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Biodegradable magnesium (Mg) alloys are useful for bone screws, but their anti-corrosion and anti-wear coatings
properties may be inadequate in vivo. Herein, a hybrid MgKPO4-6H20 (MKP)/chondroitin sulfate A (CSA) coating
with a uniform and crack-free morphology is prepared on the WE43 Mg alloy by a hydrothermal treatment. The
corrosion current density (4.219 x 107% A/cm?) of the MKP-GSA coating is an order of magnitude smaller than
that of the bare Mg, and the hydrogen evolution rate (0.0005 mL-cm 2h™1) and corrosion rate (0.47 + 0.01
mm/y) improve significantly as well. Tribologically, the coating shows an average friction coefficient of 0.239 +
0.019 and a wear rate of 17.94 x 10~> mm>/N-m, which are 35.6% and 46.4% less than those of the Mg alloy.
Our study demonstrates that the complex formed by chelation of CSA with Mg?* provides in situ nucleation sites
for MKP. The enhanced corrosion resistance of the hybrid coating stems from the optimized structure, and the
wear resistance can be attributed to the higher adhesion strength and hardness, and the combination of the
relatively hard inorganic material of MKP and soft polymer of CSA. The results reveal a new strategy to fabricate
hybrid inorganic-organic coatings on biodegradable Mg alloys with excellent corrosion and wear resistance for

clinical applications.

1. Introduction

Magnesium (Mg) alloys are suitable for temporary orthopedic im-
plants due to their biodegradability, biocompatibility, as well as elastic
modulus close to that of human bone [1-4]. However, the downside of
Mg is the excessive corrosion rate [5,6]. Bare Mg tends to corrode
quickly in the physiological environment [7,8], thus losing the me-
chanical integrity before tissues can fully heal. Furthermore, corrosion
of Mg generates hydrogen that can lead to tissue inflammation [9,10].
The degradation rate of Mg-based biomaterials can be regulated by
surface modification such as micro-arc oxidation, chemical conversion
coatings, physical vapor deposition, and layer-by-layer assembly
[11,12]. Chemical conversion coatings have the advantages of envi-
ronmentally friendliness and easy preparation. Phosphate conversion
coatings composed of calcium phosphate (Ca-P) and magnesium phos-
phate (Mg-P) can enhance the corrosion resistance and biocompatibility
of Mg alloys. However, unavoidable cracks in these coatings

compromise their efficacy as a physical barrier. In the early stage, Mg
corrosion generates Mg?" leading to the formation of Mg(OH), and
competitive adsorption with Ca?" from the solution [4]. Because there
are few adsorption sites for Ca-P crystal nucleation on bare Mg, it is
challenging to prepare a dense Ca-P coating with high adhesion strength
[13].

To address these issues, Mg—P coatings have been proposed. Since Mg
contributes to the formation of Mg-P, the bonding between the coating
and substrate can be improved. Mg-based phosphate has been used in
minimally invasive bone grafting surgery because of its good biocom-
patibility, reliable mechanical properties, and osteogenic capabilities
[14-16]. For example, Tan et al. [17] have prepared the
NH4MgPO4-6H,0 cement with anti-inflammatory, immunomodulatory,
and osteogenic effects. However, it is easy to generate ammonia,
consequently causing tissue damage and inflammation of surrounding
tissues. Replacing the raw material (NH4H,PO4) with KH,PO4 not only
avoids the toxic effects of ammonium ions, but also helps to maintain the
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electrolyte balance inside and outside the cell via potassium ion [18,19].
Ren et al. [20] have developed a nano amorphous Mg-P and PLA
composite coating on AZ31 with good corrosion resistance and
biocompatibility. Hence, if inorganic Mg-P is combined with organic
polymers, the effects can be better than those offered by a single inor-
ganic coating.

Chondroitin sulfate (CS) is a glycosaminoglycan found in the non-
collagenous extracellular matrix of human bone [21]. It has the effects
of cartilage regeneration, anti-inflammation, and anti-oxidation
[22-24]. Sulfonic and carboxylate groups in CS can react strongly
with positively charged groups [25], such as Mg2*, through ionic in-
teractions to form covalent bonds and provide in situ nucleation sites for
Mg-P. Besides, the friction between orthopedic implants and bone
during the turnover process can result in various levels of wear [26,27].
The majority of coatings with low wear resistance can be worn during
implantation [28], and strong wear resistance is equally crucial. Herein,
MKP and MKP-CSA coatings are prepared on the WE43 Mg alloy hy-
drothermally, and characterized systematically. The results reveal that
the optimal coating has enhanced corrosion and wear resistance.

2. Experimental details
2.1. Materials

The as-extruded WE43 Mg alloy was purchased from Suzhou Rong-
gian Rare Metal Product Co., Ltd. and cut into specimens with di-
mensions of 20 mm x 20 mm x 5 mm. Chondroitin sulfate A (CSA, 98%)
was obtained from Shanghai Yuanye Bio-Technology Co., Ltd., and so-
dium hydroxide (NaOH), phosphoric acid (H3PO4), and potassium
phosphate monobasic (KH2PO4) were obtained from Xilong Science Co.,
Ltd. Magnesium oxide (MgO) was bought from Shanghai Macklin
Biochemical Co., Ltd. All the reagents were used without purification.

Ultrapure (UP) water with a resistivity of 18 MQ-cm (25 °C) was
obtained from the Milli-Q water system. The Mg substrate was ground
with SiC paper up to 2000 grids, immersed in a 5.0 M NaOH solution for
0.5 h, flushed with water, and dried at 110 °C for 2 h to provide the
initial negative layer for subsequent deposition.

