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Abstract: The impact of sandblasting, anodic oxidation, and anodic oxidation after sandblasting on
the surface structure and properties of titanium alloys was investigated. It was found that the surface
treatments had a significant influence on the surface roughness values, contact angle values, Vickers
hardness, wear resistance, and corrosion resistance of titanium alloys. The surface roughness of
titanium alloys with sandblasting treatment was increased by 67% compared to untreated specimen.
The Vickers hardness of titanium alloys treated with anodic oxidation after sandblasting was found to
increase from 380.8 HV to 408.5 HV, which was increased by 7.3%. The surface treatments in this work
improved the wear resistance of the titanium alloys to some extent, and it can be found that the wear
scar width is reduced by up to 18.6%. The corrosion resistance of the titanium alloys was found to
improve on anodic oxidation. Sandblasting was found to increase surface roughness and promote the
formation of a porous layer during the anodization process, resulting in a slight decrease in corrosion
resistance. The corrosion current density was increased by 21% compared to the untreated specimen.
The corrosion current density of the titanium alloy treated with anodic oxidation decreased to
7.01 x 10~8 A/cm?. The corrosion current density was decreased by 24% compared to the untreated
specimen. The corrosion current density of the titanium alloys treated with anodic oxidation after
sandblasting decreased to 7.63 x 1078 A/cm?. The corrosion current density was decreased by 8.8%
compared to the specimen with anodic oxidation. The anodic oxidation provided a hydrophilic
property for the surface of Ti alloys, which could show a better osseointegration characteristic than
that of sandblasting. The impact of the surface treatments on surface structure and properties of
titanium alloys was studied.

Keywords: Ti alloys; anodic oxidation; wear; corrosion resistance; surface properties

1. Introduction

Nowadays, titanium (Ti) and Ti alloys are applied in many key areas, such as ocean
and aerospace engineering and the medical industry, due to their excellent combination
of mechanical properties, strong corrosion resistance, and low density [1-4]. As a medical
material, specifically, the TC4 alloy exhibits good processability and mechanical properties;
therefore, it is applied widely in artificial joints, oral applications, and as a skull modification
Ti mesh [5-7]. The formation of oxide films of Ti alloys can hinder the contact of the
medium and the substrates of Ti alloys, which improve the corrosion resistance of Ti
alloys [8,9]. However, Ti alloys oxide films naturally generated are relatively thin, and do

Coatings 2022, 12, 157. https:/ /doi.org/10.3390/ coatings12020157

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12020157
https://doi.org/10.3390/coatings12020157
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-6842-6356
https://doi.org/10.3390/coatings12020157
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12020157?type=check_update&version=1

Coatings 2022, 12,157

20f15

not make a significant contribution towards corrosion resistance of Ti alloys. Moreover,
as a biomedical metal implant material, after Ti alloys are implanted in the human body,
they may undergo corrosion due to body fluids within the human environment, and suffer
abrasion from human bone or other implants. The occurrence of wear can reduce the
mechanical properties of the metal material, and cause the failure of the implant [10-13],
eventually leading to increased patient suffering. It has been reported that the wear debris
generated due to poor wear resistance of Ti alloys can lead to osteolysis [14,15]. Therefore,
improving the surface properties of medical implants using Ti alloys is urgent.

Surface modification technologies are very important methods to improve the surface
properties of lightweight alloys [16-18]. Various surface modification technologies, includ-
ing magnetron sputtering, sandblasting, electroless plating, anodizing, and laser surface
treatment, have been applied to improve the surface properties of Ti alloys [19-23]. In actual
production and processing, sandblasting and anodic oxidation are mature technologies for
surface modification of Ti alloys. However, in the case of artificial joint prostheses, there
are very few studies on the performance of Ti alloys after sandblasting and anodizing.

In this study, different surface treatments were carried out on the surface of the Ti
alloys, including sandblasting, anodizing, and anodizing after sandblasting. The microstruc-
tures, surface roughness values, Vickers hardness, wear resistance, corrosion resistance,
and contact angle value of Ti alloys were investigated. The influence of surface treatments
on the microstructures and properties of the Ti alloys was carefully studied, and the related
mechanism was also discussed.

