goes toward dissolution. It
is probable, therefore, that a high concentration of Ti** or
TiO*?, depending upon applied potential, will be present in
a crack tip solution following film rupture. Since hydroly-
sis is probable, the hydrolysis product of Ti*? (i.e.,
Ti(OH)**) may be present (Appendix A).

Current decay.—The general expression where i is cur-
rent density (A/cm?), i, (A/cm?) is the peak bare surface
current density, t is elapsed time at t>t, or t = ¢, for t<t, (s),
and ¢, (s) and m (unitless) are constants, was utilized for
analysis of the current decay following depassivation®

A
-4

Table II shows the constants obtained by linear regression
of the more positive applied potential experiments. A typ-
ical fit of log i vs. log ¢ is seen in Fig. 4 (0.6 M NaCl, E.,=
0 Vgeg, linear correlation r* = 0.998). Fitting was per-
formed from 10~* to 0.03 s. The transients fitted in Table II
were chosen for fitting because they remained net anodic
over the entire acquisition time. Thus, they were less influ-
enced by cathodic reactions on the repassivating surface
than those at more negative potentials and may be consid-
ered to represent the anodic repassivation behavior on
titanium in 0.6 M NaCl. 1t is seen from Table II that both
t, and m are similar for the various potentials. This sug-
gests that the repassivation behavior (oxide reformation
and dissolution) at the different potentials is similar at
times greater than 107* s following fracture. Moreover, m,
which represents the slope of the transient on the log i -
log t plot, is seen to be greater than one. It has been shown
that m cannot be greater than one if the high field approx-
imation is applicable.'® The high field approximation® has
been used to model the current decay recorded during
potentiostatic repassivation tests.*'*'*!* However, the high
field approximation is inappropriate for modeling the
repassivation of titanium exposed to chloride solutions,
because the model assumes that current is entirely due to
oxide thickening. Instead, the observed anodic current
transient is mainly due to dissolution as shown.'® Thus, the

Table II. Comparison of parameters obtained by fitting of current

transients at different potentials (0.6 M NaCl) fo Eq. 1.
Values for m are + 0.04.
Potential t, (s) m
0 Veer 2.05 X 1075 1.14
0.3 Vees 1.76 X 10°* 1.05
0.6 Veey 2.56 X 1075 1.08
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Fig. 4. Typical fit of log i = —m X log f from Eq. 1 fo a fitanium
thin film repassivation transient (Epp = 0 Vieg, 0.6 M NaCl). The m
parameters from such fits are seen in Table II. The linear correlation
coefficient # = 0.998,

fact that m is greater than one is not unreasonable. It has
been hypothesized that when the current efficiency for
oxide formation is low, increasing oxide perfection instead
of oxide thickening accounts for the roughly logarithmic
current decay.*® Such a scenario may be valid for the case
of titanium exposed to chloride solutions.

The current density required for salt film formation (i =
2.2 t7™° is plotted in Fig. 3. The current density transients
are generally orders of magnitude below the current-time
product required for salt film formation. Thus, the current
decay is attributable to oxide perfection and not salt film
formation. Beck hypothesized that the steep decay (slope
=~ ~2 on log i — log t plot) following the current density
plateau observed in potentiostatic repassivation experi-
ments might be attributable to salt film production.®
However, the repassivation experiments performed by
Beck were ohmically limited and Burstein and Davenport
have shown that ohmic drop in solution can yield m > 1.1
Beck also formulated an extensive theory in the late 1960s
[the mass transport kinetic (MTK) model] which argued
that cracking of titanium alloys in chloride environments
was due in part to the formation of a salt film near the
crack tip.?***% The salt film formation hypothesis was sub-
sequently weakened by Beck’s later calculations and by
experiments incorporating anions which form salts with
Ti*? of widely varying solubility® which yielded similar
repassivation behavior. Thus, it appears that salt film
formation does not take place upon repassivation of tita-
nium at the potentials and for the electrode geometry
examined here.

Polarization behavior—The current densities at differ-
ent potentials can be plotted to produce polarization
curves at various times following depassivation (Fig. 5).
Surface potentials have been corrected for ohmic drop in
solution using the calculated solution resistance?' (dis-
cussed later). Individual data points are shown for the
peak current density data only. It is seen that current den-
sities on freshly exposed titanium are 4 to 9 orders of mag-
nitude larger than that seen at steady state. Extremely
large current densities are seen to occur at short times fol-
lowing film fracture. However, these large current densi-
ties are short-lived and rapidly decay toward that seen at
steady state. This is seen from the family of polarization
curves at times following the peak current density.
Moreover, it is seen that the OCP increases with time,
toward that seen at steady state, as expected.
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The theoretical ohmically limited current density can be
calculated from the formula shown. (Assuming that the
oxidation charge-transfer resistance R.<< Ry for a bare
metal, this calculation gives the theoretical ohmically lim-
ited current density.)

