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ABSTRACT

As implanted bone fixation materials, magnesium (Mg) alloys have significant advantages because the
density and elastic modulus are closest to those of the human bone and they can bio-degrade in the
physiological environment. However, Mg alloys degrade too rapidly and uncontrollably thus hampering
clinical adoption. In this study, a highly corrosion-resistant zinc-phosphate-doped micro-arc oxidation
(MAO) coating is prepared on the AZ31B alloy, and the degradation process is assessed in vitro. With
increasing zinc phosphate concentrations, both the corrosion potentials and charge transfer resistance of
the AZ31B alloy coated with MAO coatings increase gradually, while the corrosion current densities di-
minish gradually. Immersion tests in the simulated body fluid (SBF) reveal that the increased zinc phos-
phate concentration in MAO coating decreases the degradation rate, consequently reducing the release
rates of Mg?+* and OH- in the physiological micro-environment, which obtains the lowest weight loss
of only 5.22% after immersion for 56 days. Effective regulation of degradation provides a weak alkaline
environment that is suitable for long-term cell growth and subsequent promotion of bone proliferation,
differentiation, mineralization, and cytocompatibility. In addition, the zinc-phosphate-doped MAO coat-
ings show an improved wear resistance as manifested by a wear rate of only 3.81 x 10> mm?® N-! m.
The results reveal a suitable strategy to improve the properties of biodegradable Mg alloys to balance

tissue healing with mechanical degradation.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

thopedic implant that could disappear after bone repairing. Mag-
nesium (Mg) alloys could biodegrade in the physiological environ-

Owing to accidents, injuries, and senile osteoporosis, the de-
mand for implantable orthopedic fixation materials and medical
devices is increasing [1-3]. Generally, the orthopedic fixation im-
plant works temporarily, it has to be taken out after the bone re-
pairing, which causes secondary surgery and great pain for the pa-
tient. Then, it is meaningful to develop a new biodegradable or-
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ment thus eliminating the need for a second surgery to remove
the implants [4-8]. Degradation of Mg alloys generates Mg2* ions
leading to local basification which can promote bone tissue heal-
ing [9-11]. More importantly, Mg alloys have a density and elastic
modulus close to those of the human bones thus avoiding stress
shielding and benefiting the osseointegration [12-15]. However, Mg
alloys degrade rapidly in vivo, which leads to a loss of mechanical
integrity and influences bone healing. Additionally, excessively ac-
cumulated H, and OH~ produced by rapid degradation may cause
subcutaneous emphysema and alkalosis [16-18]. Therefore, it is
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crucial to optimize the biodegradation behavior of Mg alloys be-
fore their clinical application.

Among all methods to improve the biodegradation behavior of
Mg alloy, micro-arc oxidation (MAO) has been thought as the most
potential one, because of its convenient fabrication, in-situ formed
ceramic coating, excellent shape adaptability, and so on [19-22].
Moreover, the MAO discharge breakdown process generates abun-
dant three-dimensional pores suitable for the growth and prolifer-
ation of osteoblasts [23,24]. Conversely, the porous structure of the
MAQO coating also leads to the infiltration of the corrosion medium
and decreases the effective protective time to around 300 h, which
is much shorter than the required time for bone reconstruction
of 100 days [25,26]. Mingo et al. [27] have incorporated hydrox-
yapatite nanotubes into the Mg alloy MAO coating to reduce the
degradation rate and Gao et al. [28] have doped Mg alloy MAO
coatings with ZrO, to reduce the corrosion current density by two
orders of magnitude. Our previous work shows that doping with a
large concentration of ZnO nanoparticles can extend the salt spray-
ing lifetime of the coating to 2000 h [29]. Roknian et al. [30] have
found that Zn not only improves the corrosion resistance of the
MAO coating on the Mg alloy but also exhibits good biological
functions because the release of Zn2+ ions improves the antibacte-
rial properties and mitigates inflammation in the early stage after
implantation. In order to further improve the corrosion resistance
of Mg alloys, Igbal et al. [31] have prepared Mg phosphate coat-
ings on the Mg alloy, indicating that the ability of bone healing is
enhanced by P [32,33]. Liu et al. [34] have prepared a phosphate-
composite MAO coating on the Mg alloy to reduce the degradation
rate and improve bone healing and Wu and co-workers [35] have
doped the Mg alloy with both Zn and P. The salt spraying lifetime
is extended to 4200 h which is adequate for clinical application. It
can be concluded that doping with a suitable concentration of de-
sirable elements in MAO coatings can improve biodegradation be-
havior and promote tissue regeneration. However, infiltration and
pitting would inevitably happen due to the relative porous struc-
ture of MAO coatings. As a result, the generation of hydrogen gas
and corresponding loose corrosion products along the coating/alloy
interface is prone to causing peeling failure [36]. In addition, in the
context of bone fixation implants, the presence of fretting wear
during initial implantation and stress loading can further inten-
sify the detachment of MAO coating [37]. Therefore, reasonable
self-sealing and wear resistance are important requirements for
the MAO coating that could ensure its protecting effect on the
implant.
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Herein, the zinc phosphate was chosen as the anti-corrosion
additive and MAO coatings with different concentrations of zinc
phosphate were prepared on the AZ31 Mg alloy in the present re-
search. The microstructure, electrochemical properties, degradation
behavior, cytocompatibility, and wear resistance of the MAO coat-
ings were investigated to systematically evaluate the reasonable
zinc phosphate addition. The results could help to understand the
feasibility of zinc-phosphate-doped MAO coatings for Mg-based
bone fixation implants.

2. Experimental details
2.1. Materials

The Mg alloy (AZ31B with ob ranging from 225 to 235 MPa,
0Sgp ranging from 145 to 150 MPa, and § ranging from
12% to 14%, 200 mm x 100 mm x 1 mm) plate was purchased
from Guanyue Metal Materials Co. Ltd. (Dongguan, China).
The specimens for corrosion and biological tests with size of
10 mm x 10 mm x 1 mm and specimens for tribological tests with
size of 30 mm x 30 mm x 1 mm were cut from the as-received Mg
alloy plate, respectively. The chemical reagents including acetone,
anhydrous ethanol, sodium hydroxide, and hydrated zinc acetate of
analytical purity were obtained from China National Pharmaceuti-
cal Group Chemical Reagent Co., Ltd. (Shanghai, China). The other
reagents such as sodium hexametaphosphate and sodium fluo-
ride were analytical grade and purchased from Guangdong Xilong
Chemical Co., Ltd. (Shantou, China). The simulated body fluid (SBF
solution) was purchased from Kondisi Chemical Co., Ltd. (Hubei,
China) and the 1500-grit sandpaper was purchased from 3 M China
Co., Ltd. (Shanghai, China). All the reagents were used without fur-
ther purification.

2.2. Preparation of MAO coatings

The Mg alloy specimens with different sizes were polished
with 1500-grit sandpaper, cleaned sequentially with deionized wa-
ter, anhydrous ethanol, and acetone ultrasonically for 30 min, and
dried before conducting MAO. The preparation process of the MAO
coatings is illustrated in Fig. 1. A MgF,/MgO passivation layer was
prepared in an alkaline electrolyte and then a zinc phosphate-
doped MAO coating was produced in the Zn-containing electrolyte.
The alkaline MAO electrolyte was prepared by mixing 20 g L!
sodium hexametaphosphate, 3 g L! sodium hydroxide, and 5 g L"!

Fig. 1. Schematic diagram illustrating the preparation of zinc phosphate-doped MAO coatings on the Mg alloy specimen.
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sodium fluoride at a rate of 400 r min~! for 2 h until the chemicals
dissolved fully in deionized water. The Zn-containing electrolyte
for MAO coating preparation contained 20 g L' sodium hexam-
etaphosphate, 5 g L-! sodium fluoride, and 0/5/10/15 g L-! zinc
acetate hydrate, and the coated specimens were labeled as Zn-0,
Zn-1, Zn-2, and Zn-3, respectively. During MAO, a 20 kW bipolar
pulse power supply was used in the constant current mode with
the Mg alloy being the anode and the stainless steel container as
the cathode. The preparation parameters were a current density
of 5.5 A dm2, frequency of 200 Hz, duty cycle of 12%, reaction
time of 15 min (10-min reaction with the alkaline electrolyte, fol-
lowed by a 5-min reaction with the zinc-containing electrolyte.),
and electrolyte temperature below 40 °C.

2.3. Characterization

The microstructure of the MAO coating was examined by
field-emission scanning electron microscopy (FESEM, Carl Zeiss,
SUPRA® 55) and the chemical composition was determined by
energy-dispersive X-ray spectroscopy (EDS, Oxford X-Max 20). X-
ray diffraction (XRD, Bruker, D8 Advance) was performed to deter-
mine the crystal structure using a Cu target (A = 0.15418 nm) as
the X-ray source at a scanning rate of 5°/min, step size of 0.05 s,
and diffraction angle 26 range of 10°-80°. A focused ion beam (FIB,
Scios, FEI) was used to cut the surface and cross-sections prior
to high-resolution transmission electron microscopy (HRTEM: JEM-
3200FS, Japan). 3D laser confocal scanning microscopy (LCSM, VK-
X200 series, Oxford, X-Max20, England) was conducted to test the
3D profile of the sample. The coating thickness was determined
by SEM image of the coating cross-section. The surface roughness
of the sample was assessed by a surface roughness tester (JD220,
JitaiKeyi, China). Five measurements were made to determine the
averages.

