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Abstract

In this paper, novel Nb-containing TisSiz (i.e., Tise 2Nbg 3Si37.5 and Tisg oNby» 5Si37.5) nanocrystalline coatings were deposited onto
Ti-6Al-4V substrates by a double glow discharge plasma technique. The effects of Nb alloying on the electrochemical behavior of
the TisSi; nanocrystalline coatings were systematically investigated in a naturally aerated 5 wt.% H,SOy solution, for which various elec-
trochemical techniques, including potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), potentiostatic polariza-
tion and Mott-Schottky analysis, were employed. Moreover, to evaluate the corrosion performance of the as-deposited coatings over an
extended period, their corrosion resistance was analyzed after 7 days’ immersion in a 5 wt.% H,SO, solution by EIS measurements and
observations of corroded surface morphologies. The results showed that the Tigy 5 Nb,Siz7 5 (x =0, 6.3, 12.5) nanocrystalline coatings
exhibit superior corrosion resistance compared with Ti-6A1-4V, and their corrosion resistance is enhanced with increasing Nb content,
suggesting that Nb alloying is an effective strategy for improving the corrosion protection ability of the TisSiz nanocrystalline coating.
The roles of Nb additions in enhancing the corrosion resistance of the TisSi; nanocrystalline coatings can be summarized as: (a) reducing
the residual tensile stresses of the as-deposited coatings and (b) tailoring the composition, compactness and electronic structure of the
passive films formed. These findings are expected to broaden the application of TisSi; as a highly corrosion-resistant coating for engi-
neering components operating under aggressive conditions.
© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Nanocrystalline film; Sputter deposition; Electrochemical impedance; Corrosion; Transition-metal silicides

1. Introduction

Titanium alloys are relatively new engineering materials,
possessing an extraordinary combination of properties,
such as high specific strength, good corrosion resistance
and biocompatibility. They are commonly used in aero-
space structures, space vehicles and medical devices, and
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in the petroleum and chemical industries [1,2]. The excel-
lent corrosion resistance of titanium alloys in many indus-
trial environments arises from the existence of a protective
oxide film that forms naturally upon exposure to air [3].
However, titanium alloys exhibit low corrosion resistance
in strong reducing acids such as sulfuric acids, which has
restricted their use for safety—critical applications [4].
Furthermore, under the application of static or dynamic
contact loads, the thin passive film would be -easily
destroyed. Because bare titanium alloys have a strongly
negative standard electrode potential (—1.63 V), they often
suffer galvanic and crevice corrosion as well as corrosion
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embrittlement caused by intensive interactions with the
interface material and/or the surrounding environment
[5]. In the past decade, various surface modification tech-
niques, including micro-plasma oxidation [6], laser treat-
ment [7], chemical vapor deposition [8], physical vapor
deposition [9] and ion implantation [10], have been devel-
oped to improve the resistance of titanium alloys against
abrasion and corrosion damage. Among these methods,
the application of a double glow discharge plasma tech-
nique, through the synthesis of nanocrystalline transition
metal silicide coatings, has proved to be an economical
and effective way to enhance the surface properties of tita-
nium alloys [11,12].

As a promising high-temperature engineering material,
TisSi5 has recently attracted much interest because of its high
melting temperature (2130 °C), low density (4.32 g cm ™),
excellent creep strength and high oxidation resistance
[13,14]. Moreover, highly covalent-dominated atomic bonds
endow Ti5Si3 with good chemical inertness and high hard-
ness, which has generated vigorous pursuit of TisSi; as a
wear- and corrosion-resistant coating material. Unfortu-
nately, since TisSi; has a hexagonal crystal structure, the
thermal expansion anisotropy, originating from a large dif-
ference between the coefficients of thermal expansion
(CTE) in the crystallographic ¢ and a directions (CTE(c)/
CTE(a) ratios of ~3), results in appreciable residual stresses
in the material during heating and cooling that can give rise
to microcracking [15,16]. To alleviate or eliminate this prob-
lem, alloying by substitutional elements, which acts to
change the chemical bond nature and/or refine the crystal
size, has been performed to control the degree of strain or
microcracking. For example, Thom et al. [17] suggested that
a critical grain size of pure TisSi; and carbon-containing
TisSiz is 2-3 um and 5-6 um, respectively, needed to com-
pletely avoid microcracking. Experimental observations
also indicated that the thermal-expansion anisotropy of
TisSiz exhibits a substantial reduction by replacing some of
the titanium by zirconium, niobium or chromium [18,19].
It is worth noting that previous studies focused mainly on
physical and mechanical properties, with little attention
devoted to understanding the electrochemical behavior of
TisSi; in aqueous corrosive environments. In an earlier
study, the present authors investigated the influence of car-
bon addition on the electrochemical characteristics of TisSis,
and found that the small additions of carbon have a signifi-
cantly positive impact on the corrosion resistance of TisSiz in
3.5 wt.% NacCl solution [20]. Considering the fact that Nb
not only has a high solubility in TisSi5 (~21 at.%), but also
possesses high passivating ability in diverse aqueous envi-
ronments [21,22], it is hypothesized that Nb could be a desir-
able additive to TisSiz, which acts to reduce both the residual
tensile stress and tailor the surface properties of TisSi; and,
consequently, enhance its corrosion resistance.

To test this hypothesis, two Nb-containing TisSi; coat-
il’lgS (i.e., Ti56'2Nb6.3Si37'5 and Ti50'0Nb12'5Si37'5) were
prepared by a double glow discharge plasma technique.
The microstructure of the as-deposited coatings was first

characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy and transmission electron microscopy (TEM).
Subsequently, the electrochemical behavior of the coatings
was investigated by potentiodynamic polarization, electro-
chemical impedance spectroscopy (EIS), potentiostatic
polarization and capacitance measurement (Mott—Schottky
approach) in a naturally aerated 5 wt.% H,SOy, solution.
In addition, X-ray photoemission spectroscopy (XPS)
was employed to identify the composition and chemical
bonding states of the passive films grown on the coatings
following potentiostatic polarization tests. For compara-
tive purposes, these measurements were also performed
on a TisSi; nanocrystalline coating and the uncoated
Ti-6A1-4V substrate. Finally, the roles of Nb additions
in governing the corrosion mechanisms of the TisSis
coatings were elucidated.

2. Experimental
2.1. Specimen preparation

Disk-shaped substrates, 40 mm in diameter and 3 mm
thick, were machined from a commercial Ti-6A1-4V alloy
rod. The nominal composition of this alloy in weight per cent
is: Al, 6.04; 'V, 4.03; Fe, 0.3; O, 0.1; C, 0.1; N, 0.05; H, 0.015
and the balance Ti. Prior to coating deposition, the sub-
strates were successively ground with a series of silicon car-
bide papers and finally polished with 1.5 um diamond
paste to obtain a mirror-like surface finish. The polished sub-
strates were then ultrasonically cleaned in ethyl alcohol and
dried in cold air. Three types of coatings—Tig, 5Siz7 5
(ie., TisSiz as a reference), Tise,Nbg3Sizzs and
Tiso oNby, 5Si37 s—were deposited onto the polished substrates
by a double cathode glow discharge technique, using three
targets with different stoichiometric ratios (TisoSis, TiysNbsSisg
and TiygNb(Sis, respectively). The targets were fabricated
from ball-mill Ti (—300 mesh, 99.9% purity), Nb
(—300 mesh, 99.9% purity), and Si (—200 mesh, 99.5% pur-
ity) by employing cold compaction under a pressure of
600 MPa. During the deposition process, one cathode was
the target composed of the desired sputtering materials,
and the other was the substrate. When voltages were applied
to the two cathodes, glow discharge occurred, as described
elsewhere [20]. The glow discharge sputtering parameters
can be described as follows: base pressure, 5 x 1073 Pa;
working pressure, 35 Pa; target-substrate distance, 10 mm;
target electrode bias voltage, —800 V; substrate electrode
bias voltage, —300 V; substrate temperature, 800 °C; and
treatment time, 3 h.

