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Tantalum (Ta) coatings have been widely used as a corrosion-resistant material in the aerospace, weapon
equipment, and nuclear industries. However, the widespread use of these coatings is hindered mainly by
selective corrosion. In this work, the selective corrosion of Ta coatings is reduced via anodic oxidation.
The microstructure and thickness of the coatings were evaluated through scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) depth profiles. Moreover, XPS was also used to
determine the valence state and surface composition of the coatings. Furthermore, the corrosion-
resistance behavior of the coating was investigated using an electrochemical workstation. The results
revealed that the oxide film on the surface of the coating was still Ta,Os after anodization, and the film
thickness (i.e., 150 nm) was approximately five times greater than that of the natural oxide. Furthermore,
the anodic oxidation process reduced the formation of an island structure, improved the compactness of
the Ta coating, and reduced chloride ion transport. More importantly, the corrosion current density of
the Oxide/Ta/Mo (anodic oxidation) coating decreased by 26.47% (from 0.034 A-cm 2 to 0.025 A-cm?)
and the self-corrosion potential increased by 36.84% (from -0.38 V to -0.24 V). This work can serve as
a reference for improving the corrosion resistance of Ta coatings.
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1. INTRODUCTION

Tantalum (Ta) coatings have attracted increasing attention in the aerospace, weapon equipment,
and nuclear industries, due to their high corrosion resistance, high temperature stability, and excellent
biocompatibility [1-3].

However, these coatings are quite susceptible to selective corrosion, where the natural oxide film
is easily destroyed during usage [4]. Various attempts have been made to solve this problem. Many
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studies have shown that plastic deformation, barrier protection, and anodic oxidation are simple and
effective in reducing the selective corrosion of materials [5-7]. Ma et al. [5] showed that cold rolling
deformation had a dual effect on the corrosion resistance of the alloy. High strain rolling deformation
increased the corrosion resistance and low strain rolling has the opposite effect. Asgari et al. [6]
investigated the corrosion resistance of coatings by considering barrier protection, which depends
strongly on the zinc layer chemical composition.

Compared with plastic deformation and barrier protection, anodic oxidation is a common and
simple surface treatment method, where an electrochemical treatment leads to the formation of a
substantial uniform corrosion-resistant film [8-11]. The effect of anodic oxidation on the corrosion
resistance of aluminum and titanium alloys has been extensively investigated. For example, Wang et al.
[12] showed that this treatment can lead to a significant improvement in the thickness and density of an
oxide film. This indicated that an electrochemical treatment can change the growth of the film, thereby
forming a substantial uniform corrosion-resistant film. Zubillaga et al. [13] investigated the corrosion
protection of anodic alumina films, and found that the adhesion performance of these films improved
after anodization. Ingrid et al. [14] reported that anodic oxidation can improve the polarization resistance
and reduce the corrosion current density, thereby improving the corrosion resistance. Nevertheless,
plastic deformation and barrier protection yield improvements in the oxide film associated with the
corrosion resistance. Including an appropriate anodic oxidation treatment in the treatment processes will
reduce or even eliminate the negative effect of Ta on selective corrosion. However, the mechanisms
governing selective corrosion are still unknown, and hence controlling this corrosion is difficult.

In this work, we formed an anodic oxide film on the Ta coating surface using an anodization
process. The microstructure of this film was determined via scanning electron microscopy (SEM).
Similarly, the chemical composition was determined by means of X-ray photoelectron spectroscopy
(XPS) and XPS depth profiling. Subsequently, the corrosion characteristics and properties of the oxide
film were investigated by obtaining the polarization curves and performing electrochemical impedance
spectroscopy (EIS) measurements.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1 Preparation of Ta coating on Mo