2.4. Corrosion resistance

The corrosion resistance of the Mg alloy specimens without and
with MAO coatings was determined in the simulated body fluid
(SBF) on the electrochemical workstation (NPROBE/EPC42, Zahner,
Germany) with a three-electrode cell system. The testing tempera-
ture was 37 °C and an area of 2.4 cm? was exposed on the work-
ing electrode. A saturated calomel electrode (SCE) was the refer-
ence electrode and Pt served as the counter electrode. The speci-
men was left at the open circuit potential (OCP) for 30 min in SBF
to ensure system stability and polarization curves (Tafel) were ac-
quired at a scanning rate of 1 mV s~1. The corrosion potential Ecor
(V) and corrosion current density icorr (A cm™2) were obtained by
extrapolating the Tafel curve. The former was the intersection po-
tential of the cathodic and anodic curves and the latter was the
intersected current density of the cathodic and anodic curves. The
impedance spectra (EIS) were acquired with a sinusoidal signal of
10 mV in the frequency range of 100 kHz to 100 mHz, and ana-
lyzed and fitted by the ZsimpWin software. During the fitting pro-
cess, the variance of the impedance spectra was less than 0.01 and
the standard deviation was within 10% to ensure good reliability.
The immersion experiment was performed in a 50 mL centrifuge
tube. After immersion in 30 mL of SBF at 37 °C for 3, 7, 14, 28,
and 56 days, the specimens were removed, washed with water
and ethanol, and dried. Ultrasonic cleaning removed the corrosion
products from the AZ31B alloy coated with MAO coatings to deter-
mine the mass loss. The corrosion products of AZ31B alloy were
removed with a chromate acid solution (CrO; + AgNOs) before
weight measurement. The pH value of the immersion solution at
different times was measured by a pH meter (PHBJ-260, Shanghai
Yidian). The ion concentration in the SBF was determined by in-
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ductively coupled plasma atomic emission spectrometry (ICP-AES,
JY2000-2, HORIBA JOBINYVON).

2.5. Biological assessment

The cell skeleton and DAPI staining were conducted. The speci-
mens were sealed with silicone gel leaving only the tested surface
exposed. They were sterilized with dry heat at 150 °C for 3 h and
then soaked in anhydrous ethanol. Mouse osteoblasts MC3T3-E1
were seeded at a density of 5 x 104 cells per well and the cell sus-
pension was spread evenly. The cells were incubated for 1, 5, and
24 h. After incubation, the culture medium was removed and the
samples were washed twice with the Phosphate Buffered Saline
(PBS) buffer by shaking. The samples were then fixed with the
PBS buffer containing 7% formaldehyde at room temperature for
5 min. They were aspirated and then washed twice with PBS. 0.1%
TritonX-100 was added for 5-8 min to disrupt the cell membrane
and then washed three times with the PBS buffer after the super-
natant was removed. The 165 nM RGD peptide was added and in-
cubated in the dark at 25 °C for 40 min. After removing the stain-
ing solution, the samples were washed three times with the PBS
buffer, and stained with the DAPI fluorescent staining solution at
25 °C for 3-5 min. Finally, the PBS buffer was added prior to fluo-
rescence microscopy.

The cell toxicity was evaluated. The non-testing surfaces were
sealed with silicone gel and sterilized by dry heat at 150 °C for
3 h followed by soaking in anhydrous ethanol. The bone marrow
mesenchymal stem cells (BMSCs, ATCC®PCS-500-012™) were cul-
tured in the medium («-MEM, 10% fetal bovine serum, 1% peni-
cillin and streptomycin). The materials were extracted from the
culture medium with a concentration of 1 mL cm=2 for 3 days un-
der 5% CO, and 37 °C, filtered through a 0.22 pm filter, and diluted
to 80%, 60%, and 40%, respectively. The cultured BMSC cells were
co-cultured with the extraction solution at a density of 2000 cells
per well on a 96-well plate. The extraction solution was replaced
after cultivation for 1 day, and the cell viability was assessed us-
ing Alamar Blue after cultivation for 3 days. The cell toxicity was
evaluated according to 1ISO10993-5. The negative control was the
group without the extraction solution, and the positive control was
the group with the cells cultured with 10% dimethyl sulfoxide so-
lution.

The lactate dehydrogenase (LDH) expression tests were con-
ducted on the cells co-cultured on the specimens to analyze the
cell proliferation. The non-testing surfaces were sealed with sili-
cone gel, sterilized by dry heat at 150 °C for 3 h, and soaked in
anhydrous ethanol. The BMSCs cells were seeded on the samples
with a density of 1.5 x 10> cells per well on 96-well plates with
the a-MEM culture medium. The cells were cultured under 5% CO,
at 37 °C for 1 day and transferred to a new well plate. The cul-
ture medium containing the osteogenic induction solution was re-
freshed every other day. Subsequently, the cell culture plates were
centrifuged at 400 g for 5 min using a multi-well plate centrifuge.
The supernatant was removed and 150 pL of LDH reagent was
added from the kit and diluted 10-fold with PBS. Mixed cells were
gently shaken and after further incubation for 1 h, the cell cul-
ture plates were centrifuged for 5 min. 120 uL of supernatant from
each well was added to the corresponding wells of the new plate
to make immediate sample measurements. The expression levels
of LDH were measured on the cells co-cultured on the specimens
for 1, 3, and 7 days.

The alkaline phosphatase (ALP) expression tests were con-
ducted. The non-testing surfaces were sealed with silicone gel,
sterilized by dry heat at 150 °C for 3 h, and soaked in anhydrous
ethanol. The bone marrow mesenchymal stem cells (BMSCs) were
resuspended, counted, and prepared with a density of 1.5 x 10°
cells per well on 96-well plates with the «-MEM culture medium.
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The cells were cultured under 5% CO, at 37 °C for 1 day and trans-
ferred to a new well plate. The culture medium containing the os-
teogenic induction solution was refreshed every other day and the
expression levels of ALP were measured after cultivation for 7 and
14 days.

2.6. Tribological evaluation

The friction and wear tests were carried out on a friction and
wear tester (MFT-5000, Rtec instruments, USA) at room temper-
ature. A 4 mm diameter Si3N,4 ceramic ball was selected as the
counter surface with a rotation diameter of 5 mm and rotation
speed of 100 r min~!. The wear of the coating under a 3 N load
after 60 min was determined to measure the tribological proper-
ties. The actual wear rate was calculated by Eq. (1):

W =V/(F x t x 2pnr) (1)

where V (mm?3) is the wear volume, F (N) is the load force, t (s) is
the actual wear time, n (m s™!) is the rotation speed, and r (m) is
the rotation radius. Five points were tested to obtain the average
values.

3. Results and discussion
3.1. Characterization

Fig. 2(a) shows the variation of the voltage with time during
MAQO. The actual voltage increases gradually, which indicates that
the insulating coating becomes thick and enhances the resistance.
The discharge process can be divided into three stages. In the first
stage (0-180 s), a dense passivation film is created rapidly on the
AZ31B alloy and the ions in the solution accumulate on the passi-
vation layer causing a rapid increase in the voltage. In the second
stage (180-600 s), the voltage gradually increases until the weak
points in the coating are broken down, resulting in dense white
arcs as shown in Fig. 2(b). At high temperature and pressure, the
molten metal in the discharge channel is sprayed out to react with
the solution and finally condense into the coating. Consequently,
the coating thickens gradually, resulting in a gradually increasing
breakdown voltage, which promotes the generation of larger and
brighter arcs (Fig. 2(b)). In the third stage (600-700 s), the alkaline
electrolyte is replaced by the Zn-containing electrolyte, showing a
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sharp increase in the discharge voltage. Both the number and size
of the arcs decrease with the color changing from white to yellow
(Fig. 2(b)). This is mainly attributed to the rapid re-accumulation of
ions on the coating. Subsequently, as the voltage increases slowly,
the coating continues thickening. Moreover, the discharge voltage
increases with the increase of Zn salt concentration.

Fig. 2(c) shows the surface morphology of the undoped MAO
coating on the AZ31B alloy. Volcano-like pores with different sizes
and apertures are distributed randomly on the surface. The Zn-1
coating prepared with 5 g L-! Zn salt exhibits a larger pore size,
because the Zn salt enhances the discharge, thus giving rise to a
higher discharge voltage and larger arcs (Fig. 2(d)). However, as
the Zn salt concentration goes up, the pore size of the Zn-2 and
Zn-3 coatings decreases, because more Zn compounds are gener-
ated and backfill the pores (Fig. 2(e, f)). Besides, the arc discharge
is enhanced, resulting in larger coating roughness as revealed by
LCSM shown in Fig. S1 and Table S1 in the Supplementary Ma-
terial. However, we did not further increase the concentration of
zinc acetate is due to the MAO discharge with a higher content of
Zn salt in the later stage will be too intense, which can easily lead
to coating erosion and failure.