2.2. Microstructure characterization and composition
analysis

The phase compositions of the as-deposited coatings
were characterized by X-ray diffractometry (XRD; D8
ADVANCE with Cu Ka radiation) operating at 35 kV
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and 40 mA. X-ray spectra were collected in the 20 range
from 20° to 90° with a scan rate of 0.5° min~—'. The cross-
sectional microstructural features and chemical composi-
tion of the as-prepared coatings were examined by field
emission scanning electron microscopy (FESEM; Hitachi,
S-4800, Japan) equipped with energy-dispersive X-ray
spectrometry (EDS). The sectioned coatings were etched
using Kroll’s reagent (1% HF, 2% HNO; and 97% H,0)
for 1 min to obtain good visibility of the coating/substrate
interface. TEM was performed using a JEOL JEM-2010
microscope operated at an accelerating voltage of 200 kV.
Plane-view samples for TEM observation were prepared
by single-jet electrochemical polishing from the untreated
side of the substrate. XPS measurements were carried out
using a Kratos AXIS Ultra ESCA system with an Al Ka
(1486.71 eV) X-ray source. The accelerating voltage and
emission current of the X-ray source were kept at 12 kV
and 12 mA, respectively. The base pressure of the sample
analysis chamber was maintained at ~10~'° Torr. The pass
energy was selected at 80 eV for survey scan and 10 eV for
the features of interests (i.e., Ti 2p, Nb 3d and Si 2p) to
ensure high resolution and good sensitivity. The quantita-
tive analysis of XPS experimental data was carried out
using CasaXPS-Version 2.3.14. Shirley background type
was employed for background subtraction for each high-
resolution spectrum. The decoupling of spectra was per-
formed using Gaussian function with zero asymmetry
index. The relative sensitivity factors for each element were
obtained from the standard database of CasaXPS. The
atomic concentration of each component was determined
based on the percentage area of the component calculated
by Casa XPS software.

2.3. Electrochemical studies

A standard three-electrode system consisting of a Pt
counter-electrode, a saturated calomel reference electrode
and a working electrode made from a specimen with a
1.0 cm? exposed area was employed to carry out the electro-
chemical measurements. Throughout this work, potentials
were measured with respect to the saturated calomel elec-
trode (SCE). All electrochemical measurements were con-
ducted at room temperature, using an electrochemical
workstation (CHI 660C, Shanghai, China) in naturally aer-
ated 5 wt.% H,SOy solution prepared with analytical grade
reagent and distilled water. Prior to the electrochemical
experiment, the working electrode was reduced potentio-
statically at —0.80 V for 10 min to remove air-formed oxi-
des. The potentiodynamic polarization curves were
recorded at a scan rate of 1.0mV s~ !, starting from the
moment when the open circuit potential (OCP) reached its
steady state (usually occurring after the specimen had been
immersed in the electrolyte for ~30 min). The EIS measure-
ments were carried out using an excitation signal of 10 mV
peak-to-peak over a frequency range from 100 kHz extend-
ing up to 10 mHz at the respective OCP. The EIS experi-
mental data were analyzed and fit to appropriate electrical

equivalent circuit (EEC) using the ZSimpWin software.
Capacitance measurements for Mott—Schottky analysis
were conducted after the specimens had been potentiostat-
ically polarized at a passive potential of 0.80 V for 1 h to
form a steady-state passive film. Subsequently, the capaci-
tance of passive film covered specimen was measured at a
fixed frequency of 1000 Hz by stepping the potential in
the cathodic direction from the film formation potential
(0.80 V) to —0.20 V in 25 mV increments. This method
assumes that the thickness and structure of the passive film
and the defect concentration are “frozen-in”, while the elec-
tronic structure responds to the changing potential. Each
type of electrochemical measurement was repeated at least
three times to ensure reproducibility.

2.4. Theoretical models and computational details

First-principles calculations were performed based on
the plane wave pseudopotential within the density func-
tional theory, using the Cambridge Serial Total Energy
Package [23]. The interactions between the ionic cores
and the electrons were defined by the ultrasoft pseudo-
potentials, and the orbital -electrons of Ti-3d4s%,
Si-35%3p? and Nb-44°5s' were treated as valence electrons.
The exchange and correlation terms were treated with the
Perdew—Burke—Ernzerh functional in the generalized gradi-
ent approximation scheme [24]. An energy cutoff of 400 eV
and a4 x 4 x 6 k point mesh generated by the Monkhorst—
Pack method [25] were used for all the calculations.

For unalloyed TisSis, the calculation was performed on
a l6-atom unit cell containing two chemical formulas of
TisSi5, as shown in Fig. 1. In the case of Nb alloyed TisSis,
the crystal structure of ternary Tig s Nb,Siz; s remains
the same as unalloyed TisSiz. To generate compositions
close to experimental stoichiometries, the Tigy s Nb,Siz; 5
crystal structures were constructed using the above model,
wherein Ti atoms were replaced by 1 and 2 Nb atoms and
the corresponding Nb concentrations (i.e., ‘x’ value) were
6.25 and 12.50, respectively. The crystal structures of
Tigr 5 Nb,Si3; s were optimized using the Broyden—
Fletcher—Goldfarb-Shanno minimization method [26].
Both lattice parameters and atomic coordinates were
relaxed until the total energy tolerance was <5.0 x 10~°
eV atom ™', the maximum ionic Hellmann-Feynman force
within 0.01 eV A~!, the maximum ionic displacement
within 5.0 x 1074 A, and the maximum stress within
0.02 GPa. The Young’s modulus for binary and ternary
TisSi; with a D8g hexagonal structure was calculated based
on the Voigt—Reuss—Hill approximation [27].

3. Results
3.1. Phase composition and residual stress analysis
Fig. 2 presents the XRD patterns recorded from the bin-

ary TISSI3 and ternary Ti56.2Nb6A3Si37A5 and TisvoNb12ASSi37.5
coatings, together with the powder diffraction file data for
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Fig. 1. Calculation unit cell of three TisSi in D8g crystal structure. Ti atoms with a number of 4 and 6 denote Ti*® and Ti, respectively.

