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of the NG-MAO coating was also 122% higher than that of the CG-MAO coating
in PS. And the protein adsorption capacity and cell proliferation have been
significantly increased on the NG-MAO coating compared to its counterpart, the

CG-MAO coating.

GRAPHICAL ABSTRACT

Introduction

Beta-titanium (B-Ti) alloys composed of non-toxic
elements have been explicitly developed over dec-
ades as implantable materials for the rational com-
bination of the requisite characteristics in biomedical
application [1, 2]. These characteristics include: (1)
only biocompatible elements to avoid neurological
disorders and toxicity in human tissues and promote
bone integration after implantation [3, 4] and (2)
appropriate microstructural features to meet the
stringent requirements on load-bearing capability,
fatigue performance and biomechanical compatibility
with hard tissue [5, 6]. However, there are still con-
cerns regarding the corrosion resistance of B-Ti alloys
in the very harsh environment inside the human
body which contains organic acids, alkaline earth
metal ions (Na*, K*, Ca®*), Cl™ ions, etc., coupled
with protein, enzyme and cells [1, 6, 7]. Besides, due
to the lack of biological activity, B-Ti alloys could not
induce bone tissue growth and form qualified
osseointegration to meet the requirements of long-
term clinical services [1, 7, 8]. With the continuous
increase in clinicians’ and patients’ expectation of
shortening tissue healing time and improving long-
term rehabilitation treatment outcomes, the

requirement to continuously improve and advance
biomaterial has been raised [1, 8, 10].

It is proven that the surface bioactivity of the
implant plays a dominant role to determine the
osseointegration and the long-term bone integration
of the implant [11-13]. Therefore, bioactive surface
coating has been investigated as an effective way to
solve the problem associated with the biological
inertia of Ti alloy and improve bone integration
efficiency and quality, with enormous efforts con-
cluding that bone-like apatite layer induced by
bioactive coating could form firm chemical bond with
living bones [14-16]. At present, a variety of surface
modification technologies have been developed to
improve the surface bioactivity of hard tissue
implants, including but not limited to sandblasting,
thermal spraying, alkali treatment, surface mechani-
cal attachment treatment (SMAT), self-assembly,
laser surface modification and micro-arc oxidation
(MAO) [17-20]. Furthermore, a combination of sur-
face modification technologies could obtain coatings
with further improved performance or multiple
functions, which has become an important research
direction of surface modification of Ti alloy implants
[21-24].

Recently, composite MAO, which includes a sur-
face nanopretreatment and then MAO on the pre-
treated surface, has been developed to improve
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coating corrosion resistance and biocompatibility by
changing matrix microstructure. Gu et al. [25] used
ultrasonic forging to refine the surface grain of
Ti6Al4V to 200 nm. The MAO coating obtained on
such pretreated surface demonstrated smaller pore
size, increased micro-hardness and improved corro-
sion resistance. And other research results also
showed that surface nanocrystallization through
pretreatment could improve MAO coating [26].
Sliding friction treatment (SFT) is a method of form-
ing a nanocrystalline layer on a metal surface by
controlling high hardness friction head to carry out
reciprocating friction treatment on the material sur-
face [27, 28]. SFT is capable of making grain structure
change gradually from the top nanostructural surface
to no-structure changed matrix without an obvious
interface [29]. It has been intensively used to refine
surface grain structure and improve mechanical
behavior by surface severe plastic deformation. SFT
has also been reported as a pathway to improve
performance and service life of a range of biometallic
materials [28, 29]. Zhang et al. [29] reported an SFT
treatment result on a pure tantalum, including a
gradient distribution of deformation layer along the
depth, and fully equiaxed nanocrystals on the treated
surface with an average grain size of 8 nm. Liu et al.
[30] made nanocrystals with an average grain size of
98 nm on the surface of a Mg—-Zn-Y-Ce-Zr alloy by
SFT.

The Ti3Zr25n3Mo25Nb alloy (TLM) is a near B
titanium alloy designed for a broad range of ortho-
pedic application. It has low elastic modulus between
53 and 81 GPa and high tensile strength up to
1000 MPa with acceptable biocompatibility and
biomechanical adaptability [31]. Like B-Ti alloys sta-
ted above, TLM also shares the shortcomings of
inadequate bioactivity and corrosion resistance. So
far, there have been few reports on the surface
modification of TLM with composite coating method
to address these issues. The current study aims to
further improve its biocompatibility and corrosion
resistance through a combination of SFT-induced
surface nanocrystallization and MAO treatments. The
SFT was first used to achieve nanocrystalline struc-
tures on the TLM surface, and then, MAO was car-
ried out on the SFT-treated surface in an electrolyte
containing bioactive elements of calcium and phos-
phor. The effects of the nanocrystalline surface on the
phase composition, microstructure, morphology,
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corrosion resistance and bioactivity of the MAO
coating were investigated.