2.2. Fabrication of the MKP-CSA coating

As shown in Fig. 1, the hybrid MgKPO4-6H20 (MKP)/chondroitin
sulfate-A (CSA) coating was fabricated on WE43 by a hydrothermal
treatment. The 2 mg/mL CSA solution was prepared and stirred at 60 °C
for 0.5 h, followed by the addition of 17 mg/mL KH5PO4 and 5 mg/mL
MgO. The mixture was stirred at 60 °C for 0.5 h, and the pH was adjusted
to 8.0 by H3POy4. Then, the sample and solution were put in an autoclave
and treated at 120 °C for 4 h. Afterward, the sample was taken out,
washed with water, and dried at 37 °C for 12 h. The preparation of the
MKP inorganic coating was similar, except that the CSA solution was
omitted.
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2.3. Materials characterization

The surface morphology of the samples was examined by scanning
electron microscopy (SEM, Nova Nano SEM450, USA) at 20 kV, and the
composition was determined by energy-dispersive X-ray spectroscopy
(EDS). X-ray diffraction (XRD, Bruker D8-Discover, Germany) was per-
formed with a Cu K, X-ray source (1.5418 10\) from 20 = 10-90° in steps
of 0.15°/s. Fourier transform infrared spectroscopy (FT-IR, Thermo
Scientific Nicolet iS10, USA) was conducted in the range between 4000
and 500 cm ™! with a resolution of 0.4 cm™?, and X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K Alpha, USA) was performed to
determine the chemical composition and phase of the coatings.

2.4. Corrosion assessment

2.4.1. Electrochemical evaluation

The Princeton electrochemical workstation (Ametek PARSTAT
3000A-DX) with a three-electrode configuration was employed to
determine the electrochemical properties of the WE43 substrate as well
as MKP and MKP-CSA coatings. The saturated calomel electrode and Pt
sheet were the reference and counter electrodes, while the sample with
an exposed area of 1 cm? was the working electrode. Electrochemical
impedance spectroscopy (EIS) was conducted with an AC amplitude of
10 mV AC between 100 kHz and 100 mHz to ensure the reliability and
repeatability of the data. Potentiodynamic polarization (PDP) was car-
ried out at a scanning rate of 1 mV/s vs SCE from —2.5 to —1.0 V, and the
relatively complete anode polarization and cathode polarization curves
can be obtained. The self-corrosion potential (Eco, V/SCE) and corro-
sion current density (icorr, A/ cm?) were acquired by Tafel extrapolation.
The above process was carried out in Hank’s balanced salt solution
(HBSS) [29], and the data were analyzed by the Versastudio and
ZSimpWin software.

2.4.2. Hydrogen evolution

The burette-funnel apparatus was used to monitor the hydrogen
release [30]. The sample was immersed in HBSS for 7 days at 37.5 +
0.1 °C. The hydrogen evolution rate (vy, mL-cm~2-h™!) was derived by
Eq. (1) [31]:

\%4

=— 1
Vu St (€]
where V is the volume of hydrogen released (mL), s is the exposed sur-

face area (cmz), and t is the immersion time (h), respectively.

2.4.3. Mass loss

The sample was taken out after immersion for 1, 3, and 7 days in
HBSS, dipped into a chromate acid solution (200 g/L of CrOs3 solution
saturated with 10 g/L of AgNO3) to remove the corrosion products, and
cleaned ultrasonically for 20 min. The corrosion rate (CR, mm/y) was
calculated by Eq. (2) [32,33]:

Fig. 1. Schematic diagram of the fabrication process of the MKP-CSA coating.
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_ 876 x 10* x Am

CR = 2

AXtxp

where Am is the mass loss (g), A is the exposed surface area (cmz), tisthe
total immersion time (h), and p is the alloy density (1.84 g/crng),
respectively. The ratio of HBSS to surface area was 100 mL/cm?, and the
pH variation was recorded during the mass loss test. To improve the
statistics, a triplicate analysis was performed. SEM, EDS, XRD, FT-IR,
and XPS were applied to characterize the sample after immersion.

2.5. Adhesion strength and microhardness assessment

The adhesion strength of the coating was measured according to the
standard ISO 2409-2020 Paints and Varnishes-Cross-Cut Test [33,34].
Microhardness tests were done by Micro Vickers hardness tester (FM-
700) under 100 gf load and 10 s holding time. Each indentation point in
the measurement was 0.2 mm away from the other points, and at least
quintuplicate analysis was performed to improve the statistics.

2.6. Tribology assessment

The friction and wear testing machine (Bruker (CETR) UMT-2) was
used to determine the friction and wear properties at room temperature.
A GCrl5 bearing steel ball with a diameter of 3 mm was the friction
partner, and the WE43 substrate and two coated samples (MKP and
MKP-CSA) were the grinding materials. The friction load was 5 N, the
friction stroke was circular motion with a radius of 3 mm, the friction
rate was 120 r/min, and the friction time was 12 min. The morphology
of the sample after the experiment was examined on the friction pro-
filometer (ADE Phase-Shift MicroXAM-3D), and the volume of the
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coating loss (V) was monitored by the laser confocal microscope and
profilometer. The wear rate (K) was estimated by Eq. (3) [35]:

|4
- 3
FxS 3)
where the F and S represent the friction load (N) and sliding distance
(m), respectively.