TisSiz (represented by vertical dotted lines). All the
diffraction peaks of the three coatings can be indexed to
the hexagonal DS8g-structured TisSi; phase (JCPDS Card
No. 29-1362). In comparison with the data in JCPDS card
No. 29-1362, the peak positions for the TisSiz phase shift
slightly towards higher angles for the TisSi; coating, indic-
ative of the presence of residual tensile stresses in the coat-
ing. However, with increasing Nb content, the peak
positions of TisSi; for the two Nb-containing TisSi; nano-
crystalline coatings shift to lower 260 values compared with
those of the monolithic TisSi; coating. This phenomenon
might be due to both Nb atoms being present in solid solu-
tion in the TisSi; phase and also a reduction in the residual
tensile stresses in the coatings. Because Nb and Ti in the
periodic table belong to the VB and IVB group, respec-
tively, they have similar chemical properties. The atomic
sizes of Ti and Nb are also very similar (Ti=0.145 nm
and Nb = 0.148 nm). Therefore, Nb atoms can dissolve into
TisSi; and occupy Ti sites, forming a substitutional solid
solution. Zhang and Wu [28] reported that the solubility
of Nb in TisSi; was determined as at least 21 at.% during
casting. One could speculate that the shift in the diffraction
peaks for ternary T156.2Nb6.3Si37'5 and TiSO.ONbIZASSi?ﬂ.S
coatings may originate predominantly from a decrease in
residual stress after the incorporation of Nb into TisSis.
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Fig. 2. Typical XRD patterns recorded from the as-deposited Tig, 5Si37 5,
Tise.2Nbg 3Siz7 5 and Tisg oNbjs 5Siz7 5 nanocrystalline coatings.

In order to further explore and quantify the residual
stresses in the as-deposited coatings, the lattice parameters,
Young’s modulus and Poisson’s ratio of the D8g-structured
Tigr5-\Nb,Siz7s (x =0, 6.25, 12.50) were calculated by
first-principles calculations. Table 1 summarizes the lattice
constants, Young’s modulus and Poisson’s ratio for the
DSg-structured Ti62'5,bexSi37'5 (X = 0, 625, 1250) After
deduction of the contribution of composition dependence
to the observed d-spacing for Tigy s Nb,Siz;5, a rough
estimation of the residual stresses in the as-deposited nano-
crystalline coatings can be determined using the following
expression [29]:

=5 (%a) .

where E, v, d, and d, are, respectively, the Young’s modulus,
Poisson’s ratio, d-spacing of the (21 1) plane obtained from
the experimental value and the calculated value as a strain-
free reference. The results show that the three coatings exhi-
bit residual tensile stresses in the range 2.2-7.7 GPa, which
decrease with increasing Nb content. It is worth noting that
the internal stress state within a coating plays an important
role in governing the corrosion resistance of the coating [30],
and an adverse tensile stress state could lead to inferior resis-
tance to corrosion attack in a manner analogous to stress
corrosion cracking in metals [31,32]. Owing to its hexagonal
crystal structure, TisSiz exhibits a large thermal expansion
anisotropy that could result in high residual stresses in the
resultant coating following high-temperature synthesis.
Zhang and Wu [18] reported that alloying with Nb could
significantly reduce the thermal expansion anisotropy of
TisSis3, because the substitution of Nb for Ti alters the bond-
ing states in the TisSi; unit cell. As supported by the above
calculated results, the residual tensile stress accumulated in
the TisSi3 nanocrystalline coating was significantly reduced
by Nb additions. This is expected to contribute to an
improvement in its corrosion resistance.

3.2. Microstructure characterization

Fig. 3 shows cross-sectional SEM images and corre-
sponding EDS spectra from the coatings. All coatings are
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Table 1

Calculated properties of binary and ternary TisSis, including lattice parameters, Young’s modulus (E), Poisson’s ratio, d-spacing of the (211) plane
obtained from the experiment (d,,) and calculated d-spacing of the (211) plane (dy) and residual tensile stresses.

Sample a (A) ¢ (A) E (GPa) v dy (A) d, (A) o (GPa)
Tiga.5Siz7.5 7.4662 5.1247 235.90 0.222 2.2050 2.1892 7.61
Tisg.»sNbg 25Si37.5 7.4877 5.1506 236.13 0.225 2.2131 2.2026 4.98
Tiso,oNby2 sSiz7 s 7.5066 5.1743 237.26 0.230 2.2197 2.2149 2.23

tightly adhered to the Ti-6Al-4V substrate and exhibit
dense structures with neither voids nor microcracks visible
across the breadth of the coatings. The microstructure of
these three coatings consists of two sublayers; namely,
the ~10 pum thick outer deposition layer and an inner diffu-
sion layer with thickness ~2 um. EDS analysis shows that
the outer layers have a Si/Ti or Si/(Ti+ Nb) atomic ratio
approaching the ideal value of 0.6 for the theoretical Si/
Ti or Si/(Ti+ Nb) atomic ratio in TisSi3 or (Ti, Nb)sSis,
indicating that the outer layers of the three coatings are
composed of single phase TisSiz or (Ti, Nb)sSiz. Analytical
and high-resolution TEM (HRTEM) analysis provide fur-
ther details about the microstructural characteristics of the
outer layer of the as-deposited coatings. Fig. 4a shows a
plan-view TEM bright-field image of the outer layer cap-
tured from the TisgoNbj, 5Si375 coating. Clearly, its outer
layer consists of caulifiower-like constituents with an aver-
age diameter of 180 nm, which bears a striking resemblance
to the microstructural features found in the TisSi; nano-
crystalline coating, as described elsewhere [20]. Selected-
area electron diffraction (SAED) (Fig. 4b) shows a ring
pattern consistent with the (210), (300), (222) and (410)
lattice planes of hexagonal D8g-structured TisSiz. In addi-
tion, the high-magnification TEM image (Fig. 4c) reveals
that the cauliflower-like domains are composed of petal-
like TisSi; grains with an average size of ~15nm. A
high-resolution lattice image from a selected petal in
Fig. 4d and corresponding fast Fourier transform (FFT)
pattern (inset) shows that the spacing of the lattice fringes
is 0.325 nm, which is close to the {200} planes spacing of
the hexagonal TisSi; phase.

3.3. Potentiodynamic polarization tests

Fig. 5a shows the representative potentiodynamic polar-
ization curves of the two Nb-containing TisSi; nanocrystal-
line Coatings (i.e., Ti56‘2Nb6‘3Si37.5 and Tiso_oNb12.5si37i5) n
comparison with those of the TisSi; nanocrystalline coating
and the uncoated Ti-6Al-4V substrate obtained in natu-
rally aerated 5 wt.% H,SO, solution at room temperature.
The values of the related electrochemical parameters, i.e.,
corrosion potential (E.,,), corrosion current density (icorr),
passive current density (ip,s) and anodic (f,) and cathodic
(B.) Tafel slopes were determined from the polarization
curves and are summarized in Table 2. Additionally, it is
evident from Fig. 5a that all the tested specimens are spon-
taneously passivated in the solution, as indicated by no
observable active/passive transient peaks in all the curves.

