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Abstract

Therole of asimultaneous additions of tungsten and tantalum on the anodic passivity of the passive films of
the sputter—deposited nanocrystalline W—xTa aloys was studied using immersion tests, electrochemical
measurements and X—ray photoel ectron spectroscopic (XPS) analysis. The formation of spontaneous passive
film on the alloys, which is composed of double oxyhydroxide of tungsten and tantalum ions are responsible
for their higher corrosion resistance than those of the alloy—constituting elementsin 12 M HCI solution open
to air at 30°C. The quantitative surface analysis by XPSisclarified that the improved anodic passivity of the
alloysthan those of alloy—constituting elementsis based on the formation of new anodic passive oxyhydroxide
films composed of W® and Ta* ions. These films have higher protectiveness and stability than those of
passive oxyhydroxide films of alloy—constituting elements, that is, oxyhydroxides of hexavalent tungsten and

pentaval ent tantalum after potentiostatic polarizationfor 1 hin 12 M HCI.
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Introduction

The formation of anodic passive films formed on the
metalsor alloyshasgained great scientific interest for
along time. It is important from a practical point of
view that the anodic film causes the passivity. The
passivity of metals or alloys mostly concerns the
corrosion resistance and hence the interest is focused
on the chemical stability of the anodic passive films.
On the other hand, the breakdown of the anodic
passive films has been the subject of many
investigations. The pitting corrosion is one of the most
common and dangerous types of localized corrosion
of theanodic films. Therefore, theimmunity to pitting
corrosionisone of the most interesting characteristics
of the passivity of the metals or alloys.

The passivating elements such as tungsten and
tantalum can improve corrosion resistance aswell as
thelocalized corrosion like pitting corrosion of aloys.
The properties of the anodic passive filmsformed on
tungsten metal had reported. Di Quarto et al. (1983)
have been stated that the anodic film formed on
tungsten showed a duplex structure consisting of an
inner amorphous barrier—type anodic WO, film and
outer porous crystalline layer. On the other hand, an
insulating layer of WO, was formed by anodic
polarization of tungsten in acidic environments
(Johnson and Wu 1971). Severa surface studies have
been carried out for an understanding of the role of
the tungsten in the passivation mechanisms of
stainless steelsin aggressive chloride media (Nakaet
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al. 1978; Bui et al. 1983; Wang and Merz 1984; Habazaki
etal. 1991 a, 1991 b).

On the other hand, tantalum is widely known for its
superior corrosion resistance in aggressive acidic
media. Amorphous nickel-base alloys containing
certain amounts of tantalum exhibit very high corrosion
resistant in boiling acids (Kawashimaet al. 1985). Lee
etal. (1996, 1997) reported abeneficid effect of tantalum
to improve the corrosion resistance of nickel—base
alloysin 12 M HCI. A series of the sputterdeposited
binary tantalum-containing alloys showed higher
corrosion resistance than those of alloying elements
due to spontaneous passivation in aggressive media
(Shaw et al. 1991, Yoshiokaet al. 1991, 1994, Kimet al.
1994, Park et al. 1996, Hashimoto et al. 1996, El-
Moneim et al. 1997; Bhattarai et al. 1998 a).

It has been reported that the high corrosion resistance
of the sputter—deposited binary and ternary tungsten—
based alloysin 12 M HCI was based on the formation
of new passive double oxyhydroxide films of
tetravalent tungsten and alloy—constituting cations
(Bhattarai 1998, 2010, 2011 a, 2011 b; Bhattarai et al.
1995, 1997, 1998 a, 1998 b, 1998 c). The tetravalent
tungsten was the main oxidation state of tungsten for
these tungsten—based binary alloysat +0.2V (SCE) or
lower potentials, while the hexaval ent tungsten isthe
main oxidation state of tungsten at +0.4 V (SCE) or
higher potentials in hydrochloric acid solutions.
According to Habazaki et al. (1992), the passive film
on tungsten was tetravalent tungsten oxyhydroxide
and hexavalent tungsten oxyhydroxide was not the
true passive film. However, the transpassivation of
tungsten is clearly different from those of chromium
and molybdenum. Transpassivation of chromium and
molybdenum was resulted in sharp increases in the
anodic current density in 12 M HCI solution (Kim et
al. 1994, Park et al. 1996, Hashimoto 2007). By contrast,
the present author has been reported in polarization
curves of tungsten and tungsten—based binary alloys
that the oxidation from the tetravalent state to the
hexavalent state of tungsten did not lead to the
transpassivation, although the anodic current density
was significantly high. In this context, it is necessary
and interesting to study the potential dependence of
the surface composition of the anodic passive films
formed on the sputter—deposited W—xTa alloys to
clarify the mechanisms of the anodic passivity of the
binary aloysin hydrochloric acids.
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The main objectives of the present study are to
characterize the surface composition and structure of
the anodic passive films formed on the sputter—
deposited binary W—xTa (x = 23 and 60 at%) alloys
after potentiostatic polarization for 1 hin 12 M HCI
solution open to air at 30°C using electrochemical
measurements and X—ray photoel ectron spectroscopic
(XPS) analyses.

