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Abstract: Electrolytic plasma polishing (EPPo) is an advanced metal surface finishing technology with
high quality and environmental protection that has broad application prospects in the biomedical field.
However, the effect of EPPo on surface properties such as corrosion resistance and the wettability of
biomedical titanium alloys remains to be investigated. This paper investigated the changes in surface
roughness, surface morphology, microstructure, and chemical composition of Ti6Al4V alloy by EPPo
and their effects on surface corrosion resistance, wettability, and residual stress. The results showed
that Ra decreased from 0.3899 to 0.0577 um after EPPo. The surface crystallinity was improved,
and the average grain size increased from 251 nm to more than 800 nm. The oxidation behavior
of EPPo leads to an increase in surface oxygen content and the formation of TiO, and Al,O3 oxide
layers. EPPo can significantly improve the corrosion resistance and wettability of titanium alloy in
simulated body fluid and eliminate the residual stress on the sample surface. The surface properties
are enhanced not only by the reduction in surface roughness but also by the formation of a denser
oxide film on the surface, changes in the microstructure, an increase in surface free energy, and
the annealing effect developed during EPPo. This study can provide guidance and references for
applying EPPo to biomedical titanium alloy parts.

Keywords: electrolytic plasma polishing; Ti6Al4V alloy; oxidation film; corrosion resistance; wettability;
residual stress

1. Introduction

Ti6Al4V, as an « +  biphasic titanium alloy, is widely utilized in aerospace, de-
fense, and biomedical fields due to its comprehensive performance [1-3]. Especially in
the biomedical field, Ti6Al4V alloy is used for the manufacturing of bone implants, joint
prostheses, and artificial heart valves due to its characteristics such as low density, high
strength-to-weight ratio, low elastic modulus, corrosion resistance, and excellent biocom-
patibility [4,5]. However, titanium alloy exhibits a low thermal conductivity and high
chemical reactivity, posing challenges during processing, such as elevated cutting tempera-
tures, susceptibility to machining rebound, and surface hardening. Precision casting, CNC
milling, and additive manufacturing are often used to process titanium alloy parts, leaving
high roughness, remelting layers, uneven residual stress distribution, and other processing
defects on the surface, affecting service performance. In addition, post-treatments, such as
spraying hydroxyapatite coatings on some biomedical parts, require high-quality substrate
surfaces. Therefore, polishing is often required to improve components’ surface quality
and service life.

Electrolytic plasma polishing (EPPo) is an innovative metal surface finishing tech-
nology that combines anodic dissolution and plasma-chemical processes [6]. During
processing, the workpiece is immersed in a low concentration of inorganic salt water-based
electrolyte at a specific temperature. The vapor gaseous envelope (VGE) wrapping the
workpiece is formed on the surface by applying a DC high voltage. Localized high volt-
age breaks down the VGE and leads to plasma generation. The anode surface forms the
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oxide film under plasma-enhanced electrochemical oxidation, which is then stripped off
by complex physical and chemical processes such as discharge bombardment, electro-
chemical dissolution, and plasma discharge erosion. The dynamic equilibrium between
the formation and stripping of the oxide film achieves the workpiece’s material removal
and surface polishing [7]. Compared to other polishing methods, such as electrochemical
and mechanical polishing [8-11], EPPo offers advantages such as no structural selectivity,
no macroscopic forces, high processing efficiency, excellent polishing quality, and envi-
ronmental friendliness. EPPo is particularly suitable for polishing biomedical parts with
free-form surfaces or complex geometries such as knee joints, dental implants, and surgical
instruments [12]. It can be used not only as a final processing procedure for biomedical
parts but also as a pretreatment for thermal spraying [13], ion implantation [14], physical
vapor deposition [15], chemical vapor deposition [16], and other processing processes,
which has a broad application prospect in the biomedical field.

There are few reports on the research of EPPo on titanium alloys, mainly focusing
on electrolyte and process optimization. Yongchun Zou et al. studied multiple factors
affecting surface quality during EPPo, including voltage, time, electrolyte temperature,
and immersion depth, and optimized the parameters through orthogonal experiments [17].
Smyslova et al. performed EPPo on a TC4 titanium alloy with an ultra-fine crystalline
structure, discussed the electrolyte temperature and voltage range used, and studied the
effect of processing time on surface roughness and material removal rate [18]. Kristina
Navickaité et al. compared two post-processing techniques for additive manufacturing
of aerospace titanium parts, namely EPPo and powder blasting combined with EPPo [19].
The results show that the involvement of powder blasting can reduce the treatment time of
EPPo and achieve the same surface quality but would reduce the fatigue resistance.

