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A new method of surface mechanical attrition treatment (SMAT) for controlling the microstructure of
a film was proposed, and the microstructure as well as the corrosion resistance of the film were
investigated. The thickness and elemental distribution of the film were determined via scanning
electron microscopy and energy dispersive spectroscopy. The crystallinity and valence state
composition of the film were investigated by means of X-ray diffraction, Raman spectroscopy, and X-
ray photoelectron spectroscopy. In addition, the corrosion resistance behavior of the film was assessed
with an electrochemical workstation. The results revealed that SMAT can increase the growth rate,
thickness, compactness, adhesion strength, and stability of the film. Furthermore, this process can yield
a reduction in the number of channels for CI ion transport in the film. The thickness of the film was
3.7 times higher than that of the pre-processed film. Moreover, the self-corrosion potential increased
by 36.96% (from —0.441 V to —0.278 V) and the self-corrosion current density decreased by 44.12%
(from 0.034 A.cm™ to 0.019 A.cm™). This method can serve as an effective treatment that generates
films offering excellent protection to titanium and titanium alloys.
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1. INTRODUCTION

Titanium (Ti) and Ti alloys have excellent mechanical properties, corrosion resistance, and
biocompatibility, and have therefore been widely used in many fields, such as aerospace and
biomedicine [1]. However, these materials have high chemical activities, and the naturally formed
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oxide film exhibits weak adhesion, has a low density, and can be easily destroyed [2]. Anodization is a
cheap and effective electrochemical treatment, which is widely used for the surface treatment of Ti [3].
However, recent studies have shown that improvement of the corrosion resistance is limited, owing to
the low thickness of the films produced via this method [4,5].

The mechanism of anodic oxide film formation is manifested via the growth and dissolution of
the film during the anodization process. This growth is controlled by the nucleation characteristics and
diffusion behavior of the substrate surface. The correlation among the wetting angle, radius of the
substrate particles, and radius ratio of the critical embryo has been investigated [6,7]. Fletcher et al. [8]
determined the influence of the substrate particle size on the heterogeneous nucleation process on a
convex substrate. By introducing the fractional dimension of scaling invariance, Wang et al. [9]
showed that a rough surface is super hydrophilic, and (compared with a smooth surface) can provide a
greater grain-heterogeneous nucleation density. Moreover, a previous study showed that growth of the
oxide film during the anodization process depends on the interdiffusion characteristics of oxygen (O)
atoms and vacancies [10]. Yu et al. [11,12] investigated the grain size dependence of the diffusion
activation energy and surface energy by using a thermodynamic method. They found that the
activation energy decreases with decreasing grain size, whereas the surface energy increases.

Surface mechanical attrition treatment (SMAT) can generate numerous defects such as
dislocations, twin crystals, and vacancies on the surface of the substrate. This method represents an
effective means of controlling the surface roughness and diffusion activation energy [13,14].
Therefore, in this work, SMAT is proposed as a method of generating an anodic oxide film (with a
controlled microstructure) on the surface of pure Ti. The microstructure of this film is investigated via
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS). The corrosion resistance behavior of the film is
investigated using an electrochemical workstation.

2. EXPERIMENT

2.1 Experimental method

A TA2 pure Ti (dimensions: 100 mm x 100 mm x 2 mm), with composition shown in Table 1,
was used as the base material in the experiments.

Table 1. Chemical composition of the base material

Element Fe C N H 0] Ti
Mass fraction/% 0.35 0.17 0.03 0.014 0.33 Bal

1) A metal material surface nanocrystallization test machine (SNC-1) was used to perform
SMAT on the Ti plate. The process was performed under the following conditions: projectile material:
GCrl5, projectile diameter: 8 mm, vibration frequency: 50 Hz, best processing time: 45 min [15]. 2)
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The treated samples were cut to sizes of 50 mm x 10 mm % 2 mm. 3) Prior to anodization, the surface
oil of the sample was removed via ultrasonic cleaning for 15 min each with acetone, alcohol, and
deionized water. 4) Anodization was performed in an electrolyzer. The process was conducted under
the following conditions: electrolyte: 0.5 mol/L H,SO, solution, voltage: 50 V, and electrolysis time:
0.5h.