Materials and method
Materials and surface treatment

TLM alloy sheets with a thickness of 5 mm were
solution- and age-treated. The solution treatment was
performed at 750 °C for 1 h followed by quenching
into cold water. Ageing was carried out at 510 °C for
6 h and then air cooling to the room temperature. The
temperature control during solution and ageing
treatments was £ 1 °C. The chemical composition of
the TLM alloy sheet is shown in Table 1. The phase
composition was detected using optical microscope
(Axio vert Al, Zeiss) and X-ray diffraction (XRD, D8
ADVANCE).

SFT was performed on the as-treated TLM sheets
with a load of 350 N, 0.2 m/s in sliding velocity,
50 mm in amplitude, and 50 times for surface
nanocrystallization. More details of the SFT process
were reported elsewhere [26]. To eliminate the sur-
face pollution from SFT, the top surface layer of
1-3 pm was removed by mechanical polishing care-
fully. The SFT-treated samples were grouped as the
nanograined (NG) TLM. For comparison, the heat-
treated samples without the SFT were grouped as the
coarse-grained (CG) TLM.

Both the NG and CG sheets were cut into
10 mm x 10 mm in size. MAO treatment was con-
ducted to these samples in a stainless-steel tank
where TLM sheet sample was fully immersed into an
electrolyte composed of calcium acetate (18 g/L),
sodium B-glycerophosphate (5 g/L) and deionized
water. During the MAO treatment, the TLM sheet
sample was worked as an anode, while the stainless-
steel tank was a cathode. All the specimens were
treated for 6 min at 390 V, 20% duty cycle, and
120 Hz frequency. The NG and CG TLM after MAO
treatment were denoted as NG-MAO and CG-MAOQO,
respectively.

Table 1 Chemical composition of the TLM alloy

Element Nb Zr Mo Sn C N (0] Ti

wt. % 252 3.01 294 20 001 002 0.14 Bal
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Microstructure characterization

Microstructure of the NG and CG TLM was inspected
by an optical microscope (Axio Vert Al, Zeiss), and a
transmission electron microscope (TEM, JEM-2100)
was used to characterize microstructure and phase
composition of NG samples. The grain size was
detected by the intercept method [27]. The surface
morphology and cross section of MAO coating were
observed by a scanning electron microscope (SEM,
JSM-6460). An area of 30 pm x 30 pm was randomly
selected for imaging analysis using Image Pro Plus
(IPP, media cybemetics, 6.0). Five samples were ran-
domly selected from each group for statistical anal-
ysis of porosity and pore distribution. Surface
roughness and morphology of the MAO coatings
were measured by an atomic force microscope (AFM,
Dimendion Icon) with the scanning range of
30 um x 30 pm. Chemical characteristics of the sur-
face and cross section of the two groups of samples
were analyzed by energy-dispersive spectrometer
(EDS, INGAXx-sight), along with quantitative analysis
of the elements using Inca software. The phase
composition of MAO coating was determined by
X-ray diffraction (XRD, D8 ADVANCE), and the
phase structure was analyzed by Jade 6.5 software.
X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250xi) was used to analyze the surface
element characteristics of the coatings. The
hydrophilicity of CG-MAO and NG-MAO coatings
was measured using a contact angle measuring
instrument (JY-82, Dingsheng, China). Ultrapure
water was used as the testing fluid, and at least three
samples from each group were tested.

Electrochemical corrosion test

Open-circuit potential (OCP), electrochemical impe-
dance spectroscopy (EIS) and potentiodynamic
polarization curve (PDP) of CG-MAO and NG-MAO
samples were tested using an electrochemical work-
station (IM6, Zahner) in physiological saline (PS, 0.9
wt% NaCl aqueous solution) and simulated body
fluid (SBF) solution, respectively.

Protein adsorption

Eight specimens from each group were put into a 24-
well cell culture plate and washed in the wells for 3
times with phosphate-buffered saline (PBS) at 37 °C.
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The specimens were incubated with 1 ml PBS con-
taining 2.5% fetal bovine serum (Minhai Bio, Lanz-
hou, China) in each well at 37 °C, and four specimens
were taken out after 7- and 14-day incubation,
respectively. The adsorbed protein content (As) on
the surface was measured by the PierceTM BCA
protein detection kit (Thermo-Scientific) and is cal-
culated as follows:

A=A¢ — A (1)

where A is the protein adsorbed on the surface, A; is
the protein left in the solution after adsorption, and
Ap is the protein in the culture medium without
samples under the same culture conditions.