Ta coatings were prepared by means of chemical vapor deposition (CVD) using a vertical tube
reactor. The raw materials used were a Ta plate (2 99.99 wt.%) and Mo plate (60 mmx40 mmx30 mm),
and the oxidation gas and reducing gas were, respectively, Cl> and Hz with a purity of more than 99.9%.
The chlorination chamber and the surface treatment substrate were heated using an electric furnace and
a medium frequency induction furnace, respectively. During the deposition process, the pressure in the
deposition chamber was maintained at ~105 Pa, and the flow rates of Cl> and H> were 50-200 mL/min
and 400-600 mL/min, respectively. The total thickness of the Ta coating was ~2 mm. The substrate (Mo
plate) and the deposited material (Ta coating) were separated by means of wire cutting and chemical
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etching(The samples marked as Ta/Mo). A schematic showing the CVVD preparation of the coating is
presented in Figure 1.
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Figure 1. Schematic of tantalum coating prepared via chemical vapor deposition (CVD) (a) and structure

of the coating (b).
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The main reactions that occur during the CVD process are as follows:
2Ta+5Cl,(g) — 2TaCl, (1)

2TaCl,+5H, (9) — 2Ta+10HCI(g) (2)

2.2 Anodic oxidation treatment of Ta/Mo

Anodic oxidation used for treatment of Ta/Mo (the treated sample was labelled as Oxide/Ta/Mo).
In order to prepare Oxide/Ta/Mo samples, a graphite plate was used as the cathode electrode, and a
tantalum coating sample was used as the anode electrode. All samples were degreased with ethanol and
then acetone to remove the contaminants on the coating surface. The treatment was performed under the
following conditions, solution: 0.5 mol/L H2SO4, temperature: (25 + 0.5) °C, current density: (20+0.1)
A-cm?, and anodization time: 3,600 s. During the anodization process, a water circulator was used to
maintain the temperature of the electrolyte at 25 °C, and a magnetic stirrer was used to eliminate bubbles
generated during the process.

2.3 Materials characterization

The surface morphology of the Ta coating was observed using field emission scanning electron
microscopy (FE-SEM; Inspect F50, USA). Furthermore, the crystalline structure of the experimental
sample was characterized via X-ray diffraction (XRD; D/MAX-RC Japan) using Cu-Ka radiation, a tube
flow of 200 mA, a tube pressure of 40 kV, and a scanning speed of 1°/min. The data was collected
through coupled continuous scanning (26 range: 10°-100° and step: 0.02°). The thickness and changes
in the valence state of the anodized film were evaluated using XPS (AXIS Ultra UK) with an Al Ka
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target (hv =1486.6eV) as the excitation source. An emission current of 15 mA and a voltage of 13 kV
were employed. The XPS data was analyzed and processed using CASA XPS software.

2.4 Electrochemical measurements

The electrochemical measurements were performed using a CHIG60E electrochemical
workstation (CH Instruments, Shanghai, China). A 99.99% platinum electrode, 10 mm x 10 mm x 2 mm
Ta coating, and saturated calomel electrode were used as the counter electrode, working electrode, and
counter electrode, respectively. Tests were performed in an open system at a temperature of 25+ 0.1 °C
with a 3.5% NaCl solution as the electrolyte. In addition, potentiodynamic curves were recorded from -
0.3 V to 0.3 V (scanning rate: 0.5 mV/s) at 25 °C. The corrosion potential (Ecorr) and corrosion current
density (icorr) Were determined using the Tafel extrapolation method. Furthermore, electrochemical
impedance spectroscopy (EIS) measurements were performed under an open circuit potential. The
differential capacitance Csc of the space charge layer and the potential /A ¢ of the surface to the body
were described using the Mott-Schottky equation.