The cross-sectional morphology and EDS results of the coatings
are shown in Fig. 3. With increasing the Zn concentration, the coat-
ing thickness increases only slightly due to a slight decrease in the
conductivity of the electrolyte [35]. As a result, the thicknesses of
the Zn-0, Zn-1, Zn-2, and Zn-3 coatings are 41.5 & 3.7, 44.1 &+ 3.6,
454 + 31, and 47.3 + 4.2 um, respectively (Table S1), which are
consistent with the variation trend of the discharge voltage. The
EDS elemental maps reveal that all the elements (O, F, Mg, and P)
are relatively uniformly distributed except Zn which prefers to ag-
gregate near the pores. Especially the Zn-3 coating, the aggregation
of Zn is more obvious, due to its higher Zn content.

Fig. 4(a) shows the phase constitute of the MAO coatings. Com-
pared with the AZ31B substrate, the MAO coatings show weaker
diffraction peaks in the range of 30°-75° (PDF#35-0821). The Zn-
0 coating exhibits peaks of the MgF, (111) plane (PDF#38-0882)
and typical peaks of the MgO (111) plane (PDF#45-0946) at 32.3°
and 36.9°, respectively. With the addition of Zn content, diffrac-
tion peaks of the Zn3(PO4), along (101), (021), (121), and (130)
crystallographic planes emerge at 22.1°, 27.5°, 30.6°, and 33.7°,
respectively (PDF#30-1490). Moreover, the broad peak feature
also indicates that there would be a large amount of amorphous
phase.

Fig. 2. Fabrication and characteristics of zinc phosphate-doped MAO coatings: (a) Voltage-time curve; (b) Arc evolution; (c-f) SEM micrographs of coatings prepared in

different solutions (Insets showing the magnified features).
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Fig. 3. Cross-sectional SEM images of MAO coatings and corresponding EDS elemental distributions: (a) Zn-0, (b) Zn-1, (c) Zn-2, and (d) Zn-3.

Fig. 4. Phase and chemical composition of the MAO coatings specimens doped with different concentrations of zinc phosphate: (a) XRD patterns; (b) XPS of Zn 2p spectra;

(c) HRTEM image of Zn-3; (d) Chemical composition.

XPS confirms the presence of Mg, P, Zn, O, F, and C. Carbon
is a contaminant due to air exposure (Fig. S2). The Zn 2p spec-
trum shows peaks at 1022.9 eV and 1044.8 eV, corresponding to
Zn 2p3, and 2pyp,, respectively, indicating the Zn divalent state
[38,39]. With increasing the Zn concentration in the electrolyte,
the intensity of the Zn 2p spectrum gradually increases (Fig. 4(b)).
The O 1s peak of the AZ31B alloy coated with MAO coatings shifts
gradually to higher binding energies, indicating the generation of
more oxide species. The fitted O 1s peak of Zn-3 shows peaks at
531.9 eV and 533.6 eV corresponding to Mg-O in MgO and P-O-Zn

228

and P-O-Mg in phosphate, respectively, whereas that at 532.7 eV
is associated with H-O bond of water or hydroxide from air (Fig.
S2(d)) [40-42]. XRD and XPS analyses show that the main phases
in the MAO coatings are MgO, MgF,, Mg3(POy),, Zn3(POy4),, and
amorphous phases. HRTEM observations on Zn-3 coating demon-
strate the presence of MgO (111), MgF, (111), Mgs(PO4), (120),
and Zn3(PO4), (021) facets in the form of nanocrystals which are
randomly distributed in the amorphous phase of MgO (Fig. 4(c)).
It is worth noting that no diffraction peaks of Mg3(PO4), could
be detected in XRD, but a small amount of Mg3(PO4), was ob-
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Fig. 5. Electrochemical properties of the AZ31 alloy substrate and MAO coatings doped with different concentrations of zinc phosphate: (a) Tafel plot; (b-e) EIS plots; (b)
Nyquist plots; (c) Bode-impedance plots; (d) Bode-phase angle plots; (e) Equivalent circuits; (f) Pentagonal illustration.

served in HRTEM. It can be deduced that Mg3(PO4), may primar-
ily exist in an amorphous form, with only a small amount existing
in nanocrystalline form. EDS shows that all the elements are dis-
tributed uniformly and with increasing Zn salt concentration in the
electrolyte, the Zn concentration in the coatings increases. The Zn
concentration in Zn-3 is 6.83 at%, which is the largest among all
the samples (Fig. 4(d)).

3.2. Electrochemical properties in SBF

Electrochemical tests are conducted in SBF to evaluate the cor-
rosion resistance of the AZ31B alloy and Zn-0, Zn-1, Zn-2, and Zn-3
coatings. The Tafel results in Fig. 5(a) and Table 1 reveal that the
corrosion potentials increase from -1.612 V (AZ31B) to -1.526 V
(Zn-0) after MAO and then increase gradually to -1.496 V (Zn-1),
-1.470 V (Zn-2), and -1.427 V (Zn-3). The corrosion current den-
sities decrease from 2.228 x 1074 A cm™2 to 1436 x 1076 A cm2,
4.832x1077 A cm2, 7.834x 108 A cm™2, and 1.413 x 108 A cm™2
for Zn-0, Zn-1, Zn-2, and Zn-3, respectively, with the maximum
reduction larger than four orders of magnitude. This can be at-

229

Table 1
Corrosion potentials and corrosion current densities of the AZ31B alloy substrate
and MAO coatings doped with different concentrations of zinc phosphate.

Specimens  Corrosion potentials (V)  Corrosion current densities (A cm=2)
AZ31B -1.612 2.228 x 1074
Zn-0 -1.526 1.436 x 106
Zn-1 -1.496 4.832 x 1077
Zn-2 -1.470 7.834 x 1078
Zn-3 -1.427 1413 x 108

tributed to the protective effect of the MAO coatings, which im-
proves corrosion resistance.

EIS is conducted to analyze the corrosion resistance of the
AZ31B alloy and AZ31B alloy coated with MAO coatings in SBF.
Fig. 5(b) shows that all the specimens exhibit an obvious capaci-
tive behavior during immersion. Generally, the diameter of the sec-
ond capacitor loop of the MAO coating at low frequency reflects
the final corrosion resistance performance of the coating. Com-
pared with the AZ31B alloy, the diameter of the capacitive loop
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Table 2
Fitted EIS data of the AZ31B alloy substrate and MAO coatings doped with different concentrations of zinc phos-
phate.
Specimens AZ31B Zn-0 Zn-1 Zn-2 Zn-3
CPE. (ohm~! cm~2 s") 2419x10%  5770x10>  1.364x10°% 8.704x10°  5.868 x 107°
ne 0.8831 0.1219 0.7670 0.9486 0.9445
Rc (ohm c¢m?) 88.97 3.530 x 102 6.480 x 10° 1.516 x 104 3.484 x 10*
CPEgi¢r (ohm~! cm~2 s") 2.656x 103 3.697x10% 3.940x107  2.128x10%  1.023 x 1078
Naiff 0.8562 0.2309 0.7373 0.3222 0.7630
Ryir (ohm cm?) 46.10 4.758 x 10? 5.603 x 103 7.732 x 10* 4.138 x 10°
CPEg (ohm~! cm~2 s") 2940x 103 1.221x10> 8329x10°% 4.158x1077  2.548 x 1077
Ng) 1.000 0.8559 0.9227 0.7598 0.4077
Ret (ohm cm?) 1.814 x 10? 1.406 x 103 4.275 x 10* 1.583 x 10° 2.624 x 10°

at low frequency for the MAO coating increases gradually with in-
creased zinc phosphate concentration, indicating gradual improve-
ment in the corrosion resistance. Generally, the impedance mod-
ulus at low frequencies in the Bode impedance plot reflects the
overall impedance. The low-frequency impedance of Zn-0 increases
from 4.857 x 102 ohm cm? to 1.741 x 10* ohm cm?, which is nearly
two orders of magnitude larger than that of the AZ31B substrate.
The low-frequency impedances of Zn-1, Zn-2, and Zn-3 increase
to 8.543 x 104, 1.476 x 10°, and 3.801 x 10° ohm cm?, respectively
(Fig. 5(c)).

