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Abstract: A Schiff base (a compound containing a C=N bond) induced anodic Ca—P coating was prepared on AZ31
Mg alloy in a mixed solution of CaCl, and KH,PO4 at 60 °C in the presence of glucose and L-cysteine. The
microstructure and chemical composition of the coatings were characterized using FE-SEM, FT-IR, XRD, and XPS.
The in vitro degradation resistance of the coated samples was evaluated via potentiodynamic polarization (PDP),
electrochemical impedance spectroscopy (EIS), and hydrogen evolution test. The experimental results show that the
Ca—Pschifrbase coating is composed of CaHPO4 (DCPA) and hydroxyapatite (HA), whereas HA is not present in the Ca—P
coating. The Ca—Pschitrbase cOating thickness is about 2 times that of Ca—P coating (Ca—P coating: (9.13+4.20) um and
Ca—Pschifrvase: (18.1345.78) um). The corrosion current density of the Ca—Pschirpase cOating is two orders of magnitude

lower than that of the Ca—P coating. The formation mechanism of the Ca—Pschisr base 1S proposed.
Key words: magnesium alloy; anodic coating; corrosion resistance; Schiff base; biomaterial

1 Introduction

Magnesium (Mg) and its alloys, with density
and elastic modulus similar to human bone and
excellent biocompatibility, are regarded as an ideal
biodegradable metallic biomaterial [1—4]. However,
the low potential and high chemical activity of Mg
alloys may result in the clinic pre-failure [5—7]
during the service period due to their high
degradation rates.

It is well-known that calcium—phosphate
(Ca—P) coatings can improve the degradation
resistance of Mg alloys [8—12]. Ca—P can also

stimulate bone regeneration and promote osseo-
integration around implants. However, traditional
Ca—P coating usually has poor adhesion [13] and
coarse grains, resulting in higher porosity and
limited degradation resistance. It has been reported
that EDTA [14,15] and organic compounds, i.e.
glucose [16], DNA [8], and amino acids [17]
induced the formation of Ca—P coatings. For
example, LI et al [16] prepared glucose-induced
hydrothermal Ca—P coating on pure Mg. Compared
with the traditional Ca—P coating, the glucose-
induced Ca—P coating has refined grains, with an
obviously reduced surface roughness. The results
of the nanoscratch test showed that the adhesion of
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glucose-induced Ca—P coating increased slightly.
Also, DNA-induced Ca—P coating was prepared on
AZ31 Mg alloy by LIU et al [8]. The grain size
changed from micron level for the traditional Ca—P
coating to nanometer level for the DNA-induced
one, and as expected the surface roughness
decreased. Notably, DNA-induced Ca—P coating
exhibited a stronger binding with its substrate.
Hence, it was concluded that organic additives
significantly improved the compactness of Ca—P
coatings.

Schiff base is the condensation product of an
amine and a ketone or aldehyde and has the general
formula R—C=N—R [18]. Studies have shown
that the inhibition efficiency of Schiff base is
significantly higher than that with the individual
effect of amines and aldehydes, which has been
attributed to the presence of imino group (C==N) in
the molecular structure of Schiff base [19]. In fact,
it is an effective corrosion inhibitor for steels in an
acid medium, due to the presence of the —C=N
group, electronegative N, S, and/or O atoms in the
molecule [20]. STANLY JACOB et al [21] reported
that Schiff base furoin thiosemicarbazone was used
as a corrosion inhibitor of low carbon steels in
hydrochloric acid solution. Results reveal it has a
good inhibition effect, which increases with
increasing concentration. The corrosion inhibition
of Schiff base furoin thiosemicarbazone lies in the
adsorption of organic molecules on the surface of
low carbon steels. However, the organic molecular
film adsorbed on the metal surface is too thin and
uneven to play an inhibition effect in a short time
with limited inhibition efficiency. However, LIN
et al [18] prepared a layered double hydroxide
(LDH) coating modified with Schiff base
compounds, which was synthesized using vanillin
and L-aspartic acid, on aluminum alloy by one-step
in-situ synthesis at low temperature. The results
show that the Schiff base is successfully inserted
into the interlayer of layered double hydroxide,
resulting in forming a smoother and denser coating.
The modified coating also has excellent corrosion
resistance. Therefore, it is realized that the unique
molecular structure of the Schiff base compound
can be utilized to modify the coating on metals to
obtain a better physical and chemical performance.

At present, there are a few reports on Schiff
base modified traditional Ca—P coatings on the
surface of Mg alloys. The effect of Schiff base on

the surface coating of Mg alloy has not been
elucidated. In this work, firstly, the Schiff base was
synthesized utilizing amino acid and glucose;
secondly, the anode Ca—P coating was modified
using Schiff base at 60 °C with water bath. The
formation mechanism of the modified coating was
discussed.