E — E
R app bare OCP
' T (R)(Area) 21

These current densities are compared to the bare surface
polarization curves for 0.6 M NaCl and 5 M HCl in Fig. 6.
(The data points in Fig. 6 are the averages of the current
densities of multiple tests for a given applied potential.)
The solution resistance is calculated from*

1 4b

R, [ZwaJm(aJ 31
where R, is the solution resistance (f1), k is the solution
conductivity (Q2-cm)™', a is one-half of the bared area
width (cm), and b is one-half of the bared area length (cm).
For 0.6 M NaCl solutions, R, is calculated to be 69.0 .
This is in excellent agreement with the solution resistance
determined by current interrupt measurements (68.0 2)
and EIS (66.6 Q). The peak current densities fall below the
theoretical ohmic limit.”® It is reasonable to argue, there-
fore, that the fractured thin film tests are not ohmically
limited. A plot of measured current vs. applied potential®
displays a nonlinear slope, thus confirming this conclu-
sion.

Two Tafel region anodic behaviors.—For the anodic por-
tion of the ohmically corrected bare surface polarization
curve (Fig. 7), two different regions are observed, a region
of relatively low slope near the bare OCP and a region of
relatively high slope at more noble potentials. The current
densities obtained during testing are the net current den-
sities supplied by the potentiostat. Far above the OCP,
these current densities are a good approximation of the
anodic current density, because the cathodic current den-
sity supplied by the bare surface, which cannot be meas-
ured, is insignificant compared to that supplied by the
potentiostat. However, near the OCP, the contribution of
the cathodic current is significant compared to the anodic

2
Current Densily (A/cm )

current. The net current measured is substantially less
than the true anodic current and yields a region near the
OCP wherein the slope is shallow compared to the slope
far away from the OCP. On initial inspection, it appeared
that this situation might explain the distinct regions of the
anodic polarization behavior. A nonlinear least squares fit
of the data using one anodic Tafel slope and one cathodic
Tafel slope, however, suggests that this is not the case
(Fig. 7a and b).” Two distinct anodic regions are observed
and a fit with two Tafel slopes describes the data accu-
rately in 5 M HCl, 0.6 M NaCl, and 0.6 M NaCl at pH 10.
A single Tafel slope is seen for the cathodic data in all
cases. Moreover, because the cathodic data are linear (on
the E - log i plot) over the same current densities (5 to

® Reversible potentials were fixed during fitting. Exchange cur-
rent densities and Tafel slopes were allowed to vary.
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Fig. 6. Comparison of the average current densities at their
respective applied potenfials to the theorelical ohmically limited cur-
rent density (Eq. 2) for the solutions shown.
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Fig. 7. Fractured titanium thin film bare surface polarization data in (a, top) 0.6 M NaCl and (b, bottom) 0.6 M NaCl at pH 10. Various
nonlinear least sc1uares fits are shown. Reversible electrode potentials were fixed during fits to Tafel slopes and exchange current densities.
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100 A/cm®) where the anodic data display two different
slopes, it does not appear that the anodic region of the
steep slope is the result of some artifact of testing, such as
potentiostat response, slow surface wetting, or ohmic
shielding by the freshly broken-off thin film end.

Others have seen the double anodic slope phenomenon
with scratched iron and stainless steel electrodes.*®* The
shallow sloped region was attributed to Tafel behavior.’*
The region of steep slope has been explained as a scratch
speed-limited regime.' Other work with fractured Ti-8-1-
1 rods in 12 M HCI appears to show two regions as well.?
The region of steep slope, however, appears to be a region
of ohmic limitation. As discussed earlier, the fractured
thin films are ohmically corrected and are neither limited
by voltage drop in solution or by depassivation speed.’
Thus, it may be that the region of steep slope is actually
indicative of the true kinetic response of the surface. In
conventional electrochemistry, dual Tafel slopes are often
a result of a change in kinetic rate-determining step or
change in reaction intermediate surface coverage.
However, the bare metal kinetic response cannot continue
to be of low Tafel slope (i.e., a Tafel slope of 100 mV/dec or
so) at 0 Vg, because unreasonable current densities
exceeding 10" A/cm? would be required. Thus, some limit-
ing factor, which is not a known artifact of the test
method, may play a role in limiting the current density.
This limiting factor would produce a steep slope in order
to maintain attainable current densities in the 0 Vg
potential range. The mass transport-limiting current den-
sity for reduction of water is approximately 3000 A/cm?® at
10 ms. Thus water transport can be eliminated as a possi-
ble limiting factor.