The effect of EPPo on surface properties such as the wettability and physiological corro-
sion resistance of Ti6Al4V alloys has not been reported and still needs further investigation.
The interaction of proteins, enzymes, and cells in body fluids can cause corrosion of metal
implants [20] and may lead to toxic side effects and implant failure [21,22]. Studies have
shown that Al and V ions released by corrosion of Ti6Al4V implants may cause osteolysis
and neurological diseases [23]. The wettability of implants can affect the cell-substance
interaction, which impacts osteoblast growth and mineral deposition [24]. The residual
stress will affect the stability and long-term performance of biomedical implants. Excessive
residual stress may lead to fatigue damage to the material or cracking and failure due to
stress concentration [25]. It has been reported that EPPo may affect the surface properties
of parts. Since titanium alloy is a valve metal, plasma electrolysis treatment will leave a
layer of ceramic oxide film on its surface, which may affect the wettability and corrosion
resistance of the surface [24,26-28]. In addition, the dynamic composite energy generated
during the EPPo process can affect the microstructure [29], causing changes in the surface
residual stresses.

This paper investigated the effects of EPPo on the physiological corrosion resistance,
wettability, and residual stress of biomedical Ti6Al4V alloys. First, the changes in surface
morphology, roughness, microstructure, and surface chemical state before and after EPPo
were characterized by scanning electron microscopy, super field microscopy, XRD, and
XPS. Then, the effects of EPPo on the surface properties and the mechanism of its action
were explored by testing and evaluating the surface properties of three kinds of PP, MP,
and EPPo samples. This work can provide guidance and reference for applying EPPo
technology in biomedical titanium alloys.

2. Materials and Methods
2.1. Sample Preparation

To facilitate characterization and testing, Ti6Al4V alloy plates of 20 x 15 x 3 mm
conforming to GB/T13810-2017 [30] standards were used as workpieces, with the chemical
composition (wt. %) shown in Table 1. The samples were sanded sequentially with 120,
240, and 500 mesh silicon carbide sandpapers to achieve a consistent roughness Ra of
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0.4 um (£0.05 um). The surfaces were then ultrasonically cleaned using ethanol and
deionized water and recorded as PP (pre-processing) samples. To verify that the effect of
EPPo on surface properties was not solely caused by the reduction in surface roughness,
the PP samples were sanded to a roughness value similar to that of the EPPo samples
(0.05 % 0.01 um) using 1000, 1500, 2000, 3000, 5000, and 7000 mesh silicon carbide sandpaper,
respectively, to serve as the control. The surfaces were cleaned and recorded as MP
(mechanical processing) samples.

Table 1. The chemical composition of Ti6Al4V alloy [7].

Element A% Al Fe N C (@] H Ti
wt. % 41 6.33 0.10 0.01 0.01 0.112 0.001 Base

2.2. EPPo Process

The EPPo experimental platform mainly comprises the polishing pool, power supply,
temperature control system, and anode fixture, as shown in Figure 1. The high-power DC
power supply (IT6015D, ITECH, Nanjing, China) can provide a maximum power of 30 kW,
a voltage of 1200 V, or a current of 30 A. The temperature control system used to regulate
the temperature of the electrolyte consists of a temperature sensor, a controller, and a heater.
The cathode is made of a 316 stainless-steel plate with dimensions of 100 x 100 x 3 mm.
The workpiece is fixed to the fixture (made of titanium alloy) by punching a hole in the
upper part of the workpiece. The distance between the cathode and anode and the depth
of immersion in the electrolyte can be adjusted by moving the fixture. All processing
parameters such as the voltage used for EPPo are shown in Table 2. The workpiece fixed to
the anode fixture was immersed in the electrolyte before applying voltage. After processing,
the surfaces were cleaned and recorded as EPPo samples.
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Figure 1. Schematic diagram of the EPPo experimental platform [7].
Table 2. Process parameters of EPPo [7].
Parameter Electrolyte Temperature Voltage Time Immersion Depth  Interelectrode Distance
Value 3.53 75 350 7 15 5

Unit wt.% NH4F and KF-2H,O °C \% min cm cm
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2.3. Characterization