2 Experimental

2.1 Materials

In this work, AZ31Mg alloy was used as the
base material. Prior to the coating process, alloy
samples (dimensions: 20 mm X 20 mm X 5 mm)
were polished with silicon-carbide paper (150" to
2500") and washed with absolute ethanol, and then
dried with warm air. The chemical reagents used for
the coating, i.e., analytical grade calcium chloride
(CaCly), potassium  dihydrogen  phosphate
(KH,POs4), glucose, and L-cysteine were procured
from Qingdao Jingke Chemical Reagent Co., Ltd.,
China.

2.2 Preparation of Schiff base solution

Firstly, 0.2 mol/L L-cysteine and glucose in the
molar ratio of 1:1 were dissolved in deionized water,
and then the pH was adjusted to 12—13 using
1 mol/L NaOH. Finally, the mixed solution was
held at 120 °C for 2 h to obtain the Schiff base
solution.

2.3 Preparation of coatings

Firstly, 0.25 mol/L CaCl, and KH,PO; were
dissolved in deionized water. Secondly, the polished
sample was placed in the above Ca—P mixed
solution at 60 °C for 30 min to obtain Ca—P coating;
the polished sample was placed in the above Ca—P
mixed solution containing 1 mmol/L Schiff base at
60 °C for 30 min to obtain anodic Ca—Pschifr base
coating. A flow chart of the preparation of Ca—P
and Ca—Pschifrbase cOatings is shown in Fig. 1.

2.4 Surface characterization

Scanning electron microscopy (SEM, Nova
Nano SEM 450, FEI Corporation, USA) and energy
dispersive spectroscopy (EDS) were used to
analyze the surface morphology and element
compositions of the samples. The thickness and
element distribution of the coatings were
determined by scanning the cross section of the
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Fig. 1 Schematic illustration of preparation of Ca—P coating (a), anode Ca—Pschir base coating (b), and Schiff base (c)

samples. Before SEM test, the sample surface was
treated by vacuum gold plating. Crystallographic
structure of the samples was detected through an
X-ray diffractometer (Rigaku D/MAX2500PC,
Japan) with a Cu target (4=0.154 nm) from 5° to
80° over 26 range at a scanning rate of 8 (°)/min.
Chemical groups or bonds of the coatings were
determined by Fourier transform infrared (FT-IR,
Nicolet 380, Thermo Electron Corporation, US) in
the wavenumber range from 4000 to 400 cm™' with
a resolution of 1cm™' and X-ray photoelectron
spectrometer (XPS, ESCALAB250Xi, Thermo VG
Co, East Sussex, US) with an Al K, X-ray source.
The surface roughness was evaluated by infinite
focus microscopy (IFM, Zeta—20, USA).

The bond strength between the substrate and
its coating was measured using WS—2500 coating
adhesion automatic scratch tester (Micro Materials,
Ltd.) with a Rockwell diamond probe (with a
diameter of 90 um). The tests were conducted at a
scan rate of 2 mm/min by a linear increase in the
load up to 20N until the total scratch length
reached 2 mm. The scratch images were photo-
graphed using an in-situ optical microscope system.

2.5 Corrosion tests

Electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization (PDP) techniques
were utilized to evaluate the corrosion resistance of
the samples. The electrochemical techniques were
performed using an electrochemical workstation
(versa stat 4, Princeton, USA) with a typical
three-electrode system. The sample with an exposed

area of 1 cm” was used as the working electrode,
saturated calomel electrode as the reference
electrode, and platinum electrode as the counter
electrode. The experiments were carried out in
Hank’s solution at room temperature. After a
relatively stable OCP was established (600 s),
EIS test was carried out after a short delay of
interference potential of 10 mV (vs SCE) in a
frequency range from 100 kHz to 10 mHz, and EIS
data were fitted with ZSimpWin software; PDP
curves were recorded at a scanning rate of 2 mV/s,
and electrochemical parameters of corrosion
potential (gcorr) and corrosion current density (Jeorr)
were fitted with the software of Versatudio and
origin Pro 9.1. Finally, polarization resistance (Rp)

is calculated by the Stern Geary equation (Eq. (1)):
Rpy=Pfc/[2.303Jcor(fatfe)] (1)

The hydrogen evolution rate was measured by
placing the sample in Hank’s solution connected
to a graduated burette at a temperature of
(37.0+0.5) °C, and intermittently measuring the
water level in the burette when the surface was
completely exposed.

3 Results

3.1 Analysis of Schiff base

The FT-IR spectrum of Schiff base solution is
shown in Fig.2. The characteristic peak of
—C=N appeared at 1594 cm™' [22,23], indicating
that the reaction of amino acid and glucose formed
Schiff base [24].



