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Preparation of Phytic Acid/Silane Hybrid Coating
on Magnesium Alloy and Its Corrosion Resistance
in Simulated Body Fluid
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In order to decrease the corrosion rate and improve the bioactivity of magnesium alloy, phytic acid/saline
hybrid coatings were synthesized on AZ31 magnesium alloys by sol-gel dip-coating method. It was found
that the mole ratio of phytic acid to y-APS had a great influence on coating morphology and the corre-
sponding corrosion resistance of the coated magnesium alloys. When the mole ratio of phytic acid to y-APS
was 1:1, the obtained hybrid coating was integral and without cracks, which was ascribed to the strong
chelate capability of phytic acid and Si-O-Si network derived from silane. Electrochemical test result
indicated that the corrosion resistance of the coated magnesium alloy was about 27 times larger than that of
the naked counterpart. In parallel, immersion test showed that the phytic acid/silane hybrid coating could
induce CaP-mineralized product deposition, which offered another protection for magnesium alloy.

Keywords corrosion resistance, hybrid coating, magnesium alloy,
phytic acid, silane

1. Introduction

Biomedical implants used to repair or replace injured bone
tissues should possess some properties, such as controlled
degradation and favorable biochemical reactions (Ref 1, 2).
Traditional implant materials, such as titanium and its alloys,
have some drawbacks, such as poor bioactivity and mechanical
property mismatching with the natural bones, which lead to
long-term complications and need secondary surgery (Ref 3).
The ideal implant materials should be bioactive to induce new
bone formation, similar to natural bone mechanics, and have
controlled degradation performance (Ref 4). In recent years,
magnesium and magnesium alloys as promising degradable
implants have gained increasing concern by virtue of many
advantages: Magnesium is one of the most important elements
for human metabolism, which could be absorbed after the
implant degradation; their mechanical properties are similar to
that of the compact bones, which could reduce the stress-
shielding effect (Ref 5). However, the corrosion of magnesium
in the physiological environment is very fast, resulting in the
deterioration of mechanical property, especially for load-
bearing implants (Ref 6). In addition, due to the rapid
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corrosion, local environment alkalization and rapid hydrogen
releasing would bring about adverse effect to tissue healing. In
general, the methods applied to improve the corrosion resis-
tance of magnesium and magnesium alloys mainly can be
divided into two categories: magnesium alloy processing (e.g.,
alloying or plastic deformation) and surface modification (e.g.,
preparation of protective coatings) (Ref 7-16). Among the two
categories, surface modification is preferred. Through preparing
protective coatings on magnesium and magnesium alloys, the
substrates would be separated from the corrosive medium; thus,
the corrosion rate could be controlled (Ref 16-18). Generally
protective coatings on magnesium and magnesium alloys can
be divided into conversion coatings and deposited coatings (Ref
19). Compared with deposited coatings, conversion coatings
are in situ grown coatings which are formed by specific
reactions between the substrates and environment. So conver-
sion coatings seldom peel off from the substrates (Ref 20).
However, most conversion coatings contain cracks, which are
detrimental to the protective effect. One of the widely used
conversion coatings (chromate conversion coating) could
improve the corrosion resistance of magnesium and magnesium
alloys, but hexavalent chromium ion has side effects to human
body and environment (Ref 21, 22); thus, seeking a new kind of
environmentally friendly and non-toxic conversion coating is
highly desired.

Phytic acid is a kind of natural macromolecule, which is
non-toxic and exists in most plant seeds. The hydrolysis
products of phytic acid are inositol and phosphate, which are
also harmless to environment and human body (Ref 13). Phytic
acid contains 24 oxygen atoms, 12 hydroxyl and 6 phosphate
groups, exhibiting a strong chelation with a variety of metal
ions, so as to form phytic acid conversion coating on metallic
implant surface for corrosion protection (Ref 13, 22-24). In
recent years, phytic acid conversion coatings have caused wide
concern. Cui et al. (Ref 25-27) found that magnesium alloy and
phytic acid with a certain concentration could react and
generate a magnesium phytic acid layer, which improved the
corrosion resistance and biological property of magnesium

Journal of Materials Engineering and Performance


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-017-2897-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-017-2897-y&amp;domain=pdf

alloy. However, phytic acid conversion coatings also have some
drawbacks. The coatings are very thin and easy to crack due to
the use of aqueous precursors; thus, the protective effect is not
satisfactory during the process of in vitro immersion test (Ref
22, 28, 29).