In vitro cell co-culture

The osteoblast cell line (MC3T3-E1) was selected for
in vitro co-culture; the adhesion and proliferation of
osteoblasts on the surface of the NG-MAO coating
and the CG-MAO coating were detected by Live-
Dead staining kit (L7012 LIVE/DEAD BacLight Bac-
terial Viability Kit) and AlamarBlue assay kit (Life
Technologies). Two groups of samples were sterilized
with 75% ethanol for 2 h, irradiated with UV for
30 min, and then placed in a 24-well culture plate.
Tissue culture plate (TCP) was served as control. The
cells were seeded on the surface with a density of
4000 cells/cm?. After culturing for 1 and 3 days,
AlamarBlue indicator was added into each well and
incubated for 4 h. One hundred microliters of med-
ium from each well was transferred to a 96-well black
plate and passed the microplate reader (Spectramax
i3, Molecular Devices) to record their fluorescence
intensity. At least three samples were performed for
each group. Live and dead cells were routinely
stained by Live-Dead kit and observed by an upright
fluorescence microscope (BX53, Olympus).

To observe cell morphology on the sample surface,
after culturing for 1 and 3 days, the samples were
washed with PBS for three times and fixed in 1 mL of
2.5% glutaraldehyde at 4 °C for 30 min. The samples
were washed for three times with PBS. Finally, the
samples were dehydrated with graded ethanol
aqueous solution containing 30, 50, 70, 80, 90, 95 and
100% ethanol, each for 15 min, and then freeze-dried.
The morphology of the cells on the surface was
observed with a scanning electron microscope (SEM,
Quanta 250).
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Statistical analysis

Each experiment was repeated at least five times, and
the results were expressed as means + standard
deviation. The statistical difference between two
groups was analyzed by t-test, in which p < 0.05
represented a statistical difference, p < 0.01 repre-
sented a significant difference.

Results
Microstructure of the SFT surface

Optical metallography and XRD pattern of TLM after
solution and aging treatment as shown in Fig. 1
revealed that the microstructure of the sheets was
composed of B matrix and a small amount of acicular
o, and the average grain size of the  matrix was
around 40 um. Optical metallographic image of the
NG sample in Fig. 1b presented a 100-pm-thick

J Mater Sci (2022) 57:5298-5314

severely deformed layer where grains were highly
elongated and refined. The TEM image of the top
layer in Fig. 1c showed the randomly distributed
elongated grains with an average grain size of 70 nm.
The corresponding selected area electron diffraction
(SAED) pattern as shown in Fig. 1d revealed that
these fine nanocrystals were B-Ti. The XRD patterns
of CG and NG in Fig. 1e showed that CG consisted of
two phases of precipitated o phase and original
phase, while the NG sample only owned a single
phase, consistent with the TEM result.

Morphology and composition of the MAO
coatings

Figure 2 shows the surface morphology of the MAO
coatings on the NG and CG surfaces. As shown in
Fig. 2a and b, the two surfaces were evenly dis-
tributed with sub-circular or elliptical crater-like
pores in micron scale, and the chemical composition
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Figure 1 Microstructure structure: a Optical
metallographic image of the TLM alloy after solution and aging

treatment, b optical metallographic image of cross section of NG

and phase
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Figure 2 SEM images and EDS results of MAO coatings: a, c CG-MAO; b, d NG-MAO; SEM images treated by IPP: e CG-MAO, f

NG-MAO; g pore size distribution and porosity statistics.

of the coatings was not significantly different. The
high-magnification images in Fig. 2c and d indicated
that the two MAO surfaces were full of micro-pores,
but there were a large number of submicron micro-
pores around the macropores of NG-MAO coating. In
contrast, the surface of CG-MAO coating showed
much fewer submicron pores.

Figure 2e and f shows the characteristics of
micropores of the CG-MAQO and NG-MAO coatings
after IPP software treatment. The statistical results in
Fig. 2g indicated that the average porosity of NG-
MAQO coating was 12.36%, which was lower than that
of CG-MAO coating (15.3%). These might be due to
the fact that there were more submicron pores on the
surface of NG-MAO coating, but the number of pores
with larger size was less.