1488

Schiff base

—C=N

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 2 FT-IR spectrum of Schiff base solution

3.2 Surface analysis of samples

The microstructures of the Ca—P and anodic
Ca—Pschifr base coatings are shown in Fig. 3. The
surface of all samples is covered by radial grains.
However, the traditional Ca—P coating has an
irregular grain shape with uneven distribution, and
grain agglomeration phenomenon [25]; while anodic
Ca—Pschifrvase cOating has a regular grain shape with
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a uniform distribution. The element contents of the
coatings are given in Table 1. As can be observed in
Table 1, C, N, and S elements are detected in the
anodic Ca—Pschifrvase coating, indicating that Schiff
base is incorporated into the coating. The Ca/P ratio
of the traditional Ca—P coating at different locations
is varied, which shows the formation of calcium
phosphate crystals is uneven, whereas the Ca/P ratio
of the anodic Ca—Pseifrvase coating in different
positions is similar, indicating that the distribution
of calcium phosphate grains is very uniform.

Figure 4 shows the cross-sectional micro-
structures of the coating and its element distribution.
The anodic Ca—Pschifrvase coOating is smoother than
Ca—P coating, i.e., the micro grain distribution of
anodic Ca—Pschifr base cOating is more uniform than
that of Ca—P coating, which is consistent with the
analysis results in Fig. 3. In addition, the thickness
of anodic Ca—Pschifrbase coating is (18.13+5.78) pm,
about twice that of Ca—P coating (9.13+4.20) um.
The results show that the addition of Schiff base not
only reduces the surface roughness of the coating
but also increases the thickness of the coating,

Fig. 3 SEM images of Ca—P (a—c) and anodic Ca—Pschifrbase (d—f) coatings

Table 1 EDS analysis results of Ca—P and anodic Ca—Pschisrbase cOatings (at.%)

Point in Fig. 1 C N o Mg P S Ca Ca/P
1 - - 75.46 - 14.22 - 10.32 0.72
2 12.89 - 53.03 5.86 16.01 - 12.21 0.76
3 32.29 - 42.33 - 12.61 - 12.78 1.01
4 6.77 3.36 64.52 - 13.60 - 11.75 0.86
5 11.64 3.12 61.20 - 12.85 0.11 11.08 0.86
6 8.96 2.18 63.59 - 13.65 - 11.62 0.85
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Fig. 4 Cross-sectional images and elemental mappings of Ca—P coating (a) and anodic Ca—Pschifrbase COating (b)

which may be conducive to the improvement of the
corrosion resistance.

To understand the effect of anodic Ca—Pschifr
pase coating on the surface morphology, 3D surface
morphology analysis was performed. Figure 5
shows the mean surface roughness of Ca—P coating
and anodic Ca—Pschifrvase cOating. As seen, the mean
roughness (R,) of Ca—P coating and Ca—Pschitrpase
coating is (1.76+0.19) um and (0.42+0.08) um,
respectively. The Ca—Pschifrvase COating is smoother
than the Ca—P coating, showing that the addition of
Schiff base reduces the roughness of the surface.
The results suggest that the corrosion resistance of
the coating is determined by the combination of
surface morphology and thickness.

The chemical groups and crystallographic
structures of the coatings were determined by
FT-IR and XRD. The results are shown in Fig. 6.
The characteristic peaks of PO; are found in
Fig. 6(a), which mainly come from the calcium
phosphate in the coating. XRD results show that
a-Mg, CaHPO4 (DCPA), and hydroxyapatite (HA)
are found in anodic Ca—Pschifrbase COating, but no HA
in the Ca—P coating. It is known that HA is the main
inorganic component of natural bone with excellent
biological activity and biocompatibility [26].
Therefore, anodic Ca—Pschifrvase COating is expected
to have good bioactivity and biocompatibility.

The characteristic peak of Schiff base
(—C=N) is not found in the detection of FT-IR
spectra (Fig. 6(a)), which can be due to the small
content of Schiff base. Therefore, in order to
better determine the chemical compositions, anodic

R /um
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25.45

9.77

R/um
3.65

(®)
2.73
1.82

0.90

0

Fig. 5 Surface roughness of Ca—P coating (a) and anodic
Ca—Pschifrvase coating (b)