Silane coupling agent is a kind of organic silicon compound with
special structure. The general formula of silanes could be expressed
as X3Si(CHy),Y (Ref 30). In the formula, Y is organofunctional
groups, such as vinyl, amino, glycidyl and hydroxyl, which could
react with polymers; X stands for a hydrolysable alkoxy group. It is
generally accepted that the hydrolysis of alkoxy groups in silane
solution generates silanol groups (Si-OH), which could react with
hydroxides and form strong Si-O-Me bonds, when these silanol
groups contact with hydroxyl-covered metal surface. The interfacial
Si-O-Me bonds and condensed Si-O-Si bonds in silane coating
matrix construct a highly cross-linked three-dimensional network,
which endows silane as an effective protection coating for metallic
implants (Ref 30-33).

Generally speaking, single polymer coating is unsatisfactory
for the corrosion protection of magnesium and magnesium
alloys. In order to improve the corrosion resistance and
bioactivity, a kind of hybrid coating structure consisting of
silane and phytic acid was designed on magnesium alloy.
Silanol could improve the integrity of the hybrid coating via
forming Si-O-Me, Si-O-Si and Si-O-P bonds (Ref 23, 30-33).
In parallel, phytic acid could enhance the bioactivity (Ref 13).

2. Materials and Methods

2.1 Substrate Pretreatment

Magnesium alloys used in this work were cut from
commercial AZ31 magnesium alloy plates (Al 3%, Zn 1%,
Mn 0.2%, Fe < 0.005% and balanced Mg, all in wt.%). First,
the substrates with approximate size of 10 mm x 10 mm x 2
mm were polished with SiC papers to 2000 grit. Then, the
substrates were ultrasonically cleaned in distilled water, ethanol
and acetone for 15 min, respectively. Next, the substrates were
immersed in 3 M NaOH solution at 80 °C for 1 h. Finally, the
substrates were rinsed with deionized water and dried in hot air.

2.2 Coating Preparation

First, phytic acid and y-APS (mole ratios were 1:1, 1:2 and
2:1, respectively) were added into 40 ml mixed solution with
water/ethanol volume ratio of 3:2 under continuous magnetic
stirring at 20 °C for 30 min to obtain homogeneous sols;
meanwhile, the pH value of the sols was adjusted to 8.0 using
NaOH solution. Then, the sols were heated up to 35 °C for
1.5 h. Next, alkaline-treated substrates were immersed into
different sols and aged for 24 h, dried at 30 °C for 24 h and
heat-treated at 100 °C for 1 h.

2.3 Coating Characterization

The surface morphology before and after immersion in
simulated body fluid (SBF) and the chemical composition of
phytic acid/silane hybrid coatings were characterized using
field emission scanning electron microscope (FE-SEM, JOEL
6700F, Japan) equipped with energy dispersive spectroscopy
(EDS, 7401 Oxford). The chemical structure of phytic acid/
silane hybrid coatings were measured using Fourier transform
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infrared spectroscopy (FTIR, Nicolet 6700, USA) in the
spectral range 400-4000 cm .

2.4 Electrochemical Test

A classical three-electrode cell with platinum electrode as
counter electrode, saturated calomel electrode as reference
electrode and the naked and coated magnesium alloys with an
exposed area of 100 mm? as working electrode were used to
evaluate the corrosion protection of phytic acid/silane hybrid
coatings for magnesium alloys. Electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization were
measured in SBF at 37 °C (CHI600C, China). Ion concentra-
tions of the SBF are 5.0 mM K", 142.0 mM Na’, 2.5 mM
Ca®’, 1.5mM Mg®", 42mM HCO;*", 1478 mM CI,
0.5 mM SO,*>~ and 1.0 mM HPO,>". Tris—HCI was used as
a buffer solution to maintain a constant pH value of 7.40.
Before conducting the electrochemical test, the samples were
immersed into SBF for 10 min to attain a stable open-circuit
potential. The EIS test was performed at scan frequency
ranging from 100 kHz to 0.01 Hz with the amplitude of 10 mV.
The polarization test was conducted at scan rate of 1.0 mV/s.
Three parallel samples were measured to ensure repeatability.