Compared with the uncoated Ti-6Al-4V substrate, the
anodic and cathodic branches of the three coatings move
simultaneously towards lower current densities, denoting
that the anodic reaction and cathodic hydrogen evolution
reaction of the three coatings occur with more difficulty.
From Table 2, the cathodic Tafel slopes (f.) of the tested
specimens are very close, in the range —121.20 to
—97.84 mV dec ™', whereas the anodic Tafel slopes (f,) of
the three coatings are considerably larger than that for
the uncoated Ti-6Al-4V substrate. According to the mixed
potential theory (Fig. 5b), the cathodic and anodic
branches shift following the order ¢0 — cl — ¢2 —c3
and a0 — al — a2 — a3, respectively, for the uncoated
Ti—6A1-4V substrate, the Ti5Si3, Ti56_2Nb6'3Si37'5 and
Tiso oNbj, 5Si37 5 nanocrystalline coatings. Such variations
result in a positive shift for E,,, and a decreased i.,,, as
shown in Table 2. With the increase in Nb content, the cor-
rosion potential (E.,) continuously shifts in a positive
direction, and both the corrosion current density (icorr)
and passive current density (ip.ss) decreased, suggesting
that the addition of Nb has a positive effect on the anticor-
rosion performance of TisSis.

3.4. Electrochemical impedance spectroscopy measurements

EIS has been broadly employed for the study of electro-
chemical behavior of coated systems in aqueous corrosive
environments [33-35]. By measuring the impedance
response of specimens to small AC potentials, much infor-
mation on the corrosion reaction, the mass transfer and the
electrical charge transfer can be obtained. Furthermore,
some important parameters associated with the passive film
(or barrier layer), such as the ohmic resistance, capacitance
and thickness, can be deduced and compared [36,37]. Fig. 6
represents the Nyquist and Bode plots of the two Nb-
containing TisSi; nanocrystalline coatings, the Ti5Si3 nano-
crystalline coating and the uncoated Ti—6A1-4V substrate
at respective OCP in naturally aerated 5 wt.% H,SO4 solu-
tion. The response for the uncoated Ti—-6Al-4V substrate in
the Nyquist complex plan is essentially a depressed semicir-
cle. The presence of depressed semicircles, often referred to
as frequency dispersion, has been attributed to high rough-
ness and inhomogeneity of the electrode surface [38,39]. In
contrast, the Nyquist plots of the three nanocrystalline
coatings display flattened and incomplete capacitive arcs
in the entire frequency range. Most notably, the complex
plan plot of the TisgoNbj, 5Si37 s nanocrystalline coating
is almost a straight line, similar to that of platinum in
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Fig. 3. Cross-sectional SEM morphologies and corresponding EDS
spectra of (a) as-deposited TigysSizzs, (b) TiseNbg3Siz7s and (c)
Tisp oNb» 5Si37.5 nanocrystalline coatings.

0.5M H,SO, solution [40], suggesting good insulating
(dielectric) properties of the protective passive film formed
on the specimen surface. It should also be noted that the
curve for the TisSi; coatings exhibits much larger diameters
of semicircles than the uncoated Ti-6Al-4V substrate,

suggesting that the application of the coatings has greatly
improved the corrosion resistance of Ti-6Al-4V. Further
enhancement in the corrosion resistance of the Ti5Si; nano-
crystalline coating is achieved by the incorporation of Nb,
as evidenced by the observation that the two Nb-contain-
ing TisSi; nanocrystalline coatings yield larger semicircle
diameters than the monolithic TisSi; nanocrystalline coat-
ing. As shown in Fig. 6b, the Bode plot of the uncoated Ti—
6Al-4V substrate shows the typical features of electro-
chemical reactions, characterized by a maximum near
—90° in the Bode-phase plot and two well-defined flat
regions in the Bode-magnitude plot [41]. In the case of
three TisSiz-based coatings, a strong capacitive behavior,
typical of passive systems, is evident in a broad frequency
range, with phase angles approaching —90° and a slope
of log|Z| vs. logfclose to —1. It is suggested that the highly
compact and stable passive films may be formed on the
coating surface, especially in the TisgoNbj, 5Siz7 s nano-
crystalline coating.

In order to provide “quantitative support” to the exper-
imental EIS results, impedance data were fitted to appro-
priate EEC using the ZSimpWin software. The equivalent
circuit model with two hierarchically distributed time con-
stants is generally used to describe coated systems
[28,33,42,43]. In the present case, the wide phase angle
maxima observed in the Bode plots of the three coatings
validates the involvement of two overlapping time con-
stants [43,44]. However, though the simulation results
show excellent agreement with the experimental data using
this treatment, the value for each of the constant phase
elements (CPE) and the associated capacitances are of the
same order of magnitude. Consequently, this makes it dif-
ficult to associate these parameters with the coating’s
response. Moreover, the errors for some of the elements
comprising the circuit are very high (~55.4%), leading to
low confidence in their values. Therefore, a modified Ran-
dles circuit, shown in Fig. 7, was employed to obtain quan-
titative information on the electrochemical performance of
the investigated specimens. The choice of this equivalent
circuit represents a compromise between having a reason-
able fit for the experimental values, limited by the software
used, and maintaining the number of circuit elements at a
minimum, and can relate these elements to the events
occurring at the electrode. In this circuit, a CPE was used
instead of a pure capacitance to take into consideration
the distributed relaxation feature of the passive films so
as to obtain a best fit. The impedance, Zcpg, of CPE is
defined by Zcpg = [Q(/'a))"]_l, where Q is the frequency
independent parameter (Q ' cm~2s"), w is the angular fre-
quency (rad s~ '), j is the imaginary number, and the factor
n, defined as a CPE power, is an adjustable parameter that
always lies between 0.5 and 1. When n=1, the CPE
behaves as a pure capacitor; for 0.5<n <1, the CPE
describes a distribution of dielectric relaxation times in
the frequency domain; and when n = 0.5, the CPE repre-
sents a Warburg impedance with diffusion character. The
physical significance of the circuit elements is as follows:
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Fig. 4. Plan-view of (a) TEM bright-field image and (b) SAED pattern of the as-deposited TisgoNbj, 5Si37 5 nanocrystalline coating; (c) local magnifying
image and (d) HRTEM image of the cauliflower-like clustered domain in the Tisg ¢Nby5.5Si37 s nanocrystalline coating. The inset in (d) is the FFT pattern

of local cauliflower-like clustered growth domain.

R, is the solution resistance, and CPE and R, are the
constant phase element and polarization resistance, respec-
tively. Table 3 compiles the numerical values of circuit
elements from the fitting procedure. The chi-squared (%)
values of the order of 107°-10"* indicate satisfactory
agreement between the experimental and simulated data.
The parameter R, including the contributions of the
charge-transfer resistance, the passive film resistance and
the migration of point defects mediating the growth of
the passive film and dissolution of metal through it, can
be used to evaluate the corrosion resistance of the
investigated specimens [45]. From Table 3, R, increases
from 4.65 x 10*Qcm? for the Ti-6A1-4V substrate to
1.49 x 10°Qcm? for TisSi; coating and further to
3.55 x 10° and 4.36 x 10°Qcm® for the specimen
protected by the Ti56,2Nb6,3Si37.5 and Tiso,oNb12_58i37'5
nanocrystalline coating, respectively. Nearly two orders
of magnitude improvement in R, were achieved by imple-
mentation of the three TisSiz-based coatings. Considering
the fact that the resistance values obtained from EIS data
are highly dependent on the solution in which the measure-
ments are made, the capacitance values are independent of
the solution conditions and are therefore a much more

reliable means of determining electrochemical properties
of electrode [36]. The values of effective capacitance (C)
of the investigated specimens can be converted from CPE
through the Brug approach [46], as described by Eq. (2).

o Un 1 1 n—1/n s

The values of C for the Ti-6Al-4V substrate, TisSis,
Tise 2Nbg 3Si37. 5 and Tisg gNby, 5Si37 s nanocrystalline coat-
ings are, respectively, 38.38, 5.98, 4.92 and 4.49 pF cm 2,
Much lower values of C for the three coatings reflect higher
insulating properties of the passive films formed on their
surfaces compared with that grown on the uncoated Ti-
6Al-4V substrate. Moreover, the time constant (1),
expressed as 7= C x R, can be used to describe the rate
of relevant electrochemical process [47]. As shown in
Table 3, the t values of the two Nb-containing nanocrystal-
line coatings are significantly larger than that of the TisSi3
coating and about one order of magnitude greater than
that of the uncoated Ti—6A1-4V substrate, indicating that
the presence of Nb has an obvious retarding effect on the
electrochemical corrosion process of the TisSi; nanocrys-
talline coating.