Ca—Pschifrbase cOating was analyzed using XPS. The
results are shown in Fig. 7. Figure 7(a) shows
the whole range of the binding energy survey on
anodic Ca—Pschifrvase coating. Obviously, the surface
chemical compositions, in good agreement with the
EDS results, contain Ca, P, C, N, S, and O elements.
The elements of C, N, and S originate from the
Schiff base. Figures 7(b—d) designate the curve fits
of the C 1s, N 1s, and S 2p spectra of the anodic
Ca—Pschifrvase coating. The C 1s spectra can be split
into four peaks. The C 1s signal at 285.6 eV can be
attributed to hydrocarbon species (C—H/C—C) [16].
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Fig. 6 FT-IR spectra (a) and XRD patterns (b) of AZ31 Mg alloy, Ca—P coating and anodic Ca—Pschitrbase cOating
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Fig. 7 XPS survey plot (a) and high-resolution spectra of C 1s (b), N 1s (c) and S 2p (d)

The other component at 284.8 eV may be related to
the presence of C—C bonding, while the special
peaks, at 287.5 eV and 284.1 eV, correspond to the
C=N group [27]. According to the N 1s spectrum,
N is derived from C—N (399.7 ¢V) and N—H

(400.4 eV) in L-cysteine. In addition, the C=N
characteristic peaks are observed at 400.5 and
398.1 eV [28]. The characteristic peak of C=N is
found from the fine spectra of C and N elements,
indicating that Schiff base participates in the
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coating formation. The S 2p spectra are divided into
two peaks, S—H at 164.3 and S—O at 168.9 eV [29],
which may be due to the oxidation of the mercapto
group.

The dependence of the applied load on the
sliding distance after the nanoscratch tests is
shown in Fig. 8. The load value of Ca—P coating
((3723+0.25) mN) is lower than that of anodic
Ca—Pschifrvase coating ((4988+0.25) mN), indicating
a better adhesion between anodic Ca—Pschitbase
coating and AZ31 substrate [30]. This also suggests
that the Schiff base can improve the bond strength
between the coating and the Mg alloy.

0 0.4 0.8 1.2 1.6 2.0
Sliding distance/mm

Fig. 8 Nanoscratch results of Ca—P coating (a) and
anodic Ca—Pschitrbase coating (b)

3.3 Corrosion behaviors

Figure 9 shows the OCP curves of the AZ31 Mg
alloy, Ca—P coated alloy, and anodic Ca—Pschift base
coated alloy. When the potential difference between
two different metal electrodes exceeds 50 mV, the
risk of galvanic corrosion increases [31,32]. The
OCP of Ca—P coated alloy is lower than that of the
matrix at the beginning, increases gradually with
the reaction, and exceeds that of the AZ31 Mg alloy
after 1535 s. The OCP difference between the Ca—P
coated alloy and the substrate keeps below 50 mV
(vs SCE) during the reaction, which indicates that
the Ca—P coating is mainly chemically dissolved at
this time, while the possibility of galvanic corrosion
is small [8,33,34]. For the anodic Ca—Pschiff base
coated alloy, the OCP difference between the coated
alloy and the substrate at the beginning of the
reaction is 267 mV (vs SCE), indicating galvanic
corrosion. With the reaction going on, a corrosion
product layer is formed on the surface of the

coating, which inhibits the galvanic corrosion, so
the OCP difference between the coated alloy and
the substrate decreases gradually [35,36].

The PDP curves of the AZ31 Mg alloy, Ca—P
coated alloy, and anodic Ca—Pshifrvase coOated alloy
are shown in Fig. 10. The fitting results of @corr and
Jeorr Obtained by Tafel extrapolation are listed in
Table 2. Generally, the lower the Jeor is, the better
the corrosion resistance of the coating is. The
values of Jeor are arranged from large to small in
the following order: AZ31 Mg alloy (1.65%
107° A/ecm?) > Ca—P coating (5.53x107°A/cm?) >
anodic Ca—Pschitrbase  coating  (6.61x1077 A/cm?),
which shows that the anodic Ca—Pschir base coated
alloy has the best corrosion resistance. At the same
time, the higher the breakdown potential (@) is,
the better the corrosion resistance of the coating
is [37,38]. The R, values are in the following order:
AZ31 Mg alloy (2.21 kQ-cm?) < Ca—P coated alloy
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=
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Fig. 9 OCP curves of AZ31 Mg alloy, Ca—P coated
alloy and anodic Ca—Pschifrvase coated alloy
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(4.99 kQ-cm?) < anodic Ca—Pschifrbase coated alloy
(58.31 kQ-cm?). This further proves that anodic
Ca—Pschifr base coating provides the best corrosion
resistance to the alloy.