2.5 In Vitro Immersion Test

To investigate the long-term corrosion protection and
bioactivity of phytic acid/silane hybrid coatings, in vitro
immersion test was carried out in SBF at 37 °C (pH 7.40).
The SBF was refreshed every 2 days during the immersion
period up to 9 days. The volume of SBF was calculated as
volume to sample area of 20 mL/cm? according to ASTM
G31-72 (Ref 34). After immersion test, the samples were
removed from the SBF, washed gently with distilled water and
dried in air at room temperature. Simultaneously, pH value of
the SBF was determined by a pH meter (PB-10, China). To
measure the mass loss of magnesium alloy, the corrosion
products and mineralization products on the coated and naked
magnesium alloys were removed by chromic acid solution
(K,Cr,O; and H,SO,). The mass loss was calculated as
follows:

Mass loss = (mg —my)/S (Eq 1)

where mg is the mass of sample before immersion, m; is the
mass of sample after immersion, S is the surface area of mag-
nesium alloy. Three parallel measurements were conducted
for each sample, and the average and deviation were calcu-
lated.

3. Results and Discussion

3.1 Surface Morphology and Chemical Gomposition of
Phytic Acid/Silane Hybrid Coatings

The integrity of protective coatings is key factor influencing
the corrosion protection performance. As illustrated in Fig. 1(a)
and (b), when the mole ratio of phytic acid to y-APS was 1:1,
integral and crack-free phytic acid/silane hybrid coating was
prepared on magnesium alloy. When the mole ratio of phytic
acid to y-APS was 1:2, the hybrid coating surface displayed
white deposits and pores under low-magnification image
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(Fig. 1d and e). When the mole ratio of phytic acid to y-APS
was 2:1, the hybrid coating cracked (Fig. 1g and h). It was
noting that the morphology of the hybrid coatings with mole
ratios of phytic acid to y-APS of 1:1 and 1:2 showed no
obvious difference under high-magnification images (Fig. 1b
and e). But when the mole ratio of phytic acid to y-APS was
2:1, the hybrid coating surface showed some micro-cracks,
which might be formed by the dehydration in the SEM vacuum
chamber (Fig. 1h). As shown in the EDS spectrum in Fig. 1(c),
the P/Si mole ratio was around 6, which was due to that a
phytic acid molecule contains 6 phosphate groups, and silane is
a single organoalkoxysilane, indicating the full reaction of
phytic acid and silane. However, the P/Si mole ratios were
different when the mole ratios of phytic acid to y-APS were 1:2
and 2:1. A few deposits and cracks presented on the hybrid
coating surface (Fig. 1d and g), meaning incomplete reaction
between phytic acid and silane; thus, the P/Si mole ratios were
below 6 (Fig. 1f and i). Furthermore, all EDS spectra in Fig. 1
exhibited relatively high intensity of magnesium peak com-
pared with that of P and Si, which might be attributed to the
low thickness of the hybrid coatings.

3.2 Electrochemical Properly of the Coated and Naked
Magnesium Alloys

To evaluate the protective effect of phytic acid/silane hybrid
coatings, electrochemical test including potentiodynamic polar-
ization and electrochemical impedance was carried out. Fig-
ure 2 shows the potentiodynamic polarization curves of the

coated and naked magnesium alloys. Corrosion potential (Ecq,)
and corrosion current density (i.or) e€xtracted from the curves
using Tafel extrapolation method (Ref 9) are listed in Table 1.
Compared with the naked magnesium alloy, the increase in
E.or and decrease in i, of the coated magnesium alloys
demonstrated that phytic acid/silane hybrid coatings could
provide effective protection for magnesium alloys in SBF. It
could be seen that, with the mole ratio of phytic acid to y-APS
changing, E.,, did not changed obviously; however, i,
changed significantly. i.., of the coated magnesium alloys with
mole ratio of phytic acid to y-APS of 1:1 was 3.57 pA/em?,
smaller than that with mole ratio of phytic acid to y-APS of 1:2
(4.44 pA/em?) and 2:1 (3.95 pA/em?), indicating that the
coated magnesium alloy with mole ratio of phytic acid to y-
APS of 1:1 showed the best corrosion resistance. E,,, of the
coated magnesium alloy with mole ratio of phytic acid to y-
APS of 1:1 was —1.61V, larger than that of the naked
magnesium alloy (—1.70 V).