The EIS results are fitted with equivalent circuits (ECs) by the
complex nonlinear least-square method. The circuits in Fig. 5(e)
are determined based on the time constant in the Bode phase an-
gle plot in Fig. 5(d). The relaxation processes of AZ31B alloy at
medium-high and low frequencies correspond to the 3-5 nm MgO
passive film and the metal interface. The capacitance circuit in the
high-frequency or medium-frequency region is related to the MAO
coating, and the electrochemical behavior in the low-frequency re-
gion is determined by the interfacial reaction between the coating
and Mg alloy substrate in SBF. Owing to the nonuniformity caused
by the rough porous coatings with heterogeneous chemical com-
position, the charge transfer process cannot be analyzed based on
the ideal capacitor or resistor [43]. Therefore, a constant phase ele-
ment (CPE) expressed by Eq. (2) is chosen to describe the non-ideal
resistance and capacitance of the coating [44]:

-1<n<1 (2)
where Zqp is the resistance of the CPE, T is the CPE coefficient, n is
the CPE index, j = +/—1 is the imaginary unit, and w is the angular
frequency (related to the frequency f, w = 2xf). When n is equal
to 1, -1, and 0, the CPE is simulated as an ideal capacitor, ideal in-
ductor, and ideal resistor, respectively. The EIS data of the AZ31B
alloy and AZ31B alloy coated with MAO coatings are fitted with
the capacitance circuit, while the Zn-3 coating is fitted by adding
a Weber resistor. Here, CPE; and R. represent the capacitance and
resistance of the passive film or MAO coating on the AZ31B sub-
strate, CPEg; and Rg;sr represent the diffusion capacitance and re-
sistance of the specimen in the SBF solution, and CPEy and R are
the double-layer capacitance and charge transfer resistance in the
Faraday process, respectively.

Table 2 shows the variation of the CPE coefficients and re-
sistances of the AZ31B alloy and coatings in SBE. After MAO,
the CPEy values decrease from 2.94 x 103 ohm™ cm™ s" to
1.221x 10> ohm™! cm™ s" for the Zn-0 coating. With increas-
ing zinc phosphate concentration, the CPEy; values decrease further
to 8.329 x 1076, 4158 x 1077, and 2.548 x 107 ohm™! cm2 s" for
Zn-1, Zn-2, and Zn-3, respectively. Meanwhile, the CPE. values de-
crease from 2.419 x 104 ohm™! cm2 s" for AZ31B to 5.770 x 107,
1.364 x 1078, 8.704 x 1072, and 5.868 x 10~ ohm~! cm=2 s" for Zn-
0, Zn-1, Zn-2, and Zn-3, respectively. The CPE;s values show a sim-
ilar variation trend. Conversely, the resistance exhibits an opposite
tendency. The R. values of AZ31B increase from 1.814 x 102 ohm

_ 1
ZCPE = T(ja))"
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cm? to 1.406 x 103 ohm cm? for the Zn-0 coating. With increasing
the zinc phosphate concentration, the Rc values increase gradu-
ally to a maximum of 2.624 x 10> ohm cm? for Zn-3. The R, and
Ryifr values also show the same increasing trend with Ret, indicat-
ing that the MAO coating forms a physical barrier to block the ero-
sion and penetration of the SBF solution to the Mg alloy substrate.
Meanwhile, doping with zinc phosphate weakens the charge trans-
fer process of the corrosion anions in the SBF, thus resisting the
corrosion of the corrosive medium in the weak holes and improv-
ing the corrosion resistance. The five sets of electrochemical data
including the corrosion current density, corrosion potential, coating
resistance, charge transfer resistance, and low-frequency resistance
are compared in the pentagonal coordinate system and Zn-3 has
the best corrosion resistance (Fig. 5(f)).

3.3. Degradation in SBF

To investigate the corrosion resistance mechanism, EIS is per-
formed on the specimens after immersion for different time. As
shown in Fig. 6(al), the AZ31B alloy exhibits an obvious capacitive
behavior, showing a gradual increase in the diameter of the ca-
pacitive loop with immersion time. However, the diameter of the
capacitive loop decreases suddenly after immersion for 56 days,
and an inductive loop appears simultaneously in the low-frequency
region, indicating that the Mg alloy has been corroded. The Bode
impedance plot of AZ31B shows the same trend in low-frequency
impedance as shown in Fig. 6(a2). Compared to the situation be-
fore immersion, the low-frequency impedance of the AZ31B alloy
increases to 1.196 x 103, 5.011 x 103, 5.103 x 10°, and 1.208 x 106
ohm cm? after immersion in SBF solution for 3, 7, 14, and 28 days,
respectively, but decrease to 7.156 x 10* ohm cm? after continuous
immersion for 56 days. The Bode phase angle data in Fig. 6(a3)
show that the peak of the phase angle shifts with immersion time,
indicating that rapid corrosion has taken place. The increase in the
capacitance and impedance in the early stage of immersion arises
from the generation of corrosion products that cover the surface
of the Mg alloy. However, corrosion leads to the dissolution of cor-
rosion products in the later stage of the immersion, consequently
accelerating the corrosion and penetration of SBF to the Mg alloy
substrate.

With increasing the immersion time, the Nyquist data and Bode
impedances of Zn-0 show a similar trend as the AZ31B alloy, ex-
cept that there is no inductive behavior which represents the se-
vere corrosion after 56 days. The diameter of the capacitive loop
is larger than that of the AZ31B alloy (Fig. 6(b1, b2)). The peak of
the Bode phase angle shows almost no shift in the early stage of
immersion but shifts on a larger scale after immersion for 56 days.
Hence, the corrosion reaction is slow in the early stage and fast
in the later stage (Fig. 6(b3)). After doping with zinc phosphate,
Zn-1 shows a smaller diameter of the capacitive arc and low-
frequency impedance after immersion for 14 days due to smaller
corrosion and fewer corrosion products in the early stage. As time
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Fig. 6. EIS data of AZ31B alloy substrate and MAO coatings doped with different amounts of zinc phosphates after immersion in SBF for different time durations: (a1-a3)

AZ31B, (b1-b3) Zn-0, (c1-c3) Zn-1, (d1-d3) Zn-2, and (e1-e3) Zn-3.

elapses, more corrosion products are generated, which results in
the increase of capacitive arc and low-frequency impedance after
28 days. However, the capacitive arc and low-frequency impedance
decrease again after 56-day immersion, because of the insuffi-
cient long-term corrosion resistance, resulting in severe corrosion
in the later stage (Fig. 6(c)). The peak of the Bode phase angle in
Fig. 6(c3) shifts during immersion, indicating that doping with zinc
phosphate changes the corrosion reaction between the MAO coat-
ing and SBF. Zn-2 doped with more zinc phosphate shows a similar
trend as Zn-1. After immersion for 56 days, the corrosion resistance
of Zn-2 improves due to the generation of more corrosion products
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(Fig. 6(d)). In comparison, the capacitance arc and low-frequency
impedance of Zn-3 don’t show an increase and then decrease trend
but continue to decrease within 56-day immersion, which implies
that fewer corrosion products are generated and the corrosion re-
sistance of the coating is better (Fig. 6(e)).

Based on the ECs determined from the Bode phase angle plot in
Fig. 6, the EIS results are fitted and shown in Tables S2-S6. Fig. 7
shows the variations of the interface transfer resistance R, coating
resistance R, constant phase element coefficient CPEy, and coat-
ing constant phase element coefficient CPE; in the corresponding
EC diagrams. Fig. 7(a) exhibits that both the AZ31B alloy and Zn-
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Fig. 7. Variations of electrical components in the equivalent circuits of the AZ31 alloy substrate and MAO coatings doped with different concentrations of zinc phosphate:

(a) Ret, (b) R, (c) CPEq, and (d) CPE.

0 have larger R.; before immersion for 28 days and R decreases
after immersion for 56 days. Specifically, the AZ31B alloy shows a
larger amplitude in the early stage and a smaller decreasing am-
plitude in the later stage, indicating that more corrosion products
generated in the early and middle stages of immersion could accu-
mulate on the surface and protect the alloy from rapid corrosion.
However, the main component in the MAO coatings is MgO which
exhibits a smaller activity than the Mg alloy, resulting in less cor-
rosion and degradation. The R values of the coatings doped with
different concentrations of zinc phosphate decrease gradually in
the first 14 days. However, the R values of Zn-1 and Zn-2 turn
upward after immersion for 28 and 56 days, while that of Zn-3
coating continues decreasing. In comparison, the variation of R is
consistent with that of R¢, while CPEy and CPE. show an oppo-
site trend, indicating that zinc phosphate plays a role in regulating
the degradation rate of the AZ31B alloy coated with MAO coat-
ings. Dissolution of zinc phosphate during immersion allays the
rapid degradation of active MgO in the coating and generation of
corrosion products. When the concentration of zinc phosphate is
small, the effect is limited, resulting in the failure by severe corro-
sion in the later stage. With increasing the zinc phosphate content,
the effect is enhanced. After immersion for 56 days, Zn-3 does not
show the phenomenon and zinc phosphate regulates the degrada-
tion rate of the Mg alloy.