2. Materials and Methods
2.1. Materials

The biomedical Ti alloys used in the present work is Ti-6Al-4V which has lower content
interstitial elements C, N, and O and impurity element, Fe (material designation is TC4 ELI),
compared to that of the common TC4 alloy. The elements content of Al, V, C, N, O, Fe,
and H are 6%, 4%, 0.03%, 0.01%, 0.1%, 0.1%, and 0.003%, respectively. The balance is Ti.
Specimens of 3 mm thickness and 14 mm diameter were cut from a bar. Then, the surfaces
of the specimens were treated by finish turning (specimen A). The specimens were fine
turned and washed ultrasonically in acetone and ethanol [24,25]. Finally, the surfaces of
the Ti alloys were treated by different surface treatments, i.e., sandblasting (specimen B),
anodic oxidation (specimen C), and anodic oxidation after sandblasting (specimen D).

2.2. Experimental Procedure
2.2.1. Sandblasting

The specimens were placed on the sample table. A sandblasting machine (Jichuan
Machinery Technology Co., Ltd., Shanghai, China) was used to treat the surface of the Ti
alloys. Emery with 16 mesh was used for the sandblasting. The distance between the spray
gun and specimen was 50 mm, and the treatment lasted 10-30 s. After the surfaces of the Ti
alloys were treated, the specimens were cleaned and dried carefully.

2.2.2. Anodic Oxidation

Before anodic oxidation, the specimens were pre-treated for 1-25 min. The specimens
were anodized using an anodizing equipment for 20 min. A voltage of 30 V was applied
to the specimens. The electrolyte for anodic oxidation consisted of NaOH (7.5 M/L),
Na,C4H4Og (0.05 M/L), NaySiO3 (0.33 M /L), and EDTA (0.07 M/L); it was heated to 25 °C
and was agitated during anodizing. After the surfaces of the Ti alloys were treated, the
specimens were cleaned and dried carefully.

2.2.3. Anodic Oxidation after Sandblasting

In the first part of the process, the specimens were treated by sandblasting. The
conditions of sandblasting treatment were identical to those listed in Section 2.2.1. In the
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second part of the process, the sandblasted specimens were anodized, according to the
steps mentioned in Section 2.2.2.

2.2.4. Analysis Methods

The surface morphology of the specimens was observed by scanning electron mi-
croscopy (SEM, JSM-7100, JEOL, Ltd., Tokyo, Japan) and atomic force microscopy (AFM,
Agilent 5500, Agilent Technologies Co., Ltd., Santa Clara, CA, USA). The phase composi-
tions of untreated and surface-treated specimens were confirmed by conventional X-ray
diffraction (XRD) and Cu K« radiation (D/ max-2500/PC), and the diffraction angle range
was 20-100 degrees (step size 0.02 degrees). The microhardness of the specimens before
and after surface treatment was tested by the microhardness tester (HMV-2T, Shimadzu
Corp., Tokyo, Japan) with a load of 200 gf and a testing duration of 15 s. The penetration
depth of the indentation tip was about 1 um. The wear resistance was evaluated by a
Bruker UMT-5 friction and wear tester (Beijing Asia Science&Tech technology Co., Ltd.,
Beijing, China) with a load of 2N and a testing time of 1600s at 25 °C. Grinding ball was
a Cr15 ball with 6 mm. The surface roughness values were measured by a roughometer
(SRA-2, Shangguang Instruments Co., Ltd., Beijing, China) with a testing range of 1-3 um
and testing speed of 0.5 mm/s. The CHI660E electrochemical workstation (Shanghai Chen-
hua Instrument Co., Ltd., Shanghai, China) and the three-electrode electrochemical cell
system were used for electrochemical studies in a simulated body fluid (SBF) solution at
37 °C. The electrochemical impedance spectroscopy (EIS) of specimens were tested after
the specimens were soaked for 30 min. A Pt foil electrode and saturated calomel electrode
(SCE) were used as counter electrode and reference electrode, respectively. The contact
angles of water on the surface of specimens were tested using a contact angle measuring
instrument (DCAT21, DataPhysics Instruments, Filderstadt, Germany) equipped with a
digital camera (DataPhysics Instruments, Filderstadt, Germany) at 20 °C.