252

(a)

i(Acm?)

} —v— Ti-6Al1-4V
107 4 ® —o— Tig.581375
10" 4
—*— Tis0,0Nb12.5Si375
1072 T T T T T ¥ T '
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V vs. SCE)
(b) ~ A
a°
e
c! a'
.3
) 3
-5 ¢ !
- Ti-6Al1-4V
n.8 // | —— Tig5Si375
;1 E ——— Tisp.0Nby2.5Si375
COIT; corr '
i -
Ecﬂrl‘ E

Fig. 5. (a) Representative potentiodynamic polarization curves for the
two Nb-containing TisSi3 nanocrystalline coatings, TisSi; nanocrystalline
coating and the uncoated Ti-6Al-4V alloy in a naturally aerated 5 wt.%
H,SO, solution; (b) Mixed potential theory applied to schematically
interpret the changes in E.. and i.,. Curve a is for the anodic
semireaction, and curve c is for the cathodic semireaction.

3.5. Immersion tests

To investigate the effect of Nb alloying on the corrosion
resistance of the coated specimens in naturally aerated
5 wt.% H,SO,4 solution over an extended period of time,
EIS measurements and corroded surface examinations
were conducted. Fig. 8 presents the impedance spectra of
the three as-deposited nanocrystalline coatings and the
uncoated Ti—6Al-4V substrate after immersion for 7 days
in 5 wt.% H,SO4 solution. In comparison with the imped-
ance response shown in Fig. 6, no significant change in

Table 2
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Fig. 6. (a) Nyquist and (b) Bode plots of the two Nb-containing TisSi3
nanocrystalline coatings, the TisSi; nanocrystalline coating and the
uncoated Ti-6Al1-4V substrate at respective OCP in a naturally aerated
5 wt.% H,SOy4 solution. Symbols are experimental data and solid lines are
fitting results.
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Fig. 7. Electronic equivalent circuit used in the fitting procedure of the
EIS data.

impedance behavior is detectable for the two Nb-contain-
ing TisSi; nanocrystalline coatings after the immersion,
as shown by the diameter of capacitance semicircle and
the phase angle maximum. This indicates that the two
Nb-containing TisSi; nanocrystalline coatings have

Electrochemical parameters extracted from potentiodynamic polarization curves of investigated specimens in a naturally aerated 5 wt.% H,SO4 solution.

Samaples T176A144V Ti62.55i37.5 Ti56‘2Nb6.3Si37.5 TiSO,ONbIZ,SSi37.5
Eoore (V vs. SCE) —0.20 —0.12 —0.10 —0.08

Ba (mV/decade) 58.01 208.46 233.32 243.37

—p. (mV/decade) 111.11 97.84 119.64 121.20

fcorr (A cm™2) 9.63 x 1077 3.10 x 1078 2.02 x 1078 9.41 x 10™°
fpass” (A cm™?) 8.07 x 107° 6.49 x 1077 2.84 x 1077 292 %1077

* The passive current densities were derived at 0.80 V vs. SCE.
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Table 3

Electrochemical parameters derived from impedance fitting for investigated specimens in a naturally aerated 5 wt.% H,SOy solution.

Samples Ti-6Al-4V Tie2.5S137.5 Tise.2Nbg 35137 5 Tis0.0Nb2 58137 5
R, (Qcm?) 10.74 £ 0.04 3.51 +0.04 10.97 £0.12 8.00 & 0.09

CPE (x107°Q 'cm 25" 58.97 +0.29 12.37 4+ 0.06 11.3540.10 11.88 4 0.02

n 0.945 =+ 0.001 0.933 £ 0.001 0.915 =+ 0.002 0.905 =+ 0.003

R, (Qcm?) (4.65 + 0.04) x 10* (1.49 + 0.05) x 10° (3.55+0.11) x 10° (4.36 + 0.08) x 10°
C (uF cm™?) 38.38 5.98 4.92 4.49

7 (s) 1.78 8.91 17.47 19.58

P 473 x 1074 7.56 x 107 1.92 x 1073 1.03 x 1073

excellent corrosion stability when immersed in the 5 wt.%
H,SOy, solution over 7 days, which is further substantiated
by SEM observations. As shown in Fig. 9a and b, the cor-
roded surfaces of two Nb-containing TisSi; nanocrystalline
coatings are very smooth and devoid of localized corrosion
attack. Similarly, the impedance response of the uncoated
Ti-6Al-4V substrate shows no obvious difference before
and after immersion for 7 days in 5 wt.% H,SO4 solution.
As shown in Fig. 9¢, the uncoated Ti-6Al-4V substrate
has undergone some degree of corrosive damage, showing
o+ B two-phase lamellar structure, often exposed by
metallographic etching. The impedance spectra of the
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Fig. 8. (a) Nyquist and (b) Bode plots of the two Nb-containing TisSi3
nanocrystalline coatings, the TisSi; nanocrystalline coating and the
uncoated Ti-6Al-4V substrate after immersion in a naturally aerated
5wt.% H,SO4 solution for 7 days. Symbols are experimental data, and
solid lines are fitting results.

