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Abstract: Phospahting coated WE43 magnesium alloy was prepared by an immersion method. The microstructure, corrosion
resistance and biocompatibility of the coated alloy were investigated. Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) were used to examine the microstructure and the composition of the coated alloy. The corrosion resistance was studied by
means of potentiodynamic polarization method and the biocompatibility of the surface modified WE43 alloy was evaluated by
(3-(4,5)-Dimethylthiazol-2, yl)-2,5-diphenyltetrazolium bromide (MTT) and hemolysis test. The results show that the phosphating
coating can enhance the corrosion resistance of WE43 alloy and can be a good candidate to increase the biocompatibility of WE43

alloy.
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1 Introduction

Magnesium alloys exhibit an attractive property due
to their outstanding biological performance and
biodegradability in physiological environment, which
makes them become a hot topic in biomedical materials
area, especially for implant applications, such as bone
[1-4] and intravascular stent [5—8].

However, the low corrosion
magnesium alloys in chloride containing solutions
including human body fluid and blood plasma has
limited their clinical applications. To improve the

resistance  of

corrosion resistance of magnesium alloys, various
surface modification techniques, such as alkaline
treatment [9], heat treatment [10], micro-arc oxidation
[11] and electrodeposition [12], have been studied
recently. Among the modification methods especially the
chemical treatment method, phosphating may be a
promising way for magnesium alloys to improve the

corrosion resistance, which remains rarely reported.
LIAN et al [13] found that the zinc phosphate coated
magnesium alloy exhibited a lower corrosion rate than
the untreated substrate, which suggests a higher
corrosion resistance of the phosphate coating. ZHANG et
al [14] studied the surface characterization of calcium
phosphate coated magnesium alloy and found that a
Ca—P coating could provide the magnesium alloy a
significant better surface biocompatibility in vitro. In
vivo studies also confirmed that the Ca—P coating
exhibited improved osteoconductivity and osteogenesis
in the early first four weeks of post-operation period. But
in these phosphating studies, a nitrite was used as the
accelerating agent which would accelerate the
phosphating reaction. However, nitrite is a carcinogen
which has been abandoned to use especially in the
biomedical application.

In this study, phosphating was used to modify the
WE43 magnesium alloy, and sodium m-nitrobenzene
sulfonate was wused as an accelerator agent of
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phosphatization to avoid the carcinogen. In addition,
previous study has shown that the phytic acid treated
magnesium alloy has a better corrosion resistance
compared with the untreated alloy [15], which was used
in the present phosphating solution. The chemical nature
of conversion coating was investigated by both Fourier
transform infrared spectroscopy (FTIR) and ESEM
equipped with the energy dispersive spectrum (EDS).
The corrosion resistance was examined by
potentiodynamic polarization method and immersion test
in the simulated body fluid (SBF) buffer. The
biocompatibility of the modified WE43 magnesium alloy
was evaluated by MTT and the hemolysis test,
respectively.

2 Experimental

2.1 Preparation of specimens

The WE43 magnesium alloy (91.35% Mg, 4.16% Y,
3.80% RE, 0.36% Zr, 0.20% Zn, 0.13% Mn in mass
fraction), provided by Changchun Zhong-Ke-Xi-Mei
Magnesium Alloy Co. Ltd.,, China, was cut into
specimens with dimensions of 8 mm in diameter and 1.5
mm in height. The specimens were polished successively
with 800#, 1200# and 2000# grit SiC papers, pretreated
with acetone and deionized water, dried with hot air, and
then immersed in the phosphating solution with
compositions of sodium dihydrogen phosphate
(NaH,POy, 20 g/L), phosphoric acid (H;PO4, 6.4 mL/L),
sodium metanitrobenzene sulphonate (C¢H4NNaOsS, 3
g/L), sodium nitrate (NaNOs, 1.84 g/L), sodium chloride
(NaCl, 1 g/L) and phytic acid (2 mL/L). All the reagents
were analytical pure (=99%). The conversion coatings
were proceeded by immerging the substrate in the
solutions with pH 4.5 adjusted by ammonia water, and
the temperature stayed at 40 °C. After immersion, the
specimens were thoroughly washed with deionized water
and dried overnight at 37 °C. The untreated specimen
was taken as a control.

2.2 Microstructural analysis

The microstructure of the specimens was
characterized using an environmental scanning electron
microscope (ESEM, AMRAY—-1910FE), equipped with
the energy dispersive spectrum (EDS). X-ray
diffractometer (XRD, Rigaku DMAX 2400) using a
Cu K, radiation was employed to characterize the
composition of the coating.

2.3 Immersion test

The immersion test was examined by hydrogen
evolution method according to LIU et al [16]. In short,
the specimens were put into the center of the beakers
filled with the SBF solution, and the hydrogen formed in

the corrosion process of WE43 alloy was collected in the
funnel which was vertically laid on the surface of the
specimen. The corrosion resistance of specimens could
be evaluated based on the rate of hydrogen evolution.

2.4 Electrochemical test

The electrochemical measurement was carried out
in the SBF solution and kept at (37+0.5) °C using a water
bath. The potentiodynamic polarization curves of the
surface coated magnesium alloy were obtained on a
three-electrode system. The working electrode was the
WE43 magnesium alloy sample with an exposed area of
1 cm’.