3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Morphologies and Structures

Figure 1 shows the macroscopic morphology of each specimen. This shows that
sandblasting could significantly increase the surface roughness of the Ti alloys. In addition,
black films appeared on the Ti alloys after anodizing.

Figure 2 shows the surface morphologies of the Ti alloys with different surface treat-
ments by SEM. Grain boundaries were found on the surface of specimen A (Figure 2a).
However, the grain boundaries disappeared when the Ti alloys were anodized. Moreover,
some cracks and islands were found on the surface of the specimen C (Figure 2c). In addi-
tion, surface deformation was generated and grain boundaries disappeared on sandblasted
for specimen B. Furthermore, some boundaries were generated on the surface of specimen
B (Figure 2b). More islands were found on specimen D. However, the boundaries resulting
from the sandblasting treatment were significantly reduced (Figure 2d). In addition, EDS
showed O and Ti on the surface of specimens C and D (Figure 2e,f). This indicates that
oxidation films of Ti alloys were formed, which is consistent with optical microscopy
images (Figure 1c,d).

Figure 3 shows the AFM morphology of Ti alloys with different surface treatments.
The surface of specimen A was found to be smooth (Figure 3a) and treated surfaces were
rougher. Moreover, a larger number of small bumps were found on the specimen D
(Figure 3d).
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Figure 1. The appearance of Ti alloys with different surface treatments. (a) specimen A, (b) specimen

B, (c) specimen C, and (d) specimen D.

Figure 4 shows the XRD results of the Ti alloys with different surface treatments. Three
diffraction peaks with higher diffraction intensity were all substrates of Ti alloys. Moreover,
the peak of titanium oxide was not found on the specimens C and D. However, the minute
changes of XRD patterns can still be observed through the partial enlarged view with 26
from 35 to 42 degrees. The XRD peak of the sample after processing of sandblasting shifted
slightly towards a high angle orientation compared to the untreated sample. According to
Bragg’s Law (2dsinf = nA), the micro residual stress produced by severe deformation within
a certain depth of the surface in the process of sandblasting changed lattice parameter.
The crystal plane spacing perpendicular to the surface direction is decreased. After the
following anodic oxidation treatment, the stress was released by the synergistic effect of
the electrolyte corrosion and oxide film growth. Therefore, the XRD peaks of sample C
and D returned to normal position again. Moreover, for specimen C, it could be seen
that the x(101) peak shifted to the higher angles indicating a compressive strain out-of-
plane[1,2] compared to specimen D. In addition, the width of the diffraction peaks slightly
broadened apart from the untreated sample, which indicate that the grains were refined in
the condition of identical composition after surface deformation strengthening and anodic
oxidation treatment.

Figure 5 shows surface roughness values of Ti alloys with different surface treatments.
It could be found that the surface roughness values of specimen C had a little change
compared to that of specimen A. In addition, the surface roughness values of specimen B



Coatings 2022, 12, 157 50f 15

were increased by 67% obviously compared to that of specimen A. Moreover, the surface
roughness values of specimen D were increased by 100% compared to that of specimen A.

Aoy P - 2. : , A -
4/9/2021 10pm JEOL 4/9/2021
.6mm 11:02:38 . S| WD 17.5mm 11:19:44

Figure 2. Surface morphologies of Ti alloys with different surface treatments. (a) specimen A,
(b) specimen B, (c) specimen C, and (d) specimen D, (e) the EDS results of specimen C, (f) the EDS
results of specimen D.

3.2. Mechanical Properties

Figure 6 shows the Vickers hardness of Ti alloys with different surface treatments.
It could be found that the Vickers hardness of specimen C was increased to 393.4 HV,
which was increased by 2.5% compared to specimen A. Moreover, the Vickers hardness of
specimen B was increased to 390.7 HV, which was increased by 3.3% compared to specimen
A. Tt also could be found that the Vickers hardness of specimen D was increased to 408.5 HV,
which was increased by 7.3% compared to specimen A. Therefore, the increase in Vickers
hardness of Ti alloys with various surface treatments was not significant in this work.
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Figure 3. Atomic force microscopy morphology of Ti alloys with different surface treatments.
(a) specimen A, (b) specimen B, (c) specimen C, and (d) specimen D.
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Figure 4. The XRD results of Ti alloys with different surface treatments. (A) specimen A, (B) specimen
B, (C) specimen C, and (D) specimen D.
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Figure 5. Surface roughness values of Ti alloys with different surface treatments.
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Figure 6. The Vickers hardness of Ti alloys with different surface treatments.