3. Results
3.1. Materials characterization

Fig. 2 shows that the MKP and MKP-CSA coatings have a flaky and
stacked morphology. The MKP coating in Fig. 2b-c has a compact
structure, whereas some of the flakes gather into spheres, as shown in
Fig. 2a. The hybrid chondroitin sulfate-tailored MKP-CSA coating has
less MKP reunion than the bare MKP coating (Fig. 2d-f). The optimized
microstructure can be attributed to the nucleation of negatively charged
groups in CSA. According to EDS (Fig. 2g-i), the Mg/P atomic ratios of
the MKP and MKP-CSA coatings are 1.24 and 1.13, respectively, as a
result of different degrees of Mg corrosion during coating preparation.

Fig. 3 presents the SEM cross-sectional morphologies of the MKP and
MKP-CSA coatings together with EDS maps and coating thickness. There
are tiny holes in the MKP coating (Fig. 3a), revealing that the stacking of
the flaky MKP along the C-axis is not as uniform as expected. On the
contrary, the MKP-CSA coating has a compact structure in line with the
surface morphology (Fig. 3b), and the rectangular shape attests to the
homogeneity of the hybrid coating. The coating thickness can be derived
from the cross-section image and EDS line scan (Fig. 3c, €). As shown in
Fig. 3d, the thickness of the MKP-CSA coating (7.51 =+ 0.28 pm) is larger

Fig. 2. SEM surface morphologies of (a-c) MKP and (d-f) MKP-CSA coatings; (g-i) EDS results.
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Fig. 3. SEM cross-sectional morphologies of (a) MKP and (b) MKP-CSA coatings together with EDS elemental maps; (c, e) EDS line scans and (d) coating thickness.

than that of MKP coating (6.03 + 1.69 pm), indicating that CSA con-
tributes to MKP growth by providing nucleation sites. According to the
smaller variance of MKP-CSA coating thickness, the hybrid coating is
more uniform. In addition, both the MKP and MKP-CSA coatings adhere
tightly to the substrate, showing no defects such as cracks or shedding.

The XRD, FT-IR, and XPS spectra are presented in Fig. 4. As shown in
Fig. 4a, the primary ingredients in the MKP and MKP-CSA coatings are
MgKPO4-6H,0 (K-struvite) and Mg3(PO4)2-5H20, further demonstrating
that the inclusion of CSA will not form new inorganic phases. Different
chemical bonds or functional groups are shown in Fig. 4(b1). The peaks
at 3410 and 1652 cm ™! can be assigned to O—H stretching in H,0 and
O—H bending, respectively. The tensile and bending absorption peaks at
1072, 773, and 600 cm ™! arise from PO%’, confirming the formation of
MKP on the substrate. The details of the functional groups of the MKP-
CSA coating are shown in Fig. 4(b2). The absorption peaks at 1637,
1107, 1042, and 1015 cm™! correspond to C=0, S—=O, and C-O-C
stretching vibrations, respectively, typical of CSA in the MKP-CSA
coating [23,24]. The FT-IR spectrum of the MKP-CSA coating is gener-
ally similar to that of the MKP coating, indicating that the incorporation
of CSA does not alter the chemical structure of MKP.

The survey XPS spectra (Fig. 4c) of the MKP and MKP-CSA coatings
show the presence of Mg, O, K, C, P, and S, consistent with XRD and FT-
IR results, with Mg, O, K, and P originating from MKP and the majority
of S element from CSA. The results show that MKP is formed on the
substrate, and CSA combines nicely with MKP in the hybrid coating. The
high-resolution XPS spectra of C 1s, O 1s, Mg 1s, P 2p, K 2p, and S 2p are
depicted in Fig. 4d. The C 1s spectrum of MKP coating in Fig. 4d(I) ex-
hibits peaks at 288.50, 287.01, 286.37, and 284.79 eV corresponding to
C—O0, O=C-OH, C—H, and C—C groups, respectively. Interestingly, the
C 1s spectrum of the MKP coating included peaks at 288.57, 286.08, and

284.78 eV, representing C—0, C—=0, and C—C groups, respectively,
while the MKP coating shows peaks at 288.57, 286.08, and 284.78 eV
representing C—O, C=0, and C—C, respectively. The MKP coating
inevitably contains some C upon exposure to air [36]. Fig. 4d(II-V)
shows the presence of O, Mg, P, and K, and the S 2p spectrum shows
peaks at 169.48 and 165.53 eV for S—=0O and S—O, confirming the ex-
istence of CSA (Fig. 4d(VD)).

3.2. Electrochemical properties

According to the PDP curves (Fig. 5a), Ecorr and icorr can be derived by
the Tafel extrapolation method, as shown in Table 1. Since Ecory (WE43
(—1.743 V/SCE) < MKP (—1.690 V/SCE) < MKP-CSA (—1.532 V/SCE)),
the MKP-CSA coating enhances the thermodynamic stability during
corrosion. It is noted that the corrosion resistance cannot be reliably
determined by thermodynamic parameters (Ecor) alone, and kinetic
factors (icorr) should be considered. The smaller the value of ico, the
better the corrosion resistance of the coating [19]. The ico values of
both coatings (9.430 x 107% and 4.219 x 10° A/cm?) are one order of
magnitude less than that of the substrate (2.489 x 107° A/cmz). Besides,
the MKP-CSA coating exhibited the smallest iy, indicating good
corrosion protection of the Mg substrate.