Surface morphology and energy dispersive spectra (EDS) were obtained using a
thermal field emission scanning electron microscope (JEOL JSM-7900F, Tokyo, Japan).
The three-dimensional morphology of the surface was measured using an ultra-depth-
of-field microscope (Leica DM6M, Wetzlar, Germany). The high-precision surface rough-
ness meter (Mahr M400, Gottingen, Germany) was used to measure the line roughness
(ISO 4287:1997 [31], Lt = 5.6 mm) with a resolution of 0.8 nm and a contact measurement
force of 0.75 mN. All samples were measured five times at the uniformly distributed po-
sition, and the results were averaged. The crystal structure and phase transition of the
samples were characterized by XRD (Panalytical Empyrean, Almelo, The Netherlands)
using Cu Ka radiation (A = 0.15406 nm) with a scanning speed of 5°/min and a 20 range
of 5 to 90°. The chemical states of the surface elements were characterized using an X-ray
photoelectron spectrometer (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). Peak
splitting was fitted to the XPS data using the software Avantage 5.9, and all spectral peaks
were calibrated with the C 1 s adsorbed carbon C-C/C-H binding energy of 284.8 eV.

2.4. Performance Measurement

The corrosion resistance was tested using an electrochemical workstation (CHI660E,
Chenhua, Shanghai, China) and a three-electrode system, in which the sample was the work-
ing electrode, a high-purity platinum mesh was the counter electrode, and the Ag/AgCl
electrode (CHI111, Chenhua, Shanghai, China, filled with 3 mol KCl solution) was the
reference electrode. The test solution was the standard simulated body fluid PBS phosphate
buffer, and the test temperature was 37.0 £ 0.5 °C, close to actual body temperature. The
composition of PBS phosphate buffer (per liter, dissolved in distilled water) was as follows:
0.24 g KHyPOy, 1.44 g NayHPOy, 8 g NaCl, 0.2 g KCI. The exposure area of the working
electrode in the electrolyte was 1 cm?. The open circuit potential (OCP) of 1800 s was
first measured and recorded to ensure the stability of the samples in PBS solution. After
OCP measurements, an electrochemical impedance spectroscopy analysis was performed
running a 5 mV peak-to-peak sinusoidal voltage signal in the 102 to 10° Hz frequency
range. Dynamic potential polarization tests were then performed in the range of —0.5 to
0.5V (relative to the OCP) with a scan step of 1 mV/s. A minimum of 3 samples were used
for each electrochemical test to ensure accuracy and reproducibility of the data. Residual
stress on the surface was measured using an X-ray residual stress analyzer (PROTO iXRD,
Burnaby, BC, Canada) with Cu K« as the source, 25 kV, 5 mA as the current, 2 s as the
exposure time, and 10 exposures. All samples were measured 5 times at different positions,
and the average value was taken to ensure the test accuracy. The surface wettability was
measured by a video contact angle measuring instrument (JY-82C, Chengde, China) using
the measurement height method. The test droplets were distilled water and ethanediol in a
volume of 2 pL, and the test environment was at 25 °C and 45% humidity. According to the
results of the contact angle measurement, combined with the surface energy parameters of
the standard test solution (Table 3), the surface free energy of the sample was calculated by
the following formula:

¥ 7
1+ cosf =2 72(%7)—1—2\/%(\47) 1)

M=+ )

where 6 is the contact angle of the test liquid on the sample surface; 7 represents the free
energy of the dispersive part of the sample surface; 7" represents the free energy of the
polar part of the surface; 7, and -y, denote the free energies of the surface nonpolar and
polar parts of the test liquid, respectively.
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Table 3. Surface free energy parameters of distilled water and ethanediol.

Test Liquids 7% (mJ/m?) 7? (mJ/m?) 91 (m]J/m?)
Distilled water 51.0 21.8 72.8
Ethanediol 19.0 29.3 48.3

3. Results and Discussion
3.1. Surface Roughness and Morphology

Figure 2 shows the SEM images and 3D topographies of the surfaces before and after
EPPo processing. The SEM images show that the unpolished surface is rough and full of
scratches, bumps, and pits left by sandpaper. The polished surface is smooth, and grinding
marks such as scratches, bumps, and pits are entirely removed. From the 3D topography,
it can be seen that the difference in peak and valley heights on the unpolished surface is
obvious, and the scratches are clearly visible. The height of peaks and valleys on the surface
is significantly reduced and distributed more uniformly. The results show that EPPo can
effectively remove the convex peaks on the titanium alloy surface, make the distribution of
peaks and valleys on the surface uniform, and improve the surface topography.

pm
3.0

0.0

nm
200
800
700
600
500
400
300
200
100

Figure 2. SEM images and 3D topographies of the samples: (a,b) before EPPo; (c,d) after EPPo.