Figure 7 shows the variations of friction coefficients of Ti alloys with wear time.
Figure 8 shows the wear morphologies of Ti alloys with different surface treatments. It
could be found that friction coefficients of Ti alloys with different surface treatments had a
little change in the stable stage of wear. However, it also could be found that the friction
coefficients of specimens C and D were increased gradually from very low values in the
initial stage of wear (Figure 7). Moreover, there are some differences in the optical images
of wear morphology of Ti alloys with different surface treatments (Figure 8). The wear
scar width of 980.2 pym was found on the surface of Ti alloys without surface treatment.
However, the wear marks of specimens B, C, and D were narrower, reaching wear scar
width of 823.1 um, 798.3 um, and 818.2 um, which was decreased by 16%, 18.6%, and 16.5%
compared to specimen A.
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Figure 7. Variations of friction coefficients of Ti alloys with wear time. (a) specimen A, (b) specimen
B, (c) specimen C, and (d) specimen D.

3.3. Corrosion Resistance

Figure 9 shows the potentiodynamic polarization curves of Ti alloys with different
surface treatments in the SBF solution. The corrosion current density of specimen A
was 9.17 x 1078 A/cm?. The corrosion current density of specimen C was decreased to
7.01 x 1078 A/cm?. The corrosion current density of specimen C was decreased by 24%
compared to the specimen A. This was indicated that the corrosion resistance of Ti alloys
was improved by anodic oxidation. However, the corrosion current density of specimen
B was increased to 1.11 x 10~7 A/cm?. The corrosion current density of specimen B was
increased by 21% compared to the specimen A. The corrosion current density of specimen
D was decreased to 7.63 x 10~7 A/cm?. It was also found that corrosion current density of
specimen D was increased to 8.8% compared to it of specimen C. Therefore, there was no
significant difference in the corrosion current density between the specimens treated by
anodic oxidation and those treated by anodic oxidation after sandblasting.

Figure 10 shows the EIS of Ti alloys with different surface treatments. It can be found
that the phase angles of specimens C and D were close to —90 degrees in the high frequency
region. However, the phase angles of specimens A and B were close to —90 degrees in
the low frequency region (Figure 10a). This was indicated that the treatment of anodic
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oxidation on Ti alloys changed the corrosion process of Ti alloys. Moreover, the peak width
of specimen A was wider than that of specimen B. It was indicated that the corrosion
resistance of specimen A was better than that of specimen B. In addition, the values of
impedance modulus of specimens C and D were larger than that of specimens A and
B (Figure 10b). This was indicated that the treatment of anodic oxidation improved the
corrosion resistance of Ti alloys. The corrosion resistance of specimen C was found to be
better than that of specimen D. This was consistent with the results of the potentiodynamic
polarization curves.

Figure 8. Optical images of wear morphologies of Ti alloys with different surface treatments.
(a) specimen A, (b) specimen B, (c) specimen C, and (d) specimen D.

Log Current density (A/cmz)

- ,,,,,,,, solution: SBF -
. ] ; 1 .

-1 0 1 2

Potential (V vs. SCE)

Figure 9. The potentiodynamic polarization curves of Ti alloys with different surface treatments.
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Figure 10. EIS of Ti alloys with different surface treatments. (a) the phase angle diagram of different
specimens, (b) impedance modulus of different specimens.