Fig. 8 shows the surface corrosion morphologies of the AZ31B
alloy and AZ31B alloy coated with MAO coatings after immersion
in SBF for 7, 28, and 56 days. As shown in Fig. 8(al-a3), the AZ31B
alloy has experienced severe corrosion during the immersion. With
immersion for 7 days, the initially smooth surface becomes rough
with large corrosion cracks due to stress release from the natu-
ral passivation film. After immersion for 28 days, the size of the
cracks increases. After immersion for 56 days, the surface delami-
nates from the substrate and is covered by the corrosion products.
Enlarged SEM images reveal the presence of typical Ca-P particle
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deposits on the surface, which is attributed to the corrosion reac-
tion involving calcium ions and phosphate ions in the SBF solu-
tion [45,46]. Zn-0 shows no significant changes in the non-porous
area after immersion for 7 days but almost all the pores are con-
nected by cracks. After 28 days, the pores are almost filled and
the surface becomes rough accompanied by generation of cracks.
After immersion for 56 days, the surface is occupied by corrosion
products. Meanwhile, cracks with a size smaller than that of the
AZ31B alloy emerge, indicating that corrosion damage is reduced
(Fig. 8(b1-b3)). This is because the activity of MgO is lower than
that of Mg, thereby resulting in slower corrosion. Comparatively,
the zinc phosphate-doped MAO coatings demonstrate obvious alle-
viated corrosion morphology after different time immersions. After
immersion for 7 days, there are almost no changes for Zn-1, Zn-
2, and Zn-3 and the porous structure is maintained after 28 days
(Fig. 8(c1, 2, d1, d2, el, e2)). After immersion for 56 days, the sur-
faces of Zn-1 and Zn-2 show corrosion products. However, Zn-3
shows fewer corrosion products and maintains the original porous
structure (Fig. 8(c3, d3, e3)).

EDS performed after immersion for 56 days reveals the pres-
ence of C, O, F, Mg, Al, Si, P, Cl, Ca, and Zn (Figs. 8 and S5-S9,
and Table S7). C, Si, Cl, and Ca are introduced from the SBF so-
lution, while Mg and Zn are introduced from the corrosion prod-
ucts MgCl,, Mg(OH),, and Zn(OH),. In particular, recent research
demonstrates that the formation of Zn (OH), helps to handicap
the infiltration corrosion by sealing the pores [29]. For the MAO
coatings without zinc phosphate, when pitting occurs at the in-
terface of the coating/alloy, the degradation of substrate will pro-
duce corrosion products along the interface, which increases inter-
face stress and results in the coating peeling. In comparison, the
MAO-doped coating with zinc phosphate would form the Zn(OH),
simultaneously with pitting, which could seal the infiltration chan-
nel partly and thereby restrain the amplification of pitting. There-
fore, the MAO coating with zinc phosphate exhibits better corro-
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Fig. 8. SEM images and EDS spectra of the different specimens after immersion in SBF for 56 days: (a) AZ31B, (b) Zn-0, (c) Zn-1, (d) Zn-2, and (e) Zn-3.

Fig. 9. (a) pH values of the SBF solution and (b) weight loss of the AZ31B alloy and MAO coatings doped with different concentrations of zinc phosphate during immersion

in SBE.

sion resistance. The subsequent weight loss rate and pH changes
in Fig. 9 also verify this deduction. The existence of Ca and P sug-
gests that the production of hydroxyapatite-like precipitates can
promote the growth of bone cells [47,48]. After the MAO treat-
ment and zinc phosphate doping, the concentration of Ca element
on the surface decreases after immersion. Because of the improve-
ment in the corrosion resistance, the alkalinity decreases after im-
mersion, and there is a decrease in the amount of hydroxyapatite
containing Ca and P. These results indicate that doping with zinc
phosphate regulates the degradation rate in SBF and alleviates the
rapid degradation of the Mg alloy.

Fig. S10 displays SEM images of the cross-sections of the coat-
ings after immersion for 56 days. The results reveal that the Zn-
0 coating exhibits the most severe pitting corrosion at the inter-
face with the substrate, showing chain-like pits. With increasing
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the doping content of zinc phosphate, the corrosion at the coat-
ing/substrate interface is alleviated. The Zn-3 coating only shows
slight pitting pits at the interface, which implies that the corrosion
resistance of the coating is improved due to zinc phosphate dop-
ing.

To analyze the degradation behavior, the pH value of the SBF
solution and weight loss rate of the AZ31B alloy and MAO coat-
ings doped with zinc phosphate are determined. The SBF solution
shows that the pH values increase with immersion time, as shown
in Fig. 9(a). For the AZ31B alloy, the pH reaches 8.39 and 10.02
after immersion for 3 and 7 days, respectively. Such high increas-
ing rate should be ascribed to the rapid degradation which leads
to the mass release of OH™ ions. As the corrosion reaction contin-
ues, the surface of the Mg alloy is gradually covered by the cor-
rosion products, which decreases the corrosion rate and restrains
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Fig. 10. Ion concentrations released from the AZ31B alloy and MAO coatings with different concentrations of zinc phosphate after immersion in SBF for 3 and 7 days: (a)

Mg?* and (b) Zn?+.

the release of OH~. Subsequently, the pH increases gradually and
reaches a maximum of 11.28 after immersion for 56 days. Differ-
ently, the pH values of SBF solution immersed with MAO coatings
demonstrate a slow-increasing tendency. With regard to Zn-0, the
pH reaches 8.17 after immersion for 7 days and increases to 9.03
after 56 days, indicating an inhibited release of OH-. After dop-
ing with zinc phosphate, the increase rate of the pH value slows
initially and then goes up slightly. After 56 days, the maximum pH
values are 8.42, 8.17, and 7.74 for Zn-1, Zn-2, and Zn-3, respectively,
indicating better corrosion resistance for higher dopant concentra-
tions.

Fig. 9(b) shows that the weight losses of specimens increase
gradually during immersion. The AZ31B alloy shows the largest
weight losses of 2.3%, 8.97%, 12.36%, 18.59%, and 24.37% after im-
mersion for 3, 7, 14, 28, and 56 days, respectively. On the other
hand, the AZ31B alloy coated with MAO coatings shows smaller
weight loss. Especially for the MAO coating with zinc phosphate
addition, they demonstrate the larger the zinc phosphate concen-
tration, the smaller the weight loss. After immersion for 7 days, the
weight loss rates of Zn-0, Zn-1, Zn-2, and Zn-3 are 1.84%, 1.66%,
1.29%, and 0.63%, respectively and after immersion for 56 days,
they are 12.54%, 8.98%, 7.53%, and 5.22%, respectively.

Generally, the released ions affect cell growth in the physiolog-
ical environment. Fig. 10 shows the Mg2?t and Zn?* concentrations
from the AZ31B alloy and AZ31B alloy coated with MAO coatings
after immersion for 3 and 7 days. After immersion for 3 days, the
Mg?+ concentration from the AZ31B alloy is 115.9 mg L1, while
those from Zn-0, Zn-1, Zn-2, and Zn-3 are 31.0, 20.8, 16.7, and
10.6 mg L, respectively (Fig. 10(a)). After immersion for 7 days,
the Mg2* concentrations increase. The AZ31B alloy shows the high-
est Mg2* concentration of 221.1 mg L~!, while those from Zn-0, Zn-
1, Zn-2, and Zn-3 are 71.7, 40.1, 31.4, and 21.3 mg L, respectively.
Owing to the high activity, the AZ31B alloy corrodes quickly, cre-
ating an alkaline environment that is unfavorable for cell growth.
The MAO coatings are mainly composed of inert MgO which co-
operates with the sealing effect of zinc phosphate to decrease the
degradation rate further. Therefore, the MAO coatings exhibit much
lower Mg?* ion-releasing rate.

Fig. 10(b) shows the variation of Zn®* concentration of SBF so-
lution immersed with different specimens. After immersion for 3
days, the Zn2t concentration from AZ31B alloy is 0.71 mg L,
which is less than the released Mg?* concentration because a
small amount of Zn exists in the AZ31B alloy. Meanwhile, com-
pared to the electrode potential of Mg, Zn is more negative and re-
sults in less dissolution. Differently, there is no Zn*t release from
Zn-0 as there is no zinc in the MAO coating. The Zn?* concen-
trations released from Zn-1, Zn-2, and Zn-3 are 0.40, 0.52, and
0.57 mg L1, respectively, indicating that a small amount of zinc
phosphate is dissolved. After immersion for 7 days, the Zn2* con-
centrations released from the AZ31B alloy, Zn-1, Zn-2, and Zn-3 in-
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crease to 1.36, 0.80, 0.87, and 1.05 mg L1, respectively, while Zn-0
specimen still shows no release of Zn2*. With increasing concen-
tration of zinc phosphate, more Zn?t ions are released from the
AZ31B alloy coated with MAO coatings.