The longitudinal-section SEM images of the CG-
MAO and NG-MAO coatings in Fig. 3a and b pre-
sented that the NG-MAO coating was slightly thicker
than the CG-MAO coating. The EDS results of the
CG-MAO and NG-MAO coatings as shown in Fig. 3c
and d revealed that there was a boundary between
TLM alloy substrate and the two coatings. As can be
seen from the revised EDS results in Fig. 3d, the
change of Ti content at the interface between the NG-
MAO coating and substrate was milder and more
gradually as compared with the CG-MAO coating,
indicating that there was a better “buffer transition
zone” between the NG-MAO coating and substrate.
These two coatings had the same phase composition,
including rutile TiO,, anatase TiO, and CaTiO;, as
well as a small amount of other amorphous phases
(Fig. 3e). The XPS spectra in Fig. 3f displayed there
was no significant difference between the two coat-
ings, which were consistent with those of XRD and

EDS results, indicating that SFT had no significant
effect on the phase composition of MAO coating.
The surface morphology and roughness of MAO
coatings via AFM are shown in Fig. 4. Figure 4a and ¢
presents the three-dimensional and two-dimensional
morphology of the CG-MAO coating, and Fig. 4b and
d shows the three-dimensional and two-dimensional
morphology of the NG-MAO coating, respectively.
The CG-MAO and NG-MAO coatings had similar
morphology, but the surface roughness Ra and Rq of
the NG-MAO coating was 704 and 878 nm, respec-
tively, significantly higher than those of CG-MAO
coating of 537 and 657 nm, respectively (Fig. 4e).

Electrochemical corrosion behavior

Figure 5a and c presents the OCP curves of the CG-
MAO and NG-MAO coatings in PS solution and SBF
solution, respectively. The potentials of the two
coatings were stable in both solutions. The OCPs of
the NG-MAO coating in PS solution and SBF solution
were 0.284 and 0.113 V, significantly higher than
those of the CG-MAO coating of 0.158 V and 0.085 V.

Figure 5b and d shows the polarization curves of
the CG-MAO coating and the NG-MAO coating in PS
solution and SBF solution, respectively. Table 2
shows the electrochemical corrosion test results of the
two coatings in both PS and SBF solutions. The cor-
rosion current density (I.o;r) of NG-MAO coating was
103 nA/cm?, which was significantly lower than that
of CG-MAO coating (182 nA/cm?) in PS. In addition,
the polarization resistance of NG-MAO coating was
1.03 x 10° Q cm?, which was much higher than that
of CG-MAO (5.1 x 10* Q cm?). The same trend was
demonstrated in SBF. The I, of NG-MAO coating
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Figure 4 AFM images of the a, ¢ CG-MAO and b, d NG-MAO coatings, and e surface roughness of the two coatings.

was 178 nA/cm?, almost half of that of CG-MAO
coating (334 nA/cm?). The polarization resistance of
NG-MAO coating was 1.3 x 10° Q cm?, which was
much higher than that of CG-MAO coating (6.3 x 10*
Q cm?).

@ Springer

Figure 6a and b presents the Nyquist and Bode
diagrams of the CG-MAO coating and the NG-MAO
coating in PS solution, respectively. The semicircle
curve in the Nyquist diagram represented the
capacitive arc. The larger capacitive arc radius is
related to the better corrosion resistance. The
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Table 2 The electrochemical corrosion parameters of CG-MAO and NG-MAO samples immersed in PS and SBF solutions
Samples Solution Ecor (V vs. SCE) Lo (NA cm™?) B. (mV dec™ ) B. (mV dec™) R (Q cm?)
CG-MAO PS —0.547 182 58.2 34 5.1 x 10
NG-MAO PS —0.454 103 41.4 59.6 1.03 x 10°
CG-MAO SBF —0.458 334 90.8 104 6.3 x 10*
NG-MAO SBF —0.394 178 93.8 117 1.3 x 10°

capacitive arc radius of the NG-MAO coating was
slightly larger than that of the CG-MAO coating
(Fig. 6a), indicating the better corrosion resistance of
NG-MAO. The curve referred to the left vertical axis
in Fig. 6b showed the change of impedance mode
values of the two coatings with disturbance fre-
quency. The larger the impedance modulus value,
the better the corrosion resistance. The impedance
modulus value of the NG-MAO sample at low fre-
quency was larger, suggesting that it was more cor-
rosion resistant. The curve referred to the right
vertical axis in Fig. 6b showed the change of the
phase angles of the two coatings with the disturbance
frequency. The larger and wider the phase angle is,
the better the corrosion resistance of the material is.
The phase angle of NG-MAO coating was slightly

wider and larger than that of CG-MAO at low-fre-
quency stage. All these electrochemical testing results
indicated that the NG-MAO coating had better cor-
rosion resistance than that of the CG-MAO coating in
PS solution. Likewise, Fig. 6c and Fig. 6d reveal that
the corrosion resistance of the NG-MAO coating was
better than that of the CG-MAO coating in SBF
solution.