3.4. Contact Angles

Figure 11 shows the contact angles of water on the surface of Ti alloys with different
surface treatments. The contact angles of Ti alloys had a significant change. The contact
angles of specimen A were 56.3 degrees. It was found that the contact angles of specimen C
increased to 88.2 degrees. Moreover, the contact angles of specimen B were increased to
101.5 degrees. However, the contact angle value of specimen D decreased to 77.2 degrees
compared to that of specimen B.

a b

ST

Measurement:
Sessile drop[188]

Measurement: Liquid:

Step: 1 Liquid:
Sessile drop[188] Temperature: 20.0°C water (water)

Step: 1
Temperature: 20.0°C water (water)

Measurement: Step: 1 Liquid: Step: 1
Sessile drop[188] Temperature: 20.0°C water (water) Sessile drop{188] Temperature: 20.0°C water (water)

Figure 11. The contact angles of Ti alloys with different surface treatments. (a) specimen A,
(b) specimen B, (c) specimen C, and (d) specimen D.
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4. Discussion

The results of morphologies of Ti alloys (Figures 1 and 2) showed that oxidation films
were formed on the Ti alloys. However, the peaks of titanium oxide were not found for
specimens C and D (Figure 4). The diffraction peaks are shown in Figure 4, and specimens
only showed peaks for o or 3 phases, with no other intermetallic phases. In other words,
only nanoscale depth from the surface was affected by the anodic oxidation treatment; the
phase compositions of substrate alloy and XRD detection results were insusceptible. In
addition, the analyses of results (Figures 5-10) suggest that Ti alloys with different surface
treatments had different mechanical properties, wear resistance, corrosion resistance, and
contact angles.

Different surface roughness values were found on the Ti alloys with different surface
treatments from Figure 5. It is generally accepted that the surface roughness of Ti alloys in-
creased on sandblasting [24]. Moreover, it can be found that the surface roughness value of
Ti alloys increased with anodic oxidation after sandblasting. Thus, anodic oxidation could
improve the surface roughness values, which is consistent with literature reports [25,26].
The increase of roughness can be attributed to the growth of oxidation films. Dense oxi-
dation films were formed on the Ti alloys at the beginning of anodization. The electrolyte
diffusion rate of the position in depression of the rough-surface was slow, so the generated
Joule heat was more difficult to diffuse. Therefore, the dissolution rate of the layer in the
concave of rough surface was increased, resulting in a decrease in membrane resistance
and an increase in current and current density. This resulted in a large amount of heat,
which intensified the dissolution of the films in the concave of rough surface. The Ti alloys
with sandblasting were rougher; therefore, the dissolution of layers in concave of rough
surface increased significantly. Moreover, the dissolution of layers would also occur where
the oxidation layer was uneven. Therefore, the surface roughness value of specimen D
was higher.

The surface treatments were found to improve the Vickers hardness of the Ti alloys in
this study. However, the increase in the Vickers hardness resulting from surface treatment
was not very significant. It is generally accepted that a certain degree of plastic deformation
occurs on the surface of metal due to sandblasting, causing the lattice distortion to become
larger [27]. The surface of Ti alloys was strengthened to a certain extent. Therefore, the
sandblasting improved the surface hardness of the Ti alloys. Moreover, it was generally
also accepted that the oxidation films of Ti alloys have a higher hardness [28]. However,
surface treatments of sandblasting and anodic oxidation in this study did not significantly
improve the hardness of the Ti alloys. This may be because the strengthened layer or the
oxidation films prepared were thin, and were easily destroyed in the Vickers hardness test.
Therefore, the Vickers hardness measured was the composite hardness of the strengthened
layer/oxidation films and the substrate, resulting in an inconspicuous increase in the
Vickers hardness of Ti alloys.