3.4. In vitro biological properties

Due to the excellent protective effect of the MAO coatings, the
biological properties are determined. Fig. 11 shows the morpholog-
ical changes of MC3T3-E1 osteoblasts on the specimens after cul-
turing for 1, 3, and 7 days. The control Ti6AI4V surface after 1 day
shows that the MC3T3-E1 osteoblasts are in a good spreading state
with spindle-shaped cells evenly distributed on the surface. How-
ever, on the surface of the AZ31B alloy, only sporadic cell nuclei
or cytoskeletons could be observed indicating the low cell viabil-
ity. On the MAO coatings, there are more osteoblasts but spreading
is poor. Especially the osteoblasts on Zn-0, some of them become
shrinking. With the addition and increase of zinc phosphate con-
centration, the morphology of osteoblasts improves. After 3 days
of culturing, the osteoblasts exhibit an obvious proliferation ten-
dency. The osteoblasts on the control Ti6Al4V surface overlap and
cover the entire surface. However, on the surface of the AZ31B al-
loy, only sporadic osteoblasts can be observed and the cells exhibit
an elongated spindle shape. Comparatively, the osteoblasts on Zn-
0 increase a little and have better morphology. With the addition
of zinc phosphate, the Zn-1, Zn-2, and Zn-3 exhibit better cyto-
compatibility with significant enhanced proliferation of osteoblasts.
After 7 days of culturing, the growth trend of osteoblasts varies
among different specimens. On the control Ti6Al4V alloy, the os-
teoblasts show a high-density overlapping state after rapid pro-
liferation and differentiation. On the other hand, there are only
a small number of osteoblasts adhering to the AZ31B alloy with
wrinkled shape showing poor vitality. The number of osteoblasts
on Zn-0 decreases and most cells exhibit elongated and spindle
shape. In contrast, the osteoblasts on the MAO coatings doped with
zinc phosphate show dense coverage similar to that on the Ti6Al4V
alloy indicating their excellent cytocompatibility.

Fig. S11 shows the results of the cytotoxicity tests of the control
Ti6Al4V alloy, AZ31B alloy, and AZ31B alloy coated with MAO coat-
ings. The AZ31B alloy shows obvious toxicity due to rapid degrada-
tion, while the other specimens meet the toxicity requirements for
implantable medical materials (ISO10993-5). Fig. 12(a) shows the
expression of LDH of BMSC after culturing on different specimens
for different time. After culturing for 1 day, the LDH expression of
BMSC cultured on the control Ti6Al4V alloy is the highest, whereas
that on the AZ31B alloy is the lowest. After 3 days, the LDH expres-
sions of BMSC cultured on all specimens increase. Comparatively,
the LDH expression of BMSC cultured on the control Ti6Al4V alloy
increases the most, while that on the AZ31B alloy is the lowest.
For the MAO coatings, the LDH expression of BMSC cultured on
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Fig. 11. Morphology of the MC3T3-E1 mouse osteoblasts cultured on the control Ti6Al4V alloy, AZ31B alloy, and MAO coatings doped with zinc phosphate for 1, 3, and 7

days. (Red represents the cell skeleton and blue represents the cell nuclei).

Fig. 12. (a) LDH and (b) ALP values of the BMSC cells cultured on the control Ti6AI4V alloy, AZ31B alloy, and MAO coatings doped with zinc phosphate.

them increases diversely and that on Zn-3 is higher than others.
After 7 days, the LDH expressions of BMSC cultured on the con-
trol Ti6Al4V alloy and MAO coatings with zinc phosphate addition
demonstrate a significant rising trend. On the contrary, the LDH
expressions of BMSC cultured on the AZ31B alloy decrease obvi-
ously and the value is even lower than that with 1-day culturing.
These comparative results indicate that the MAO coatings doped
with zinc phosphate have better interface, which would benefit the
proliferation and differentiation of osteoblasts. Fig. 12(b) shows the
expressions of ALP of the BMSC cultured on different specimens
demonstrating their corresponding mineralization ability. After 7
days of culturing, the ALP expressions of the BMSC cultured on
MAO coatings doped with zinc phosphate are significantly higher
than that of the control Ti6AI4V alloy. After 14 days of culturing,
the ALP expression of the BMSC cultured on MAO coatings is more
than twice that of the control Ti6Al4V alloy, especially the ones
doped with zinc phosphate.

Since the LDH results reveal a consistent trend, it can be de-
duced that significant inhibition of ion release could improve the
adhesion and growth of osteoblasts. The MAO coating with porous
and rough surface is conducive to cell adhesion and proliferation,
further improving its cytocompatibility. The well-improved corro-
sion resistance and surface morphology contribute to the tissue
healing and maintaining of mechanical integrity in the early stage.

3.5. Tribological properties

As is well known, one major issue of MAO coatings is pit-
ting corrosion along the coating/alloy interface. When the corrosive
medium infiltrates and contacts the substrate, the rapid corrosion
will generate massive hydrogen gas and loose corrosion products,
which results in great interfacial stress and is prone to cause peel-
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ing failure [36]. Actually, the bone fixation implants have to face
a certain degree of micromotion and wear, which can exacerbate
the detachment of MAO coating and accelerate the pitting corro-
sion along the interface [37]. Therefore, reasonable wear resistance
and self-sealing are important requirements for the MAO coating
that could ensure its protecting effect on the implant. Fig. 13(a)
shows the schematic diagram of the wear test for the AZ31B al-
loy and AZ31B alloy coated with MAO coatings with a load of 3 N
for 3600 s, and the variation of the friction coefficients is shown
in Fig. 13(b). Clearly, the friction coefficient of the AZ31B alloy
greatly fluctuates around 0.30 with an amplitude of 0.15 for the
whole test, but the friction coefficients of MAO coatings demon-
strate a gradually increasing tendency with small fluctuation. Ex-
actly, the friction coefficients of Zn-0 and Zn-1 almost gradually
increase to the end obtaining the value of 0.74, while the friction
coefficients of Zn-2 and Zn-3 gradually increase to 0.55. The dif-
ference is that the friction coefficient of Zn-2 reaches the maxi-
mum value at 2200s and then almost keeps unchanging. Such re-
sults indicate that the addition of zinc phosphate in MAO coating
has an anti-friction effect [49-51]. Fig. 13(c) shows the wear track
profiles of different specimens after friction for 3600 s. The wear
on the AZ31B alloy is the highest manifested by wear track depth
and width of 82 um and 715 um, respectively. However, the Zn-
0, Zn-1, Zn-2, and Zn-3 have the wear depth of 25, 20, 13, and
10 um, respectively, and their corresponding wear widths are 532,
408, 362, and 264 um, respectively. The results are consistent with
the trend of the friction coefficient, indicating that the zinc phos-
phate addition in MAO coatings reduces wear, which demonstrates
that the higher the concentration of zinc phosphate, the less wear.
Fig. 13(d) shows that the AZ31B alloy has the highest wear rate of
2.83 x 10* mm3 N-! m!, while the MAO coatings have decreased
the wear rate gradually. The wear rate of Zn-0 is 6.52 x 10~> mm?3
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Fig. 13. Tribological properties of the AZ31B alloy and MAO coatings doped with zinc phosphate: (a) Schematic diagram of the friction process; (b) Friction coefficients; (c)

Wear track profiles; (d) Wear rates.

Fig. 14. Surface morphology of the AZ31B alloy and MAO coatings doped with zinc phosphate: (a) Optical images; (b) Planar LCSM images; (c) 3D LCSM images; (d) SEM

micrographs.

N-! m~1, which is less than a quarter of the AZ31B alloy. After dop-
ing with zinc phosphate, the wear rates of MAO coatings decrease
further and the values of Zn-1, Zn-2, and Zn-3 are 4.98 x 107>,
4.21x 107, and 3.81 x 10> mm3 N-! m~!, respectively.

Fig. 14 shows the surface morphology of the specimens af-
ter the wear test. The optical observations show that the surface
scratches become shallower after MAO and the scratch on Zn-3 is
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almost invisible (Fig. 14(a)). The features of scratches in both plane
and three-dimensional modes observed by 3D laser confocal mi-
croscopy are shown in Fig. 14(b, c). The scratches on the AZ31B al-
loy are the widest and deepest, while the width and depth of the
scratches on Zn-0, Zn-1, Zn-2, and Zn-3 are significantly reduced.
The SEM observation on the worn surface of AZ31B alloy exhibits
the typical furrow morphology with different depths, as shown in



C. Yang, S. Cui, RK.Y. Fu et al.

Journal of Materials Science & Technology 179 (2024) 224-239

Fig. 15. Schematic diagram illustrating regulation of the degradation behavior and cytocompatibility for the MAO coatings and zinc phosphate addition: (a) AZ31B alloy; (b)

MAO coating; (c) Zinc phosphate-doped MAO coating.

Fig. 14(d). The worn surfaces of Zn-0 and Zn-1 show some peel-
ing and a large amount of debris. Such a phenomenon should be
attributed to the three-dimensional porous structure whose pro-
trusions are prone to be worn and peeled off by the hard grind-
ing ball. Moreover, the main components of the MAO coating are
MgO and Mg3(POy),, which are easily crushed to increase the fric-
tion coefficient. In contrast, the worn surfaces of Zn-2 and Zn-3
are relatively flat and narrow with less debris indicating better
wear resistance. Then, it can be concluded that the zinc phos-
phate addition improves the tribological properties of MAO coat-
ings. In addition, when pitting occurs at the coating/substrate in-
terface, the formation of Zn(OH), could help to hinder penetration
corrosion by sealing pores [29]. The synergistic effect of wear resis-
tance and self-healing would effectively suppress coating detach-
ment and failure caused by interface pitting corrosion, which en-
ables the MAO coatings to meet the challenge of fretting wear and
pitting corrosion simultaneously.

