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The CaP/chitosan coating on AZ91D magnesium alloy substrate was prepared by electrophoretic
deposition technique (EPD) and formation mechanism of the coating was also put forward. CaP
/chitosan coating and micro-arc oxidation (MAO) film effectively protected the AZ91D magnesium
alloy from corroding in m-SBF. The composite coating had a good protection effect on AZ91D
magnesium alloy when the thickness of CaP/chitosan coating was 0.40~ 0.61 mm and the effect of
coating thickness on degradation rate of AZ91D magnesium alloy based CaP/chitosan material in m-
SBF was elaborated. By analyzing the mathematical description of Faraday impedance, the CDC code
of Nyquist equivalent circuit of two capacitive reactance loops and one inductance loop was Ru (Cd
(Rct (CSRS (RLL)))) that was more in tune with the physical meaning of the degradation behavior of
the AZ91D magnesium alloy based CaP/chitosan material in m-SBF.
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1. INTRODUCTION

Magnesium and its alloys as biodegradable metallic implant materials have great advantages,
such as excellent biodegradable property, biocompatibility and suitable mechanical property, can avoid
secondary operation and reduce the "stress sheltering™ effect, but the fast degradation speed in the
human body environment and a poor biological activity confined their applications [1, 2]. At present,
in order to reduce the fast degradation rate of magnesium and its alloys, the following methods were
often adopted. Fisrt, non-toxic elements (such as Ca, Zn, Mn, etc.) were added into the magnesium or
its alloys to form the new magnesium alloys [3,4]. Second, the surface coating of on magnesium alloy
substrate was employed, such as Ca-P, bone-like apatite, calcium phosphate dibasic (DCPD,
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CaHPO,4:2H,0) and hydroxyapatite (HA, Caio(PO4)s(OH)2) film [5,6]. Thirdly, magnesium based
biological ceramic composites were formed [7,8]. Starting from the structure of natural bone,
hydroxyapatite and chitosan coating were deposited on the surface of AZ91D magnesium alloy in this
study, which can not only solve its fast degradation rate problem, but also offer good bioactivity and
biocompatibility. In addition, the effect of the coating thickness on corrosion behavior of magnesium
alloy in the simulated body fluid (m-SBF) has seldom been studied. And sutdies on potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) are usually used to evaluate the
corrosion rate of metal and the protective effect of the film or corrosion products. EIS is also an ideal
way to investigate the long-term corrosion behaviour. In this perspective, the analysis of the
electrochemical impedance spctra for AZ91D magnesium alloy with different thickness’s coating at
the different immerision time in m-SBF were obatined in this work.

2. MATERIALS AND METHODS
2.1 Preparation of CaP/chitosan coating on AZ91D magnesium alloy

2.1.1 Pretreatment of AZ91D magnesium alloy substrate

First, AZ91D magnesium alloy (Donggi Magnesium Alloy Products Co., Ltd., China) as
matrix material was cut into samples with the size of 1cmx1cmx0.5¢cm. The obtained specimens were
polished with the water proof sandpaper (80 to 1000 grit) and were ultrasonically cleaned. Then, a
post-treated AZ91D sample was treated with micro-arc oxidation (MAQ) technology in the alkaline
solution [9-12].

2.1.2 Electrophoretic Deposition (EPD)

Just as the previous work [9-12], nano-hydroxyapatite (nHA) used for EPD was obtained by
chemical precipitation technology. Chitosan (abbreviation CS, M,, =200,000) was purchased from
Sigma-Aldrich Trading Co, Ltd., China. 0.25 g CS and 1.0 g nHA particles were added into 200 ml of
an aqueous solutions containing the acetic acid under agitation, respectively. Moreover, 1.5 g nHA
particles was slowly added into 300 ml absolute ethanol. These two solutions was mixed, sonicated for
1-2 h and aged for 24-30 h. The EPD cell was composed of the titanium alloy coated iridium tantalum
as the anode and the MAO-AZ91D as the cathode. The space between two electrodes was about 10-15
mm. The EPD process was performed at a voltage of 40 V for 10, 20, 30, 40, 50 min at room
temperature. At last, the MAO-AZ91D with the CaP/chitosan coating from EPD was soaked in
phosphate buffer solution (PBS) at 37 °C for 5 d.