High Tafel slopes may be explained at the very high cur-
rent densities measured here. If the free energy of the ini-
tial state becomes high enough (a possibility for bare tita-
nium which is extremely unstable), the reaction becomes
essentially activationless.®®*® Further increases in applied
potential would not produce current density increases that
are exponential with overpotential. It has been suggested
_that an activationless reaction may possibly control the
apparent Tafel behavior in light of the absence of other
known limiting factors.*” The reader should recognize that
many of the common assumptions utilized for steady-state
electrochemical kinetics may not apply to metal dissolu-
tion at such high rates. Little experimental work is avail-
able to validate assumptions of conventional Tafel slopes.

Effect of solution chemistry‘—Variation of pH.—Indi-
vidual current transients arising from thin film fracture
tests in chloride solutions of different pH (5 M HCI, 0.6 M
NaCl, and 0.6 M NaCl adjusted to pH 10) at similar anodic
overpotentials are seen in Fig. 8. 5 M HCI resulted in a
slightly greater bare surface peak current density than
that in neutral and pH 10 solutions at similar overpoten-
tials when corrected for ohmic loss in solution. None of the
curves shown are at the theoretical ohmic limit (Fig. 6).
Repassivation is fast for all anodic transients, with
approximately logarithmic current decay, even in 5 M HCL
This is not surprising as repassivation of titanium has
been observed by others in 12 M HCL.* Transient mor-
phology is similar in neutral and pH 10 NaCl solutions.
However, 5 M HCI transients appeared to have a slightly
faster repassivation rate (larger m values). Table III, which
shows repassivation parameters (at identical applied
potentials, 0 V) fitted to Eq. 1, confirms these observa-
tions. The peak current densities from individual tran-
sients may be plotted vs. potential to generate bare surface
polarization curves (see Fig. 9). Potentials are ohmically
corrected. It is seen that for a given overpotential, bare
surface anodic and cathodic polarization behaviors are
qualitatively similar in solutions of widely differing pH,
with the more acidic solutions displaying higher current
densities for a given overpotential. The bare surface polar-

© This paper focuses on chloride solutions. It should be noted
that fractured titanium thin film tests in 0.6 M and 1 M Na,SO,
revealed behavior indistinguishable from that in 0.6 M NaCl.
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Fig. 8. Individual fractured titanium thin film current transients in
different solutions. The current fransients have similar anodic over-
potentials (with respect fo open circuit) at the peak current density
when corrected for ohmic loss in solution. The applied potential for
all tests was 0 V.. Ohmically limited current densities for each test
(Eq. 2) are shown on the left side of the plot.

ization curve of titanium in all of the solutions has two
distinct anodic regions and one cathodic region.
Additionally, the polarization curves at various times fol-
lowing depassivation (similar to that seen in Fig. 5) appear
comparable as well, with the current densities decreasing
over time at similar rates in all solutions.

Anodic charge densities passed following depassivation
in different pH solutions are compared in Table I. As in the
neutral solution, the average anodic charge densities
passed in both 5 M HCI and 0.6 M NaCl adjusted to pH 10
far exceed that required for oxide film formation. Thus, in
all these solutions, the large majority of anodic charge
goes toward dissolution with only a small fraction utilized
for film formation. Because the 0 Vg experiments have
roughly similar anodic overpotentials (Fig. 8), the anodic
charge densities may be compared. It is seen that the
charge densities in the different solutions are statistically
similar, as the charge density data revealed some scatter
(* 20%). In summary, anodic charge densities, as a func-
tion of overpotential, show little dependence upon solu-
tion pH. Similar behaviors in solutions of widely varying
pH argue against a dissolution mechanism controlling
EAC of p-titanium alloys, as cracking is observed when
acidic crack tip chemistries are present, but not when
alkaline chemistries exist.*

Anodic and cathodic Tafel slopes were obtained by non-
linear least squares fitting of the peak current density
data. As with the neutral bare surface polarization curve
(Fig. 7), the polarization curves from 5 M HCI and pH 10
solutions displayed two distinct anodic regions. The two
anodic and one cathodic Tafel slopes, OCPs, and corrosion
current densities in the three solutions are compared in
Table IV. The calculated OCPs are in good agreement with
those obtained from individual thin film fractures (Fig. 1).
Additionally, the corrosion current density was found to
be greater in the acidic solution than in the neutral or
basic solutions. The cathodic water reduction exchange
current densities are orders of magnitude larger than that

Table 1ll. Comparison of parameters obtained by fitting of current
transients from fractured thin film tests in different solutions
(E,p = O Vici) fo Eq. 1. Values for m are = 0.04.