above three specimens can be fitted with the equivalent cir-
cuit model shown in Fig. 7 and the circuit parameters are
summarized in Table 4. However, for the TisSiz nanocrys-
talline coating, the impedance spectrum is distinctly
different from the equivalent circuit model shown in
Fig. 7. The magnified inset in Fig. 8a reveals that, after
immersion for 7days in 5wt.% H,SO4 solution, the
Nyquist plot of the TisSi; nanocrystalline coating shows
a depressed semicircle at high frequencies, together with a
straight line with a slope of roughly 45° at low frequencies.
The former represents the charge transfer-controlled reac-
tion, whereas, the latter reflects a diffusion-controlled
mechanism, also known as Warburg diffusional behavior
[42]. Furthermore, two time constants are well distin-
guished in the Bode plot, implying the existence of defects
in the coating surface [33]. As shown in Fig. 9d, a pit with
diameter ~15 pum is observed and, moreover, coating
delamination is also visible around the pit edges. Therefore,
the equivalent circuit presented in Fig. 10 was applied to
model the impedance data of the TisSi; nanocrystalline
coating after immersion for 7 days in 5 wt.% H,SO, solu-
tion. A perfect fit to the experimental data indicates that
the proposed equivalent circuit is appropriate to evaluate
quantitatively the corrosion resistance of the TisSi; nano-
crystalline coating. In this circuit, Ry is the solution resis-
tance, R; is the coating resistance, R, is the charge
transfer resistance, CPE; and CPE, are the constant phase
elements modeling the capacitance of the coating and elec-
trical double layer, respectively, and W is the Warburg
impedance, accounting for the semi-infinite diffusion
process of the charging species [48]. The diffusion process
is regarded to be associated with the accumulation of cor-
rosion products in the pores of the coatings, resulting in the
formation of infinite length diffusion paths [42]. From the
circuit parameter values shown in Table 4, it is obvious
that, after the immersion for 7 days in a 5 wt.% H,SOq4
solution, the TisSi; nanocrystalline coating shows a more
than two orders of magnitude decrease in the polarization
resistance (R; + R»), signaling the catastrophic deteriora-
tion of the coating. For the Tisq,Nbg3Siz;s and
Tisg oNbj, 5Si37.5 nanocrystalline coating, the polarization
resistance (R,,) is, respectively, 1.46 and 2.21 times larger
than the original value, which may be related to the
thickening of the passive film. In the case of the uncoated
Ti-6Al1-4V substrate, the values of polarization resistance
are comparable before and after the immersion tests.
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(a) Tisﬁ_szﬁ_SSiy_5 nanocrystalline coating

(C) Untreated Ti-6Al1-4V alloy

(b) Ti,, oNb,, ;Si;, ; nanocrystalline coating

(C))

Tig, ;Siz7 5 nanocrystalline coating

Fig. 9. SEM surface morphologies of (a) the Tiss ,Nbg 3Si37.5 nanocrystalline coating, (b) the Tisg o(Nbj, 5Si37.5s nanocrystalline coating, (c) the uncoated
Ti-6A1-4V alloy and (d) the Tig 5Si37.5 nanocrystalline coating after immersion in a naturally aerated 5 wt.% H,SO, solution for 7 days.

4. Discussion

Alloying has been used frequently as an effective strat-
egy to enhance a material’s corrosion resistance, in part
based on the fact that the minor alloying elements can
migrate into passive films and modify their properties
[22,49-52]. Tt is worth noting that niobium (Nb) possesses
high passivating ability in diverse aqueous environments
[53-55] and has been selected, for example, as an alloying
element to improve the corrosion resistance of titanium
alloys [22,56,57]. In the present work, Nb was added to
the TisSi3 nanocrystalline coating as an alloying element,
which markedly improved the corrosion resistance of the
resultant coatings, as shown by the results of potentiody-
namic polarization and EIS measurements. For a better
understanding of the beneficial effect of Nb additions on
the corrosion performance of the coatings, the chemical
composition, stability and electronic properties of the pas-
sive films formed on TisSi3 and Tisg oNb;, 5Si37 5 nanocrys-
talline coatings were further characterized by XPS,
potentiostatic polarization and Mott-Schottky analysis.

4.1. Influence of Nb addition on the stability of passive film

The compactness of the passive film is one of the key
factors that influence the stability of a passive film. A
higher compactness imparts the passive film with a greater
protective ability to obstruct the permeation of aggressive

ions into the film [43]. In order to analyze the compactness
of the passive film, the variation in current density with
time for each specimen after cathodic reduction was mea-
sured at a fixed potential (0.80 Vscg). According to the lit-
erature [58], if the contribution of the double layer charge is
negligible, the initial decrease in current density can be
related to the growth of a passive film on the electrode sur-
face. The current density decreases with time according to
the following relationship [59]:

i = 10—(A+klgt) (3)

where i represents the current density, ¢ is time, A4 is
constant, and k represents the slope of the double-log plot
for potentiostatic polarization, reflecting the compactness
of the passive film; k = —1 indicates the formation of a
compact, highly protective passive film, while k= —0.5
indicates the presence of a porous and diffusion-controlled
film. Fig. 11 presents the double-log plots of current
density—time for the two coatings and the uncoated Ti—
6Al-4V substrate potentiostatically polarized at 0.80 Vycg.
As shown in Fig. 11, k values for the passive films grown
on the uncoated Ti-6Al-4V substrate, the TisSi; and
Tiso oNbj, 5Si37 5 nanocrystalline coating are, respectively,
—0.70, —0.89 and —0.97, indicating that the compactness
of passive films increases in the following sequence:
Ti-6Al-4V < TISSI3 < Ti50.0Nb12_5Si37.5. The passive films
grown on the two nanocrystalline coatings have superior
compactness compared with that formed on the uncoated



Table 4

Equivalent electrical circuit parameters of the investigated specimens after immersion in a naturally aerated 5 wt.% H,SOy solution for 7 days.

CPE

Samples

(Qcm?)

(QAI Cm‘Z S")

Q cmz)

1.70 x 1073

(3.57 £ 0.06) x 10*
(5.17 £ 0.78) x 10°

(9.62 +2.22) x 10°

0.853 4+ 0.002
0.891 + 0.001
0.916 £ 0.001

Ry (Qcm?)

7.48+0.07  (6.64+0.06) x 1075

Ti-6A1-4V
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25.80+1.82

0.720 £ 0.012

(2.13+£021) x 1074

6.97 £0.04

Tig2.55137.5
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Ti—6Al-4V substrate. These results also demonstrate that
the compactness of the passive film on TisSi; nanocrystal-
line coating can be improved by alloying with Nb, which
may be attributed to the higher chemical stability and the
lower solubility of Nb oxide with respect to TiO, in acidic
media [57]. The passive film with higher compactness is
effective in preventing the penetration of corrosive species
into the underlying coating, and thus retards the corrosive
damage of the coating.

4.2. Influence of Nb addition on the chemical composition of
passive film

Since the chemical composition and the bonding config-
uration of constituent elements of the passive film are
important to its stability and performance, XPS analysis
was performed on the surface of the two coatings subjected
to the electrochemical treatment. In doing so, a better
understanding of the effect of Nb additions on the corro-
sion resistance of the TisSiz; coating may be forged.
Fig. 12 displays the XPS data obtained from the TisSi3
and TisooNbj,5Siz7 5 nanocrystalline coatings potentio-
statically polarized at 0.80 Vscg for 1 h in naturally aerated
5wt.% H,SO4 solution. As shown in Fig. 12a, the XPS
spectra over the wide binding energy region for both of
the two coatings exhibit peaks for Ti, Si, O and C, includ-
ing Nb peaks for the Nb-containing TisSiz coating. The
recorded C 1s spectrum exhibiting a peak at ~284.8 eV
possibly arises from a contaminant hydrocarbon layer
covering the specimen surface. Fig. 12b-d shows the
high-resolution XPS spectra of the two as-deposited coat-
ings, where the experimental data with their respective
curve fittings are presented. The Ti 2p spectrum
(Fig. 12b) of the TisSi; coating presents one spin orbit dou-
blets of Ti 2p,/, and Ti 2p3/, with respective binding ener-
gies of 464.3 and 458.6 eV, corresponding to TiO, [56]. It is
worth mentioning that the binding energies of the Ti 2p
peaks for the TisooNbjs5Siz75 coating shift slightly
towards the lower values compared with that of the TisSi3
coating, presumably owing to the incorporation of Nb into
the TiO, lattice [60]. The Si 2p spectra (Fig. 12c) show a
single peak centered at 103.4 eV in accordance with the
published reference values for SiO, [49]. The Nb 3d spec-
trum (Fig. 12d) recorded from the Tiso oNby, 5Si37 5 coating
consists of two peaks with binding energies of 207.2 and
210.0 eV, corresponding to the 3ds/, and 3ds/, components
of Nb>*, respectively [53]. The dominant constituent of the
passive films formed on the two as-deposited coatings
derives from quantitative evaluations of the deconvoluted
spectra and the surface composition of the passive films
determined using integrated intensities of XPS survey
spectra. The results show that, by adding 12.5 at.% Nb into
TisSi3, a decrease in the content of TiO, occurs from 54.7
to 43.6 at.%, accompanied by an increase in the SiO, con-
centration from 45.3 to 51.6 at.% together with formation
of 4.8 at.% NDb,Os. Notably, the passive film formed on
the Nb-containing TisSi; coating is enriched with higher
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Fig. 10. Equivalent circuit used to model the impedance data of the
Tisy.5Si37.5 nanocrystalline coating after immersion in a naturally aerated
5 wt.% H,SO, solution for 7 days.