Nyquist and Bode plots of the AZ31 Mg alloy,
Ca—P coated alloy, and anodic Ca—Pschifrvase coated
alloy are shown in Fig. 11. And the EIS results
are analyzed by introducing the corresponding
equivalent circuit model. In the equivalent circuits,
R, indicates solution resistance; CPE; and CPE;
represent constant phase angle components; R
represents charge transfer resistance; Rp and L
signify inductive resistance and inductance,
respectively; R; means coating resistance [39,40].
Table 3 gives the specific fitting data. The Nyquist
curves of AZ31 Mg alloy and Ca—P coated alloy
are composed of medium- and high-frequency
capacitor rings and low-frequency inductor rings.
The medium and high-frequency capacitor rings
are usually attributed to charge transfer (R.), while
the low-frequency induction rings are represented
by R. and L, which are related to pitting and
corrosion products or coating falling off from
samples [41,42]. In addition, the appearance of
the inductor in low-frequency implies the
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occurrence of pitting [43—45]. From Table 3, the Ry
(1218.00 Q-cm?) of the Ca—P coated alloy is
significantly larger than that of the AZ31 Mg alloy
(230.50 Q-cm?), indicating that the pitting of the
Ca—P coating is more serious than that of the AZ31
Mg alloy. This is due to the thin and loose structure
of Ca—P coating, which results in the corrosion
medium easily reaching the substrate through the
through-hole and causing corrosion. However, for
anodic Ca—Pschifrbase cOating, there is no inductor in
the low-frequency region, which indicates that
anodic Ca—Pscpir vase COating has a dense structure
protecting the substrate from pitting. Moreover, the
Ree (23720.00 Q-cm?) of anodic
coating is about 41 times that of AZ31 Mg alloy
(578.20 Q-cm?) and five times that of Ca—P coating
(4597.00 Q-cm?). It is proven that the anodic
Ca—Pschiffrase  coating  has  excellent corrosion
resistance. In addition, the |Zjooin, of anodic
Ca—Pschifrvase  coating is the largest (Fig. 11(b)),
which also proves that the corrosion resistance of
anodic Ca—Pschifrbase COating is the best.

The long-term corrosion resistance of the
samples is evaluated by a hydrogen evolution test,
and the results are shown in Fig. 12. In the early

Ca—P Schiff base

Table 2 EIS analysis results of AZ31 Mg alloy, Ca—P coated alloy and anodic Ca—Pschifrvase coated alloy

Sample Pecon(vs SCE)YV  Joon/(A-cm™?)  B/(mV-dec™') —B/(mV-dec™!) R,/(kQ-cm?)
AZ31 Mg alloy -1.45 1.65x107 130.27 235.07 2.21
Ca—P coated alloy -1.49 5.53x10°° 118.19 137.58 4.99
Anodic Ca—Pschifrvase coated alloy -1.52 6.61x1077 203.23 157.51 58.31
s
36 () 100 G (b) = AZ31
Kg =0 : gi;[;iccoé;eiiPa”OY coated allo;
& 30 r é 5001 _ 104 I Schiff base Y,
.g 24 L NE 252: C\lg \\
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Fig. 11 Nyquist (a) and Bode (b) plots and equivalent circuits (c—¢) of AZ31 Mg alloy, Ca—P coated alloy and anodic

Ca—Pschifrvase coated alloy
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Table 3 EIS analysis results of AZ31 Mg alloy, Ca—P
coated alloy and anodic Ca—Pschirbase cOated alloy
Anodic

Ca—Pschifrbase

AZ31 Mg Ca—P coated

Parameter
alloy alloy

coated alloy

RJ(Q-em?)  89.91 87.12 145.60
CPEy/
LU 127x10° 173107 1.54x10°°
(Q7'-s"-cm™)
n 0.91 0.81 0.57
Ri/(Q-cm?) - - 1.01x10*
CPE»/
- 7.64x10°  1.53x10°*
(Qfl -g"- Cmfz)

n - 0.21 0.80
Ro/(Qcm?) 57820  4579.00  23720.00
L(H-em?)  4.33x10*  6.22x10* -
R/(Q-cm?) 23050  1218.00 -

B Az

40 +e— Ca-P coated alloy
35 Anodic Ca—Pgifrpase cOated alloy

30t

251
20t
15+
1019

Hydrogen evolution rate/(uL-cm™2-h™")
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Time/h

oL=
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Fig. 12 Hydrogen evolution rates of AZ31 Mg alloy,
Ca—P coated alloy and anodic Ca—Pschifrvase coated alloy

stage of immersion, due to the formation of an
oxide film or the existence of surface coating, the
hydrogen evolution rate of the samples decreases
rapidly. After 24 h of immersion, the hydrogen
evolution rate gradually increases, which shows that
the surface oxide film or coating is gradually
damaged, resulting in the part substrate being
exposed in the corrosive medium [41]. After nearly
80 h of immersion, the hydrogen evolution rate
gradually decreases and tends to be stable. This
shows that a corrosion product film is formed on
the sample surface, which produces secondary
protection. In the whole immersion process, the
hydrogen evolution rate of the samples with coating
protection is much lower than that of the AZ31 Mg

alloy substrate, especially for the samples with
anodic Ca—Pschir base coating. The results suggest
that the anodic Ca—Pschifrvase COating can provide the
best protection for the substrate.