Solution t, (s) m

5 M HCl 2.99 x 10°° 1.36
0.6 M NaCl 2.05 X 107° 1.14
0.6 M NaCl, pH 10 2.04 X 107° 1.16
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Fig. 9. Bare surface polarization curves (peak current densities)
of fractured titanium thin films in various environments.

seen on TiO,-covered titanium.” Exchange current densi-
ties are many decades of current removed from the data
and are not reported due to resulting uncertainties. Also,
high anodic slopes are only approximate in 5 M HCl and
PH 10 solutions, because fewer data points were obtained
in the steep portions of these curves.

The low anodic Tafel slope may be indicative of conven-
tional Tafel behavior. Caprani et al. have proposed a gen-
eral anodic reaction mechanism of Ti — (Ti%*),,, — Ti** in
acidic chloride media for the production of trivalent tita-
nium.**** The observed anodic Tafel slopes vary from 62
mV/dec in pH 10 to 167 mV/dec in 5 M HCl. Because the
rate-determining step is unknown, especially on bare tita-
nium, a variety of factors (rate-determining step, interme-
diate coverages, rate constants, etc.) may account for the
observed Tafel slopes. Although it is known that the Tafel
slope decreases with increasing pH, any mechanism that
would account for this would be entirely speculative at
this time.

The cathodic reaction is likely attributable to water
reduction for the neutral and alkaline experiments,
because hydrogen ion and oxygen reduction are unable to
support such high current densities, even in the microsec-
ond regime. Hydrogen ion reduction is likely charge-trans-
fer controlled in this time frame in 5 M HCI. The cathodic
Tafel slopes increase with increasing pH. The differences
in Tafel slope could be accounted for by a change in the
symmetry factor, B, or an entirely different reaction path-
way when transitioning from hydrogen ion to water reduc-
tion with pH. A slow discharge-fast recombination mech-
anism has been proposed for film-covered titanium in
acidic chloride solutions.” However, the reaction mechan-
ism on bare titanium is likely different due to the presence

Table IV. Comparison of parameters obtained by nonlinear least
squares fitting of the bare surface polarization curves of Fig. 9.

Reversible potentials were fixed during fitting. Exchange current
densifies (not reported) and Tafel slopes were allowed to vary.
Anodic Tafel slope 2 is observed at low overpotential while anodic
Tafel slope 1 is observed at high overpotential.

Anodic  Anodic Corrosion
Tafel Tafel Cathodic  current
slope 1 slope2 Tafelslope densit OCP
Solution (mV/dec) (mV/dec) (mV/dec) (A/em?®)  (Vgeg)
5 M HCl 1600 167 182 8.1 —-1.17
0.6 M NaCl 750 90.6 197 0.70 -1.58
0.6 M NaCl,
J)H 10 910 62.1 221 0.16 —1.60
/d(pH) — -9.1 3.2 -0.15* -0.039

“d [log(corrosion current density)l/d (pH).
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of a bare metal surface instead of a semiconducting oxide.
If the difference in cathodic Tafel slope with pH is due to
a changing distance along the reaction path, i.e.,, B, the
water reduction reaction mechanism on bare titanium
could be attributed to a conventional mechanism, such as
the coupled discharge-recombination mechanism*®

H' +e +M—f M- H,, [4]
M- H, +M-H,, ke oM + H, 5]

Water reduction, in place of proton reduction (Eqg. 4), is
likely at neutral and alkaline pH. The current density for
this reaction in 5 M HCI can be written as

. —BnF :

i =k,C,, (1-6) exp {%] = k0 (6]
where 0 is the surface coverage of H,g,, k, is a constant, and
Cy- is the H* concentration in solution. Assuming B = %, a
Tafel slope ranging from 120 (Langmuir) to 180 mV/dec¢
(activated Temkin isotherm) is obtained for this mecha-
nism. Of all the conventional hydrogen evolution reaction
mechanisms, 180 mV/dec is the closest to those seen in
Table IV. Larger Tafel slopes would be obtained for B < %.
Also, possible repulsive interactions between surface-
adsorbed hydrogen atoms, at very high coverage on bare
Ti, could also increase apparent Tafel slopes.