concentrations of SiO, than that formed on the Ti5Si; coat-
ing, which is presumably due to the addition of Nb.
Regarding the role of silicon in the improved corrosion
resistance of Si-containing alloys and intermetallics, vari-
ous explanations, based on the changes in the chemical
composition and the electronic properties of the passive
films, have been proposed by different authors [49,61,62].
Since SiO, exhibits a higher dielectric characteristic and
chemical stability than TiO, [49,63], a SiO,-rich passive
film formed on a Nb-containing TisSi; nanocrystalline
coating is presumed to possess higher capacitive character
and may also be responsible for the enhanced compactness.

4.3. Influence of Nb addition on the electronic properties of
passive film

In addition to the structural and compositional informa-
tion garnered above, the electronic properties of the passive
film are valuable in an attempt to develop a mechanistic
understanding of corrosion in the coating samples. Mott—
Schottky analysis based on impedance measurements is a
powerful in situ technique for assessing the electronic prop-
erties of the passive film. It has been used successfully in the
past for the characterization of passive films formed on dif-
ferent passive materials [37,40,64]. According to semicon-
ductor physical theory, the Mott-Schottky relationship
expressing the potential dependence of the space charge
capacitance Cy. of a semiconductor film under depletion
condition is described by Eq. (5) [65]:

107 5
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E 10° 4
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Fig. 11. Current vs. time plots for the two TisSi; coatings and the

uncoated Ti-6Al-4V alloy at 0.80 Vscg in a naturally aerated 5 wt.%
H,SO, solution.
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where C is the measured capacitance, Cy is Helmholtz
capacitance, assumed to be constant with value of
20 puF cm ™2 [66], &, is the dielectric constant of the passive
film, & is the vacuum permittivity (8.854 x 107'* Fem ™),
g 1s the elementary charge (+e for electrons and —e for
holes), N is the density of charge carriers (N4 for donors
and N, for acceptors), E is the applied potential, Eg, is
the flat band potential, k& is the Boltzmann constant
(138 x 1002 JK 1), and T is the absolute temperature
(298 K). The value of kT/q can be neglected, because it is
only ~25mV at room temperature.

Fig. 13 shows the measured Mott-Schottky plots for the
passive films formed on the TisyoNb;»sSiz7 5 and TisSi3
nanocrystalline coatings, as well as on the uncoated Ti-
6Al1-4V substrate at 0.80 Vgcg for 1 h in naturally aerated
5 wt.% H»SOy4 solution. All the measured Mott—Schottky
plots exhibit a linear region with a positive slope, indicating
that the passive films formed on these tested specimens exhi-
bit n-type semiconductor properties. For an n-type semicon-
ducting passive film, the parameter N, refers to donor
density (Ng4) in the space charge region, and the donors are
usually some positively charged non-stoichiometric point
defects, including oxygen vacancies and cation interstitials
[50,67]. For the uncoated Ti—-6Al-4V substrate and the
TisSi; nanocrystalline coating, as shown in Fig. 13a and b,
a potential region (at ~—0.20-0.10 Vscg) with approximate
constant CS’C2 can be identified, reflecting the potential inde-
pendence of the measured capacitance. This phenomenon
has also been observed by other researchers and has been
ascribed to different factors [68—70]. For example, Carmezim
et al. [68] studied the semiconducting behavior of Cr-oxide
films deposited on stainless steels and reported that such a
phenomenon originated from the amorphous character of
the oxide film. Conversely, Jiang et al. [69] implemented a
non-linear fitting method to investigate the semiconducting
properties of passive films of Ni-based alloy. They found
that an outer p-type hydroxide layer contributed predomi-
nantly to the non-linear section in the Mott-Schottky plot.
The methodology proposed by Jiang et al. applies to the
bipolar passive films with n—p heterojunction structure, as
represented by the passive films formed on the various
Fe-Cr alloys [69-71]. According to the results of XPS
analysis, the passive films formed on the two as-deposited
nanocrystalline coatings are a mixture of diverse oxides,
such as TiO,, Nb,Os and SiO,, all of which are characterized
by n-type semiconducting properties. Therefore, such a phe-
nomenon occurred in the Mott-Schottky plots is believed to
be associated with the amorphous nature of the passive films
formed. For the TisooNby, 5Si37 5 nanocrystalline coating,
the absence of the horizontal potential region in the Mott—
Schottky plot (Fig. 13c) is attributable to the limitation of
the potential window.



J. Xu et al. | Acta Materialia 63 (2014) 245-260 257

(a) =
= @)
g
7 <] Z
_ Q Tig.sSizs E E S
Z \
SVDRTPIRPIEL SR S @
S L S& &
= 2R E.'—
‘G T
= P
= . . .
= Tis0.0Nb12.55i37.5 b
MvJ*J é% g :
Mgt sy ”J
)
: | ""‘E""\Q:A
1100 1000 900 800 700 600 500 400 300 200 100 O
Binding energy (eV)
(c) i
Si4+ Si 2p
poe)
e
Tie2.58137.5 £ OOQ
—_ 9] 9}
N M(fo@ &)
§ et Moo
>
= ¢
: 7o
2 ()) Q)
= & O
. . ol %)
Tis.0Nb12.55i37.5 f;) Q
/n*/égf %&Qtfﬁ?ﬁgﬁﬁﬁadnﬁn?x/zx
&

T T T T T
110 108 106 104 102 100 98
Binding energy (eV)

Ti 2p

(b) o

Intensity (CPS)

468 466 464 462 460 458 456 454
Binding energy (eV)

Nb 3d

Nb5+

Tis0.0Nb125Si37.5

Nb5+

Intensity (CPS)

T T T T T
210 209 208 207 206 205 204
Binding energy (eV)

T T
213 212 211

Fig. 12. (a) XPS survey spectra and (b) XPS core level spectra of the Ti 2p, (¢) Si 2p and (d) Nb 3d for the passive films formed on the TisSi; and
Tiso0Nby». 551375 nanocrystalline coatings after potentiostatic polarization at 0.80 Vscg for 1 h in a naturally aerated 5 wt.% H,SO, solution.