3. RESULTS AND DISCUSSION

3.1 Surface morphology and element composition of Ta coating
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Figure 2. SEM images and XRD spectrum of Ta/Mo coating. (2) SEM image of Ta/Mo coating, (b) high
magnification image of region shown in Figure 2(a), (¢) XRD spectrum of Ta/Mo coating, and
(d) Ta/Mo model of coating.
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To determine the corrosion resistance mechanism of the Ta coating, the surface morphology and
phase composition of the coating were evaluated, as shown in Figure 2. The surface morphology of the
coating is characterized by island-like growth, which is typical of CVD Ta/Mo coatings. The phase
composition of the coating is determined via XRD (Figure 2c), which indicates that the coating was
mainly composed of a-Ta with a body-centered cubic structure, according to the relevant JCPDS card
(No. 04-0788). Ta oxide is small and mainly distributed on the surface of the coating, and hence was
undetected by XRD [15]. A Ta coating deposition model was constructed using molecular dynamics
simulation software (Lammps) [16-18], as shown in Figure 2d. The results demonstrated that the
aforementioned island-like growth induced anisotropy of the surface, and therefore sharp selective
corrosion behavior was observed near the surface of the coating.

—
)
—
=2
—
—_
]
—

LB s - yS fal o
5 35 .= 3 E
il 2 5. |G E
2|2 . = = z
Hir A1
2= [T 2
| g - ]
/
0 200 400 600 800 20 25 30 35 525 530 535 540
Binding Energy (eV) Binding Energy (eV) Bingding Energy (eV)
(d) _ o ) (e) A, Ta (N 0
= = = iy = 4f Is
~|= e =~ af 5, —_
= |7 & 29 3 5 5
= g = E Z
=y [=% §§ |‘L | \ |‘ 2 =
G L= W i Z
.‘E’ s E;‘II[_ I\ S 5 5
= | " E E
ILM.J k“*\-\..m/k_.’
| >
0 200 400 600 800 20 24 28 32 528 532 536 540
Binding energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3. Results obtained via XPS of the samples. Survey spectra of the Oxide/Ta/Mo coating (a) and
Ta/Mo coating (d). Narrow scan spectra of the Oxide/Ta/Mo coating (b, ¢) and Ta/Mo coating

(e ).

The XPS technique can be used to accurately determine the chemical composition and chemical
state of a coating surface (see Figure 3 for the XPS results obtained in this work). The overall spectrum
(see Figure 3 (a) and (d)) shows that the oxide film on the surface of the Oxide/Ta/Mo oxide film and
Ta/Mo oxide film were composed of elemental Ta and O. The high resolution XPS spectra obtained for
Ta 4f and O1s peaks were determined from the corresponding narrow spectra of the anodized films. The
peaks at 26.4 eV and 28.3eV in the Ta 4f spectrum (see Figure 3(b)) were associated with Ta 4f7, and
Ta 4fs2, respectively, corresponding to stoichiometric Ta2Os [19]. From Figure 3 (d) and (e), we
observed that the four main Ta peaks correspond to Ta4f, Tasd3, Tadds, and Tadpi.. Moreover, the
position of line Ta4f7, in Figure 3 (e) corresponded to the typical chemical state of Ta in Ta2Os.
Furthermore, the O1s spectrum of the natural oxide film was also analyzed, as shown in Figure 3 (c) and
(f), where evidence for the existence of non-stoichiometric oxides is lacking. These results indicated that
Ta>0s was formed on the surface of both the Oxide/Ta/Mo and natural oxidation coatings.
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Figure 4. XPS depth profile of Ta coatings with Ta/Mo (a) and Oxide/Ta/Mo (b).

The XPS depth profile of the Ta coatings with Ta/Mo and Oxide/Ta/Mo was obtained using an
electron beam at an acceleration voltage of 2 kV (see Figure 4 for the results). As shown in the figure,
the Ta content increased and the oxygen content decreased with increasing depth into the film. Moreover,
the oxygen diffusion layer was ~30 nm thick, and the oxygen content decreased significantly at depths
of 10 nm-30 nm. This resulted in a gradient structure, thereby increasing the adhesion strength between
the film and the substrate. After anodic oxidation, the thickness of the oxygen diffusion layer (~150 nm),
was five times that of the natural membrane. These findings showed that an anodic oxidation treatment
led to a significant increase in the thickness of the Ta oxide film, thereby improving the corrosion
resistance of the coating.