2.2 Detection Means

The micromorphology of the sample was observed via SEM (LEO 1530Vp Germany)
performed at an acceleration voltage of 15 kV; the built-in EDS was used to analyze the elemental
content and distribution of the sample cross-section. Furthermore, XRD (D8 ADVANCE Germany;
radioactive source: Cu Ka (1486.6 eV, A = 0.15406 nm), operating voltage and current: 30 kV and 30
mA, respectively) was used to determine the crystallinity and stability of the oxide film. Moreover,
XPS (PHI5000 Versaprobe-11 Germany) was used to analyze the element composition and changes in
the valence state of the film. The anode was Al target (hv = 1486.6 eV).

An electrochemical workstation (PARSTAT 4000) was used to investigate the corrosion
resistance behavior of the sample. In the three electrode system, Pt and saturated calomel electrode
(SCE) were used as the counter electrode and the reference electrode, respectively. Tests were
performed at a temperature of 27 + 0.1 °C, and a potential scanning rate of 0.03 mV/s. The
potentiodynamic polarization test was performed after the sample was soaked for 1 h in a 3.5 wt.%
NaCl solution. In addition, the electrochemical impedance spectroscopy (EIS) measurements were
performed under open circuit potential. The electrochemical experiments were all repeated five times
to ensure the accuracy of the measurement.

3. RESULTS AND DISCUSSION

3.1 Micromorphology and element composition of the film

The micromorphology and elemental composition of the TA2 (Fig. 1[a]) and SMAT (Fig. 1[b])
samples cross-sections are shown in Fig. 1. The oxide film is composed mainly of Ti and O. Based on
the distribution and variation in the Ti and O content, the material can be divided into three zones
namely, the: outer layer, transition layer, and inner layer. In the outer zone, the O content is higher than
the Ti content and, hence, this layer is considered a dense oxide film structure. The Ti content increases
with increasing depth into the film, whereas the O content decreases, thereby resulting in a gradient
structure, which may yield increased adhesion strength between the film and the substrate. In the outer
zone, Ti/O elements are in a stable state and the O content is almost zero and, hence, the substrate can
be considered a pure Ti substrate. From the cross-sectional SEM image, we see that the 425-nm-thick
and 1562-nm-thick oxide films are formed on the TA2 and SMAT samples, respectively. The thickness
of the oxide film on the SMAT sample is 1137 nm (i.e., 3.7 times) higher than that formed on the TA2
sample.
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Figure 1. Micromorphology and elemental composition of the (a) TA2 and (b) SMAT samples.

According to the Wenzel model [16], the apparent wetting angle of the solution and the
substrate, roughness factor of the substrate surface, and intrinsic wetting angle of the solution and the
smooth substrate are related as follows:

cos@* = f -cosd 1)
where, 6%, f, and @ are the apparent wetting angle of the rough interface, roughness factor of the
substrate interface, and intrinsic wetting angle of the substrate, respectively.

The results showed that @ of the natural oxide film on the surface of pure Ti is <90° and the
substrate is hydrophilic [17,18]. Based on equation (1), we see that the apparent wetting angle of the
rough interface decreases with increasing surface roughness. The heterogeneous nucleation work on
the rough interface [19] is given as follows:

AG' =(16myy/3AG] )- ()
f (49*)2(1—0050*)2 -(2+cos€* )/4 )

ere, AG*, is, AGy, and f(&*) are the heterogeneous nucleation work on the rough interface, Gibbs free
energy of the solid liquid interface, free energy difference of unit volume in the solid liquid interface,
and the apparent wetting angle function, respectively.

The average roughness (R,) and the Root Mean Square roughness (Rms) determined via three-
dimensional atomic force microscopy of the TA2 and SMAT samples before anodization. The R, of
TA2 and SMAT samples before anodization are 37.2 and 49.8, the Rs are 36.5 and 65.8 respectively. It
shows that the surface roughness of the SMAT sample is higher than that of the TA2 sample. The
magnitude of the heterogeneous nucleation work on the rough surface varies with the apparent wetting
angle of the surface (see equation (2)). When the intrinsic wetting angle of the substrate is < 90°, the
apparent wetting angle and, hence, the critical nucleation work required for heterogeneous nucleation,
decrease with increasing surface roughness. This decrease in the critical work facilitates oxide film
generation on the surface.
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(a)

Figure 2. AFM Figure of (a) TA2 and (b) SMAT samples surfaces before anodization.