The roughness measured according to the ISO4287 standard is shown in Figure 3. All
results are the averages of five measurements. It can be seen that after EPPo processing, Ra,
Rq, and Rz are reduced from 0.3899, 0.5189, and 3.6691 to 0.0577, 0.0725, and 0.3459 um,
with a reduction rate of 85.20%, 86.03%, and 90.57%, respectively. The roughness Ra was
reduced by three grades. The results show that EPPo can significantly reduce the surface
roughness of titanium alloys and improve the smoothness and cleanness of the surface.
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Figure 3. Results of surface roughness.

3.2. Microstructure Analysis

The XRD patterns of the sample surfaces before and after polishing are shown in
Figure 4a. After comparison with the standard pdf card, the diffraction peaks appearing on
the sample surface near 35.093°, 38.421°, 40.170°, 53.004°, 62.949°, 70.660°, 76.218°, 77.368°,
86.759° correspond to (100),(002),(101),(102),(110),(103),(112),(201),(202)
dense hexagonal structure (HCP) «-titanium on the crystal plane, and the diffraction peaks
appearing near 38.481°, 82.444° correspond to (1 1 0), (2 2 0) body-centered cubic structure
(BCC) B-Ti on the crystal plane. After EPPo treatment, no new diffraction peaks appeared,
but the intensity of each diffraction peak was enhanced to varying degrees, indicating that
the crystallinity was improved. The variation in FWHM (full width at half maxima) of
each diffraction peak is shown in Figure 4b. The FWHM of the sample after EPPo was
significantly reduced, which may be caused by the increase in temperature of the sample
surface during EPPo. According to studies related to electrolytic plasma processing [32-34],
the surface temperature of the sample during EPPo processing may reach hundreds of
degrees Celsius instantaneously and is subsequently cooled by the electrolyte. The stress in
the crystal cell was released under thermal activation, and the grain grew and coarsened.
Crystallite size before and after EPPo is shown in Table 4. The average grain size of
the sample increased from 251 A to more than 800 A after EPPo. Variations in sample
temperature can have potential effects on surface properties, such as promoting stress
adjustment and relaxation, promoting ordered and tight arrangement of grains, thereby
affecting residual stress, surface energy, and corrosion resistance.
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Figure 4. XRD patterns and FWHM of the samples. (a) XRD patterns; (b) FWHM.
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Counts

Table 4. Crystallite size before and after EPPo.

Indices of Crystal Face (hk 1) CrystalélIE;OS:Ze)before CrystaEli,llt:;S(z;e after
(100) 274 881
002) 270 943
(110) 279 941
(101) 243 805
102) 257 799
(110) 199 792
(103) 249 839
112) 202 686
201) 256 748
(220 293 >1000
202) 243 658

3.3. Surface Elements Analysis

Figure 5 shows the EDS results of the surface before and after EPPo. EDS is a semi-
quantitative analysis in which the number of atoms represents only a relative percentage of
each other. It can be seen that the relative content of metal elements (Ti, Al, V) atoms on
the polished surface is reduced, and the content of oxygen atoms is more than doubled.
This is mainly due to the fact that EPPo is a material removal process that involves the
formation and removal of oxide films. The increased content of oxygen atoms originates
from the oxide film left on the polished surface. The increased content of nitrogen and
fluorine atoms can be attributed to the polishing solution consisting of ammonium fluoride
and potassium fluoride used for the titanium alloy EPPo.

0
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0__20 40 6 8 (a) 020 4 " e (b)
Cl9.08 % . /Il 8.09%
-

N 9.98 % N 12.77 % i
z Z0 .88 ¢
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N
N
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c Ti € Ti
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Figure 5. EDS of the sample surfaces. (a) before EPPo; (b) after EPPo.