As shown in the Nyquist plots (Fig. 5b), the high-frequency region is
governed by the electrode reaction kinetics (charge transfer process),
whereas the low-frequency region is associated with the diffusion of
reactants or electrode reaction products [37]. Compared to the sub-
strate, the larger capacitive arc radii of both coatings indicate better
corrosion resistance, while the MKP-CSA coating shows a larger radius.
Equivalent circuits (ECs) are devised to match the EIS results, as shown
in Fig. 5e-f, and the fitted parameters are listed in Table 2, where Ry, R,
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Fig. 4. XRD patterns of (a) Mg substrate, MKP coating, and MKP-CSA coating; (b1) FT-IR spectra and (b2) magnified FT-IR spectrum of the MKP-CSA coating; (c) XPS
survey spectra of both coatings and (d) high-resolution XPS spectra of C 1s, O 1s, Mg 1s, P 2p, K 2p, and S 2p.

and R.; denote the solution resistance, coating resistance, and charge
transfer resistance, respectively. For coated samples, R. values can be
used to evaluate the anti-corrosive performance of coatings, and the
greater the values, the more effective the barrier effect against corrosive
species. Based on this, the hybrid CSA-tailored coating shows better
barrier effect than MKP coating.

Typically, a larger R, suggests a smaller corrosion rate [38]. By
applying the MKP coating, R increases from 210.90 to 1264.30 Q-cm?,
while the hybrid coating reaches 1736.13 Q-cm? This improvement
confirms the exceptional corrosion resistance. The constant phase angle
element (CPE, Ycpe(w) = 1/Zcpg = Qa(jw)™ [33] is used to obtain better
fitting results, acting as an ideal capacitor when n = 1 and as a pure
resistor when n = 0. Based on the Bode plots, a large |Z| at the low
frequency of 0.1 Hz (|Z]¢.1 ) reflects the optimal corrosion resistance. |
Z|0.1 uz of the MKP-CSA coating is the largest (Fig. 5¢), indicative of good

corrosion resistance. The higher and wider Bode plots of the phase angle
also demonstrate the superior anti-corrosive capability of the MKP-CSA
coating (Fig. 5d). Analysis of the EIS data shows clearly that both
coatings provide effective corrosion protection, while the hybrid coating
has better effects due to the more uniform surface structure.

3.3. Immersion characteristics

The in vitro degradation behavior and phase analysis of the different
samples immersed in HBSS for 7 days are summarized in Fig. 6. The
hydrogen evolution rate (HER, vy) after immersion for 156 h is deter-
mined (Fig. 6a), and the pH fluctuation is also monitored (Fig. 6b). After
showing a large v at the beginning of immersion, the coatings tend to be
stable the next day, but the WE43 Mg alloy still shows a large vy. During
subsequent immersion, the vy of WE43 stabilizes at 0.002 mL~cm’2-h’1,
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Fig. 5. Electrochemical properties of the Mg substrate, MKP and MKP-CSA coatings: (a) Potentiodynamic polarization curves; (b) Impedance spectra; (c) Bode plots;
(d) Bode plots of phase angle vs. frequency; Equivalent circuits for (e) substrate and (f) coatings.

which is 2 and 4 times those of the MKP (0.001 mL-cm~2-h~1) and MKP-
CSA coatings (0.0005 mL-cm~2-h™1), respectively. Because the samples
with and without coatings produce alkaline corrosion products, the pH

Table 1
Ecorr and icorr determined from the potentiodynamic polarization curves.

Samples Ecorr (V/SCE) fcorr (A/cm®) of HBSS rises gradually. The pH of WE43 is larger than that of the coated
WE43 -1.743 2.489 x 107° samples throughout, suggesting that more corrosion products are
MKP ~1.690 9.430 x 107° formed.

MKP-CSA -1.532 4219 x 10°°

The corrosion rates (CRs) of the samples in different periods (1, 3,
and 7 days) are determined. The CR on the first day is larger than that in
the later period, explaining the larger vy and more dramatic pH



L. Yang et al.

Table 2

Fitted electrochemical parameters by EIS simulation.
Samples WE43 MKP MKP-CSA
R, (Q-cm?) 82.75 82.36 112.5
CPE;, (Q l.em™2s71) 2.38 x 107° 5.55 x 107° 1.66 x 10>
m 0.80 0.79 0.77
R, (Q-cm?) - 2178.00 4344.00
CPE, (Q l.em™2s71) - 0.12 x 107* 391 x 107*
ny - 0.70 0.93
Rt (Q-cm?) 210.90 1264.30 1736.13
7 1.62 x 1072 1.23 x 1072 491 x 1072

difference. The average CR during 7 days displays a declining trend:
WE43 (1.91 + 0.21 mm/y) > MKP (0.91 £+ 0.05 mm/y) > MKP-CSA
(0.47 + 0.01 mm/y). Based on the vy, pH variation, and CR, it can be
inferred that both coatings provide certain protection to the substrate
during immersion, and the hybrid coating yields the best results. The
XRD patterns of the MKP and MKP-CSA coatings after immersion for 7
days show the presence of MgKPO46H20 and Mgs(PO4)2-5H20
(Fig. 6d), indicating little degradation after short-term immersion. At
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the same time, the characteristic peaks of Ca;o(PO4)¢(OH); (also known
as hydroxyapatite, HAp) are detected. As shown in Fig. 6e, the O—H
stretching, the O—H and P—O bending modes are similar to those of the
MKP and MKP-CSA coatings before immersion, while the new peak at
1424 cm™! corresponds to the HPOZ~ and the peak at 600 cm ™! expands
and strengthens, suggesting that both coatings promote the formation of
HAp during immersion.