Variation of chloride concentration.—Chloride ion con-
centration is often a critical factor in electrochemical
behavior of passive metals. Experiments were performed
in 5 M LiCl (pH 3) to examine the effect of high chloride
concentration without the extreme acidity of 5 M HCI (pH
—1.64). Chloride concentrations less than 0.6 M were not
examined, because the higher resistivity solutions would
result in ohmic limitation of the peak current densities.
Titanium thin films were fractured at applied potentials of
0 and —0.6 Vg as well as at open circuit in 5 M LiCl (Fig.
10). The bare surface OCP of the titanium film in 5 M LiCl
is approximately 200 mV more positive than that in 0.6 M
NaCl, as expected from its lower pH. This OCP falls along
the OCP vs. pH line of Fig. 1, within experimental error.
The peak current densities are slightly lower than those in
0.6 M NaCl at the same anodic overpotential but are not at
theoretical ohmic current limits using Eq. 2 and 3. These
results imply that either C1™ or Li* weakly affects Ti/Ti*?
oxidation. Individual current transients were similar to
those in 0.6 M NaCl, with roughly logarithmic decay.
Therefore, for a given overpotential, repassivation behav-
ior in 5 M LiCl appears to be similar to that in 0.6 M NaCl
and is weakly dependent on chloride concentration for
concentrations greater than 0.6 M.
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Fig. 10. Comparison of fractured titanium thin film peak current
densities in 0.6 M NaCl and 5 M LiCl (pH 3).
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Addition of TiCl,—Separate observations suggest that
TiCl; is likely present in a crack tip solution. First, as dis-
éussed previously, the majority of charge passed following
depassivation goes toward dissolution. Also, the presence
of trivalent (rather than tetravalent) ions in solution has
been noted following depassivation.*” Moreover, an acidi-
fied crack tip solution (pH 1.7) has been observed follow-
ing crack advance of an a-titanium alloy.*® Hydrolysis of
Ti** following film rupture, Cl- migration toward the
crack tip, and an accompanying decrease in solution pH
with TiCl, concentration is expected. Appendix A discuss-
es the expected hydrolysis for Ti**.

Thin film fracture tests were performed in 5 M HCI +
1 M TiCl, to examine the effect of TiCl, additions. Figure
11 compares peak current densities at applied potentials
of 0 and —0.6 Vg in the TiCl; solution to 5 M HCI only. It
appears that the bare surface peak current densities are
lower in the solution with the added TiCl;. The peak cur-
rent density of the 0.6 Vg test in the TiCl; solution
appears to be significantly lower than that in 5 M HCI
alone. Figure 12 displays this more clearly, wherein tests in
5 M HCI show a higher peak current density at both small-
er and larger anodic overpotentials. The peak current den-
sity at 0 Vgez in 5 M HCI + 1 M TiCl, is only slightly lower
than that in the 5 M HCI, however. Further, the OCP has
been found to be about 160 mV more positive in the solu-
tion with additional TiCl,.
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.
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Fig. 11. Comparison of peak current densities of fractured titani-
um ﬂnin films exposed to 5 MHCl and 5 MHCl + 1 MTiCl,.
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Fig. 12. Comparison of an individual current density transient in
5 MHCl + 1 MTiCl, to those in 5 M HCl only. The ohmically cor-
rected overpotentials in 5 M HCl bracket the overpotential in the
TiCl, solution. Overpotentials are with respect to the zero applied
current condition at open circuit.
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The effect of TiCl; on the repassivation behavior of frac-
tured titanium alloy specimens has been previously exam-
ined." Potentiostatic (E,,, = 0.24 V) current transients
in 3 M HCl and 3 M HCI saturated with TiCl; were com-
pared. Although the data were ohmically limited, it was
observed that the peak current density in the TiCl, solu-
tion was 25% of that in the HCIl solution alone, even
though the solution conductivity was 70% of that of the
HCI solution. Moreover, it was stated that the rate of cur-
rent decay appeared lower, suggesting a slower repassiva-
tion. This result is somewhat clouded by the ohmic limita-
tion, which can affect the observed potentiostatic
repassivation decay kinetics.'>'® The OCP (obtained from
the intersection of anodic and cathodic slopes) was found
to be 300 to 400 mV more positive in the TiCl; solution
compared to HCL.* It was concluded from these results
that the presence of saturated TiCl; suppressed the anodic
reaction.’ The smaller positive shift in OCP seen here is
likely due to differences in the concentration of TiCl, used.

Beck qualitatively described a change in repassivation
behavior with the addition of TiCl,."* This was confirmed
by the present work. The slope of the current decay on the
log i - log t plot was affected by the 1 M TiCl; addition. In
the present work, m (Eq. 1) was found to be 1.3 to 1.4
(Table I1I) in 5M HCL. For the test in 5 M HCl + 1 M TiCl,
in Fig. 12, however, m was 1.14. Thus, the anodic current
density decays more slowly in the TiCl; solution, as pro-
posed by Beck.™ Therefore, the present results confirm the
results of earlier work," namely, that significant additions
of TiCl, reduce the peak current density on bare titanium
surfaces, inhibit anodic reactions, and slow repassivation.
These findings appear consistent with those of Wanhill
who found that TiCl, slowed stage II stress corrosion crack
growth rates.”