According to the position of the binding energy of the fine spectrum and the database,
the chemical states of different elements and the content changes in each chemical state
before and after EPPo can be obtained. The XPS fine spectra of Ti, Al, and O elements on
the sample surface before and after EPPo are shown in Figure 6. As shown in Figure 6a,b,
the Ti elements on the sample surfaces are both composed of Ti’, Ti?*, Ti®*, Ti**, and
Ti** satellite peaks corresponding to the binding energy positions of 453.4, 455, 457.0,
458.4, and 471 eV [35-37]. In Figure 6¢,d, the peaks with binding energies of 73.9, 75.8,
and 71.5 eV correspond to Al,Os, AlF3, and Al1° [35,36,38,39]. The Al elements on the
surface of the sample were mainly Al,O3 and Al° before polishing and were composed of
Al, O3, AlF3, and Al° after polishing. From Figure 6e/f, it can be seen that the O elements
on the sample surfaces have the same three chemical states, namely TiO,, Al,O3, and
O,gs. (adsorbed oxygen), which correspond to the binding energy positions of 529.9, 531.5,
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and 532.7 eV [36,40]. However, the content of different chemical states of each element
varies significantly.
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Figure 6. XPS spectra of the Ti 2p and Al 2p: (a,c,e) before EPPo; (b,d,f) after EPPo.

The atomic percentage changes for the different chemical states of Ti, Al, and O
elements are shown in Table 5. It can be seen that the contents of Ti’, Ti%*, and Ti** on
the sample surface decreased after EPPo treatment, while the content of Ti** increased
significantly to 68.82%. The Al,O3 content did not change much, but the new appearance of
AlF; accompanied the decrease in Al” content. This may be because A1’ was first oxidized
to Al,O3, which then reacted with HF in the electrolyte to form AlF; [7]. In terms of O
elements, the contents of Al,O3 and O,q4s. were decreased, while TiO, was significantly
increased. It can be concluded that the oxidation reaction of Ti and Al elements from low to
high valence states occurs during EPPo, and the main components of the surface film are
TiO, and Al,Os. EPPo resulted in a significant increase in TiO, content in the surface film

of the samples.

Table 5. The content changes of Ti, Al, and O elements in different chemical states.

Atomic (%) Tio Ti2+ TiS+ Ti4+ Alo A1203 Al-F Ti02 Alz 03 Oads.
Before EPPo 14.52 12.25 16.34 56.89 31.55 68.45 0 42.44 39.19 18.37
After EPPo 9.29 6.87 15.01 68.82 20.83 66.87 12.3 60.12 28.72 11.16
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3.4. Corrosion Properties

The anodic polarization curves of PP, MP, and EPPo samples in PBS simulated body
fluids are shown in Figure 7. Table 6 shows the fitting parameters obtained from the
polarization curves. Corrosion potential (Ecorr) is the equilibrium potential measured when
the metal reaches a steady state of corrosion without applying an external current. The
higher the corrosion potential, the higher the energy required to initiate corrosion, and
the better the corrosion resistance [41]. The corrosion current (I.orr) is the corresponding
current under the condition of corrosion potential, reflecting the corrosion rate of the anode
under no applied current. From Faraday’s law, the corrosion rate is positively correlated
with the corrosion current density [42]. Polarization resistance (Rp) is an important index to
evaluate metal materials’ corrosion resistance. The greater the polarization resistance, the
more complete, dense, and stable the oxide film on the surface of the metal material and
the stronger the ability to resist corrosion. The Ecorr values of PP, MP, and EPPo samples
were —0.614, —0.589, and —5.556 V; Lo values were 0.266, 0.125, and 0.076 pA-cm~2; and
R}, values were 149.896, 380.792, and 523.439 k(), respectively, indicating that the corrosion
resistance of PP, MP, and EPPO samples increased in order. The corrosion potential and
corrosion current of the PP samples were compared with those of the Ti6Al4V alloy in PBS
solution reported in the relevant literature. Ecorr and Ieorr were —0.470 V and 1.019 tA-cm 2
for the commercial Ti6Al4V alloy [43] and —0.350 V and 0.143 nA-cm 2 for Ti6Al4V without
surface coating [44], respectively. Considering differences such as surface roughness, the
Tafel curve fitting data were considered reliable. EPPo can significantly improve the surface
corrosion resistance of Ti6Al4V alloy.

Ig[i (A-em™)]

_1 1 1 1 1 1 1 1
-1.0 -0.8 0.6 -0.4 -0.2 0.0 0.2

Potential vs Ag/AgCl (V)

Figure 7. Tafel polarization curves of samples in PBS solution.

Table 6. Fitting results of Tafel polarization curves.