In general, the diameter of capacitive loop in Nyquist plots
represents the polarization resistance of the working electrode
(Ref 35, 36). In this work, the polarization resistance of the
naked and coated magnesium alloys with mole ratios of phytic
acid to y-APS of 1:1, 1:2 and 2:1 was 507, 13,835, 9205 and
9650 Q cm?, respectively (Fig. 3). The increase in impedance
indicated that the coated magnesium alloys showed better
corrosion resistance compared with the naked counterpart. The
coated magnesium alloy with mole ratio of phytic acid to
v-APS of 1:1 showed the best corrosion resistance, and the
corresponding impedance was about 27 times larger than that of

Element wt% At%
CK 20.12 29.40
NK 06.24 07.82
OK 28.53 31.29
NakK 14.29 10.91
Mgk 19.57 14.13
SiK 01.49 00.93
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Fig. 1 FE-SEM images of the surface morphologies of phytic acid/silane hybrid coatings with different mole ratios: (a—b) mole ratio of 1:1,
(d—e) mole ratio of 1:2, (g—h) mole ratio of 2:1. (c) EDS spectrum of area A in (a), (f) EDS spectrum of area B in (d) and (i) EDS spectrum of

area C in (g)
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Fig. 2 Potentiodynamic polarization curves of the coated and
naked magnesium alloys

Table 1 Corrosion potentials and corrosion current den-
sities of the coated and naked magnesium alloys

Samples E.ore (VISCE) icorr (MA/cm?)
1:1 —1.61 3.57
1:2 —1.62 4.44
2:1 —1.60 3.95
Naked —1.70 4941
——1:1 @ e o naked
140 \'
6000 - —.— 2: l 120 ./ \
100
—a— 1 2 H 80 / X
zol § :
~ 40004~ naked/r__.__~ off —
g .))- '\.\ 0 ",
J ,‘/ . 100 200 300 400 500
S - \ 7, @en)
F 20004 J -h'ﬁ .Illlll
0 ]

0 2000 4000 6000 8000 10000120001400016000
2
Z,.(Qcm’)

Fig. 3 Nyquist plots of the naked and coated magnesium alloys
with different mole ratios of phytic acid to y-APS. The inset showed
the Nyquist plot of the naked magnesium alloy

the naked magnesium alloy. The result was consistent with the
potentiodynamic polarization results (Fig. 2; Table 1). The
Nyquist plots of all samples could be divided into two well-
defined loops at both high- and medium-frequency regions. The
high-frequency capacitive loop was related to the charge
transfer reaction in the electric double layer, and the medium-
frequency capacitive loop was attributed to the mass transfer in
corrosion product layer (Ref 4, 22, 35, 36).

The coated magnesium alloy with mole ratio of phytic acid
to y-APS of 1:1 exhibited the best corrosion resistance among
the three samples, which was attributed to the integral coating
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Fig. 4 FTIR spectrum of phytic acid/silane hybrid coating with
mole ratio of 1:1

structure, so as to effectively retard the permeation of SBF into
the coating to contact magnesium alloy. It was expected that the
hybrid coating was able to reduce the corrosion rate of
magnesium alloy, which was important for maintaining the
mechanical strength of magnesium alloy implant in the initial
healing process.

3.3 Chemical Structure of Phytic Acid/Silane Hybrid Goating

The hybrid coating with phytic acid to y-APS of 1:1 was
integral and the corrosion resistance was the largest among the
three samples, so it was selected to conduct FTIR measurement
to detect the coating structure and chemical groups. There were
four characteristic vibration bands: hydroxyl (OH™) at 3400
and 3000 cm™!, phosphate radical (PO43’) at 539 em™!,
phosphate hydrogen radical (HPO,*") at 1656 cm ' and
phytate bands at 1500 and 950 cm™" (Fig. 4). All the bands
were corresponding to the chelate compounds between mag-
nesium alloy and phytic acid (Ref 23, 27, 29, 36). The above
result was in line with our previous and others’ works (Ref 24,
37). In addition, two new bands existed at 1520 and
1200 cm ™', which were assigned to N-H and Si-O-Si groups
(Ref 30, 38), suggesting that silane formed a network structure
during the coating preparation. The presence of N-H was in
accordance with other reports, in which a new band around
1570 cm ™" was assigned to protonated amino groups (Ref 30,
39). Our previous work (Ref 23) indicated that Si-OH produced
by silane hydrolysis could react with P-OH in phytic acid.
However, in the present work, the relatively weak Si-O-P band
might be covered by the strong Si-O-Si band.