Figure 13 shows the macro- and micro-
morphologies of the AZ31 Mg alloy, Ca—P coated
alloy, and anodic Ca—Pschitr vase coated alloy after
168 h immersion. The EDS results are given in
Table 4. As can be observed from Fig. 13(a), the
Mg alloy substrate is seriously corroded. From
the SEM images (Figs. 13(d, ¢)) and Table 4, the
substrate surface is full of cracks, with a small
number of Ca—P products. However, for Ca—P
coating or anodic Ca—Pschifr base COating, the radial
Ca—P grains on the surface of the sample disappear.
The Ca—P coating is locally corroded, i.e., part of
the sample has an exposed substrate and is full of
cracks (Figs. 13(e, f), while the other most areas are
still covered by the coating and corrosion products
(Figs. 13(g, h)). The anodic Ca—Pschifrvase cOating is
intact with a few cracks (Figs. 13(i—k)), and the
surface is full of Ca—P products. It is worth noting
that N and S elements are not detected on the
surface of anodic Ca—Pschifrvase cOating, which may
be due to the Ca—P corrosion products covering the
original coating or the less content of Schiff base in
the coating itself.

The sample immersed for 168 h in Hank’s
solution was subjected to FT-IR and XRD analysis
to determine the corrosion products. It can be seen
from Fig. 14(a) that all the samples show a peak of
—OH at 3483 cm™', indicating that the corrosion
products of samples all contain Mg(OH), [46—48].
The identical characteristic peaks at 872, 1426, and
1490 cm™' indicate the formation of carbonates
(Fig. 14(a)) on the surface due to the chemical
reaction of Mg(OH), with CO», which comes from
air in the long immersion [49]. The results of FT-IR
spectra show that the corrosion products of the
conversion coating are mainly Mg(OH), and trace
MgCOs. Comparing XRD patterns (Fig. 14(b)) of
the coated samples and AZ31 Mg alloy substrate
also confirms the presence of Mg(OH), in the
corrosion products. Furthermore, DCPA exists in
the XRD pattern, which illustrates that the coating
does not flake off and the sample is protected for a
long time. However, there is no peak of MgCOs3
phase in the XRD pattern, indicating that the
content of MgCQOj3 is very small.
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Table 4 EDS analysis results of samples after immersion
for 168 h (at.%)

Point C (0] Mg Al P Ca Ca/P
12.44 5993 895 251 10.56 5.61 0.53

—_

2 11.84 62.29 10.80 335 7.69 4.03 0.52
3 1147 62.79 1199 349 7.16 3.10 043
4 954 5931 8.04 136 10.64 11.11 1.04
5 2211 5642 580 1.12 694 7.60 1.09
6 3457 4457 747 1.18 647 574 0388
7 1956 5840 565 - 898 741 0182
8 40.22 17.17 3948 — 2.08 1.05 0.50
9 2414 4981 537 0.13 10.80 9.75 0.90
10 1394 32.86 6.01 093 19.68 26.58 1.35
11 2524 4282 7.15 0.32 13.87 10.59 0.76
12 2484 5299 730 135 826 526 0.63

<
4
£ >

Fig. 13 Digital camera photographs (a, d, i) and SEM morphologies (b, c, e-h, j, k) for AZ31 Mg alloy (a—c), Ca—P
coating (d—h) and anodic Ca—Pschifrbase coating (i—k) after 168 h immersion

4 Discussion

4.1 Effect of organic additives

Ca—P coating has good biocompatibility
because of its similar composition with bone tissue.
The preparation of Ca—P coating on the surface of
Mg alloy not only plays an important role in
controlling and reducing the degradation rate but
also improves biocompatibility [50]. However, the
traditional Ca—P coating usually has many coarse
grains and a large porosity, which leads to insufficient
corrosion resistance and premature mechanical
failure during the service life. This work shows that
certain organic compounds can induce a better
corrosion resistance to Ca—P coating without
affecting the biocompatibility of the coating [51].
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Fig. 14 FT-IR spectra (a) and XRD patterns (b) after
168 h immersion of AZ31 Mg alloy, Ca—P coating and
anodic Ca—Pschifrbase cOating

GUO et al [46] developed a composite coating
containing Ca—P and collagen (Col) on the Mg
alloy and demonstrated that collagen-coated Mg
alloy possesses higher implant stability and osseo-
integration rate. The Ca—Pco coating indicated a
protection efficiency superior to the Mg alloy
substrate from the corrosion. The Ca—Pco coating in
the presence of Col exhibited a smaller Jeor
(8.70x107" A/cm?) than Ca—P coating in the absence
of Col (9.7x107° A/cm?), with an increase in the Re
value obviously from 1.40x10* to 1.10x10° Q-cm?,
implying that the Ca—Pcoi coating can provide better
protection for Mg alloy.