3.2 Analysis of phase composition and surface valence state of Ti and O elements

Fig. 3 shows the X-ray diffraction pattern of the TA2 and SMAT samples after anodizing. As
the figure shows, the oxide film on the surface of both samples contains anatase and brookite phases of
the TiO, structure. The film thickness is less than the X-ray detection depth (< 35 um) [20] and
therefore a characteristic peak corresponding to substrate Ti also occurs in the pattern. However, this
peak occurs with a significantly lower intensity in the SMAT sample than in the TA2 sample.
Furthermore, a diffraction peak at 26=77.38°, corresponding to a Ti oxide, occurs for the SMAT
sample. This is consistent with an increase in the thickness of the oxide film [21,22]. The considerably
high diffraction peak intensities of the SMAT samples are indicative of the high crystallinity of these
samples.

Fig. 4 shows the Raman spectra of the TA2 and SMAT samples. The vibration peaks in these
spectra occur at Raman shifts of 153, 399 *, 517, and 641 cm ™. This is consistent with the Raman
characteristic peak reported for anatase TiO, [23], which indicates that the anatase TiO, structure is
present in both sets of samples. The diffraction peak intensity of the SMAT sample is significantly
higher than that of the TA2 sample. This indicates that the anatase TiO, content of the SMAT sample
surface is higher than that of the TA2 sample surface. We obtained the full wave at half maximum
(FWHM; see Table 2) of the peaks at different positions along the Raman spectrogram. The FWHM of
the anatase TiO, peak of the SMAT sample is smaller than that of the TA2 sample. According to
Bersani et al. [24], the FWHM of the Raman characteristic peak decreases with increasing
crystallization. Therefore, the anatase TiO, in the SMAT sample exhibits better crystallinity than the
anatase TiO; in the TA2 sample and the content of high-valence Ti is higher, consistent with the XRD
results.
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Figure 3. Phase composition of TA2 and SMAT samples.
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Figure 4. Raman spectrogram of TA2 and SMAT samples.

Table 2. FWHM at different positions of spectrum peak

Raman Shift / 153 399 517 641
1
cm
TA2 53.8 42.6 38.5 39.8
SMAT 47.5 27.5 27.1 34.5

Fig. 5 shows the XPS survey spectrum of the TA2 and SMAT samples. The overall spectrum
shows that the oxide film on the surface of the sample is composed of elemental C (resulting from
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pollution [25]), N, Ti, and O (see Table 3 for elemental content). The O content of the SMAT sample is
considerably higher than that of the TA2 sample, and the excess O combines with Ti to form a new
phase (Ti,Os, TiO). As the transition structure of the oxide film and the substrate, this phase can
effectively improve the adhesion strength between the film and the substrate [26,27].
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Figure 5. The XPS survey spectrum of TA2 and SMAT samples.

Table 3. Chemical composition of the TA2 and SMAT samples

Elemental content ( at.% , Mean+SD )

Sample C N 0 Ti
TA2 213 1.01 37.36 59.13
SMAT 2.16 1.24 51.36 45.24

The valence state of the elements comprising the films are further analyzed using the narrow
(i.e., Ti2p and O1s, see Fig. 6) spectrum of the TA2 and SMAT samples. In the case of the narrow
spectrum, the information depth of the photoelectron spectrum is generated from the outermost zone of
the sample. The Ti2p narrow spectrum (Fig. 6[a]) of the TA2 sample consists of three pairs of
overlapping peaks. The peak with binding energy at: (i) BEtizp12 = 457.32 eV, BErizps = 462.29 eV
represents Ti**, (ii) BErizpi2 = 455.56 €V, BErizpa = 461.49 eV represents Ti%*, and (iii) BEvizpi =
453.89 eV, BErizpy» = 469.87 eV represents Ti** [28].