Methodology

TheW—xTa(x =23, 60and 77 at%) dloyswere prepared
using direct current (DC) magnetron sputtering on
glass substrate as described el sawhere (Bhattarai 1995,
1998). The structure of the sputter—deposited W—xTa
alloys used in the present study was confirmed as
nanocrystalline single phase solid solution from X—
ray diffraction patterns having the apparent grain size
rangesfrom 8-18 nm (Bhattarai 1998; Bhattarai et al.
1998a).

Prior toimmersion tests, el ectrochemical measurements
and XPS analyses, the surfaces of the alloy specimens
weremechanically polished with asilicon carbide paper
up to grit number 1500 in cyclohexane, rinsed by
acetoneand dried in air. The average corrosion rate of
the alloys was estimated from the weight loss after
immersionfor 168 hin 12 M HCI solution opentoair at
30°C. Open circuit immersion and potentiostatic
polarization at several potential valuesfor Lhin12 M
HCI solution were carried out. A platinum mesh and a
saturated calomel electrode (SCE) were used as counter
and reference electrodes, respectively. All the
potentials given in this paper arerelative to SCE.

Before and after open circuit immersion or
potentiostatic polarization, composition of the surface
films formed on the aloy specimens was analyzed
using XPS (Shimadzu ESCA-850 photoelectron
spectrometer). The XPS spectra over a wide binding
energy region (0-1000 eV) were exhibited peaks of
chlorine, carbon, oxygen, tungsten and tantalum. The
integrated intensities of the C 1s, O 1s, W 4f and Ta 4f
spectra were separately obtained for the quantitative
surface analysis as described elsewhere (Bhattarai
1998). For the specimen polarized or immersedin 12 M
HCI solution, the Cl 2p spectrum was detected at about
199 eV, which comesfrom chlorideions. However, the
intensity of the Cl 2p peak wasvery low and hencethe
concentration of chloride ions was not considered in
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the calculation. The binding energies of the electrons
were calibrated using the method described el sewhere

(Asami 1976; Asami and Hashimoto 1977). The peak
binding energies of each peak were further corrected
using the energy value of 285 eV for C 1s electron
state. The composition and thickness of anodic
passive films and the composition of the underlying
alloy surface were quantitatively determined by a
previously proposed method (Asami 1976) using
integrated intensities of photoelectrons under the
assumption of a three layer model of the outermost
contaminant hydrocarbon layer of uniform thickness,
the surface film of uniform thickness and the
underlying alloy surface of X—ray photoelectron
spectroscopically The
photoionization cross—section of the W 4f and Ta 4f

infinite thickness.
electronsrelativeto the O 1selectrons used were 2.97
(Kawashimaet al. 1984) and 2.617 (Kimet al. 1994),
respectively.

Results and Discussion

Corrosion behavior and passivity of W—xTa
alloys

The corrosion rates of the sputter—deposited W-Ta
alloysand alloy—constituting elements were estimated
from weight losses after immersion in 12 M HCI
solution. The weight loss for each specimen was
estimated two to threetimes and the average corrosion
rate was calculated. Figure 1 shows the average
corrosion rates of theW-23Ta, W-60Taand W-77Ta
aloysafterimmersionfor 168 hin 12 M HCI solution
at 30°C. The corrosion rates of the sputter—deposited
tungsten and tantal um are al so shown for comparison.
The W-60Ta and W—-77Ta aloys showed more than
two orders of magnitude lower rate than that of
sputter—deposited tungsten and even lower than that
of sputter—deposited tantalum metal. However, the
corrosion rate of theW-23Taalloy showsamost same
corrosion rate of the tantalum. This result clearly
revealed that the corrosion resistance of the W-xTa
alloysissurprisingly improvedin 12 M HCI at 30°C.
Consequently, it can be said that both tungsten and
tantalum improve the corrosion resistance of the W-
xTaalloyssynergisticaly.
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Fig.1. Corrosion rates of the sputter—deposited W—xTaalloysincluding tungsten and tantalum after immersion for