3.4 In Vitro Degradation and Mineralization of the Goated
Magnesium Alloy

The coated magnesium alloy with mole ratio of phytic acid
to y-APS of 1:1 exhibited the best corrosion resistance, so it
was selected to conduct in vitro immersion test. Figure 5
reveals the surface morphology and chemical composition of
the hybrid coating after immersion for different days. After
immersion for 2 days, the hybrid coating was partly dissolved
and cracks were formed on the coating surface (Fig. 5a).
Meanwhile, the dissolved area provided nucleation sites for
mineralized precipitates. In the enlarged view, some spherical
mineralized precipitates deposited in the cracked area (Fig. 5b)
and the Ca/P mole ratio was 0.84 (Fig. 5c). After immersion for
6 days, the hybrid coating was further dissolved and the cracks
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on the coating surface became obvious and the crack width
increased (Fig. 5d). In the enlarged view, spherical mineralized
precipitates grew larger and aggregated (Fig. Se). Meanwhile,
the Ca/P mole ratio increased to 0.94 (Fig. 5f). After immersion
for 9 days, there was no further increasing for the crack width
(Fig. 5g). In the enlarged view, some plate-like mineralized
precipitates were formed (Fig. 5h) and the Ca/P mole ratio was
further increased to 0.96 (Fig. 5i). The plate-like precipitates
and spherical precipitates together constructed CaP-mineralized
layer, which was expected to provide another protection for
magnesium alloy.

In vitro immersion test provided long-term corrosion
protection information of the hybrid coatings. The mass loss
of the coated and naked magnesium alloys as well as the pH
variation of the SBF was examined, and the results are
illustrated in Fig. 6 and 7, respectively. After immersion for
2 days, the mass loss of the naked and coated magnesium
alloys was 8.13 and 4.85 mg/cm?, respectively. In parallel, the
SBF with the coated magnesium alloy showed a lower pH
value of 7.78 compared with that with the naked counterpart of
8.52. After immersion for 6 days, the mass loss of the coated
magnesium alloy showed a slight increase to 7.74 mg/cm?,
while the naked counterpart displayed a sharp increase to
52.32 mg/cm®. The pH value of the SBF with the naked
magnesium alloy reached to 9.80, while the pH value of the

SBF with the coated magnesium alloy maintained almost
stable and reached to 7.86. After immersion for 9 days, the
mass loss of the naked magnesium alloy rose to 95.35 mg/cm?,
while the coated magnesium alloy showed lower mass loss of
11.96 mg/cm?® and the pH value was about 8.02, indicating that
the hybrid coating could effectively improve the corrosion
resistance of magnesium alloy in SBF.

To quantify the corrosion resistance of the coated magne-
sium alloy after immersion in SBF for different periods,
potentiodynamic polarization test was performed on the
immersed samples and the results are shown in Fig. 8 and
Table 2. E.,; of the coated magnesium alloy after immersion
for different periods was higher than that of the naked
magnesium alloy (—1.70 V). Analogously, i.., of the coated
magnesium alloy after immersion for different periods was
lower than that of the naked magnesium alloy (49.41 pA/cm?).