Comparison of Scrotch Depassivation and
Fractured Thin Film Data

Bare surface polarization curves for the six alloys were
each generated in 5 M HCI, 0.6 M NaCl, and 0.6 M NaCl
adjusted to pH 10 by scratch repassivation. Figure 13 com-
pares the six different materials in 0.6 M NaCl, the lines
being a qualitative best fit through the data. As before,
potentials are ohmically corrected utilizing the solution
resistance calculated from Eq. 3 (approximately 280 (2).
Within the limitations of the scratch test, little difference
is observed between the anodic bare surface repassivation

0.5 p— T T v T
—— Grade 2 Ti
wee Grade 8 Ti
----- STTi - 15Mo — 3Nb - 3 Al :
e STA Ti — 15 Mo — 3 Nb - 3 Al
0.0 STTi - 15V —-3Cr - 3Al — 3 Sn A
R
[
7 -05 |
T
e
o] L
3 10}
o]
a.,
-1.5}
I
_20 [ i 1 1 vl
1073 1072 107! 10° 10}

. 2
Peak Current Density (A/cm )

Fig. 13. Comparison of the bare surface (peak current) polariza-
fion behaviors after scraiching of six different o, B, and B + a
alloys exposed to 0.6 M NaCl.
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behavior of all of the alloys examined, regardless of chem-
ical composition or microstructure. Peak currents, OCPF,
total anodic charges, and repassivation rates were all com-
parable as well, except for grade 2 Ti which consistently
yielded a higher charge density per repassivation event at
every potential (Table V). Results were analogous in the
acidic and alkaline solutions also. A single test performed
with STA Ti-3A1-8V-6Cr-4Zr-4Mo (0.6 M NaCl, E,,, = 0.6
Vsee) vielded a similar peak current density and slightly
lower anodic charge density than those seen for STA
Ti-15Mo-3Nb-3Al and STA Ti -15V-3Cr-3Al-3Sn.

A Dbare surface polarization curve resulting from scratch
testing (grade 2 titanium) is compared to fractured thin
film data (evaporated from pure Ti target) in Fig. 14.
Scratch depassivation testing appears to qualitatively
show the same results as for fractured thin films.
Quantitatively, however, there are differences between
fractured thin film and scratch tests. The scratch test peak
current densities are one to two orders of magnitude lower
than those arising from fractured thin films, as predicted.”
The OCP is 250 mV more noble as well, because significant
repassivation has occurred at the start of the scratch by
the time the end of the scratch is reached.

The qualitative similarity between thin film and scratch
tests was further investigated by comparing scratch test
polarization curves on grade 2 titanium (peak current den-
sity) from solutions of varying pH (Fig. 15). As with thin
film experiments (Fig. 9), the bare surface anodic polar-
ization curves display two distinct regions of shallow and
steep slope. The cathodic Tafel slope is also steep, relative
to that seen at steady state.®” The OCPs are all approxi-
mately 250 mV more positive than those obtained from the
fractured films. The differences in OCP between solutions
are similar, in general, regardless of depassivation method.
The OCP was found to decrease approximately 50 mV/pH
(in tests from pH —1.64 to 14, not shown), a magnitude
slightly larger than that seen with thin films (Fig. 1).
Moreover, the corrosion current density appears to be
about an order of magnitude higher in 5 M HCI than in the
neutral and pH 10 solutions, as seen previously (Fig. 9 and
Table IV). Therefore, it appears that scratch tests ade-
quately predict repassivation trends on titanium, albeit in
a strictly qualitative manner. With this result, comparison
between repassivation behaviors of various alloys using
the scratch method can be undertaken with an increased
level of confidence .

Figure 16 is a plot of bare surface polarization curves on
STA Ti-15Mo-3Nb-3Al exposed to 0.6 M NaCl at various
times following depassivation. As with fractured thin
films, the observed bare surface current density is much

Table V. Comparison of scratch test charge densities on various

alloys exposed to different solutions. Charge densities were calcu-
loted by integrating the first 90 ms of the current transient from
the peak current density.
Charge
Applied density
Solution potential Material (mC/cm?)
0.6 MNaCl —0.6 Vgep STA Ti-15Mo~3Nb-3Al 3.4
—0.6 Vg Grade 2 5.0
—0.6 Vgep ST 15V-3Cr-3Al1-3Sn 3.6
=0.6 Vger ST Ti-15Mo~3Nb-3Al 3.4
—0.6 Vgeg STA Ti-15V-3Cr-3A1-3Sn 3.3
~0.6 Vgg Grade 6 2.7
—0.6 Vgoy STA Ti-3A1-8V-6Cr-4Zr-4Mo 2.3
=1 Vgeg STA Ti-15Mo-3Nb-3Al 0.76
0.9 Vgeg Grade 2 1.8
5 M HCI —0.6 Vgeg STA Ti-15Mo-3Nb-3Al 4.7
—0.6 Vgeg Grade 2 6.0
0.6 MNaCl —0.6 Vgcp STA Ti-15Mo-3Nb-3Al 5.7
pH 10 —0.6 Vgeg Grade 2 6.9
—1 Vgeg STA Ti~-15Mo-3Nb-3Al 0.49
—1 Vgee Grade 2 14