3.2 Electrochemical corrosion properties of Ta coating
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Figure 5. Potentiodynamic polarization curves of the samples with Ta/Mo and Oxide/Ta/Mo in a 3.5
wt.% NaCl solution at 25 °C.

To further investigate the corrosion resistance of the Ta coating, the electrochemical performance
of the coatings was determined using a typical three electrode electrochemical workstation in a 3.5 wt.%
NaCl solution at 25 °C (see Figure 5a). As shown in the figure, the samples were dissolved briefly and
then passivated spontaneously, thereby inhibiting the corrosion reaction. The corrosion potential (Ecorr)
and corrosion current density (jcorr) Of the Oxide/Ta/Mo samples were higher and lower, respectively,
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than those of the Ta/Mo samples. Furthermore, the corrosion resistance of the coating was improved,
due to the increase in thickness and uniformity of the oxide film.

To compare the corrosion resistance of the coatings, the corrosion potential (Ecorr), corrosion
current density (jeorr), anodic polarization slope (o), and cathodic polarization slope (Bc) were calculated
[20,21], as shown in Figure 5b. These calculations revealed that the Ecorr Of the Oxide/Ta/Mo sample
was 0.140 V higher than that of the Ta/Mo sample, whereas the jecor Was 0.009 A-cm lower. This
suggests that the corrosion resistance and corrosion rate of the Oxide/Ta/Mo film were better and lower,
respectively, than those of the Ta/Mo sample [22-24].
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Figure 6. Nyquist (a) and Bode plots (b) of the samples with Ta/Mo and Oxide/Ta/Mo in a 3.5 wt.%
NaCl solution at 25 °C.

The Nyquist and Bode plots of coatings with Ta/Mo and Oxide/Ta/Mo in an open system are
shown in Figure 6. The diameter of the capacitive semicircle obtained for the Oxide/Ta/Mo coating
surface was considerably larger than that of the Ta/Mo coating. As previously reported, the electron
transfer resistance and the stability of the oxide film increase with increasing arc diameter; the reverse
is also true [25]. Therefore, compared with the Ta/Mo coating, the oxide film of the Oxide/Ta/Mo coating
had a higher electrochemical corrosion resistance and a better barrier resistance against the corrosive
media. A phase angle peak of <90° occurs at frequencies of 10°~10% Hz (see Figure 6b), indicating that
the oxide film exhibits non-ideal capacitance behavior. After the anodization treatment, the maximum
phase angle peak of the coating was close to 90°, and the range of the maximum value was maintained.
This indicates that anodization is helpful in improving the stability of the oxide film, and reducing the
charge transfer. These results agreed with the XPS results shown in Figure 4. The electrochemical
characteristics of coatings with Ta/Mo and Oxide/Ta/Mo were investigated by calculating the
impedances of the coatings using an equivalent circuit model (Figure 6a). The parameters of each circuit
element after fitting are given in Table 1.
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Table 1. EIS fitting circuit parameters of coatings with Ta/Mo and Oxide/Ta/Mo in 3.5 wt.% NaCl

solution
Sample Rs (Q/cm?) Rct (Q/cm?) Cdl(pF/cm?)
Ta/Mo 23.8 98.3x10° 8.57x1072
Oxide/Ta/Mo 24.5 205x10° 3.32x107?

As shown in Table 1, the Rct of the Oxide/Ta/Mo coating (205 x 10% Q) was more than twice
that of the Ta/Mo coating (98.3 x 10%Q). The Rct value increases with increasing corrosion resistance
[26]. Furthermore, we found that the Cdl values of the Ta/Mo coating and anodized coating were 3.32 x
102 and 8.57 x107 uF, respectively. This implies that the passive film formed on the Oxide/Ta/Mo
coating exhibited better insulating or dielectric property than that of the Ta/Mo coating. Therefore, the
Oxide/Ta/Mo coating exhibited significantly higher corrosion resistance, and exerted a better protective
effect than the Ta/Mo coating.