To determine the chemical states after immersion, XPS Mg 1s, O 1s,
Ca 2p, K 2p, C 1s, Cl 2p, S 2p, and P 2p spectra are acquired from the
MKP-7 d and MKP-CSA-7 d samples (Fig. 6f). The Ca 2p spectra suggest
the formation of HAp, while the Cl 2p spectra show the presence of
corrosive medium on the samples. Fig. 6g(I, II) shows minor changes in
the binding energies of C 1s and O 1s, and the Mg 1s, K 2p, and S 2p
spectra also do not change significantly after immersion. The P 2p
spectra of both coatings show peaks at 134.22 and 134.20 eV corre-
sponding to HPO3~ groups (Fig. 6g(II)) consistent with FT-IR. The Ca
2ps,2 and Ca 2pj /2 peaks also provide evidence of the formation of HAp
(Fig. 6g(IV)), which provides better osteogenic ability [39,40].

Fig. 7 exhibits the macroscopic morphology of the samples at various

Fig. 6. Immersion results for 7 days in HBSS: (a) Hydrogen evolution rates; (b) pH variations; (c) Corrosion rates; (d) XRD patterns; (e) FT-IR spectra of the Mg
substrate-7 d, MKP-7 d and MKP-CSA-7 d coatings; (f) XPS survey spectra of the MKP-7 d and MKP-CSA-7 d coatings; (g) High-resolution XPS spectra of C 1s, O 1s, P

2p, and Ca 2p.
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stages (0, 1, 3, and 7 days) to assess the corrosion degree. Corrosion of
the WE43 Mg alloy increases with immersion time. Comparing al to a4
in Fig. 7, more dark corrosion products and multiple corrosion pits
emerge. The MKP coating does not change much in the initial stage
(Fig. 7(b1-b3)), in spite of the appearance of several corrosion pits on
the 7th day (Fig. 7(b4)). No visible flaws are found from the MKP-CSA
coating after immersion (Fig. 7(cl-c4)) in line with the electro-
chemical results.

As shown in Fig. 8, cracks of various widths and certain corrosion
products appear on WE43 (Fig. 8(al-a3)), thus allowing the corrosion
medium to penetrate to the Mg alloy. According to the surface mor-
phologies of both coatings (Fig. 8(b2, c2)), the corrosion products
mainly nucleate at the edge of the flaky MKP and morph into ellipsoids.
The MKP-CSA coating maintains a suitable morphology after immersion
(Fig. 8(c1-c3), while the reunion aggravates in MKP coating (Fig. 8
(b1-b3). Therefore, the closer arrangement and combination of the
hybrid coating provides better stability. However, the weak combina-
tion in the MKP coating and pitting corrosion impair the bonding with
the substrate, resulting in cracks and even coating delamination.

EDS shows that the corrosion products are mainly magnesium
phosphate and calcium phosphate (HAp) (Fig. 8(b4, c4). The Ca/P ratios
of both coatings are lower than the stoichiometric value (especially in
comparison with the Mg/P ratios), showing that Ca-deficient HAp is
formed on the surface. Owing to the high ionization tendency of Mg, the
WE43 alloy corrodes rapidly in an aqueous, and the released Mg?" re-
places Ca®* from HAp [4].

The cross-sectional morphologies of the samples after immersion for
7 days are monitored, as shown in Fig. 9. There are multiple deep cracks
in the cross-section of WE43, and some of them extend to a deeper depth
(Fig. 9a). This undoubtedly aggravates Mg corrosion and the coatings
can mitigate the effect. According to the EDS maps, Ca enrichment is
observed, suggesting the formation of HAp. Although no obvious defects
are found from the MKP coating, tiny holes and cracks are observed in
the interior (Fig. 9b), and they weaken the protective effect. Fortunately,
the coating adheres to the substrate strongly. Even after immersion for 7
days in HBSS, the MKP-CSA coating retains the uniform structure and
shows a compact cross-section (Fig. 9c).

3.4. Adhesion strength, microhardness and wear properties

The macro-morphologies of both coatings before and after the cross-
cut tape tests are depicted in Fig. 10a-d. The MKP-CSA coating does not

Fig. 7. Macroscopic morphologies of (al-a4) Mg substrate, (bl1-b4) MKP
coating, and (c1-c4) MKP-CSA coating after immersion in HBSS for 0, 1, 3, and
7 days.
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delaminate, indicating that CSA improves the coating-substrate adhe-
sion. According to ASTM (American Society for Testing Materials), the
adhesion strengths of the MKP and MKP-CSA coatings are Grade 1 (small
pieces peeling off at the intersection of the cut with the actual damage in
the grid area < 5%) and Grade 0 (edge of the cut totally smooth and no
peeling at the grid edge), respectively. Actually, the superior adhesion
strength of the hybrid coating factors into the enhanced corrosion and
wear resistance. The microhardness of MKP-CSA coating reaches 104.61
+ 6.59 HV (Fig. 10e), which is higher than that of substrate (87.91 +
5.95 HV) and MKP coating (93.95 + 5.22 HV). The addition of CSA can
simultaneously improve the adhesion strength and microhardness of the
coating.

Most previous research works on Mg alloys and coatings focus on
corrosion resistance and biocompatibility, but wear resistance is also
crucial to clinical applications, as debris falling off from implants can
compromise wound healing. Hence, the tribological characteristics of
the WE43 substrate, MKP coating, and MKP-CSA coating are determined
systematically, as shown in Fig. 10f-m. Fig. 10f shows how the friction
coefficient varies with sliding time. With increasing sliding time, the
friction coefficients of WE43 and MKP fluctuate in various ranges,
indicative of some instability, while MKP-CSA stabilizes after showing
some initial variations. The average friction coefficients of the WE43 Mg
substrate, MKP, and MKP-CSA are 0.324 + 0.032, 0.276 + 0.027, and
0.239 + 0.019, and the wear rates are 26.26, 19.47, and 17.94 (10°
mm?>/N-m), respectively. It is clear that the friction coefficient and wear
rate of WE43 are the largest, while the MKP coating improves the wear
resistance.