For further understanding the corrosion resistance of the
coated magnesium alloy during immersion test, EIS analysis was
conducted. The fitting circuit for the Nyquist plots of the coated
magnesium alloy after immersion for different periods is
illustrated in Fig. 9. The equivalent circuit was comprised of
resistance of electrolyte (Ry), charge transfer resistance (R)),
corrosion product layer resistance (R.o) and corrosion product
layer capacitance (CPE). After immersion from 2 to 9 days, as
shown in Table 3, R, of the coated magnesium alloy changed from

2.2 (C) Mgka Element | Wt%
CK 23.84 35.00
™ NK 06.40 08.06
OK 26.91 29.65
NaK 02.04 01.57
¥ 13 4 MgK 23.07 16.73
ke SiK 00.74 00.47
s PK 08.14 04.63
CaK 08.85 03.89
Matrix Correction | ZAF

lo.a CaKa
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0
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NK 08.12 09.81

OK 34.46 36.46
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CaK 11.74 04.96

Matrix Correction | ZAF
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2.3 - (i) MgKa Element wt% At%
K 17.82 27.97
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"1 oK 21.91 25.81
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Fig. 5 FE-SEM images of the surface morphologies of phytic acid/silane hybrid coatings after immersion in SBF for different periods: (a—b)
2 days, (d—e) 6 days and (g—h) 9 days. (c) EDS spectrum of area A in (b), (f) EDS spectrum of area B in (e) and (i) EDS spectrum of area C in

(b)
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Fig. 8 Potentiodynamic polarization curves of the coated and
naked magnesium alloys after immersion for different periods

1426.04 to 575.24 Q cm? and finally declined to 493.23 Q cm?>,
which were higher than that of the naked magnesium alloy
(119.36 Q cm?), proving the effective protection of the hybrid
coating to magnesium alloy. The gradual decrease in R; was due
to coating dissolution. Meanwhile, R, of the coated magnesium

Journal of Materials Engineering and Performance

Table 2 Corrosion potentials and corrosion current den-
sities of the coated and naked magnesium alloys after
immersion in SBF for different periods

Samples Ecore (VISCE) icorr (MA/cm?)
2 days —1.52 7.60
6 days —1.55 20.73
9 days —1.55 16.74
Naked —1.70 49.41
Rs Rcorr Rt
AN —
CPE2
>_
CPE1
\
4

Fig. 9 Equivalent circuit for the Nyquist plots

alloy first decreased and then increased, which was due to the
formation of CaP-mineralized precipitates.

Therefore, the mass loss of the coated and naked
magnesium alloys, pH variation of the SBF, potentiodynamic
polarization and EIS test results together demonstrated that
phytic acid/silane hybrid coating and the formed CaP-miner-
alized precipitates after immersion in SBF could offer effective
protection for magnesium alloy.

Phytic acid has strong chelate capability, which could form
stable chelate compounds and chemical bonding with magne-
sium alloy (Ref 23, 36, 40). In addition, silane generated Si-OH
through hydrolysis, which could chemically bond with mag-
nesium alloy, in parallel, could condense to form Si-O-Si 3D
network (Ref 30). Generally speaking, the existence of the
above structures could result in integral hybrid coating.
However, the volume of both phytic acid and silane were
relatively large and the space steric effect was significant. So in
the coating preparation, the different mole ratios of the two
reactants would produce different coating structure containing
magnesium phytic acid and Si-O-Si 3D network. When phytic
acid content in the precursor sol was excessive, magnesium
phytic acid was more than the Si-O-Si network in the hybrid
coating. So the hybrid coating structure was similar to pure
magnesium phytic acid coating, and the surface of the hybrid
coating had a large number of cracks (Fig. 1g). While silane
was overdosed, the corresponding content of Si-O-Si network
was larger than that of magnesium phytic acid, which could
produce many white particles on the hybrid coating (Fig. 1b).
Only the precursor sol with appropriate mole ratio of phytic
acid to y-APS was used; smooth, integral and crack-free hybrid
coating was obtained (Fig. 1a).

Protective coating as a physical barrier separating magne-
sium alloy from corrosion solution improved the corrosion
resistance (Ref 41). Integral and crack-free protective coating
would enhance this protective effect. Based on the electro-
chemical test result, the hybrid coating with mole ratio of
phytic acid to y-APS of 1:1 had the best corrosion resistance
(maximum impedance and minimum i), and this hybrid
coating was chosen to execute the in vitro immersion test. After
immersion for 2 days, the hybrid coating was partly dissolved
and cracked, which might be caused from the hydrolyzation of
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Table 3 Data of fitting results of equivalent circuit for the Nyquist plots