Figure 7 shows the equivalent analog circuit dia-
gram of EIS of CG-MAO coating and NG-MAO
coating in PS and SBF solutions. In the equivalent
circuit fitting, Rg was the resistance of the corrosion
solution. C,. and Ry, represented the capacitance
and corresponding resistance of the MAO coating,
respectively. Q, and R, were the capacitance and the
corresponding resistance of passivation layer,
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Figure 7 The equivalent circuit of the CG-MAO and NG-MAO
samples in PS and SBF solutions.

respectively. Cq was the capacitance corresponding
to the electric double layer at the interface between
the substrate and the corrosion solution, and R
represented the charge transfer resistance. The Chi-
square (x?) value of the fitting circuit diagram selec-
ted by combining with the structure of modified layer
was 10~ orders of magnitude in both corrosion
environments, indicating the high accuracy of the
selected fitting circuit and the modified results. In the
equivalent fitting circuit, the stable state of the MAO
coatings could also be expressed by the polarization
resistance (Rp,). The larger the R, value, the better
the corrosion resistance of the coating [32]. Table 3
implies the fitting parameters of each circuit element
of the NG-MAO and CG-MAO samples in the PS and
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SBF solutions, Rpr = Rine + Rp + Ret- The Ry of the
NG-MAO coating was 9.05 x 10° Q cm?, twice more
than that of the CG-MAO coating (4.07 x 10° Q cm?)
in PS. The Ry, of the NG-MAO coating was 9.72 x 10°
Q cm? in the SBF solution, which was also much
higher than that of the CG-MAO coating (6.49 x 10°
Q cm?). Therefore, much higher R, values of the NG-
MAO sample in both solutions indicated its better
corrosion resistance than that of the CG-MAO
coating.

Hydrophilicity and protein adsorption
of MAO coatings

Figure 8a shows the water contact angle results of the
CG-MAO and NG-MAO coatings. A lower contact
angle of NG-MAO coating indicated its better
hydrophilicity than that of the CG-MAO coating.
Figure 8b shows the statistical results of protein
adsorption experiments on the two coatings. It could
be found that after incubation for 7 and 14 days, the
amount of protein adsorbed on the NG-MAO coating
was significantly higher than that on the CG-MAO
coating, demonstrating that the NG-MAO coating
had better protein adsorption capacity than that of
the CG-MAO coating.



] Mater Sci (2022) 57:5298-5314 : 5307
Table 3 EIS fitting parameters of CG-MAO and NG-MAO samples in PS and SBF solutions
Samples  Solution Ry/Q Cine/UF R, /Q Qp/pF n, Ry/KQ Ca/F R./KQ R,/Q cm?
cm? cm 2 cm? cm 2 cm? cm 2 cm?
CG- PS 15 0.62 118 2.44 0.7 207 4.7 200 407 x 10°
MAO
NG- PS 8.5 3.0 163.5 2.66 0.7 472 14 433 9.05 x 10°
MAO
CG- SBF 22 0.031 72 24 0.6 9.5 0.014 639 6.49 x 10°
MAO
NG- SBF 16 0.043 94 30 0.7 8.9 0.023 963 9.72 x 10°
MAO
Figure 8 a The water contact (a) (b)
angle of the CG-MAO coating 120 = 800 I NGMAO P
and NG-MAO coating, and 100 | { B cG-ma0 [
b the amount of protein A B 600 *
adsorption on CG-MAO and £ 804 ‘ E |
NG-MAO samples ?: 2
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Biocompatibility of CG-MAO and NG-
MAO

Live/dead staining images of MC3T3-E1 cells inoc-
ulated on the surface of CG-MAO coating, NG-MAO
coating and blank control group for 1 h are shown in
Fig. 9. Figure 9a is the tissue culture plate (TCP,
without material, pure culture medium) of blank
control group. The number of cells on the surface of
the NG-MAO coating (Fig. 9c) was more than that of
the CG-MAO coating (Fig. 9b), and there was no
significant difference on the number of green living

2
200 um

cells between the NG-MAO coating and control
group.

The morphology of osteoblasts MC3T3-E1 co-cul-
tured on the two coatings is shown in Fig. 10. After
1-day co-culture, the cells on the NG-MAO coating
grew well. Most of the cells were polygonal, and a
large number of highly extended and extremely long
pseudopods could be observed, and some pseu-
dopods even extended into the pores to form con-
nections in Fig. 10c. On the CG-MAO surface, there
were a smaller number of spindle cells with multi-
antennae, and the length and elongation of pseu-
dopodia were not as good as those on NG-MAO

200 pm

200 um
—— |

Figure 9 The cells were inoculated for 1 h with positive fluorescence microscopy: a TCP, b CG-MAO coating, and ¢ NG-MAO coating.
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Figure 10 SEM images of the
osteoblasts cultured on a,

b CG-MAO coating and c,

d NG-MAO coating for a,

c 1 day and b, d 3 days. Red
arrows indicate filopodia
extensions.

coating (Fig. 10a), indicating that the cell activity of
NG-MAO coating was higher than that of CG-MAO
coating. After 3 days of co-culture, osteoblasts on the
two coatings spread over the whole surface, and
there was no obvious difference in the number and
morphology (Fig. 10b and d).