Fig. 10h-m shows the morphology of the wear tracks to further
illustrate the tribological behavior. Some furrows and spalling pits are
observed from the three-dimensional and surface wear tracks of WE43
(Fig. 10h, k). There are also several deep furrows in the center of the
wear track, indicating that the wear debris cannot be discharged from
the contact area in time. The debris slides relative to the contact surface
of the sample under the action of the friction pair, causing serious wear.
The wear track of the bare WE43 is consistent with the large friction
coefficient and wear rate.

With regard to the sample coated with brittle MKP, fracture occurs
during the test, leading to the formation of small particles in the three-
dimensional morphology (Fig. 10i, j). The rigid and brittle particles
produce micro-damage during the friction process. Nevertheless, the
overall friction loss of the coatings is minimal as a result of the uniform
layered structure of MKP. The more uniform flaky MKP in hybrid coating
improves the adhesion strength, and the softness and good plasticity of
CSA can realize certain wear reduction [22]. The enhanced wear resis-
tance is proven by the smaller average friction coefficient and wear rate.

4. Discussion
4.1. Coating formation mechanism

As previously stated, the pH of the hydrothermal reaction solution is
about 8.0, and the alkaline environment leads to the corrosion reaction
(4) of the WE43 Mg substrate in the initial:

Mg + 2H,0—Mg(OH), + Hy? “@

This reaction supplies Mg?" to the solution and dissolved KH,PO4
releases K and PO3~, which react with MgO and Mg?* to generate MKP.
The chemical reactions (5-7) presented below elucidate the formation
process of MgKPO4-6H50 and Mgs(PO4)2-5H20:

MgO + KH,PO, + 5H,0—MgKPO,-6H,0 5
Mg*" + K+ + PO}~ + 6H,0—~MgKPO,-6H,0 (6)
3Mg*" + 2PO3~ + 5H,0—Mg;(PO,),-5H,0 @)
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Fig. 8. Surface morphologies after immersion in HBSS for 7 days: (al-a3) Mg substrate, (b1-b3) MKP coating, and (c1-c3) MKP-CSA coating; (a4-c4) EDS results.

During the hydrothermal reaction, dissolved KHyPO4 and MgO
constantly release ions involved in the preceding reaction, and the
continuously formed MKP precipitate consumes these ions. In the
reciprocal positive feedback mechanism, MKP is deposited continuously
on the substrate. The deposition of MKP is random and does not affect
the homogeneity and direction of nucleation. As a result of the loose
arrangement of flaky MKP and weak bonding strength, the MKP coating
produced has a loose structure and weak bonding force. The bonding
strength between the MKP coating and substrate is higher than that of
the conventional Ca—-P coating. This enhancement arises from the fact
that the Mg substrate constitutes one of the reactants to improve the
overall stability of the coating and the compatibility with the substrate.

In contrast, in the solution with CSA, the negatively charged sulfate
group (SO®7) in CSA selectively attracts positively charged ions from the
environment, and PO3~ in the medium combines with Mg2+ and K" to
form the hybrid in situ structure of MKP and CSA, as illustrated in Fig. 11.
CSA offers directed nucleation sites for MKP, and facilitates the forma-
tion of a uniform and stable flaky MKP. Mg?t and negatively charged
sulfate groups have an attraction for neutral nucleation sites to drive the

process. According to the surface and cross-sectional morphologies of
the hybrid coating and the bonding force, the in situ-grown flaky MKP
has a more uniform structure, as well as stronger bonding.

Fig. 11 explains the formation of the coating on the microscopic
level. Without sufficient guidance, the deposition of flaky MKP on the
substrate is random. However, stacking cannot form a uniform protec-
tive coating in general but rather forms defects such as holes which
compromise the adhesion strength as well as corrosion and wear resis-
tance. In fact, CSA chelates with Mg?" to form the CSA-Mg complex to
stabilize the flaky MKP and enhance the adhesion strength.

4.2. Corrosion mechanism

According to the electrochemical and in vitro immersion tests, the
coating improves the corrosion resistance of the WE43 Mg alloy. The
corrosion mechanism is proposed, as shown in Fig. 12. With regard to
the substrate with the MKP coating, degradation of MKP proceeds in the
initial immersion stage, as follows:
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Fig. 9. Cross-sectional morphologies after immersion in HBSS for 7 days: (a)
Mg substrate, (b) MKP coating, and (c) MKP-CSA coating together with the
EDS maps.

Surface & Coatings Technology 503 (2025) 132012

MgKPO,4-6H,0—~Mg*" + K* + PO}~ 4 6H,0 (8)

©)

The products of the above reaction include Mg2+, POﬁ_, and OH ",
which take part in the formation of HAp:

PO%™ + H,0—HPO? + OH~

10Ca*" + 6PO3™ + 20H —Cayo(POy4)4(OH), (10)

In the process, MKP in the coating degrades gradually, and HAp is
deposited on the surface to provide positive feedback. The protective
coating makes it difficult for corrosive species such as water molecules
and Cl™ to penetrate to the substrate, resulting in controlled degrada-
tion. However, the thickness of the MKP coating varies, and the
compactness and adhesion strength are not as good as those of the
hybrid coating. Although the corrosion rate is nearly the same, the
degradation of thinner regions brings the corrosive species closer to the
substrate. After immersion, the thinner areas in the coating corrode
preferentially, as shown in Fig. 12a, leading to accelerated corrosion of
Mg in HBSS and the electrochemical reaction in reaction (4). This re-
action can be further expressed as follows:

Mg—»Mg2+ + 2e” an

2H,0 + 2e"—-20H + H,1 12)

The above reaction degrades Mg faster to produce Mg(OH),, raises
the pH, and produces hydrogen. Corrosion can also cause coating
delamination boding ill for biomedical implants. In contrast, the MKP-
CSA coating retains the uniform structure following immersion. Dur-
ing the initial immersion stage, the MKP-CSA coating is attacked by the
corrosive species, but degradation spurs the formation of corrosion

Fig. 10. (a, b) MKP and (c, d) MKP-CSA coatings before and after the cross-cut tape tests; (e) Vickers microhardness values; (f) Friction coefficient curves; (g) Average
friction coefficients and wear rates; Wear tracks of (h, k) WE43, (i, ) MKP, and (j, m) MKP-CSA.
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Fig. 11. Schematic diagram showing the formation of the MKP-CSA coating.

Fig. 12. Corrosion mechanism of the WE43 substrate with MKP/MKP-CSA coating.

products shown in Egs. (8) and (9) and also releases CSA into the so-
lution. The free CSA reacts with Ca®>" to form insoluble Ca-P in situ,
resulting in spontaneous repair [25,41]. Moreover, CSA aids osteo-
genesis [22]. As immersion proceeds, due to the close combination of
MKP sheets and superior adhesion strength, the hybrid coating does not
degrade significantly to provide the necessary corrosion and wear
resistance (Fig. 12b).

4.3. Wear mechanism

Orthopedic implants with superior wear resistance can maintain
their structural and functional integrity after implantation and avoid
unnecessary trouble and trauma for patients. Based on the comparison of
the tribological properties of different samples in Fig. 10, the wear
resistance is gradually improved in the following orders: WE43 < MKP
< MKP-CSA. The wear mechanism is described in Fig. 13. As it is the
WE43 Mg alloy (Fig. 13a), during the contact between its surface and
friction pair, loss or plastic deformation occurs continuously to change
the surface state. The wear modes of the Mg alloy include abrasive,
oxidation, and adhesive wear [42]. When the loading is small, it is
mainly abrasive wear involving scratches and damage of hard particles
on the material surface [43]. During the initial stage of friction, the
surface of Mg alloy cracks and exfoliates under the combined action of
periodic alternating friction stress and thermal stress. In the interme-
diate and later stages, abrasion is actually round and blunt, and the Mg

11

surface is highly plastic. After the abrasive slips on the surface, the load
plows out the groove, causing plastic deformation on both sides and
accumulation. In the subsequent friction process, the accumulated parts
are flattened again, so plastic deformation repeats, resulting in the for-
mation of cracks and peeling. Therefore, furrows are observed from the
wear track of the WE43 Mg alloy (Fig. 10h, k).

With regard to the Mg alloy with the MKP-CSA coating, a small
number of furrows is still observed from the wear track stemming from
mainly abrasive wear. As for the MKP coating, the flaky MKP on the
surface is crushed to form debris in the initial stage of friction. Subse-
quently, the abrasive debris is swept across the coating surface, but due
to the protective coating, wear is resisted to a certain extent. However,
because of the lack of close bonding between layers of MKP, the bonding
strength between the inorganic coating and substrate is not high enough,
and it can only provide limited wear protection.

CSA chelated with Mg?* during the formation of the hybrid coating
provides in situ nucleation sites for the formation of MKP. Therefore, the
interior of the MKP-CSA coating has strong bonding, and the bonding
strength with the substrate is also higher. This undoubtedly plays a key
role in resisting further damage to the substrate by abrasive debris. The
addition of CSA can reduce the reunion of MKP sheets, and the research
shows that less reunion is beneficial to improve the hardness [44].
Higher hardness is also vital for MKP-CSA coating to resist wear. At the
same time, the plasticity of CSA itself can also play a certain role in
reducing wear, and the combination of hard MKP and soft CSA disperses
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Fig. 13. Wear mechanisms of (a) WE43, (b) MKP coating, and (c) MKP-
CSA coating.

friction stress and avoids local coating cracking caused by stress con-
centration [45,46]. It is worth noting that the mixing of softer polymers
with wear debris can also reduce wear [47], which is reflected by the
smaller average friction coefficient of the MKP-CSA coating.

4.4. Performance comparison

In Fig. 14, the hybrid CSA-tailored coating effectively improves
corrosion and wear performance of Mg substrate compared to tradi-
tional protective coatings. Although hydrothermal treatment is a basic
surface modification technique, it offers several advantages, including
high efficiency, low energy consumption, relatively complete coverage
of the substrate, and valid control of the microstructure. The pure
inorganic coatings, however, face challenges in achieving good corro-
sion resistance. CSA can provide in situ nucleation sites for MKP, which

Surface & Coatings Technology 503 (2025) 132012

promotes the production of a more uniform protective layer with better
physical barrier effect and is expected to increase biological function-
ality. In comparison to the friction coefficient of other coatings, MKP-
CSA coating has relatively better wear resistance. This improvement
can be attributed to the higher adhesion strength and hardness, as well
as the combination of the relatively hard inorganic material of MKP and
soft polymer of CSA. The promotion of corrosion performance and wear
resistance of hybrid coating also proves that adding polymer into inor-
ganic coating is beneficial to design better protective coating on Mg
alloys.

To summarize, the MKP-CSA coating prepared through hydrother-
mal treatment exhibits competitive corrosion performance and wear
resistance, however there is still a gap when compared to the best per-
formance recorded. Our research group and other researchers interested
in this topic will work together to control hydrothermal treatment
conditions (temperature, pH, reaction duration, etc.), coating composi-
tion (composition optimization of inorganic coating raw materials,
crosslinking modification of polymer raw materials, etc.), and investi-
gate the deep growth mechanism of the coating.