3.6. Influence of zinc phosphate on the degradation behavior and
cytocompatibility

Based on the results, the AZ31B alloy with MAO coatings
demonstrates better corrosion resistance and improved degrada-
tion behavior, which should be ascribed to the effectively regu-
lated coating structure by zinc phosphate addition. According to
the recent researches [29,35], Zn in the MAO coatings could pro-
mote the formation of Zn(OH), and inhabit rapid infiltration corro-
sion. In the present research, the addition of zinc salt in electrolyte
promotes the formation of zinc phosphate in MAO coating, which
helps to form the inhibition layer and benefit the accumulation
of Ca and P ions on the surface. The formed secondary protective
layer decreases the degradation rate and contributes to regulating
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the micro-environment which cooperates with porous structure to
obtain better cytocompatibility. The schematic diagram of the reg-
ulation effects of zinc phosphate on MAO coating is depicted in
Fig. 15.

For the AZ31B alloy, the active Mg reacts with the SBF solution
and generates Mg(OH), forming a relatively loose layer on the sur-
face during the initial stage of corrosion, which would alleviate the
corrosion rate. The released Mg2+, Zn?+, and OH- ions increase the
pH of the SBF and the loose Mg(OH), layer is gradually converted
into water-soluble MgCl, by reacting with Cl~ forming corrosion
pits. The Mg substrate is then re-exposed to SBF and undergoes
the next process of rapid degradation. On account of the high den-
sity of crystal defects along grain boundaries, corrosion prefers to
propagate along grain boundaries [52,53]. Therefore, during long-
term degradation, conversion of Mg(OH), becomes differentiated
and the regions adjacent to grain boundaries corrode more signif-
icantly. The selective corrosion and degradation may result in the
periodical corrosion rate and differentiated local corrosion, which
destroys the structure integrality and releases more ions.

For the AZ31B alloy covered with MAO coating, the initial cor-
rosion occurs mainly in the MgO-based MAO coating. Although
MgO reacts with the SBF solution to form porous Mg(OH), prod-
ucts, the reaction rate is so slow that ions release and pH increase
only slightly. With the corrosion proceeding, the transformation of
porous Mg(OH), into water-soluble MgCl, exposes inner MgO in
the MAO coating. After that, the reaction of MgO and transforma-
tion of Mg(OH), repeat cyclically until the entire MAO coating is
consumed. In addition, the Ca2* and PO43- ions in the SBF solu-
tion can also react during the corrosion process to form Ca-P par-
ticles, which deposit on the surface of the coating and enhance the
density of the Mg(OH), corrosion product film [45,46]. Therefore,
the pH and ion release rate of the Zn-0 coating increase steadily
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during corrosion but less than those of the AZ31B alloy. The addi-
tion of zinc phosphate in MAO coating changes the corrosion be-
havior by regulating the corrosion interface. In general, the reac-
tion of MgO with SBF and the transformation of Mg(OH), to MgCl,
would occur normally in the zinc phosphate-doped MAO coating.
However, zinc phosphate particles in the coating would participate
in the initial reaction and form Zn(OH), by releasing Zn2+t. As the
Zn(OH), product accumulates, a Zn(OH), layer forms locally, which
could inhibit the infiltration of the corrosion medium and decrease
the corrosion rate [29,35,39,54]. Furthermore, the zinc phosphate
particle prefers to accumulate adjacent to pores, which contributes
to the sealing of pores by the reaction products. These regulations
by zinc phosphate help to improve the porous MAO coatings sig-
nificantly, because the infiltration through micropores is mitigated,
enhancing the corrosion resistance.

By regulating the corrosion behavior of the Mg alloy, the degra-
dation of mechanical properties can be controlled and the biocom-
patibility is improved simultaneously. As for the bare AZ31B al-
loy, the relative rapid degradation releases ions and increases pH
in the micro-environment, leading to high alkaline and ion con-
centration, which is detrimental to cell viability. The MAO coating
converts the AZ31B alloy surface into a porous structure which is
beneficial to cell adhesion and proliferation [55]. In addition, the
MAO coatings retards degradation and pH rising rate. Therefore,
the cells on MAO coatings exhibit a better state in a short time.
However, the released ions and pH still reach a high level after
an intermediate-term immersion, resulting the low cell viability.
The addition of zinc phosphate in MAO coating changes the in-
termediate and long-term corrosion degradation behavior by re-
straining rapid infiltration corrosion. The relatively weak alkaline
micro-environment with an appropriate concentration of Mg2* is
beneficial to cell proliferation [56]. Moreover, zinc phosphate pro-
motes the accumulation of Ca and P on the surface for better min-
eralization [57]. Zn?* can also regulate osteogenesis by activating
the Wnt/B-catenin signaling pathway. Even though cell prolifera-
tion on the zinc phosphate-doped MAO coatings is not the high-
est, the accumulated Ca and P accelerate mineralization leading to
the highest ALP value. Therefore, the higher the zinc phosphate
concentration, the better the corrosion behavior, wear, and cyto-
compatibility. However, superfluous zinc phosphate influences the
MAO processing and coating structure. In summary, the appropri-
ate addition of zinc phosphate in MAO coating can simultaneously
optimize the key functions of Mg alloy such as corrosion resis-
tance, wear resistance, and cell compatibility, avoiding the limi-
tations of single functional MAO coatings. Therefore, it provides a
potential method for the surface modification of biodegradable Mg
alloy used as bone fixation implant.

4. Conclusion

To regulate the corrosion and degradation behavior of the
AZ31B alloy for implantable bone fixation applications, the MAO
coatings with different zinc phosphate additions were fabricated
and evaluated under in vitro physiological conditions. The cor-
rosion potential of the AZ31B alloy coated with MAO coatings
increases with zinc phosphate concentration reaching a maxi-
mum of -1.427 V, and the corrosion current density decreases to
1413 x 108 A cm™2. The charge transfer resistance increases to
2.624 x 10° ohm cm?, indicating that the zinc phosphate-doped
MAO coating has excellent corrosion resistance in SBF. Incorpora-
tion of the proper amount of zinc phosphate into the MAO coatings
optimizes the degradation rate of Mg alloy, reduces the release rate
of Mg2t and OH- generated by the corrosion reaction, and allevi-
ates the generation of a large number of corrosion products. After
immersion for 56 days, the weight loss decreases from 24.37% for
the substrate to 5.22%. Zinc phosphate is converted into Zn(OH),

238

Journal of Materials Science & Technology 179 (2024) 224-239

during immersion to restrain the infiltration corrosion and provide
a weakly alkaline micro-environment for cell proliferation, differ-
entiation, and mineralization giving rise to excellent cytocompati-
bility. In addition, zinc phosphate enhances the wear resistance of
the AZ31B alloy coated with MAO coatings and obtains the min-
imum value of 3.81 x 10> mm3 N-! m-!. The zinc phosphate-
doped MAO coating optimizes the corrosion degradation behavior,
cytocompatibility, and tribological properties, which provides a po-
tential surface modification choice for Mg-based bone fixation im-
plants.
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Fig. S1. Three-dimensional LCSM images of the MAO coatings doped with different

amounts of zinc phosphate.



Fig. S2. (a) High magnification XRD spectra; XPS spectra: (b) Survey, (c) P 2p, and (d)

O 1s; (e) Fitted O 1s spectrum of Zn-3.



Fig. S3. SEM images and EDS elemental distributions of the MAO coatings with

different zinc phosphate contents: (a) Zn-0, (b) Zn-1, (¢) Zn-2, and (d) Zn-3.



Fig. S4. Equivalent fitted circuits for the samples immersed in SBF: (a)

R(QR(QR)(QR))), (b) R(RQ)(Q(RW)), and (¢) R(QR(QR)(QRL))).

The results of AZ31B after immersion for 3 and 7 days are analyzed by the EC
model in Fig. S4(a) and those after 14 and 28 days are analyzed by the EC model in Fig.
S4(b). The results after immersion for 56 days are analyzed using the EC model in Fig.
S4(c). The results of Zn-0 after immersion for 3, 7, 14, and 56 days are analyzed by the
EC model in Fig. S4(a), while those after immersion for 28 days are analyzed by the
EC model in Fig. S4(b). The results of Zn-1 after 3, 7, 14, and 56 days are analyzed by
the EC model in Fig. S4(a) and those after 28 days are analyzed using the EC model in
Fig. S4(b). The results of Zn-2 after 3, 7, 14, and 28 days are analyzed by the EC model
in Fig. S4(a) and those after 56 days are analyzed by the EC model in Fig. S4(b). The
results of Zn-3 after 3, 7, 14, 28, and 56 days are analyzed by the EC model shown in

Fig. S4a.