*No_experiment performed at —1 V. Charge density atom
from E,,, = —0.9 Vg is shown instead.
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Fig. 14. Comparison of bare surface (Ipeak current} Eolarizaﬁon
curves utilizing fractured fitanium thin films and scraich testing on
grade 2 fitanium in 0.6 M NaCl.

larger than that seen during “steady-state” potentiody-
namic tests. The OCP and current density shift over time
toward those seen at steady state, similar to that observed
with fractured thin films (Fig. 5). The 5 ms E — log i plots
for grade 2 and STA Ti-15V-3Cr-3Al-3Sn are also shown
in Fig. 16. The behavior of these alloys at 5 ms, as well as
all of the other alloys examined at 5 ms, was similar. The
repassivation E — log ¢ behaviors of all of the alloys at 5
ms and other longer times (not shown) are all still similar
at times beyond which depassivation speed or other exper-
imental factors limit peak current densities.!

Others have also noted similar anodic repassivation
behavior between commercially pure titanium, Ti-8-1-1,
and Ti-14 Mo."* Two factors likely account for the similar
repassivation behaviors of the different titanium alloys in
aqueous chloride solutions. The predominance of TiO, in
all of the oxide films and Ti/Ti** dissolution following
repassivation®’ likely contributes to the similar results. At
the more negative potentials examined here, oxides of the
major alloying elements found in Ti-15Mo-3Nb-3Al and
Ti-15V-3Cr-3Al-3Sn; Mo and V, respectively,®”* are not
thermodynamically stable (assuming metal ion concentra-
tions of 107% M and pH 6). The reversible potentials for sta-
ble oxidation states of Mo and V are shown in Fig. 16.
Therefore, these oxides cannot contribute to repassivation.

The charge (Table V) and peak current (Fig. 13) densities
for grade 6 Ti, which approximates the composition of the
a precipitates within the B matrix, were similar to those of

0.5 T T T T
-+ 5M HCl
—o— 0.6M NaCl
-»--0.6M NaCl, pH 10
00¢ r
v
g -osl ]
A
3
B
,,g ~1.0 p p
o
-1.5t 4
-20
s f s s

10-2 plend 107! 16° 10! 10%
Peak Current Density (A/cmz)

Fig. 15. Bare surface polarization curves on grade 2 titanium in
different solufions obtained by scratch testing.
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—-- Grade 2 Ti (5 ms)
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Fig. 16. Polarization curves of

STA Ti-15Mo-3Nb-3Al in 0.6 M 5, L
NaCl at various times following [
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the ST B alloys. This indicates that a precipitatesina p +
a alloy containing similar Al and V contents as grade 6 Ti
may behave similarly to the B matrix when the passive
film is destabilized at room temperature. In summary, it
appears that less than 15 w/o differences in composition
and microstructure have little effect on the repassivation
behavior of a B-titanium alloy. Observed differences in
EAC susceptibility between alloys do not appear to
result from differences in repassivation behavior of g- »s.
a-Ti. However, high segregated Al concentrations may
exert a negative influence on the passivity and repassiva-
tion of Ti.**

Conclusions

The repassivation behavior of titanium in aqueous chlo-
ride environments has been examined to obtain a better
understanding of observed EAC behavior under dynamic
strain. The bare surface OCP was found to decrease
43 mV/pH unit. Current densities greater than 100 A/cm®
were observed upon fracture of titanium thin films in
0.6 M NaCl. The large majority of anodic charge during
repassivation contributed to dissolution of titanium and
not film formation. It was shown that significant dissolu-
tion takes place over the length of the current decay tran-
sient. Little difference was seen in the repassivation behav-
ior of titanium in acidic, alkaline, and neutral chloride
solutions. Similar behaviors in solutions of widely varying
pH argues against a slip-film rupture-dissolution mecha-
nism controlling EAC of B-titanium alloys, as crack initia-
tion is observed when acidic crack tip chemistries are pre-
sent, but not when alkaline chemistries exist. 5 M LiCl
lowered peak current densities but did not affect repassi-
vation behavior. Repassivation experiments performed in 5
M HCl + 1 M TiCl, found that TiCl, lowered peak current
densities and slowed repassivation. Scratch depassivation
tests indicate that little difference exists between the
repassivation behaviors of selected B-titanium alloys. Tests
comparing EAC-immune and susceptible alloys, e.g., ST vs.
STA Ti-15Mo-3Nb-3Al or STA Ti-15Mo-3Nb-3Al vs. STA

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

107 107! 10° 10!