Samples R, Q cm®> R Q em®> R, Q cm® CPE2-T, S s"cm®>  CPE2-P, S s"/cm®>  CPEL-T, S s"ecm®  CPE1-P, S s"/cm’
2 days 32.78 3000.03 1426.04 3.21E—-4 0.77 4.39E-6 0.82
6 days 36.65 984.35 575.24 5.02E—4 0.79 5.98E—6 0.85
9 days 30.63 1290.31 493.23 3.48E—4 0.91 4.99E—6 0.78
Naked 12.23 363.92 119.36 4.45E—-2 0.68 1.04E—5 0.89

Coating without cracks, sphere deposition, larger deposition, deposition stacking

Oday 2day

6day 9day

Immersion days

N AZ31 magnesium alloy
® CaP sphere deposition

«» Plate-like deposition

I phytic acid/silane coating

@® larger CaP sphere deposition

Fig. 10 Schematic illustration of the corrosion process of phytic acid/silane hybrid coating on magnesium alloy in SBF

Si-O-Si and Si-O-P bonds in the hybrid coating (Ref 42).
Moreover, the coating cracks might be caused from the tensile
stress and thermal stress produced during the heat treatment
(Ref 43, 44). Magnesium phytic acid as a relatively
stable chelate compound was beneficial for human physiology
and would be taken into the physiological environment through
partly hydrolysis of the hybrid coating. It was found from the
macroscopic image that, the hybrid coatings did not peel off,
which might be caused by the strong bonding between the
coating and substrate (Ref 45). Even though the hybrid coating
was partly dissolved and cracked, phosphorus hydroxyl
produced by hydrolysis provided active sites for calcium
phosphate-mineralized precipitates deposition (Ref 46). For
SBF was supersaturated with respect to apatite (Ref 47), some
spherical mineralized precipitates deposited in the region of the
dissolved area, meaning that the hybrid coating had good
bioactivity (Ref 47). The hybrid coating contained much
phosphorus hydroxyl and magnesium phytic acid, so the Ca/P
ratio was lower than the stoichiometric ratio of hydroxyapatite.
After dissolution of the hybrid coating, the SBF was abounded
with phosphate groups. After 6-day immersion, spherical CaP-
mineralized precipitates grew up and became a loose accumu-
lation. After immersion for 9 days, plate-like CaP-mineralized
precipitates accumulated on the former sphere CaP precipitates
and the Ca/P ratio of 1 was lower than 1.67, which was due to
that magnesium ion inhibited the crystallization of CaP (Ref
48-51). The increase of phosphate groups in SBF also played a
role in forming calcium-deficient phosphate compounds.
During the process of immersion test, the mass loss of the
coated magnesium alloy kept slowly rising. After 9-day
immersion, the mass loss of the coated magnesium alloy was
the same with that of the naked magnesium alloy after 1-day
immersion.
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To sum up, the corrosion process of phytic acid/silane
hybrid coating on magnesium alloy in SBF is depicted in
Fig. 10. First, the initial integral hybrid coating was dissolved
and some cracks were formed on the coating surface; mean-
while, sphere CaP-mineralized precipitates were formed on the
dissolved area. Then, the sphere CaP-mineralized precipitates
grew larger and the coating continued dissolving, but without
peeling off. Finally, the hybrid coating was dissolved deeply to
the magnesium alloy; thus, corrosion occurred and plate-like
CaP-mineralized precipitates were formed and stacked on the
larger sphere CaP-mineralized precipitates, which offered
another protection for the magnesium alloy.

4. Conclusion

In this work, phytic acid/silane hybrid coatings were
prepared on magnesium alloys through sol-gel dip-coating
method to improve the corrosion resistance and bioactivity. The
mole ratio of silane to phytic acid played a significant role on
the coating morphology and corrosion resistance of samples.
When the mole ratio of phytic acid to y-APS was 1:1, the
hybrid coating was integral and crack-free. The corrosion
resistance of the coated magnesium alloy improved approxi-
mately 27 times larger than that of the naked counterpart in
SBF. Immersion test showed that, with the increasing of
immersion time in SBF, due to the chemical bonds in the hybrid
coating hydrolysis, the hybrid coating was progressively
dissolved but without peeling off. Moreover, the dissolved
area induced CaP-mineralized layer deposition and growth,
which could provide further corrosion protection for magne-
sium alloy. The above results revealed that phytic acid/silane
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hybrid coating is a promising protective coating on magnesium
and magnesium alloys for orthopedic application.
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