Samples Ecorr (V) Icorr (MA-cm—2) Cathodic Tafel Slop Anodic Tafel Slop Rp (k)
PP —0.614 £+ 0.010 0.266 4= 0.036 6.398 £+ 0.218 4.491 + 0.155 149.896 + 11.526
MP —0.589 + 0.008 0.125 4+ 0.058 4.281 +0.143 4.838 4+ 0.097 380.792 + 9.347
EPPo —0.556 + 0.012 0.076 £+ 0.021 5.330 £+ 0.262 5.548 + 0.214 523.439 + 21.763

To further study the electrochemical behavior of the passivated film on the sample
surface by EPPo, the corrosion resistance of the sample was further analyzed by elec-
trochemical impedance spectroscopy (EIS). Nyquist plots and Bode phase diagrams of
different sample surfaces in PBS solution are shown in Figure 8, corresponding to the
corrosion reaction at the interface between Ti6Al4V and PBS solution at the simulated
body temperature. In general, the larger the radius of the impedance arc, the better the
corrosion resistance of the samples [45]. The Nyquist plots show that the impedance arcs of
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PP, MP, and EPPo samples increase sequentially, reflecting the sequential enhancement of
their electrochemical corrosion resistance. In the low-frequency range of the Bode plot, the
impedance modulus and phase angle of the PP, MP, and EPPo samples increase sequentially
in the low-frequency region, proving that their corrosion resistance increases sequentially.
The phase angles of the samples were all less than 90 degrees, indicating the existence of an
oxide film on the material surface that can resist corrosion. The oxide films on the surface
of PP and MP samples come from the natural oxidation of Ti6Al4V with oxygen in the air.
The density and stability of the oxide film may be one of the reasons for the difference in
corrosion resistance [46].
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Figure 8. Results of electrochemical impedance analysis of samples in PBS solution: (a) Nyquist plots;

(b) Bode phase diagrams.

The equivalent circuit (Figure 9) is used to fit the EIS results of the samples, where R;
is the solution impedance; R.; corresponds to the charge transfer impedance, which reflects
the electrochemical corrosion resistance; CPE represents the constant phase angle element
of the capacitance of the electric double layer formed by the sample and the solution. CPE
parameters were obtained by the following formula [47]:

Zcpe = [T(]'w)P} B (3)

where T is the constant of CPE, w is the frequency, j2 = —1, and P represents the CPE index
(0.5 <P <1). When P =1, the CPE acts as an ideal capacitor. The equivalent capacitance C
is defined as follows:

j|1/P

C= [TR“’ (4)

where R is the resistance in parallel with the capacitor in the equivalent circuit. The software
Zview 3.1 was used to fit the EIS test data, and the fitting results are shown in Table 7. The
parameter residuals of the fitting procedure ranged from 0.04 to 4.56%.

R CPE

’ N
vd%

R

ct

Figure 9. Equivalent circuit to model experimental EIS data.
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Table 7. Fitting results of EIS plots.

Samples Rs(Q-cm?) T x 106 (Q1.cm—2.ST) P Rt (kQ-em?)  C (uF-cm—2)
PP 104.30 34.351 0.9072 179.89 41.38
MP 103.20 25.816 0.8799 381.18 35.27

EPPo 102.20 21.804 0.9094 1109.10 29.95

From Table 7, it can be seen that Rs varied very little, which is due to the fact that
the uses of EIS were all performed in the same solution conditions. The fitting R.; of PP,
MP, and EPPo samples were 179.89, 381.18, and 1109.10 kQ-cm?, respectively, indicating
that the charge transfer impedance gradually increased during the corrosion process. The
change in bilayer capacitance is related to the surface porosity. The lower the porosity,
the smaller the equivalent capacitance C [48]. Under the same roughness condition, the
equivalent capacitance of the EPPo sample is significantly smaller than that of the MP
sample, indicating that the oxide film on the surface of the EPPo sample is denser and more
resistant to corrosion. This is similar to the mechanism of corrosion resistance of selective
laser melting Ti6Al4V in a variety of solutions [43].