107% 1075 10™* 1078

Current Density (A/cme)

Ti-15V-3Cr-3Al1-3Sn, showed similar behavior, indicating
that EAC susceptibility is not controlled by readily appar-
ent alloy-specific differences in repassivation behavior.
Grade 6 Ti yielded identical behavior to the ST B-titanium
alloys, indicating little difference in repassivation behavior
between the B-matrix and the a-precipitates in the STA
alloys containing small concentrations of Al and V.
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APPENDIX A

Crack tip solution acidification following cracking has
been observed.*® Solution acidification can be explained as
follows. Trivalent titanium is produced following depassi-
vation.” The trivalent titanium may then hydrolyze. Two
hydrolysis reactions of Ti** are possible®

() Ti** + H,0 = TiOH*" + H*

[A-1]
(#) 2Ti*" + 2H,0 = Ti,(OH);" + 2H"

Using published hydrolysis constants,* a distribution dia-
gram of hydrolysis products can be calculated for Ti**ions,
similar to that for other ions.?**! Figure A-1 shows the dis-
tribution diagram (assuming the activity coefficient of
H* = 1 at all pH, which is not a good assumption at low
pH) for trivalent titanium at ionic strength, I, of 1 mol/kg
H,O. The distribution diagram for I = 3 mol/kg H,O (not
shown) is nearly identical, with the curves shifted slightly
. to the left. The ionic strength, I, is defined as®
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Oxidation Kinetics of Water and Organic Compounds by
Silver (ll) Using a Potentiometric Method

Albert Lehmani, Pierre Turg, and Jean-Pierre Simonin
Laboratoire d’Electrochimie URA 430, Université Pierre et Marie Curie, 75252 Paris Cedex 05, France

ABSTRACT

A new experimental method using an electrochemical technique is presented for the study of the oxidation kinetics
of water and organic compounds. The electrogeneration of silver (II) in 6 M nitric acid is presented. Good agreement is
found between a theoretical model and the experimental results. Since the Ag(Il)/Ag(l) system obeys Nernst’s law, the
potential of this couple can be followed as a function of time. This technique has been used to study the oxidation kinet-
ics of water, formic acid, acetic acid, and urea by silver (I) in 6 M nitric acid. The reactions were found to be first order
with respect to organic compounds. Oxidation kinetics of formic acid and acetic acid showed first order in silver (II) and

that of urea was found to be second order in silver (II).

Introduction

Silver (II) is known for being one of the most powerful
oxidizing agents in acidic media. It is more oxidizing than
the Co(III), Mn(II), or Ce(IV) ions and can be used for the
destruction of organic compounds or the dissolution of
nuclear wastes.*”*'® The potential of the Ag({II)/Ag(I) cou-
ple vs. the normal hydrogen electrode (NHE) lies between
1.91 V/NHE and 1.96 V/NHE in nitric acidic media.’*
Besides, this potential is superior to the thermodynamic
potential of water (1.23 V/NHE). The silver (II) ion is then
unstable in aqueous media and oxidizes water according
to a complex mechanism described by Po et al.’ Some
authors*® have studied the kinetics of the oxidation of sil-
ver (I) into silver (II) in nitric acid media. They showed
that the Ag(Il)/Ag(l) system is fast and reversible using
various electrochemical techniques.

Many authors have described the kinetics and mecha-
nisms of oxidation of metals and various organic com-
pounds by silver (II) using spectroscopic techniques.*'? In
the present paper, a new technique is presented, which is
based on a potentiometric method. Our study relies on the
observation that since Nernst’s law is applicable to the
Ag(I1)/Ag(I) system, the potential of this couple can be fol-
lowed as a function of time (potentiometric method).
Using a simple and accurate electrochemical technique, it
is thus possible to determine the oxidation kinetics of the
solvent and of various organic compounds by silver (II).
We can also determine the kinetics of silver (II) electro-
generation by a simple potentiometric measurement. This

study first focuses on the kinetics of water oxidation and
then on the oxidation kinetics of organic compounds such
as formic acid, acetic acid, and urea.

Kinetic Models

Generation of silver (II).—The electrolysis of a silver (I)
solution in nitric acid is known to consist of the following
reaction steps®!®'41

In the anodic compartment, the silver (II) ion that is pro-
duced oxidizes water

Agr - Ag? + e
2H,0 - O, + 4H* + 4e”

2Ag™ + H,0 > 2Ag" + 2H" + 1/2 O,
In the cathodic compartment, the global reaction is
HNO; + 2H* + 2e” - HNO, + 2H,0

The nitrous acid HNO, produced at the cathode migrates
through the separator and reduces silver (II) in the anodic
compartment

2Ag> + HNO, + H,0 » HNO, + 2Ag* + 2H"

This reaction leads to a decrease in the chemical effi-
ciency for the production of silver (II). Thus it is necessary
to put a separator between the two compartments that is
able to “stop” the undesired species.
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