WANG et al [52] fabricated a super-
hydrophobic needle-like Ca—P coating on AZ31 Mg
alloy through modification with stearic acid (STA).
The Ca—Psra coating with STA exhibited
exceptional self-cleaning ability and mechano-
chemical stability. The Jeor value of the super-
hydrophobic needle-like Ca—P coated sample was
3.52x1077 A/cm?, which was more than two orders

of magnitude lower than that of the substrate
(1.89x107° A/cm?). The R was 3.75x10* Q-cm? for
the superhydrophobic needle-like Ca—P coated
sample and 1.62x10° Q-cm? for the AZ31 substrate.
It is clearly evident from the results that the
Ca—Psta coating with needle-like structures
contributed to the better corrosion resistant.
Recently, our group developed glucose
induced Ca—P coating on the surface of pure Mg
by hydrothermal method [16]. The coating was
composed of block particles of different sizes. The
coating induced by glucose was denser and more
uniform than that without glucose. The composition
of Ca—P coating induced by glucose was the same
as that of the coating without glucose, which was
composed of DCPA, HA, and CDHA
(Cajo-«(HPO4)(PO4)6-(OH),—). It is worth noting
that the presence of —COOH was detected by XPS,
indicating that the transformation of glucose to
gluconic acid occurred during the
However, the R, of the Ca—P coating induced by
glucose increased to three times that of the pure Mg
substrate, and its Jeor (6.79x10°°A/cm?) was
decreased by an order of magnitude compared with
that of the pure Mg substrate (2.36x107° A/cm?), as
shown in Fig. 15. It is found that the conversion of
glucose to gluconic acid can attract Ca®" ions to the
surface of Mg in the hydrothermal system, which
can induce the formation of the Ca—P composite
membrane and protect the bottom layer of Mg.
Amino acid induced Ca—P coating has also
been prepared on AZ31 Mg alloy by low
temperature water bath [17]. The coating was
composed of radial Ca—P grains. The addition of
amino acids significantly reduced the roughness of
the coating and increased the thickness of the
coating. By analyzing the composition of the
coating, it was proven that the amino acid induced
Ca—P coating contained only DCPA and CDHA,
and did not contain HA. This may lead to the
lower bone compatibility of amino acid induced
Ca—P coating than that of glucose induced Ca—P
coating. The Jeorr of amino acid induced Ca—P
coating (4.21x1077A/cm?) was one order of
magnitude lower than that of AZ31 Mg alloy
(5.57x107° A/cm?), and the R was about 20 times
higher than that of AZ31 Mg alloy (see Fig. 15).
This was mainly due to the different forms of
cysteine in the solution (depending on the pH
value), in which the negatively charged functional

reaction.



1496 Xue-mei WANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1485—1500

groups combine with Ca?* and Mg*" ions, while the
positively charged functional groups attract anions
in the solution. Therefore, it can capture the free
metal ions in the solution, and increase the ion
concentration at the substrate/solution interface, so
as to promote the formation of the coating.
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g 107 5
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Fig. 15 Comparison of current density (a) and R (b) of
different modified coatings

In this work, Schiff base induced anodic Ca—P
coating was prepared on the surface of AZ31 Mg
alloy. Different from amino acid induced Ca—P
coating, the crystallographic structures of anodic
Ca—Pschiffrase  COating contain  HA, while those
without Schiff base only contain DCPA. Obviously,
the Schiff base induces the formation of HA on
the surface of Mg alloy. The anodic Ca—Pschifrbase
coating surface is composed of radial grains with
uniform size, which shows that the addition of
Schiff base can reduce porosity and coating
non-uniformity caused by coarse grains [53]. From
the electrochemical results, the Jeorr 0of the anodic
Ca—Pschifrbase coating (6.61x1077 A/em?) is decreased
by two orders of magnitude than that of the AZ31
Mg substrate (1.65x107°A/cm?). And after a

long-term immersion test, the surface of the anodic
Ca—Pschifrvase coating shows little corrosion damage,
which also proves that the Schiff base effectively
maintains the corrosion resistance.