The reduction in surface roughness and higher levelling degree can improve corrosion
resistance. After the surface of the sample is in contact with the solution, there are different
degrees of bumps and dents on the micro-surface, and the height difference makes the
microstructure and the flow state of the medium in different regions different. When
the surface flatness is improved, the small surface irregularity is removed, reducing the
contact area between the surface and the solution, resulting in a decrease in the corrosion
current. This may explain the superior corrosion resistance of MP and EPPo samples
over PP samples. Corrosion resistance is also related to the microstructure and surface
oxide film [49]. The EPPo and MP samples have the same roughness, but the corrosion
resistance of the EPPo sample is significantly better than that of the MP sample. After
the EPPo treatment, the surface crystallinity of the sample improved, and the grain size
increased. The increase in crystallinity may reduce the number of defects and dislocations,
thus reducing the starting point and the rate of expansion of corrosion. The increase in
grain size may imply a decrease in the grain boundary area, thus reducing the possibility
of surface corrosion by PBS solution. According to the analysis of surface elements in
Section 3.3, EPPo oxidizes the sample’s surface and forms a denser oxide film than the PP
samples. The TiO, oxide film has higher chemical stability, while also blocking the direct
contact of the external medium to the metal matrix and inhibiting the corrosion at the grain
boundaries. This may also be an essential reason for why EPPo improves the corrosion
resistance of the samples.

3.5. Wettability

The contact angle can describe the degree of wetting of a liquid on a solid surface.
Figure 10 compares the contact angle and water droplet images of distilled water and
ethylene glycol on the surface of PP, MP, and EPPo samples. On the three sample surfaces,
the average contact angles of distilled water droplets were 81.14, 55.78, and 69.78°, and those
of ethylene glycol droplets were 55.17, 39.03, and 42.78°, respectively. The contact angles
of the sample surfaces were all less than 90°, showing overall hydrophilicity. The smaller
the contact angle, the stronger the interaction between the liquid and the solid surface and
the better the wettability. The wettability of the three materials ranked as MP > EPPo > PP.
The hydrophilicity of solid surfaces is mainly determined by internal factors (such as
chemical composition, functional groups, etc.) and external factors (such as roughness,
surface structure, etc.). The superior wettability of MP and EPPo samples compared to PP
samples is mainly due to the reduction in surface roughness and microscopic morphology
levelling [50]. Reduced roughness means that the surface’s concave and convex structures
at the microscopic scale become flatter and uniform. The liquid will form a larger contact
area at the depression, which is conducive to uniform distribution and adsorption on the
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surface, thus improving the wettability. The inferior wettability of EPPo samples compared
to MP samples could be due to the surface structure, chemical composition, and surface
energy. Sandpaper sanding leaves small scratches and textures on the surface, helping to
increase the effective contact area of the surface and improving the unfolding and diffusion
of droplets on the surface. Compared with MP samples, the denser oxide film on the
surface of EPPo samples will reduce the surface porosity and form a flatter and smoother
surface without microstructure, which makes it difficult for droplets to penetrate into the
oxide film and thus reduce the wettability.

(a) (b)  bistilted water-pp Ethanediol-PP
o0 | m Distilled water
81.14 R Ethylene glycol
S / 69.78
0 |
g / Distilled water-MP Ethanediol-MP
7
2o s 55.78
2 \ //
2 .
S 45 N 42.78
= \ 39.03 SRR
<9 < A
S 5L o N \
Q | N NN Distilled water-EPPo Ethanediol-EPPo
15 NN

Figure 10. Comparison of contact angle and droplet image between PP, MP, and EPPo samples.
(a) contact angle; (b) droplet image.

The results of the sample surface free energy calculated according to Equations (1) and (2)
in Section 2.4 are shown in Table 8. The dispersive part of the surface free energy of PP, MP,
and EPPo samples increased first and then decreased, while the polar part decreased first
and then increased. The surface free energies were 30.5725, 44.7122, and 36.2707 mJ-m~2,
respectively. The surface free energy is the embodiment of the intermolecular forces on
the surface of an object, and the improvement of the surface free energy usually has a
positive effect on the wettability. After MP and EPPo, the surface free energy of the sample
is significantly increased, and the wettability is enhanced. Compared with MP samples,
the surface free energy of EPPo samples is reduced. This may be due to the fact that
the dense TiO, oxide film usually has a more ordered molecular arrangement structure
and restricts the intermolecular space, making the intermolecular forces stronger. The
enhanced intermolecular forces will reduce the free energy on the surface of the EPPo
sample, thus resulting in slightly weaker wettability than the MP sample. However, in
general, the surface free energy and wettability of PP samples are increased after EPPo
processing. The increase in free energy can increase the adsorption capacity of the surface
to the liquid, thus promoting the uniform distribution and rapid expansion of the liquid on
the surface and improving the wettability. The higher surface free energy helps to adsorb
extracellular matrix and proteins and promotes cell adhesion and growth, thus reducing
rejection between the implant and the tissue [28]. By increasing the surface free energy, the
interaction between the implant and the surrounding environment can be improved by
increasing the interaction force with body fluids and improving the drug release efficiency
to improve the implant’s functional performance.