The adhesion and proliferation results of MC3T3-
E1 cells co cultured on the two MAO coatings for 24
and 72 h are shown in Fig. 11. After co-culture for
24 h, all the groups displayed good adhesion and
extension morphology. NG-MAO coating (Fig. 11b1)
showed a slightly larger number of cells than that of
CG-MAO coating (Fig. 11al). After 72 h of co-culture,
all the groups showed cell proliferation. The number
of cells on the NG-MAO coating (Fig. 11b2) was

CG-MAO

1D

200 pm
o

3D

200" pnt

NG-MAO TCP
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significantly higher than that on the CG-MAO coat-
ing (Fig. 11a2).

Figure 11d presents the proliferation of cells on the
surface of the CG-MAO coating, the NG-MAO coat-
ing and the TCP control group quantitatively. The
NG-MAO coating had good cell proliferation, slightly
less than that of the TCP control group, but much
higher than that of the CG-MAO coating after 1-day
co-culture. After co-culture for 3 days, the cell pro-
liferation of the TCP control group and the NG-MAO
coating group presented a significant growth, while
the cell proliferation rate on the CG-MAQO was low.
No dead cells (red fluorescence) were observed at
both time points, indicating that both coatings had no
obvious cytotoxicity.

(d) 300 =iror =
- NG-MAO |
B cG-MAO0

200 pm
—

50

Relative cell proliferation rate/%
@
T

1D 3D

Figure 11 The normal fluorescence microscope images of osteoblasts after cultured on the samples for 1 day and 3 days: a CG-MAO,
b NG-MAO, ¢ TCP; d cell viability after incubation for 1 and 3 days.
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Discussion

Most Ti alloy implants are required to serve inside
the body for more than 15 years [1, 2]. The better their
corrosion resistance and surface biological activity,
the better their long-term biocompatibility, biological
safety and osseointegration performance [7, 9]. The
effectiveness of MAO to endow Ti alloys with
bioactivity and improve their corrosion resistance has
been proven [14, 15, 33]. In this study, the effects of
surface grain refinement of the TLM alloy on
microstructure, phase structure, element characteris-
tics, corrosion resistance and biocompatibility of the
MAO coating were investigated experimentally.
Before the SFT treatment, the original samples
were composed of coarse o + B grains, as shown in
Fig. 1. A deformed layer of a thickness of 100 pm was
created on the TLM surface by SFT, as shown in
Fig. 1b, and the elongated grains in the layer had an
average grain size of 70 nm. This is due to the severe
plastic deformation on the surface layer under the
action of a mechanical load, resulting in a large
number of dislocation proliferation and sliding, and
the dislocations continuously cutting the matrix and
enabling grain fragmentation [34]. At the same time,
the increase in dislocation density leads to the
increase in elastic strain energy [35]. To reduce the
energy, the “broken block crystal” gradually rotates
and forms nanocrystals with large-angle grain
boundary [36]. The surface layer of the TLM alloy
after SFT treatment was nanocrystalline, indicating
that sliding friction had obvious refining effect on -
Ti alloy. The XRD diffraction peak of the SFT-treated
sample displayed only a single § phase indicating the
occurrence of phase transformation o — B during
SFT. Huang et al. [37] reported that: the (o 4 B) two-
phase in the TLM alloy is easier to realize surface
nanocrystallization than the single B-phase TLM
alloy, and with the o grain morphology changing
from spherical to needle-like and increase in the
content of o phase, the surface nanocrystallization of
the alloy becomes easier. During the surface
nanocrystallization of the (o 4 B) alloy, strain-in-
duced o — B phase transformation can be induced at
room temperature [34, 37]. It is believed that a large
number of dislocations accumulated and gathered
around the o-phase result in local stress concentra-
tion. Development of the stress gradient around the
a-phase then leads to the B-phase stabilizers diffusing
along the stress gradient, unestablished the a-phase
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lattice and enabled a-phase dissolving into the [-
matrix [31, 37].

The surface of NG-MAO exhibited much submi-
cron pores, which might be the refined grains pro-
vided more plasma discharge channels, resulting in
the formation of more micro-pores. Nanocrystals
have low stability and high activity. Therefore, in the
process of micro-arc oxidation, nanocrystals can
reduce the discharge energy requirements and pro-
vide more reaction sites, so as to form a large number
of small-size nano-micro-pores [26, 38, 39]. EDS
results of the NG-MAO and CG-MAO coatings in
Fig. 2 showed that both coatings contained Ca and P,
indicating that all chemical ions in the electrolyte
participated in the MAO process. The element con-
tents of the NG-MAO and CG-MAO coatings in
Fig.2a and b were not significantly different,
revealing that the surface nanocrystallization of TLM
through SFT treatment did not significantly change
the composition and content of the MAO coating,
which was consistent with literature reported by Lin
et al. [38].