The Ti2p narrow spectrum (Fig. 6[b] of the SMAT sample consists of one pair of overlapping
peaks. The peak with binding energy at BEqizp12 = 457.97 eV, BErizsr = 463.71 eV represents Ti*,
indicating that the surface oxide film is composed entirely of Ti**. During SMAT, unstable low-valence
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Ti (Ti**, Ti?*) transitions to stable high-valence Ti (Ti**), resulting in improved stability of the oxide
film, as previously indicated by the results of XRD and Raman analysis.
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Figure 6. XPS spectra of (a, ¢) TA2 and (b, d) SMAT samples (a,b) Ti2p, (c, d) Ols

Table 4. Relative 0*", OH™, and H,O content of the oxide film formed on the TA2 and SMAT samples

Samples Contribution of O1s components ( % )
0~ OH H.O
TA2 73.6 21.88 4.47
SMAT 77.09 17.99 3.92

The relative O*~, OH", and H,O content of the oxide film (see Table 4) can be determined from
the area of each overlapping peak of the O1s narrow spectrum (Fig. 6[c], [d]). The O*" content of the
oxide film on the SMAT sample surface is significantly higher than that of film on the TA2 sample
surface, whereas the relative OH" and H,O content is significantly lower. Studies have shown that the
formation of amorphous Ti is induced mainly by the presence of OH™ and surface bound water [29,30].
The results of the present study indicate therefore that the mechanical attrition treatment reduces the
OH" and H,O content during anodization, and promotes the growth of the oxide film.
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3.3 Corrosion resistance behavior of the film in NaCl solution

The characteristics of the passive film and the essential parameters of the electrochemical
reaction process of the interface can be determined via EIS. Fig. 7 shows the Nyquist and Bode plots
obtained for the TA2 and SMAT samples immersed in a 3.5 wt.% NaCl solution at 27 °C. We can see
that the capacitance arc of the SMAT sample surface is larger than that of the TA2 sample surface (Fig.
7[a]). The arc reflects the charge transfer process that occurs on the electrode surface. In fact, the
electron transfer resistance and the stability of the oxide film increase with increasing diameter of the
arc [31]. Compared with the oxide film on the surface of the TA2 sample, the oxide film on the SMAT
sample exhibits better barrier resistance against the corrosive media.

The sample surface of the TA2 and SMAT samples exhibit typical single time constants [32]
(Fig. 7[b]). In high frequency regions (103-105 Hz), the phase angle increases with decreasing
frequency, owing to the electrolyte reaction. Intermediate frequency regions (1-103 Hz) are
characterized by an almost constant phase angle. In low frequency regions (0.01-1 Hz), the angle
decreases continuously, and the characteristics of the passive film and passivation reaction are evident
on the surface.

In low frequency regions, the phase angle value of the SMAT sample is considerably larger
than that of the TA2 sample. Similarly, in intermediate frequency regions, the phase angle peak of the
SMAT sample is significantly wider than that of the TA2 sample, and is close to 90°. Jamesh et al. [33]
reported that the corrosion resistance improves with increasing phase angle. Hence, the passive film
rapidly formed on the SMAT sample immersed in NaCl solution is resistant against permeation.
Correspondingly, the diffusion and migration of corrosive media are hindered, and the impedance as
well as the corrosion resistance are thereby improved. Therefore, the stability of the oxide film on the
SMAT sample improves, charge transfer decreases, and resistance against Cl™ corrosion increases with
increasing phase angle.
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Figure 7. Nyquist and Bode diagrams of the (a) TA2 and (b) SMAT samples immersed in a 3.5 wt.%
NaCl solution at 27 °C.

The phase angle spectrum consists of only one time constant and, hence, we have applied a
fitting analysis to the surface electrochemical impedance spectrum of the sample in the 3.5 wt.% NaCl
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solution. For this fitting, we have used a Randle equivalent circuit with a time constant, as illustrated in
Fig. 7(a). Rs, CPE, and R represent the solution resistance, double layer capacitance on the surface of
the working electrode, charge transfer resistance of the working electrode, and diffusion resistance,
respectively. The parameters of each circuit element after fitting are shown in Table 5.

Table 5. EIS fitting circuit parameters of the TA2 and SMAT samples immersed in a 3.5 wt.% NaCl
solution

Sample Rs (Q/em?) CPE (pFlem?) Zw (kQ/em?) Ret ( Q/em?)