The dielectric constant (e,) of the respective passive films
formed on the two as-deposited nanocrystalline coatings
was determined based on the composition of the passive
films derived from the XPS analysis and the mixture rule
[72], where values of 60 [64], 41 [54] and 4.34 [64] are taken
for pure TiO,, Nb,Os and SiO,, respectively. The corre-
sponding electrochemical parameters were then calculated
and presented in Table 5. It can be seen that the donor
density (Ng) is the highest for the passive film developed
on the uncoated Ti-6Al-4V alloy (7.27 x 10*° cm™3),
followed by the TisSi; (2.84 x 10*°cm™®) and
Tiso.oNby25Sis7s (1.37 x 10*° cm ™) coatings. The signifi-
cant difference in N4 for the three specimens reflects a
pronounced variation in the number of oxygen vacancies
and/or cation interstitials in the passive films. It is com-
monly accepted that the carrier density (N4 or N,) is closely
related to the stability and conductivity of the passive film,
which in turn determines the corrosion resistance of the
coating material underneath [37,51,71,73]. The higher car-
rier density is associated with more disordered structure of
the passive film, and the lower carrier density signifies a
more stable and dielectric passive film. Thus, the TisSi3
nanocrystalline coating exhibits a higher passive film stabil-
ity and, thus, greater corrosion resistance compared with
the uncoated Ti-6A1-4V substrate, which is in good agree-
ment with the results of the potentiodynamic polarization

tests (Fig. 5). Furthermore, compared with the TisSi; coat-
ing, the donor density of the TisgoNbj, 5Si37 5 coating is
reduced by ~52%, and such a decrease in N4 stems from
the doping effect induced by the substitution of Nb for Ti
in TiO,. Owing to the similarity in atomic radii of Nb
and Ti, the ionized Nb atoms could be incorporated into
the passive film by substituting Ti*" cations as donors, as
indicated by the Ti 2p binding energy shift observed in
XPS analysis (Fig. 12b). This, in turn, results in the annihi-
lation of oxygen vacancies by charge compensation and
makes the passive film less defective with stronger protec-
tion [22].

The flat band potential (Ep,) is a critical parameter used
to determine the positions of the semiconductor energy
bands with respect to the redox potentials of electro active
ions in the electrolyte. These positions are governed mainly
by the charge transfer across the semiconductor/electrolyte
interface, the contact potential between semiconductor and
electrolyte, and the stability of the semiconductor. Accord-
ing to the energy-band model [74], for a sample covered
with an n-type semiconducting passive film, it behaves as
a conductor at potentials more negative than the passive
film’s flat band potential, as the passive film enters an accu-
mulation mode. In contrast, at potentials more positive
than Ep,, the band bending creates a barrier (space charge
layer) to electron transfer, and the sample shows a dielectric
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Fig. 13. Mott-Schottky plots of the passive films formed on (a) uncoated
Ti—6Al-4V alloy, (b) Tig 5Siz7s nanocrystalline coating and (c) Tisg o
Nb;,5Si375 nanocrystalline coating potentiostatically polarized at
0.80 Vsck for 1 h in a naturally aerated 5 wt.% H,SO4 solution.

characteristic. Although a precise determination of the flat
band potential is often complicated by the presence of sur-
face states and defects unavoidably connected with the
nanometer size of the passive film [75,76], the information
on Ejg, provides useful guides to the understanding of elec-
trochemical behavior. Many researchers have demonstrated
that there was an intrinsic relationship between the local-
ized corrosion resistance and the flat band potential of the
passive film [77-79]. As shown in Table 5, the flat band

Table 5

Electrochemical parameters derived from the Mott-Schottky measure-
ments for the passive films formed on the investigated specimens in a
naturally aerated 5 wt.% H,SOy4 solution.

Samples T1*6A144V Ti62_5Si37_5 Ti50_0Nb12_5Si37_5
Ng (x10%° em™3) 7.27 2.84 1.37
Eg (V vs. SCE) —0.21 —0.27 —0.86
s (nm) 3.03 411 6.38

potential of the uncoated Ti—-6Al-4V substrate, the TisSi3
nanocrystalline coating and the Tisg ¢Nbj5 5Si37 5 nanocrys-
talline coating is —0.21, —0.27 and —0.86 Vscg, respec-
tively. As pointed out by Szklarska-Smialowska [77] and
Schmidt et al. [78], the oxide film with a lower Eg, shows
dielectric behavior at a larger potential range and exhibits
a higher resistance to pitting. As a result, one might antici-
pate that the passive film stability would increase in the
order: Ti-6A1-4V < TISSI3 < TisoioNb12A55i37.5.

Generally, the thickness of the space charge layer scales
directly with that of the passive film. Thus, a thicker pas-
sive film would be less prone to dielectric breakdown
[80]. Rodriguez and Carranza [81] also suggested that the
thickness of the passive film would be equal to that of
the space charge layer if the charge were uniformly distrib-
uted across the film. The thickness of the space charge layer
(0s) for an n-type semiconducting passive film can be esti-
mated by the following equation [64]:

26,6 ™\ 12
Se = L‘”’ & (E—Eﬂ,—%)] (6)

Table 5 shows that the Tiso oNby, 5Si37.5 nanocrystalline
coating possesses the largest dy (6.38 nm), while the
uncoated Ti-6Al-4V substrate has the smallest O
(3.03 nm) among the tested specimens. On these grounds,
the addition of Nb to TisSiz can promote the formation
of a thicker passive film.

5. Conclusions

Two Nb-containing TisSiz nanocrystalline coatings were
deposited onto a Ti-6Al-4V substrate. The functional roles
of Nb in enhancing the corrosion resistance of the coating
were explored. The Nb-containing coatings consist of cau-
liflower-like structural components with an average diame-
ter of 180 nm, which is composed of petal-like TisSi3 grains
with an average size of ~15 nm. The electrochemical prop-
erties of the newly developed coating were investigated in
naturally aerated 5 wt.% H,SO, solution using various
electrochemical and surface characterization techniques.
The following conclusions can be drawn:

(1) Nb atoms can dissolve in TisSi3 to occupy Ti sites in
the TisSiy lattice, forming a substitutional solid solu-
tion and, thus, reduce the residual tensile stress built
up in the coating.

(2) Nb alloying can appreciably lower the passive current
density and enhance the polarization resistance of the
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TisSiz nanocrystalline coating in naturally aerated
5 wt.% H,SOy solution, thus improving its corrosion
resistance.

(3) Nb alloying also promotes the enrichment of SiO, in
the passive film formed on the TisSi; coating. This
leads to an increase in both the thickness and com-
pactness of the passive film formed on the coating.

(4) The passive films formed on the TisSi3 coatings exhi-
bit n-type semiconducting properties, and Nb alloy-
ing can markedly reduce the donor densities of the
passive film.

(5) After immersion for 7 days in 5 wt.% H,SO, solution,
no significant change in impedance behavior was
observed for the Nb-containing TisSi; nanocrystal-
line coatings, whereas the TisSi; nanocrystalline coat-
ing suffered serious corrosion damage, which suggests
that Nb alloying may improve the long-term corro-
sion stability of the TisSi3-based nanocrystalline coat-
ing in 5 wt.% H,SOy, solution.
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