The friction coefficients of Ti alloys with different surface treatments had a little change
in the stable stage of wear. Moreover, obvious wear marks were found on the Ti alloys
with different surface treatments. It was indicated that the different surface treatments
had no effective protection on Ti alloys substrate in this work. For specimens A and B, Ti
alloy and grinding ball were contacted directly in wear test. There was adhesion between
metals during wearing, so the friction coefficient of specimens A and B was larger. It
could be found the initial friction coefficients were about 0.2 for specimens C and D. The
oxidation films were generated for specimens C and D during anodizing, which hindered to
Ti alloy contact with grinding ball, thereby reducing adhesion between the specimens and
grinding ball in wear. Therefore, the initial friction coefficients were smaller for specimens
C and D. The oxidation films were broken as the extension of wear time. The formation of
wear debris increased the friction coefficients. Therefore, the friction coefficients increased
gradually with the extension of wear time. The friction coefficients of specimens C and D
were approached to that of specimens A and B in the stable stage of wear, indicating that
substrates of specimens C and D were contacted by a grinding ball in the stable stage of
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wear. In addition, narrower wear marks were found on the surface of Ti alloys with surface
treatment. This indicates that the surface treatment could reduce the wear rate of the Ti
alloys. It is generally also accepted that the wear resistance of materials is influenced by the
hardness. The hardness of Ti alloys with surface treatments had a slight increase compared
to that of Ti alloys without surface treatment. The resistance to deformation of specimens
C and D was stronger during wear. Therefore, the surface treatment improved the wear
resistance of Ti alloys to some extent.

The corrosion current density of specimen C was decreased by 24% compared to the
specimen A, indicating improved corrosion resistance. This can be attributed to the anodic
oxidation layer on the Ti, which prevents the SBF solution from contacting the Ti alloy
substrates. The corrosion current density of specimen B was increased by 21% compared
to the specimen A, suggesting decreased corrosion resistance. It is generally observed
that sandblasting can improve the roughness value of specimens. Therefore, the corrosion
area of Ti alloys increased after sandblasting, resulting in increased corrosion current
density. The corrosion current density of specimen D was 7.63 x 1078 A/cm?, which was
increased by 8.8% compared to the specimen C. This can be attributed to a further increase
in the surface roughness of the Ti alloy, leading to an increase in the corrosion area of
the specimens. Therefore, corrosion current density of specimen D was increased slightly.
Moreover, it was reported that the corrosion resistance of the Ti alloys was influenced by
the formation of a barrier layer and porous layer [9].

To further analyze the corrosion behavior of the Ti alloys with different surface treat-
ments, the equivalent circuits of specimens were established. Figure 12 shows the equiv-
alent circuits which are used for modelling the EIS results, and the extracted parameters
according to the model are presented in Table 1.

Coor ~ Porous layer

Barrier layer

Figure 12. The equivalent circuits which are used for modelling the EIS results. (a) the equivalent
circuit of specimens A and B; (b) the equivalent circuit of specimens C and D.

Table 1. Extracted parameters of different specimens according to the equivalent circuits.

C C R G
i .cm2 .cm2 d em?2 por b b
Specimens Ry (Q-cm?) Ryo1 (Q-cm?) (F-cm-2) Rpor (Q2-cm?) (F-cm-2) (Q-cm?) (F-cm~2)
A 119 7.4 x 10° 3x10°° - - - -
B 104 1.8 x 103 1.6 x 1074 - - - _
C 110 - - 45 x 10° 1.6 x 1077 7.5 x 10° 2.8 x 107°
D 105 - - 24 % 10° 1.6 x 10~ 9.7 x 10° 32x107°

The equivalent circuit used to simulate the electrode process of specimens A and B
is shown in Figure 12a, where Cy is the double-layer capacitance of the substrate, Ry, is
the polarization resistance of substrate, and Ry, is the bulk resistance of the solution. The
phase angle diagram shows that there are two peaks in specimens C and D, so there are
two corrosion processes for specimens C and D. The equivalent circuit used to simulate
the electrode process of specimens C and D is shown in Figure 12b, where Cpo; is the
capacitance of the porous layer, Rpor is the ohmic resistance of the porous layer, G, is the
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capacitance of the barrier layer, Ry, is the ohmic resistance of the barrier layer, and Ryx
is the bulk resistance of the solution. Table 1 shows that Rpor and Ry, of specimen C were
4.5 x 103 O-em? and 7.5 x 100 Q-cm?, respectively. However, Rpor and Ry, of specimen D
increased to 2.4 x 10° Q-cm? and 9.7 x 10° Q-cm?, respectively. Thus, anodic oxidation
films of specimen C could provide better corrosion resistance. It is generally accepted
that the formation of a porous layer can decrease the corrosion resistance of the anodic
oxidation film. The formation and dissolution of the film occur simultaneously during
anodic oxidation. However, significant heat is generated in the cavities on the films, which
may not be released during anodization, resulting in the dissolution of films in the cavities.
Therefore, the formation of the porous layer was accelerated. The surface roughness of Ti
alloys without sandblasting was found to be low. Therefore, a small number of cavities
were generated during anodization. After sandblasting, Ti alloys had higher roughness on
the surface. This allowed the Ti alloys to have more cavities during anodization, resulting
in the promotion of the formation of porous layers and the dissolution of barrier layers.
This resulted in a decrease in the Rpor and Ry, of specimen D.