Figure 3 demonstrates that SFT could increase the
thickness of the MAO coating, as well as widen the
transition zone from the oxidized coating to the
substrate. This may be explained that the fine-grained
structure on the surface improves the diffusion abil-
ity of elements and accelerates the electrochemical
reaction on the TLM surface, contributing to a thicker
MAO coating and therefore enhancing the corrosion
resistance of the coating [40, 41]. In fact, the EDS
curve of the NG-MAO coating was smooth at Fig. 3d,
while the Ti element curve in the CG-MAO coating
owned two relatively large abrupt changes (Fig. 3¢).
The difference of the EDS curves between the CG-
MAO and NG-MAO coatings can be explained as the
effect of the pores and their sizes. Figure 2 reveals
that the CG-MAO coating displayed higher porosity
and more micro-voids inside, and the pore size was
larger, resulting in large fluctuations in the EDS curve
of CG-MAO coating. The XRD and XPS results of
Fig. 3e and Fig. 3f showed that both the MAO coat-
ings contained Ca and P elements. It is well known
that the coating containing Ca and P is conducive to
protein adsorption and rapid adhesion and prolifer-
ation of osteoblasts, therefore enhancing the bioac-
tivity of Ti alloy implants [40, 41]. In addition, Ca and
P elements in the coating can be released into the
tissue around the implant after surgery, thus
increasing the calcium saturation of body fluid, so as
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to accelerate the deposition of bioactive apatite on the
surface of the implant, so that the implant with Ca, P
coating has faster osseointegration and higher
osseointegration quality [11, 12]. Severe plastic
deformation on the alloy surface during the SFT
induced a large number of defects to achieve grain
refinement, but change could not be made to the
phase composition of sequence MAO coating.

Surface morphology of Ti alloy directly affects the
osseointegration rate, osseointegration quality and
biological properties [11]. It can be seen from Fig. 4
that the SFT pretreatment improved the surface
roughness of the coating. Previous studies have
shown that nanoscale rough surface is conducive to
improve the adhesion and proliferation of osteoblasts
[42]. In the initial stage of osteoblast adhesion on the
material surface, the developed pseudopodia with
high biological activity can stretch and crawl around
the nanoscale surface. The nanoscale structure pro-
vides an efficient mediating effect for cell adhesion
and also accelerates cell proliferation and differenti-
ation. Even through the mechanism of protein
adsorption on nanoscale surface and enhancement of
bone binding is still remained vague and imprecise,
protein adhesion and cell proliferation are believed to
be associated with the surface structure of the mate-
rial in nanoscale [43].

Figures 5 and 6, Tables 2 and 3 show that NG-
MAO coating has better corrosion resistance than the
CG-MAO coating in 0.9% NaCl solution and SBF
solution, indicating that grain refinement on the
surface could enhance the corrosion resistance of
sequenced MAO coating. It is found from Fig. 6 that
CG-MAO and NG-MAO had the same phase angle at
low frequency with an obvious different impedance
modulus in the PS solution. Mainly because the
square samples of 10 x 10mm? were used as working
electrode in the electrochemical experiments with the
three-electrode configuration in this study. Based on
the Nyquist curve, the phase angle was controlled by
different reaction steps in the low-frequency region
and the high-frequency region. The low-frequency
region was governed by the diffusion of reactants or
products of the electrode reaction, while the high-
frequency region was governed by the electrode
reaction kinetics (charge transfer process). SFT
refined the grain structure on the TLM alloy surface,
leading to more sub-micro-pores in the NG-MAO
coating. Therefore, the contact area between the
electrolyte  NG-MAO coating and the electrode
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became larger, and a higher diffusion rate is expected
in the corrosion testing than that of the CG-MAO
coating. In the low-frequency region, the effect of the
larger surface area of the NG-MAO coating on the
diffusion rate was not significant. In contrast, the
effect of the surface area on the electrode reaction
kinetics is remarkable in the high-frequency region. A
higher specific surface area of the NG-MAO coating
results in a lower current density on the coating
surface, leading to a significant difference on the
phase angle between the NG-MAO and CG-MAO
coatings [44-46]. The SFT treatment increased the
thickness of the sequenced MAO coating because a
refined surface grain structure improves the diffusion
ability of elements and accelerates the electrochemi-
cal reaction rate on the TLM surface, resulting in a
thicker porous oxide layer. Besides, the porosity of
the NG-MAO coating is also lower than that of the
CG-MAO coating. In other words, the volume of
micro-pores in the coating is reduced by SFT pre-
treatment. Low porosity in the coating can slow
down corrosive solution erosion and therefore
improve corrosion resistance [35]. Some researchers
also confirmed that the MAO coating formed on the
surface of fine-grained Ti alloy has better corrosion
resistance [25], because more structural defects in the
fine-grained Ti alloy increase the nucleation position
of the MAO coating, thus promoting the formation of
the coating and improving uniformity and compact-
ness of the MAO coating.