Table 8. Surface free energy of the PP, MP, and EPPo samples.

Samples ¥s? (mJ-m—2) 75" (mJ-m~2) 7s (m]-m~2)
PP 7.5268 23.0457 30.5725
MP 34.4767 10.2355 44.7122

EPPo 14.5005 21.7702 36.2707
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3.6. Residual Stress Variation

The variation in residual stresses on the Ti6Al4V surface before and after EPPo is
shown in Figure 11. It can be seen that the residual stresses of the samples are all manifested
as compressive stresses because the titanium alloy plates used are roll-formed and subjected
to extrusion by the rollers during the forming process. After EPPo, the residual stresses on
the surface decreased dramatically, with the average value reduced from 439.29 to 21.30 MPa
and a reduction rate of 95.2%, showing the phenomenon of stress elimination. This may be
due to the increase in sample surface temperature under plasma bombardment and ohmic
heat during EPPo. With the continuous generation and rupture of VGE, the workpiece
and the electrolyte are constantly in contact and separation [34]. The surface temperature
of the sample is continuously increased and decreased alternately to form an annealing
effect, which causes the residual stress on the surface to be released quickly. Its essence
can be seen as the microstructure evolution and stress relaxation behavior of the material
at a certain temperature [51]. According to the analysis of microstructural changes in
Section 3.2, after EPPo, the increase in crystallinity and grain size on the sample surface can
reduce the number of grain boundaries and reduce the local dislocation barrier and stress
concentration phenomenon, which are thus conducive to the reduction in residual stress.
The reduction in residual stress is helpful to inhibit the stress concentration phenomenon,
reduce the risk of mechanical failure such as fracture of biological implants, and improve
the long-term reliability of biological implants [52]. The fatigue crack propagation rate
of the material under cyclic loading conditions will also decrease with the reduction in
residual stress, thereby prolonging the fatigue life of biomedical implants [53]. In addition,
the reduction in residual stress may also reduce the local wear and fatigue wear of the
material surface, which in turn improves the contact conditions between the implant and
the surrounding tissues, reduces the friction and wear of the implant, and improves its
long-term mechanical properties and durability.
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Figure 11. Variation in residual stress on the sample surface.

4. Conclusions

This study investigated the effects of EPPo on the surface characteristics and properties
of TibAl4V alloy. The variations in surface properties, such as surface roughness, surface
morphology, microstructure, and chemical state of surface elements before and after EPPo,
were analyzed. The effects of EPPo on the physiological corrosion resistance, wettability,
and residual stress of the sample surface were comparatively studied, and the influence
mechanism of EPPo on surface properties was explored in combination with the variations
in surface characteristics. Based on the experimental results and discussion, the following
conclusions can be drawn:

(1) EPPo can significantly reduce the surface roughness of Ti6Al4V alloy and improve the
surface morphology. After EPPo, the sample surface crystallinity and average grain
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size increased. The surface oxygen content of the sample was significantly increased,
and an oxide layer with higher TiO, content was formed.

(2) After EPPo treatment, the corrosion current of Ti6Al4V decreased from 0.266 to
0.07 6 pA-cm~2, the corrosion potential increased from —0.614 to —0.556 V, and
the polarization resistance increased from 149.896 to 523.439 k(), indicating that the
corrosion resistance of the Ti6Al4V sample increased significantly. The improvement
of corrosion resistance by EPPo is related to the improvement of surface flatness,
crystal microstructure, and the formation of the oxide film on the surface.

(3) EPPo could improve the hydrophilicity of Ti6Al4V surface, and the contact angles of
distilled water and ethanediol droplets on the surface were reduced from 81.14 and
55.17° to 69.78 and 42.78°. The improvement of hydrophilicity by EPPo is related to
the decrease in surface roughness, the increase in surface energy, and the alteration of
surface structure and chemical composition.

(4) The Ti6Al4V surface shows residual stress relief after EPPo treatment, which may
be related to the annealing effect formed by the constant alternating increase and
decrease in the surface temperature of the samples during the EPPo process.
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