Fig. SS. (a) EDS elemental maps of the AZ31B alloy after immersion for 56 days; (b,

c¢) High magnification surface corrosion morphology.

Fig. S6. EDS element maps of Zn-0 after immersion for 56 days.



Fig. S7. EDS elemental maps of Zn-1 after immersion for 56 days.

Fig. S8. EDS elemental maps of Zn-2 after immersion for 56 days.



Fig. S9. EDS elemental maps of Zn-3 after immersion for 56 days.



Fig. S10. SEM images of the cross-sections of the MAO coatings with different zinc
phosphate contents after immersion for 56 days: (a) Zn-0, (b) Zn-1, (c) Zn-2, and (d)

7/n-3.
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Fig. S11. Cytotoxicity of the control Ti6Al4V alloy, AZ31B alloy, and MAO coatings

doped with different zinc phosphate concentrations.

To analyze the effects of the MAO coatings on the cytotoxicity of the AZ31B alloy,
the cell viability of the Ti6Al4V alloy, AZ31B alloy, and zinc phosphate-doped MAO
coatings is determined according to the ISO10993-5 standard. The bone marrow
mesenchymal stem cells (BMSCs) exhibit different viabilities after culturing in the
extraction solution for 3 days. Owing to the small ion release rate of the control
Ti6Al4V alloy, the BMSCs show high activity but lower activity in the extracted
solution of the AZ31B alloy, indicating that the higher concentration of ions produced
by rapid corrosion increases the pH and weakens the cell activity. As for the MAO
coating without zinc phosphate, the cell activity is higher than that of the control
Ti6Al4V alloy due to the beneficial effects of a suitable amount of Mg?* ions in the

extracted solution on cell proliferation and differentiation. After incorporating
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increasing concentrations of zinc phosphate into the MAO coating, the cell activity
decreases slightly due to the release of Zn**. Overall, the AZ31B alloy samples
protected by MAO coatings show excellent cell activity which exceeds the
requirements of orthopedic implants and the biocompatibility is comparable to that of

the control Ti6Al4V alloy.
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Table S1. Thickness and surface roughness R, of the MAO coatings.

Sample Thickness (um) Surface roughness (um)
Zn-0 41.5+3.7 0.92+0.19
Zn-5 44.1+3.6 1.43+0.37
Zn-10 454+3.1 1.84 £0.46

Zn-15 47.3+42 2.52+0.35

13



Table S2. EIS fitting results of the AZ31B alloy immersed in the SBF solution for

different time durations based on the EC.

Immersion time 3 day 7 day 14 day 28 day 56 day

CPE. 4.749 x 107° 3.315x10° 1481 x10% 7.073x10° 2.938 x 10”7

N 0.4176 0.2948 0.5451 0.8176 0.9436
Re (ohm cm?) 96.07 2.116 x 10> 2.403 x 10*  1.286x 105  5.585 x 10
CPEifr 1.162 x 105 8.762 x 1076 - ~ 2.499 x 1076

. 0.7534 0.6665 - _ 0.7503
Rairr (ohm cm?)  5.859 x 102 8.705 x 10 _ _ 6.462 x 10*

W (S sec® cm ™) - - 7.834 x 107 8.856 x 107’

CPEa 4509 x 10* 4730 x 10 2552 x 107 8473 x 10° 6.493 x 105

nai 0.7932 0.8975 0.7006 0.6685 0.4753

Ri(ohmem?) 5939 x 10> 2.521 x 10° 1.882x 10° 3.057x 10°  1.239 x 10°
L (Hcm?) - - - - 5.680 x 103

Ri (ohm cm?) - - - - 9.642 x 10°
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Table S3. EIS fitting results of the Zn-0 coating immersed in the SBF solution for

different time durations based on the EC.

Immersion time 3 day 7 day 14 day 28 day 56 day
CPEc 3246 x 106 2287 x 10 4.048x 10° 1.666 x 10° 1.062 x 10
. 0.8160 0.4729 0.7895 0.7172 0.3458

R (ohm cm?) 8.481 x 10> 1.271 x 10> 1.461 x 10* 4.653 x 10* 2.582 x 10°

CPEair 6.379 x 106 2.568 x 106 1.219 x 10° - 1.092 x 10°°
naifr 0.8220 0.5089 0.3956 - 0.8927
Rair (ohm em?)  3.191x10°  1.764 x 10 4.963 x 10* - 1.957 x 103
W (S sec® cm ™) - - - 2.098 x 1076
CPEa 1L115x 104 2.292x 10° 7.066 x 107 1352 %107 2.755x 103
na 0.5524 0.8453 0.8164 0.5051 0.7523

Rt (ohm cm?) 2.445x10°  7.065x 10> 1271 x10° 1.920x10° 3.419 x 10°
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Table S4. EIS fitting results of the Zn-1 coating immersed in the SBF solution for

different time durations based on the EC.

Immersion time 3 day 7 day 14 day 28 day 56 day
CPEc 5495 x 10 2.685x 107 8508 x 107 4.160 x 10° 1.068 x 105
. 0.7410 0.6178 0.6924 0.6970 0.8483

R (ohm cm?) 3266 x 10 1.723 x 10°  1.055x 10> 1.724x10*  5.575 x 10?

CPEuifr 4.088 x 10° 5.946 x10° 6.768 x 107° — 4395 % 10°°
ndifr 0.4656 0.5912 0.6181 - 0.4279
Rairr (ohm'em?) 4712 x 103 1.071 x 10°  7.738 x 10? - 6.668 x 107
W (S sec® cm™?) - - - 3570 10°
CPEa 4.147x10° 6.825x10° 9.367 x10° 5.039x 107 1.281x107°
nai 0.7901 0.7824 0.7060 0.8125 0.6852

Rt (ohmecm?) 5518 x 10*  2.182x 10* 1.314x10* 8.456 x 10*  7.750 x 10
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Table S5. EIS fitting results of Zn-2 immersed in the SBF solution for different time

durations based on the EC.

Immersion time 3 day 7 day 14 day 28 day 56 day
CPE. 1.704 x 10°  8.981 x 10° 4.113x 107 1.521 x 10 2.823 x 10~
e 0.6277 0.8160 0.7722 0.9422 0.6007
Re(ohmcm?)  8.512x10° 4.694 x 10° 1.703x 103 1477 x10° 2.093 x 10*
CPEdir 3.415x 107 5.657x10° 1.212x10° 1.490 x 103 -
naifr 0.9172 0.4333 0.3290 0.5566 _
Rair(ohmcm?)  5.922%10% 55635103 3951 x 107  1.885 x 10° -
W (S-sec’ cm™?) _ _ - - 4.79 x 10°°
CPEa 8.401 x 107 3.168x 10° 5353 x10° 7.734x 10 4.985 x 107
nal 0.8890 0.8484 0.7020 0.7864 0.4760
Ra(ohmem?) 9279 x 10 7.632 x 10*  2.067 x 10 1.016 x 10  6.025 x 10°
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Table S6. EIS fitting results of Zn-3 immersed in the SBF solution for different time

durations based on the EC.

Immersion time 3 day 7 day 14 day 28 day 56 day
CPE. 5.868 x 10° 5.622x 10° 2.015x 107 1.036 x 10 3.572 x 10

e 0.6079 0.7398 0.9201 0.3539 0.7964
Rc(ohmcm?) 3484 x10* 9.981 x 10° 3.158 x 103  2.206 x 10°  1.371 x 10°
CPEqifr 1.282x 107 2.852x10° 3.333x10° 5.760 x 106 6.058 x 10°°

ndify 1.0000 0.8257 0.8029 0.5729 0.8589
Rar (chmcm?)  4.803 x 107 1.028 x 105 7.194 x 10*  5.795 x 10*  1.079 x 10*
CPEa 2.940 x 10° 1.967 x 10 2312x10° 3218x10° 6.120x 10°°

nd 0.9733 0.3572 0.4196 0.6845 0.3681
Re(ohmem?) 1246 x 105 9.543 x 10*  4.255x10* 3.308 x 10*  1.390 x 10*
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Table S7. Elemental concentrations on the surface of the AZ31B alloy and MAO

coatings immersed in SBF solution for 56 days determined by EDS.

Concentrations
(at%) AZ31B Zn-0 Zn-1 Zn-2 Zn-3
C 12.46 13.07 11.09 11.68 11.77
O 53.51 51.25 51.68 52.73 53.98
F — 0.78 1.02 1.14 1.18
Mg 19.64 19.07 21.78 21.84 20.01
Al 2.83 2.11 0.54 0.37 0.28
Si 0.40 0.70 0.24 0.82 0.55
P 5.96 6.99 9.67 8.25 9.03
Cl 0.14 0.14 0.05 0.10 0.04
Ca 4.68 5.59 2.88 1.72 1.26

Zn 0.39 0.29 1.05 1.36 1.90
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