Figure 7 shows the Mott-Schottky plots of the passive films formed on coatings with Ta/Mo and
Oxide/Ta/Mo. According to the Mott-Schottky theory, the space charge capacitance (Csc) of an n-type
or a p-type semiconductor is given as follows [27]:

C.2 =[2/(ese,N)I([1¢|—KT /&) =[2/ (eez,N)I(E — E,,|-KT / €) 3)

Where, Csc and ¢ are the space charge capacitance and the dielectric constant of the passive film,
respectively. Similarly, the vacuum permittivity, elementary charge, density of the charge carriers,
applied potential, flat band potential, Boltzmann constant, and absolute temperature are denoted by &,
e, N, E, Em, k, and T, respectively.
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Figure 7. The Mott-Schottky plots of the passive films formed on coatings with Ta/Mo and
Oxide/Ta/Mo.

The shape of the curves obtained for the Oxide/Ta/Mo coating was very similar to that of the
Ta/Mo coating (see figure 7). In addition, the values of Csc2 increased with increasing Es, and the slopes
of both curves were always positive. The passive films formed on coatings with Ta/Mo and Oxide/Ta/Mo
exhibit n-type semiconductor characteristics [28, 29]. By calculating the slope of the Mott-Schottky
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curve, we determine that the oxidation film of the anodized coating is more compact than that of the
non-anodized coating. This increased compactness was effective in reducing the donor density of the
film.

3.3 Electrochemical corrosion resistance structure model of Ta coating

The schematic presented in Figure 8 shows the electrochemical corrosion resistance of the Ta/Mo
coating and Oxide/Ta/Mo coating. Simultaneous and cyclical reactions such as the formation and
dissolution of the barrier layer and the formation of the porous layer occurred during the anodization
process of the Ta coating. The thickness of the oxide film increased gradually when the formation rate
of the new oxide film exceeded the dissolution rate. When the formation rate of the film was the same
as the dissolution rate, the Oxide/Ta/Mo film was in the stable formation stage. According to the XPS
depth profiles, the Oxide/Ta/Mo film (thickness: 150 nm) is approximately five times (shown in Figure
4) thicker than the Ta/Mo film. Furthermore, the Mott-Schottky curve confirmed that the compactness
of the oxide film increased significantly after anodization of the film. The anodization-induced changes
in the surface structure characteristics of the coating yield increased resistance against CI corrosion and
improved stability of the coating (shown in Figure 7), thereby extending the service life of the coating.
Therefore, performance indicators, such as the thickness, compactness, and electrochemical performance
was improved via anodic oxidation. This method can serve as a reference for improving the corrosion
resistance of Ta coatings.

Anodic oxidation

. >>>>>)

(a) Ta/Mo (b) Oxide/Ta/Mo

Figure 8. Schematic showing electrochemical corrosion resistance of (a) Ta/Mo and (b) Oxide/Ta/Mo.

4. CONCLUSIONS

In this work, the effect of anodic oxidation on the structure and corrosion resistance of a Ta
coating was investigated. The results revealed that the Oxide/Ta/Mo film was approximately five times
thicker than the natural film. The potentiodynamic polarization analysis indicated that the self-corrosion
potential of the Oxide/Ta/Mo coating increased by 36.84% (from -0.38 V to -0.24 V) and the self-
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corrosion current density decreased by 26.47% (from 0.034 A-cm™2 to 0.025 A-cm2). Furthermore, the
Mott-Schottky curves confirmed that the Oxide/Ta/Mo coating surface exhibited a considerably larger
capacitance arc and a more compact structure than the Ta/Mo coating surface. These characteristics
result in anodic oxidation and possibly a reduction in the number of channels for CI™ ion transport in the
film. Moreover, the results of potentiodynamic polarization and EIS measurements revealed that the
electrochemical corrosion resistance of the Oxide/Ta/Mo coating was higher than that of the pre-
Oxide/Ta/Mo sample. This work can serve as a reference for improving the corrosion resistance of Ta
coatings prepared via CVD.
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