2.1.3 Immersion into the m-SBF

After immersion in the PBS, the MAO-AZ91D with CaP/chitosan coating was soaked into the
m-SBF of 250 ml at 37 °C. The pH value of m-SBF is 7.4 or so and the m-SBF has a total ion
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concentration equal to that of human blood plasm [13,14]. The ratio of the sample surface area (cm?) to
the m-SBF volume (ml) was about 1:250. The samples were soaked in the m-SBF for different time
intervals, respectively. At each time point, the m-SBF with the immersed sample was used to different
test.

2.2 Specimens characterization

Electrochemical impedance spectroscopy (EIS) tests was performed in m-SBF by employing a
Model CHI750D potentiostat (Chenhua Co., Ltd, Shanghai, China). Before the test, the specimens
were immersed in the m-SBF at 37° C for 15 min to obtain a stable free corrosion potential. Spectra of
electrochemical impedance were recorded under open circuit potential with the scan frequency ranging
from 100 kHz to 10 mHz and a perturbation amplitude of 5 mV. The obtained Nyquist plots of the
MAO-AZ91D alloy with the different thickness coating were fitted by the software Zsip Win 3.0. The
scan rate of Tafel curve test was 5 mV/s, polarization time was 2 s. The element concentrations in m-
SBF at different time intervals were measured with an inductively coupled plasma optical emission
spectrometer (ICP-OES, 5300DV, Perkin Elmer, America), respectively. The coating thickness was
tested by 8801 coating thickness meter (Jielai science and technology co., LTD, Hong Kong, China)

3. RESULTS AND DISCUSSION

3.1 The formation mechanism of CaP/chitosan coating

The thickness of CaP/chitosan coating prepared under different electrophoresis times on MAO-
AZ91D substrate are shown in Table 1.

Table 1. The thicknesses of CaP/chitosan coatings prepared under different electrophoresis times

EPD time / min 10 20 30 40 50
The average thickness / mm 0.31 0.40 0.61 0.87 1.05

The weight or thickness of the deposits obtained by EPD can be expressed by the following
formula [15,16]:

W =CuUt/d 1)

Among them, C and x indicate the particle concentration and mobility rate, respectively. U =
Uap - Ugep, Ugp IS an applied voltage, Ugep is @ voltage drop in the deposition process, t is deposition
time, d is a distance between two electrodes. The mobility rate of voltage can be described by the
Smoluchowski equation:

p=celam )

Where, ¢ is a Zeta potential and ¢ is a electrolyte constant, # is the electrolyte viscosity.
According to the equation (1), the mass of precipitate increases with the increase of deposition time
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and voltage, that is the thickness of the depositing coating on AZ91D magnesium alloy also will
increase.

In order to obtain the higher ¢, during the preparation process of electrophoresis solution, nHA
particles was first positively charged in anhydrous ethanol, and chitosan (CHIT-NH, ) was protonated
and positively charged in the acetic acid aqueous solution. In addition, in order to obtain the stable
suspension, after nHA-ethanol aqueous solution mixed with nHA-chitosan acetic acid aqueous
solution, the charging process of nHA particles needed a certain aging time[17]. If the suspension was
not aged, nHA particles charged little or almost zero. Thus, no matter how long the EPD time was, it
was difficult to get HA ceramic coating. The specific reaction formula are as follows:

nHA+H* —nHA-H* (3)

CHIT-NH, +H,0" - CHIT-NH; +H,0 4)

EPD included two processes: the charged particles under the electric field force moved to the
cathode and were reduced at the cathode surface. After H" was reduced to H, on the surface of
cathode, the OH" concentration at the cathode area increased. Under the electric field force, as the
positively charged HA-H® and CHIT-NH;" moved to the cathode, they neutralized with OH’,
accompanying with the cathodic reduction, and then deposited on the surface of cathode. The specific
reaction formula are as follows:

2H" +2e >H, T (5)

2H,0 — 2H" + 20H" (6)

nHA-H* +e” - nHA (7)

NHA-H* +OH - nHA+H,0 (8)
CHIT-NH," +e" — CHIT-NH, (9)
CHIT-NH; + OH — CHIT-NH, +H,0 (10)

At the same time, nHA particles in the acetic acid aqueous solution would dissolve, so Ca** and
PO,> existed in the system, likewise, Ca** under the electric field force moved to the cathode and
combined to Ca(OH), with OH". PO,* and HPO,* that was a part of PO,> hydrolyzate generated into
HA and DCPD with Ca?* near the cathode through the electrostatic effect. The specific reaction
formula are as follows:

Ca,,(PO,)s(OH), + 2H" —10Ca*" +6PO; +2H,0 (11)
Ca®* +20H" — Ca(OH), (12)
Ca*" +HPO; +20H +2H" — CaHPO, - 2H,0 (13)

As a result, the chemical constituents of electrophoretic deposition coating contained
Cayo(PO4)s(OH),, CaHPO,4-2H,0, Ca(OH), and CS as shown in previous study [10-12]. However, the
presence of a large amount of Ca(OH), can result in the local alkalization near Mg alloy implant,
which is not beneficial to the cells’ growth. Therefore, the bioconversion of the prepared coating in
PBS is very necessary prior to implantation. The conversion process of CaP/chitosan coating in PBS
was composed of the dissolution process of Ca(OH), and nucleation and growth process of phosphate.
During the transformation, as Ca®* dissolved from the surface of Ca(OH), crystal, the formed spaces
were filled by the phosphate crystal nucleus. After the coating was soaked in PBS for 5 d, Ca(OH);
fully changed into the HA and DCPD. At the same time, the solubility product of DCPD is larger than
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HA and is close to Ca(OH); at 37 °C, as a result, DCPD will dissolve in PBS. So, a part of DCPD and
the dissolving Ca** from Ca(OH), would deposit in the form of nHA [18,19].

3.2 Effect of the coating thickness on the corrosion rate of magnesium alloy

3.2.1 Immersion experiment of magnesium alloy with different thickness coatings
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Figure 1. Mg concentrations (a) and pH values (b) of MAO-AZ91D with the different thickness
coatings soaked in the m-SBF for different intervals

Figure 1(a) shows the concentration changes of Mg elements for MAO-AZ91D with the
different thickness coatings soaked in m-SBF at different immersion times. It can be seen from Figure
1(a) that the concentrations of Mg elements increased with the increase of soaking time when the
coating thickness was different, which suggested that the coating only slowed down the corrosion rate
of magnesium alloys in m-SBF. When the coating thickness increased from 0.31 mm to 0.40 mm and
0.61 mm, Mg elements’ concentrations decreased in the whole immersion period, this was because the
increase of the coating thickness enhanced the protection on magnesium alloy substrate and the
corrosion rate of the metal decreased. When the coating thickness increased from 0.61 mm to 0.87 mm
and 1.05 mm, the protective effect of the coating decreased because of the increase of internal stress
between the coating and metal substrate, as a result, the concentrations of Mg elements showed a
increasing trend again, these were agreement with the results of EIS and Tafel. It’s worth noting that
the concentration of Mg element for the coating with 1.05 mm thickness was greater than that for the
coating with 0.31 mm thickness, this was because the coating broke away from the metal substrate and
magnesium alloy lost the protection effect after 20 d of the soaking time. When the immersion time
was 30 d, the concentration of Mg element for the coating with 0.87 mm thickness was greater than
that for the coating with 0.31 mm thickness, which was because the coating with 0.87 mm thickness
falled off at this time.
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Figure 1(b) is the change trend of pH values for MAO-AZ91D with the different thickness
coatings soaked in m-SBF for different times, which is in accordance with the strend in Figure 1(a).
For the samples with different thickness coatings, the pH values increased during the immersion
period, indicating that the coating can't fully prevent magnesium alloy from corroding in m-SBF.
When the coating’s thickness was from 0.31 mm to 0.61 mm, pH values decreased because the
increase of the film thickness decreased the corrosion rate of magnesium alloy in m-SBF. The pH
values increased when the coating thickness increased from 0.61 mm to 1.05 mm, which was because
the binding force between the coating and metal substrate became poor. Similarly, when the immersion
time was greater than 20 d, pH value for the coating of 1.05 mm thickness significantly increased, this
was because the coating on the substrate occurred to pull off. When the soaking time was 30 d, the pH
value for the coating of 0.87 mm thickness increased, the film also occurred the falling phenomenon at
this time.

In a word, CaP/chitosan coating on AZ91D magnesium alloy was obtained by EPD, the coating
thickness increased with the increase of electrophoresis time, and the coating thickness affected the
degradation speed of AZ91D based CaP/chitosan in m-SBF. When the film thickness was 0.40 ~ 0.61
mm (electrophoretic time of 20~30 min), it could effectively protect the corrosion of AZ91D
magnesium alloy in m-SBF.