168 hin 12 M HCI solution opentoair at 30°C.
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Potentiostatic polarization measurementswere carried
out for the W—-xTa alloys to gain a better
understanding of the anodic passivity of the aloys
after potentiostatic polarization for 1 hin 12 M HCI.
Figure 2 showsthe changesin anodic current densities
of the W-23Ta and W—-60Ta aloys as a function of
polarization time. The anodic current densities of the
alloysat all potentialsare decreased with polarization
time. According, the protective quality of the anodic
passive films formed on the sputter—deposited W-
xTa aloys increased with polarization timein 12 M
HCI solution.
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Fig.2. The change in the anodic current density with
polarization timefor the sputter—deposited (a) W-23Ta
and (b) W—60Taalloys after potentiostatic polarization
for 1 hin12 M HCI solution opento air at 30°C.
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Figure 3 showsthe potentiostatic anodic and cathodic
polarization curves of the sputter—deposited W—-23Ta
and W-60Ta alloys including the sputter—deposited
tantalum metal after potentiostatic polarization at
different potentialsfor 1 hin 12 M HCI solution open
to air at 30°C. Spontaneous passivation occurs for
both the examined W-Ta alloys as well as tantalum
metal. The open circuit potentials of the alloys are
shifted to more positive direction than that of the
sputter—deposited tantalum. The anodic current
density of the alloysis decreased with increasing the
tantalum content in the W—xTa alloys in 12 M HCI,
indicating that the protectiveness of the anodic passive
filmsformed on the W-Taalloysis better than that of
tungsten metal. Furthermore, it is meaningful to
mention here that the W—60Ta alloy showed lowest
anodic current density which is even lower that that
of the sputter—deposited tantalum metal. Therefore,
the W—xTa alloys containing adequate amount of
tungsten showed the most stable passivity in the
anodic potential region. These facts arein agreement
with higher corrosion resistance than those of alloy—
constituting elements as shown in Fig.1.
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Fig.3. Potentiostatic cathodic and anodic polarization
curves for the sputter—deposited W-23Ta, W—-60Ta
alloys including tantalum metal after potentiostatic
polarizationfor 1 hin12 M HCI solutionopentoair at
30°C.
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Surfacecomposition and passivity of W—xTaalloys
The surface analyses of the anodic passive films
formed on the alloys giveimportant information for a
better understanding of the synergistic effect of
tungsten and tantalum in the anodic passivity of the
sputter—deposited W—xTa aloys. For this purpose,
the surface of the W—xTa alloys before and after
immersion or potentiostatic polarization for 1 hin 12
M HCI was analyzed immediately by XPStechnique.
XPS spectra for W—xTa aloys over a wide binding
energy region, that is, 0-1000 eV, were exhibited peaks
of tungsten, tantalum, oxygen, carbon and chlorine.
The C 1sspectrum [Fig. 4 (a)] arosefrom acontaminant
hydrocarbon layer covering the specimen surface was
detected at about 285 eV. For the specimen polarized
or immersed in 12 M HCI, the ClI 2p spectrum was
detected at about 199 eV, which comes from chloride
ions. The O 1s spectrum is composed of two peaks;
the lower binding energy peak at 530.2-5331.1€eV is
assigned to OM oxygen and the higher binding energy
peak at 532.1-533.1 eV arisesfrom OH oxygen (Asami
1976; Asami and Hashimoto 1977). The OM oxygen
correspondsto O? ionsin oxyhydroxide and/or oxide.
The OH oxygenislinked to hydrogen and is composed
of OH ions and bound water in the surface film. An
example of an deconvolution of the O 1s spectrum
measured for W—60Taalloy isshowninFig. 4 (b). The
O? peak is substantially more intense than the OH
peak inthe O 1s spectrum measured for the alloy after
immersionfor 1hin12M HCI. Accordingly, the passive
films formed spontaneously on the alloy consist of
oxyhydroxide in which O ion is the major oxygen
Species.