5. Conclusions

A hybrid inorganic (MgKPO4-6H20, MKP)-organic (chondroitin sul-
fate A, CSA) coating with improved corrosion and wear resistance is
prepared hydrothermally. The MKP-CSA coating with a more uniform
morphology has larger adhesion strength attributable to the ability of
CSA to provide stable in situ nucleation sites for the formation of MKP.
Both the corrosion current density (icorr) and hydrogen evolution rate
(HER) of the hybrid coating are one order of magnitude lower than those
of the substrate, in addition to the formation of hydroxyapatite (HAp)
during immersion. The MKP-CSA coating reduces the average friction
coefficient and wear rate from 0.324 + 0.032 and 26.26 x 10~> mm?/
N-m to 0.239 =+ 0.019 and 17.94 x 10~° mm®/N-m, showing superior
wear resistance. CSA chelates with Mg?* to form the CSA-Mg complex,
which facilitates the stable nucleation of flaky MKP and enhances the
adhesion strength as well as the morphology of the hybrid coating.
Continuous corrosion protection by the hybrid coating arises from the
more uniform and crack-free morphology, and the wear resistance is
improved on account of the higher adhesion strength and microhard-
ness, and reasonable collocation of hard MKP with soft CSA. This study
reveals a novel strategy to fabricate hybrid inorganic-organic coatings
on biodegradable magnesium alloys with outstanding corrosion and
wear resistance for clinical practice.

Fig. 14. Comparison of (a) corrosion performance [48-54] and (b) wear resistance [55-59] of different samples.
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Corrigendum

Check for

Corrigendum to “Hybrid chondroitin sulfate-tailored phosphate coatings for
improved corrosion and wear resistance of WE43 magnesium alloy” [Surf.

Coat. Technol. 503 (2025) 132012]

Lei Yang ", Yanbin Zhao *"“, Yumeng Dong ™", Juyi Yang

a,b

, Shuyi Wang *”, Cheng Wang *",

Jing Bai ", Feng Xue ", Paul K. Chu*, Chenglin Chu™""

@ School of Materials Science and Engineering, Southeast University, Nanjing 211189, China

b Jiangsu Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing 211189, China

¢ Institute of Medical Devices (Suzhou), Southeast University, Suzhou 215163, China

9 Department of Physics, Department of Materials Science and Engineering, and Department of Biomedical Engineering, City University of Hong Kong, Hong Kong, China

We regret “the electrochemical curves of MKP sample with slightly
different experimental parameters in the early exploration process were
carelessly applied in Fig. 5, so some related data and statements are
corrected this time”. This oversight does not affect the novelty and
conclusion of the article.

(1) Correction to “the electrochemical curves of MKP sample”. Due to
our negligence in proofreading, in this article, a correction on the yellow
line of Fig. 5(a-d).

(2) Correction to “Ecorr and icor determined from the potentiody-
namic polarization curves”. In this article, a correction on Table 1.

(3) Correction to “Fitted electrochemical parameters by EIS simula-
tion”. In this article, a correction on Table 2.

DOI of original article: https://doi.org/10.1016/j.surfcoat.2025.132012.

(4) Correction to “Since Ecorr (WE43 (- 1.743 V/SCE) < MKP (- 1.679
V/SCE) < MKP-CSA (- 1.532 V/SCE)), the MKP-CSA coating enhances
the thermodynamic stability during corrosion”, “The i values of both
coatings (9.576 x 10° and 4.219 x 10°® A/cm?) are one order of
magnitude less than that of the substrate (2.489 x 10 A/cmz)”, and “By
applying the MKP coating, R increases from 210.90 to 1172.00 Q-cm?,
while the hybrid coating reaches 1736.13 Q-cm?”. In this article, a
correction on Sec. 3.2.

We hope to adhere to the journal’s correction policy to amend the
above error to uphold academic integrity and the reliability of the
research. We would like to apologise for any inconvenience caused.
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Fig. 5. Electrochemical properties of the Mg substrate, MKP and MKP-CSA coatings: (a) Potentiodynamic polarization curves; (b) Impedance spectra; (c) Bode plots;
(d) Bode plots of phase angle vs. frequency; Equivalent circuits for (e) substrate and (f) coatings.

Table 2 (continued)

Samples WE43 MKP MKP-CSA
Table 1
. . . . o CPE; (Q Tem™2s7h) - 4.01 x 1074 391 x107*
Ecorr and icorr determined from the potentiodynamic polarization curves. 1y B 072 0.93
Rt (Qcm?) 210.90 1172.00 1736.13
Samples Ecorr (V/SCE) icorr (A/cm?) Ve 1.62 x 1073 4.49 x 1074 491 x 1073
WE43 ~1.743 2.489 x 10°°
MKP -1.679 9.576 x 107°
MKP-CSA —1.532 4.219 x 10°°
Table 2

Declaration of competing interest
Fitted electrochemical parameters by EIS simulation.

The authors declare that they have no known competing financial

Samples WE43 MKP MKP-CSA interests or personal relationships that could have appeared to influence
R, (Q-cm?) 82.75 103.00 1125 the work reported in this paper.

CPE; (@ lem™2s7h) 2.38 x 107° 1.39 x 107° 1.66 x 10~°

n 0.80 0.87 0.77 Data availability

R. (Qcm?) - 1832.00 4344.00

(continued on next column) Data will be made available on request.
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