3.2.2 Tafel plot test of magnesium alloy with different thickness coatings
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Figure 2. Tafel plots of MAO-AZ91D with the different thickness coatings immersed in the m-SBF
for 15 days

According to Faraday formula, the density of the corrosion current (icorr) Can be converted into

the corrosion rate[20]:

-
CR(mmiyr) = Moo 1, (14)
nFp
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Where, CR indicates the rate of corrosion, M is the molar mass of specimen (Mg equals to
24.31 g/mol), t is 3600%24x365/s, n is the electron number in the corrosion reaction, F is Faraday
constant (96485 As/mol), p is specimen density (AZ91D density is 1.82 g/cm®).

Tafel curves for MAO-AZ91D with the different thickness coatings soaked in m-SBF for 15 d
are shown in Figure 2, the corresponding analysis results are shown in Table 2. It can be seen from
Figure 2 and Table 2 that the corrosion current i Value decreased and the corrosion rate CR also
reduced accordingly when the film thickness increased from 0.31 mm to 0.61 mm. When the coating
thickness increased from 0.61 mm to 1.05 mm, the corrosion current icr vValue and the corrosion rate
CR increased, respectively.

Table 2. Results of Tafel plots of MAO-AZ91D with the different thickness films immersed in the m-

SBF for 15 days
Thickness / mm 0.31 0.40 0.61 0.87 1.05
Ecor/V(vs*SCE) -1.450 -1.868 -1.745 -1.881 -1.826
icor /A cM 1.64x107° 2.38x10° | 5.49x107 | 1.65x10° | 1.99x10°
CR/mm yr? 0.358 0.052 0.012 0.360 0.434

This suggested that the protection effect of the coating on magnesium alloy substrate enhanced
with the increase of the coating thickness from 0.31 mm to 0.61 mm, which caused the corrosion speed
of AZ91D magnesium alloy in m-SBF to decrease. When the coating thickness increased to 0.87 mm,
the contact area and the internal stress between the metal substrate and m-SBF increased, and the
binding force between the coating and metal substrate became poor, which caused the protection of the
coating on magnesium alloy to decrease. As a result, the corrosion current icor and the corrosion rate
CR showed a increase trend when the coating thickness increased from 0.61 mm to 1.05 mm.

3.2.3 EIS test and mathematical simulation of Faraday impedance
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Figure 3 is Nyquist plots of MAO-AZ91D with different thickness coatings soaked in the m-
SBF for 15 d. After MAO-AZ91D based CaP/chitosan was soaked in the m-SBF for 15 d, it was seen
from Figure 3 (a) that Nyquist for sample with the coating of 0.31 mm thickness was made up of a
capacitive reactance loop and a straight line. A capacitive reactance loop at high frequency region
indicated a charge transfer process, and a line at middle-low frequency represented that Warburg
impedance of MAO-AZ91D based CaP/chitosan was caused by a semi-infinite diffusion process[21].
After sample contacted with the m-SBF for a period, the corrosion products, MAO film and the
ceramic coating on the metal matrix were locally damaged in the condition of the coating thickness
was thin, which would lead to the lack of protective layer on metal substrate. The corrosion behavior
of sample was controlled by the mixing process of semi-infinite diffusion and electrochemistry. In this
case, Nyquist equivalent circuit is shown in Figure 4 (a).

When the coating thickness was 0.40 ~ 1.05 mm (Figure 3(b)(c)(d)(e)), Nyquist plot was made
up of two capacitive reactance loops and a inductive reactance loop. A capacitive reactance loop at
high frequency region corresponded to the charge transfer resistance (R¢;) and double-electric layer
capacitance (C;) at interface. The capacitive reactance loop at middle frequency area indicated
resistance and capacitance of electrolyte through the corrosion product, MAO film and ceramic coating
on the surface of magnesium alloy. The inductive impedance loop at low frequency area attributed to
the adsorption and falling of the corrosion products on the interface between the solution and MAO-
AZ91D with the coating[22]. Nyquist plot for two capacitive reactance loops and a inductive
impedance loop corresponded to the two kinds of equivalent circuits, as shown in Figure 4(b)(c). The
physical meanings of two equivalent circuits were very different, which physical meaning of
equivalent circuit was more in line with the degradation behavior of AZ91D magnesium alloy based
calcium phosphate/chitosan material in m-SBF? Therefore, it is necessary to describe a Faraday
impedance by mathematical method.