The spectrafrom the aloy constituents indicated the
presence of the oxidized and metallic species; theformer
comes from the surface film and the latter from the
underlying alloy surface. The measured spectra of W
4f electrons and Ta 4f electrons were separated into
We W5 W4 and W™, and Ta* and Ta" state spectra,
respectively. The superscripts, “6+”, “5+”, “4+"and
“m” denote hexavalent, pentavalent, tetravalent and
metallic states, respectively. The most intense peaks
of theW 4f and Ta4f spectraarelocated very closeto
each other, and the Tee* 4f_ peak and the W™ 4f | peak
are superimposed as shown in Fig. 4 (¢). On the other
hand, the next intense peaks of the W 4d and Ta 4d
electron spectra were completely overlapped each
other. Therefore, the author used the W 4f and Ta 4f

Intensity / arbitrary unit
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spectrafor XPS analyses of the surface films formed
on W-60Ta alloys. The standard spectra of tantalum
metal, tungsten metal, pentaval ent tantalum oxide and
hexaval ent tungsten oxide were used for the separation
of metallic and oxidize states of all the measured Ta 4f
and W 4f spectra, respectively. The shapes of W5*
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Fig.4. An example of (a) C 1s spectrum, (b) O 1s
spectrum and (c) the deconvolution of W 4f and Ta 4f
spectra measured for the sputter—deposited W—60Ta
aloy after immersion for 1 hin 12 M HCI solution
opentoair at 30°C.
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and W* 4f spectra were assumed to be same as the
shape of the standard W¢* spectrum. Figure 4 (c) shows
an exampl e of the deconvolution of the W 4f spectrum
as well as the Ta 4f spectrum measured for the W-
60Taalloy afterimmersionfor 1hin12M HCl at 30°C.
Four doublets of the overlapped peakscan beidentified
in the W 4f spectrum, that is, three doubl ets of W¢*,
W5 and W* states and a pair of metallic state (W™).
The peaks appear at about 35.7 and 37.8, 32.9 and 35.0,
31.8 and 33.9, 30.4 and 32.5 eV, respectively. The
integrated intensities of these W 4f spectra were
separately obtained by the same method as that
described elsewhere (Asami 1976, Asami and
Hashimoto 1977). Similarly, apair of metallic state peaks
(Ta") at about 21.5 and 23.3eV, and a doublet of Ta*
state peaks at about 26.3 and 28.1 eV can beidentified
inthe Ta4f spectrum for the W—60Taalloy.

The changesin the surface compositions of the anodic
filmsformed on the W—xTaalloysin 12 M HCl were
analyzed by XPS. Figures 5 (a) and (b) show the
changes in the cationic fractions in the surface films
and theatomic fractionsinthe underlying alloy surface,
respectively, asafunction of the polarization potential.
The cationic fractionsin the air—formed filmsformed
on as—polished specimens and atomic fractionsin the
underlying alloy surface of the as—polished specimens
after mechanical polishing are also shown for
comparison. Significant enrichment of tantaluminthe
passive films and the air—-formed films with a
consequent deficiency of the atomic fraction of
tantalum in the underlying alloy surfaceisaways seen.
The cationic fraction of tantalum in the passive films
isamost the same as the cationic composition of the
air—formedfilmfor theW-60Tad | oy, whilethecationic
composition of tantalum increases with potential for
the W-23Ta alloy when the aloy is polarized in the
transpassive potential region of tungsten [Fig. 5(a)].
On the other hand, the atomic fraction of tantalumis
independent of the polarization potential in both W—
23Taand W-60TaalloysasshowninFig. 5(b), andis
almost the same as the atomic fraction for the as-
polished specimens.

As mentioned above in Fig. 4(b), the passive film
formed spontaneously on the W—60Ta alloy consists
of oxyhydroxides of both cationsinwhich O* ionisa
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major oxygen species. Figures 6 (a) and (b) show the
quantitative results of the ratios of [OH-]/[cations]
and [O?%]/[cations] in the anodic passivefilmsformed
ontheW-23Taand W-60Taalloys, respectively, asa
function of the polarization potential. Theratio of [O*
]/[cations] is increased with increasing anodic
polarization potentials, while the ratio of [OH"]/
[cationg] is slightly decreased with the polarization
potential in the anodic direction. These results
revealed that the anodic passive films formed on the
W-23Ta and W-60Ta alloys are composed of
oxyhydroxides of both tungsten and tantalum cations
inwhich O% ionsareremarkably higher than OH-ions.