TA2 2.37 8.35E-3 164.7 6.35E+4
SMAT 2.5 5.76E-3 129.4 8.82E+5

In a corrosive solution, the passive film characteristics and corrosion resistance of the material
are mainly determined by the charge transfer resistance R of the working electrode [34,35]. The
corrosion resistance increases with increasing R, and the protection efficiency of the barrier layer
decreases with decreasing R... After SMAT, the R of the film obtained (via anodization) increases,
eventually reaching a value of 8.82 E+5 Q/cm? which is 14 times the Ry of the TA2 sample.
Therefore, the oxide film on the SMAT sample surface exhibits significantly higher corrosion
resistance and has a better protective effect than the film on the TA2 sample.

Fig. 8 shows the potentiodynamic polarization curve of the TA2 and SMAT samples immersed
in a 3.5 wt.% NacCl solution at 27 °C. Both sets of samples have undergone considerable passivation.
The cathode zone of the polarization curve is characterized mainly by the occurrence of the hydrogen
evolution reaction. In the anode zone, after a short dissolution, a layer of compact passive film forms
on the surface of the sample, thereby resulting in passivation of the metal and inhibition of the
corrosion reaction (Fig. 8[a]).

At E = 1.5 Vscg, the current density of the TA2 sample starts to increase, and the sample is
further passivated. According to Olivira et al. [36], the increase in the current density (as indicated in
the potentiodynamic polarization curve) reflects the breakage of the oxide film. The passivity current
density maintained after re-passivation (jpass) is greater than the initial current density and increases
slowly with increasing voltage. This indicates that the new passivation film is less compact than the
current film. The passive film on the SMAT sample remains stable during potentiodynamic
polarization testing, and the jyass is significantly lower than that of the TA2 sample. This indicates that,
compared with the TA2 sample, the SMAT sample is more stable in corrosive media.

Fig. 8(b) shows the Tafel zone of the potentiodynamic polarization curve. Electrochemical
parameters such as the self-corrosion potential Ecor, Self-corrosion current density jeor, anodic
polarization slope B, and cathodic polarization slope 3 [37,38] can be determined from the data in this
zone (see Table 6). The Ecor of the SMAT sample immersed in the 3.5 wt.% NaCl solution moves 462
mV more to the positive direction than that of the TA2 sample. However, the icor decreases by ~5 mA.
cm ' indicating that, owing to SMAT, the corrosion rate and corrosion resistance of the anode oxide
film decrease and increase, respectively. The hydrogen evolution reaction occurs in all zones and,
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hence, the cathodic polarization slopes are relatively close. Nevertheless, the slope of the anodic
polarization curve of the SMAT sample is considerably higher than that of the TA2 sample, indicating
that anodic dissolution reaction of the SMAT samples is difficult.
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Figure 8. Potentiodynamic polarization curve of the (a) TA2 and (b) SMAT samples immersed in a
3.5 wt.% NaCl solution at 27 °C.

Table 6. Polarization curve data of the samples immersed in a 3.5 wt.% NaCl solution

Sample Ecorr/VSCE jcorr/A.Cm-l Ba/ deeC-l Bc/ deeC-l
TA2 -0.441 0.034 110 -94.8
SMAT -0.278 0.019 153 -95.6

4. CONCLUSIONS

The SMAT process improves the roughness of the sample surface, reduces the critical
nucleation work, and promotes the growth of the oxide film. After 45 min of this process, the thickness
of the sample oxide film increases by 1137 nm (i.e., 3.7 times) relative to that of the pre-SMAT
sample, and the compactness of the film increases. Owing to the SMAT process, the surface oxide film
and the substrate forms a transition structure, thereby improving the adhesion strength of the film and
the substrate. This structure promotes transformation of the low valence metastable state of Ti (Ti%*,
Ti**) to the high valence stable state (Ti**), resulting in a stable phase structure and improved
crystallinity of the oxide film.

A suitable microstructure is essential for excellent corrosion resistance. The compact structure
of the oxide film on the surface of the SMAT sample yields a reduction in the density of vacancies in
the film and the number of channels for CI" ion transmission. In a 3.5 wt.% NaCl solution, the self-
corrosion potential of the TA2 and SMAT samples increases by 36.96% (from —0.441 V to —0.278 V)
and the self-corrosion current density decreases by 44.12% (from 0.034 A.cm* to 0.019 A.cm™).
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Therefore, the diffusion of CI ions is enhanced and the corrosion resistance of the film increases
significantly after SMAT.
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