In general, for a simple electrochemical reaction, the equivalent circuit of Faraday impedance
only includes the charge transfer resistance and diffusion impedance, namely Faraday impedance only
depends on the electrode potential and the concentration of reactant or product particles. In the process
of electrode reaction, if the disappearing and growing process of the corrosion products exist at the
electrode surface, they will impact the Faraday impedance and must be considered accordingly.

So, for the AZ91D magnesium alloy based CaP/chitosan system, according to the references
[23,24], Faraday current i; that represents the electrode reaction speed is a function of electrode
potential E, the concentration of reactive particles that influences the speed of electrode reaction on the
electrode surface Cj® and the state variable on the electrode surface X when other conditions are
unchanged, namely

i =f(E,X,C’) j=L--m (15)

Among, X is a state variable of electrode surface that affects the velocity of electrode reaction
and varies with the electrode potential, such as the thickness of the oxide film on the surface of
electrode, or the coverage degree of adsorption particles on the electrode surface. st is the surface

concentration of the reactive particles.
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Through the formula derivation[25,26], if two kinds of surface state influenced Faraday
admittance, the expression of Faraday admittance will be
VA . B, (16)

R, a,tjo a,+jo

Under B;<0 and a, — Rct|Bl| >0, the corresponding Nyquist plot of electrode reaction for B;<0

includes two capacitive reactance loops and one inductive reactance loop, as shown in Figure 3
(b)(c)(d)(e). According to the equation (16), Z; is related with resistance of charge transfer, a;, a,, By
and B,, therefore, the equivalent circuit in Figure 4(c) should be choosed. The Xi(a;, Bj) is relevant
with the coating thickness, X2(a2, By) associates with the coating’s coverage degree.

Therefore, Figure 3(a) is fitted with the equivalent circuit of Figure 4(a) (CDC code is
Ru(C4(RctQw))), and Figure 3(b)(c)(d)(e) is fitted with the equivalent circuit of Figure 4(c) (CDC code
is Ry(Cy(Ret(CsRs(RLL))))), the fitting results are shown in Figure 5 and Table 3, respectively.
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Figure 5. Fitting curves of Nyquist plots for MAO-AZ91D with the different thickness films immersed
in m-SBF for 15 days (a) 0.31 mm; (b) 0.40 mm; (c) 0.61 mm; (d) 0.87 mm; (e) 1.05 mm
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As can be seen from Figure 5 and Table 3, R gradually increased when the coating thickness
increased from 0.31 mm to 0.61 mm, which indicated that the electrochemical corrosion reaction more
difficultly occurred and the protection effect of the coating on metal substrate enhanced. Moreover, the
coating was not damaged in m-SBF when the coating thickness was from 0.40 mm and 0.61 mm, the
corrosion behavior of the specimen was controlled by electrochemical process and diffusion process of
the finite layer. At this time, R, increased with the increase of the coating thickness and the protection
effect of the coating on metal substrate greatly enhanced. However, the excess-thickness coating made
its binding force reduce instead, which could cause the protection of the coating on metal substrate to
be weak and the speed of electrochemical corrosion reaction to accelerate. So, R¢ and Rs decreased
when the coating thickness was 0.87 mm. The coating appeared to falling phenomenon and losed the
protection function when the coating thickness was 1.05 mm, Rs reduced and R increased, the
corrosion products on the surface of the magnesium alloy had a certain protective effect on metal
substrate at this time.

Table 3. Fitting results of Nyquists for MAO-AZ91D with the different thickness films immersed in
m-SBF for 15 days

Thickness/mm 0.31 0.40 0.61 0.87 1.05
Ret /Q cm” 130 137.1 173.9 96.01 190
Rs/ Q cm? 1803 4176 2301 2172

r 5.95x10™ | 8.91x10° | 2.26x10° | 6.40x10° | 6.15x10°

4. CONCLUSIONS

The formation mechanism of CaP/chitosan coating on AZ91D magnesium alloy substrate was:
nHA and chitosan can be got by the electrophoretic deposition, Ca(OH), and DCPD were obtained by
the chemical deposition. The degradation speed of AZ91D magnesium alloy in m-SBF were controlled
by the coating thickness, the CaP/chitosan coating of 0.40~0.61 mm thickness had a good protection
effect on magnesium alloy. The equivalent circuit of Nyquist of two capacitive reactance loops and
one inductance loop was proved to Ry(C4(Rct(CsRs(RLL)))) by analyzing the mathematical description
of Faraday impedance.
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