Potential / V vs SCE

Fig.5. Changesin (@) cationic fractionsin the surface
films and (b) atomic fractionsin the underlying alloy
surface for the sputter—deposited W-23Ta and W-
60Taalloys after potentiostatic polarizationfor L hin
12 M HCl solution opentoair at 30°C, asafunction of
polarization potential.
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/[ cationg] inthefilmsformed on the sputter—deposited
(a) W—23Taand (b) W-60Taalloys after potentiostatic
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Anodicfilm thickening and distribution of tungsten
ionson W—xTaalloys

It has been reported that the anodic polarization leads
to thickening of the anodic passive films for the
sputter—deposited binary tungsten—based alloys in
hydrochloric acid solutions (Bhattarai 1998).
Remarkable anodic film thickening of the sputter—
deposited tungsten—valve metal alloys was observed
at +0.2 V (SCE) or higher potentials. The distribution
of both cations of the binary tungsten—based aloys
in the anodic passive films plays important roles in
thefilm thickening of thealloys. Similarly, the change
in different oxidation states of tungsten ions in the
anodic film greatly affects the film thickening.
Therefore, effects of cations of alloy—constituting
elements, that is, tungsten ions and Ta* ions, in the
anodic film thickening of the binary W—xTaalloysare
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discussed here in detail. Figure 7 shows the changes
intheanodic film thickening of theW—xTaalloys after
potentiostatic polarizationfor 1 hin 12 M HCI solution
open to air at 30°C, as a function of potential. The
anodic polarization on the W—xTa aloys including
sputter—deposited tantalum leads to thickening of the
anodic passive film. In particular, the anodic film
thickening is clearly observed in the anodic potential

range between 0.2t0 1.2V (SCE).
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Fig.7. Changes in thicknesses of the anodic films
formed on the sputter—deposited W-23Ta and W-
60Ta alloys including tantalum metal after
potentiostatic polarizationfor 1 hin 12 M HCI solution
open to air at 30C, as a function of polarization
potential.

The distribution of both cations of the binary W—xTa
aloys, that is, W and Te** ions, in the anodic passivity
of thealloys playsimportant rolesin thefilm thickening
of the aloys. Figures 8 (a) and (b) clearly show that the
weights of both W and T&* ions are increased with
anodic polarization, athough the cationic fractions in
the surface filmsis amost constant particularly for W—
60Taalloy asshown in Fig. 5. Similarly, the changesin
different oxidation states of tungsten ion in the anodic
film greetly affect thefilm thickening. Figure 9 (a) and (b)

show the quantitative results of the changeintheweights
of W*, W5 and W® ionsin thefilmsformed onW-23Ta
and W-60Taalloys, respectively. The W ionincreases
with decreasing of W* and W** ions with anodic
polarization for 1 hin 12 M HCI at 30°C. Theseresults
reveal ed that both cations of the W—Taalloys contribute
for the anodic film thickening. The main contribution

among tungsten ions for the anodic film thickening of
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the W-Ta alloys is W¢* ions, because a relatively
stable and sparingly soluble W®* ions increase
remarkably in the anodic passivefilmin the potential
regionwherefilmthickeningisremarkablein 12 M HCI
solution. Consequently, anodic polarization resultsin
the anodic film thickening due to increase in W& and
Tab* ions.

In conclusion, a beneficial effect of tungsten and
tantalum in the passivity of the anodic passive films
formed on the sputter—deposited binary W—xTaalloys
is studied using electrochemical measurements and
XPS analysis. The quantitative surface analyses by
XPS are clarified that the improved anodic passivity
of thealloysthan those of alloy—constituting elements
is based on the formation of new anodic passive
oxyhydroxide films composed of W® and T&* ions.
These films have higher protectiveness and stability
than those of passive oxyhydroxide films of alloy-
constituting elements, that is, oxyhydroxides of
hexavalent tungsten and pentavalent tantalum after
potentiostatic polarizationfor 1hin 12 M HCI solution

opentoair at 30°C.
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Fig.8. Changes in weights of cations in the surface
filmsformed on the sputter—deposited (a) W—-23Taand
(b) W—60Taalloys after potentiostatic polarization for
1 hin 12 M HCI solution open to air at 30°C, as a
function of polarization potential.
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Fig.9. Changes in weights of W#", W5 and W®" ions
in the surface films formed on the sputter—deposited
() W—23Taand (b) W-60Taalloys after potentiostatic
polarizationfor 1 hin12 M HCI solution opento air at
30°C, asafunction of polarization potential.
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