The protein adsorption capacity and cell adhesion
and differentiation ability of biomaterials are directly
attributed to the hydrophilicity of the material sur-
face. Generally, the better the hydrophilic property of
material, the easier cell adhesion and proliferation on
the material surface [47]. The NG-MAO surface pre-
sented better hydrophilicity than the CG-MAO sur-
face in this study. The improvement of hydrophilicity
may be explained as: the refined grains of the TLM
alloy after SFT provide more discharge ion channels
and form more micro-pores in the MAO process so as
to increase the contact area of nanocrystalline MAO
coating and improve the hydrophilicity of the mate-
rial surface. Meantime, protein adsorbed on the NG-
MAO surface was significantly higher than that of
CG-MAO coating at 7 and 14 days in Fig. 8, indicat-
ing that grain refinement improved the protein
adsorption capacity of the MAO coating. Previous
studies have shown that protein adsorption on sub-
strates can regulate cell adhesion and survival [48].
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Most cells are anchor-dependent cells, and they need
a biocompatible matrix to attach, migrate and further
differentiate, and finally form new tissues [9, 14].
Therefore, protein adsorption behavior is of great
significance to evaluate the biological properties of
biomaterials. The NG-MAO coating has good protein
adsorption capacity, mainly because the refined grain
improves coating micro-roughness and increases
surface-free energy, which is conducive to the polar
water molecules spreading on the coating surface,
thus improving the hydrophilicity of the coating. The
surface with good hydrophilicity of the NG-MAO
coating is conducive to protein adsorption, and its
high roughness can also promote the adsorption of
protein.

Whether biomedical metal materials can produce a
good biological reaction and induce the further dif-
ferentiation and proliferation of new osteoblasts
quickly after implantation, the premise is whether the
implantable material and cells have good affinity and
cell adhesion ability [11, 40]. In this study, osteoblasts
(MC3T3-E1) were selected to evaluate the cell activity
of the NG-MAO and CG-MAO coatings in vitro.
Figure 9 shows that the adhesion ability of the NG-
MAO coating was significantly higher than that of the
CG-MAO coating. As shown in Fig. 2, the NG-MAO
coating has higher micro-roughness and a larger
number of nano- and micro-pores on the coating
surface. These factors were conducive to the adhesion
of osteoblasts on the surface of the coating. The cell
adhesion ability is directly related to the further dif-
ferentiation and proliferation of osteoblasts, so the
cell proliferation ability of the NG-MAO coating is
also better than that of the CG-MAO coating [49]. It is
also confirmed that the response of cells to implants
is not only related to the chemical composition of the
material surface, but also to the micro- and nanoscale
morphology of the surface [50, 51]. Although there
was no obvious difference in chemical composition
and phase composition between the NG-MAO and
CG-MAO coatings, there were a large number of
nanoscale secondary pores on the surface of the NG-
MAO coating. The nanoporous structure makes the
NG-MAO coating better biological activity and can
accelerate cell adhesion and proliferation [52].
Simultaneously, the NG-MAO coating has better
corrosion resistance, which may slow down the
release of metal ions from the implant and is also
conducive to the adhesion and proliferation of
osteoblasts. In summary, the NG-MAO coating
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significantly improves the corrosion resistance and
biocompatibility of TLM alloys. By forming a micro-
and nanoporous structure on the surface and intro-
ducing bioactive elements P and Ca, the surface-
modified TLM alloy is expected to perform well for
hard tissue repair and replacement.

Conclusion

A nanocrystalline layer with a thickness of 100 pm
was produced by sliding friction treatment (SFT) on
the surface of a B-titanium Ti3Zr25n3Mo25Nb (TLM)
alloy. The micro-arc oxidation treatment (MAO) was
conducted on the surfaces with and without SFT.
Compared with the MAO coating on the non-SFT
surface, the nanocrystalline layer did not cause
obvious changes on the chemical composition of the
MAO coating, but reduced the coating porosity and
increased the coating thickness, leading to better
corrosion resistance. With its favorable porous
structure and roughness for cells to adhere and grow
in, and enhanced hydrophilicity to absorb proteins,
the nanocrystalline MAO coating demonstrated bet-
ter cellular biocompatibility than that of the coarse-
grained MAO coating. In conclusion, the combination
of surface treatments of SFT and MAO was an
effective way to improve both corrosion resistance
and biocompatibility of TLM alloy.
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