Through the above analysis, the anodic oxidation diagram of specimens before and
after sandblasting was given (Figure 13). The surface of the specimen was relatively smooth
for the unsandblasted specimen, so the porous layer formed was relatively thin and had
fewer voids in anodizing. However, after sandblasting, the surface roughness increased,
promoting the formation of the porous layer and an increase in thickness of the porous
layer during the anodization process.

Porous layer
Anodic oxidation Barrier layer
Specimen C

Ti6Al4V without sand blasting Ti6Al4V without sand blasting

Porous layer
Anodic oxidation Barrier layer

Specimen D
Ti6Al4V with sand blasting Ti6Al4V with sand blasting

Figure 13. Anodic oxidation diagram of specimens before and after sandblasting.

Hydrophilicity is an important property for biomaterials [29,30]. The hydrophilic
property is mainly related to the contact angles [31]. According to the relations between
wetting tension and the wetting of a solid, the macroscopic result shows the high wettability
(i.e., hydrophilicity) when the contact angles are between 0 and 90 degrees, and the low
wettability (i.e., hydrophobicity) when the contact angles is between 90 and 180 degrees [32].
Gittens et al. [31] reported that the hydrophilic surface interacts closely with biological
fluids, allowing normal protein adsorption to the surface and subsequent interactions with
cell receptors. However, the hydrophobic surfaces are prone to hydrocarbon contamination,
leading to entrapment of air bubbles that can interfere with protein adsorption and cell
receptor adhesion/activation. In this study, the contact angle of the Ti alloy without treat-
ments was 56.3 degrees, which showed a good hydrophilic property. After sandblasting,
the contact angles of specimen B increased to 101.5 degrees showing the hydrophobicity
which was not conducive to the adsorption of osteoblast cells. The contact angles of the
specimens C and D, which were treated by anodic oxidation, were found to be 88.2 degrees
and 77.2 degrees, respectively, revealing a similar hydrophilic level. In actual production
and processing, the surface treatment of Ti-alloy implants is the sandblasting rather than
stopping at the finish turning. Therefore, only the surface treatment of sandblasting and
surface anodic oxidation could be applied to the implant prosthesis products. In conclusion,
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the anodic oxidation provided a hydrophilic property for the surface of Ti alloys, which
could show a better osseointegration characteristic than that of sandblasting.

5. Conclusions

The influence of the different surface treatments on the microstructure and surface
properties of the Ti alloys was investigated. The following conclusions could be drawn
based on the present results.

The different surface treatments improved the Vickers hardness of Ti alloys slightly.
The Vickers hardness of Ti alloys treated by anodic oxidation after sandblasting was
increased from 380.8 HV to 408.5 HV, which was increased by 7.3%. In addition, the
surface treatments by anodic oxidtion decreased wear scar widths by 18.6% compared to
the untreated specimen, which improved the wear resistance of the Ti alloys.

The treatment of anodic oxidation improves the corrosion resistance of Ti alloys, which
was found to be decreased by 24% in corrosion current density compared to the untreated
specimen. Sandblasting increased the roughness and promoted the formation of the porous
layer during the anodization process, resulting in a decrease in corrosion resistance of Ti
alloys, which was increased by 8.8% in corrosion current density compared to the specimen
with anodic oxidation.

The contact angle of Ti alloys after anodizing was 88.2 degrees. The contact angle
of Ti alloys treated by anodic oxidation after sandblasting was 77.2 degrees. The anodic
oxidation provided a hydrophilic property for the surface of Ti alloys, which could show a
better osseointegration characteristic than that of sandblasting.
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