In summary, as can be seen from Fig. 15, the
corrosion resistance of anodic Ca—Pschitr vase (Jeor=
6.61x107 A/em®) is much better than that of
glucose induced Ca—P coating (Jeor=6.79%
10°A/cm?). And it is close to the corrosion
resistance of collagen induced Ca—P coating
(Jeor=8.70x107" A/cm?), amino acid induced Ca—P
coating (Jeonr=4.21x1077 A/cm?), and stearic acid
induced Ca—P coating (Jeor=3.52x1077 A/cm?). As
far as this study is concerned, glucose is converted
into gluconic acid in solution, which contains
—COOH group with strong polarity [54]. Meanwhile,
cysteine contains —NH,, —COOH, and —SH
groups. Schiff base is prepared from glucose and
cysteine. In addition to the above polar groups, the
imino group is also formed. In terms of molecular
structure, the complexation between Schiff base and
metal ions is the strongest, and the corrosion
resistance of calcium phosphate coating induced by
Schiff base is the highest [55]. From the view of
micro morphology, the crystal arrangement of the
coating induced by the Schiff base is the most
regular one. The preparation of anodic Ca—Pschifrbase
coating on the surface of Mg alloy not only plays an
important role in controlling and reducing the
degradation rate but also improves the
biocompatibility. That is to say, the anodic
Ca—Pgschifrvase  coating has a better corrosion
resistance than the glucose induced Ca—P coating,
and also contains more HA crystallographic
structures than the amino acid induced Ca—P
coating.

4.2 Formation mechanism of Ca—Pschitrpase

coating

Based on the SEM, XRD, FTIR, and XPS
analysis, the anodic Ca—Pschifrvase coating formation
mechanism is proposed. When the AZ31 Mg alloy
is immersed in the solution of Ca—P conversion
added with Schiff base, the dissolution of a-Mg
occurs first [56,57] (Reaction?2). With the
continuous diffusion of Mg*" ions from the
substrate/solution interface to the solution, they
combine with the OH™ in the conversion solution to
form Mg(OH), precipitation (Fig. 6(a)) (Reactions
(3) and (4)). At the same time, Ca’" ions in the
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solution react with HPO; ions repeatedly in an
alkaline environment (Reactions (5) and (6)),
forming a calcium phosphorus product membrane
composed of DCPA and HA (Fig. 6(b)). When
supersaturation is reached, the product precipitates
on the surface of the Mg alloy. In the whole
process, the —C==N groups in the molecular
structure of Schiff base in solution is easy to
complex with metal ions (containing Mg** and Ca**
ions) [58,59], which can capture metal ions and stay
at the solution/substrate interface, resulting in
increasing the concentration of metal ions at the
interface and promoting the precipitation reaction at
the interface. In other words, the presence of the
Schiff base promotes the formation of Ca—P
precipitates. Figure 16 shows a schematic diagram
of the formation mechanism of anodic Ca—Pschitrbase
coating.

Mg—Mg*'+2e (2)
2H,0+2e—H,1+20H" (3)
Mg**+20H —Mg(OH), 4)
Ca>+HPO; —CaHPO, (5)
10Ca*+80H +6HPO; —Cajo(PO4)s(OH),+6H,0
(6)
(oS A S o8
N I e o)

HO
ol OH

WWW
e oo
Fig. 16 Schematic diagram of formation mechanism of

anodic Ca—Pschifrpase cOating
5 Conclusions

(1) The anodic Ca—Pschitrbase coating refines the
grains and has a dense microstructure. The mean
roughness (R.) of the Ca—P coating and anodic
Ca—Pschifrvase  coating are (1.76+0.19) um and
(0.42+0.08) um, respectively. The average thickness
of the anodic Ca—Pseifrvase coating is (18.13+

5.78) um, nearly two times in comparison with that
(9.13£4.20) um of the Ca—P coating.

(2) The Jeorr of anodic Ca—Pschisrvase COAting is
one and two orders of magnitude lower than that of
the Ca—P coating in the absence of Schiff base
and AZ31 Mg alloy, respectively, indicating an
improved corrosion resistance. The R. of anodic
Ca—Pschifr base coating (23720.00 Q-cm?) is over 40
times that of AZ31 Mg alloy (578.20 Q-cm?). After
a long time soaking test, the anodic Ca—Pschifr base
coating is intact without any cracks, and also has
the slowest hydrogen evolution rate. Thus, anodic
Ca—Pschifr vase coating has enhanced the corrosion
resistance.

(3) The formation mechanism of anodic
Ca—Pschifrvase  coating is proposed. Schiff base
molecules and complexed metal ions in the ratio of
2:1, increase the saturation of the metal ions at
substrate/solution interface, promote the forward
process of a precipitation reaction, and accelerate
the formation of the Ca—P precipitates.
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O @A 60 CHEGAS B AR AN IS B E R IR AT R, RS SRET CaCla Fl KH2PO4 TR A VAR
T B C=N ML &) S IIBHAR Ca—P ¥%)Z. KA FE-SEM. FT-IR. XRD F1 XPS £ KM 5k E
RS RMEERLS,  TRE R AT Tl B U@ 3 FR AL AR L(PDP)  Ha Ak 2EBE BTG RE (BIS) AT A B R AE
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