2.5 Biocompatibility evaluation

The biocompatibility of the magnesium alloy with
or without phosphating modified was evaluated by both
cytotoxicity and blood hemolysis experiments. L-929
cells were used to evaluate the cytotoxicity of the
experimental samples by the indirect assay. The extract
was prepared using Dulbecco’s Modified Eagle’s
Medium (DMEM) serum free medium with the surface
area of extraction medium ratio 1.5 mL/cm’ in a
humidified atmosphere with 5% CO, at 37 °C for 72 h.
The control groups involved the use of DMEM medium
as the negative control and 0.64% phenol DMEM
medium as the positive control. L-929 cells were
incubated in 96-well culture plates at a concentration of
1x10* mL™" for 24 h to allow the attachment and the
medium was then replaced with 100 pL extraction. After
1, 2 and 4 d culture, 10 pL MTT was added to each well
cultured for 4 h and 100 mL of the supernatant was
measured spectrophotometrically at 570 nm by EIx800
(BioTek instruments). The background with MTT results
of extracts was subtracted. In order to evaluate the blood
compatibility, samples were soaked in 10 mL normal
physiological saline in a tube and kept at 37 °C for 30
min. 8§ mL arterial blood of the volunteer was diluted
with 10 mL normal physiological saline that contained
0.5 mL potassium oxalate (20 g/L) decoagulant. After 0.2
mL diluted blood was added into the tube and kept at 37
°C for 60 min, the tube was centrifugated at 2500 r/min
for 5 min. At last, the optical density (D) was obtained
with a spectrophotometer (722, Shanghai Precision &
Scientific Instrument Co., Ltd, Shanghai, China) at the
wave length of 545 nm. The negative and positive groups
were 10 mL normal physiological saline with 0.2 mL
diluted blood and 10 mL distilled water with 0.2 mL
diluted blood, respectively. The hemolysis ratio (R) was
calculated according to the following equation:
R=[(DD,)/(Dy—D,)]x100%, where D; is the D value of
the tested sample, and D, and D, are the D values of
negative and positive groups, respectively.
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3 Results and discussion

3.1 Microstructures

Figure 1 shows the morphology and element
composition of the phosphate coating on WE43
magnesium alloy. It can be seen that the coating presents
bulk feature and there are few microcracks on the surface
of the coating. The chemical composition of the film was
analyzed by EDS. From the element compositions we
can see that the coating is mainly composed of Mg, F, P,
O and C eclements, and the presence of P shows that
phosphating coating has been successfully coated on the
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Mg alloy surface, and the F element can be detected too.
CUI et al [17], GAO et al [18] and LIANG et al [19]
found that magnesium alloy can be modified with phytic
acid to form a thin film to slow down the corrosion rate
of magnesium alloy, and the P element may suggest that
the phytic acid was coated on the WE43 Mg alloy
surface.

Figure 2 presents the XRD patterns of the
phosphating coating on WE43 magnesium alloy. The
surface of the blank alloy shows mainly peaks
corresponding to magnesium. After exposing to the
phosphating media, the intensity of the peaks
corresponding to magnesium is lower, indicating the
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Fig. 1 SEM image (a) and corresponding EDS (b) of phosphating coated WE43 alloy
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Fig. 2 XRD patterns of WE43 magnesium alloy with and without phosphating
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coating on the surface of the alloy, and there is no
significant difference between the blank magnesium
alloy and the coated magnesium alloy from the XRD
patterns. But at 23°-30°, there is an elevating peak
which corresponds to the Mg;(PO,), phase, compared
with the uncoated WE43 alloy.

When the WE43 magnesium alloy was immersed in
the phosphating solution, magnesium alloy would
dissolve in the solution by the following reaction:

Mg+2H =Mg” +H,1 (1)

At this pH condition, H,PO, should be the major
ions, so the Mg*" dissolving from the magnesium alloy
would precipitate on the surface of the alloy as follows:

3Mg**+2 H,PO,; —>Mg;(PO,),+4H" )

In the phosphating solution, the accelerator agent
nitrate can react with H' through the following reduction
reaction:

NOj +4H " +4e—>N,1+0,+2H,0 3)

So, reaction (3) would consume H™ quickly, the
local pH at the metal-solution interface could be
increased quickly, which would facilitate the
precipitation of insoluble phosphate [20,21].

In addition, as phytic acid has excellent chelate
ability like EDTA, the solution may contain the
following reaction:

iMg"+H,Phy27 =MgH,'2 27 Phy “)
Mg*"+2F —MgF, )
Mg *+F +PO;” —>MgFPO, ©)

where Phy represents phytic acid ions, i and j are the
different reaction contents [22]. But there is no
significant difference between the two XRD patterns,
though there exists Mg;(PO,),. This can be explained by
the fact that as the Mg,-Hf”fZi*j)ﬁ Phy complex was
chelatoffing the phytic acid and magnesium ions, the
complex might be an amorphous structure, which would
obscure the other crystal substance, e.g., Mg;(POy),,
MgF and MgFPO,. Therefore, F element can be found
from the EDS image (Fig. 1), but it is not obvious in the
XRD patterns.

3.2 Immersion test

Figure 3 shows the hydrogen evolution rate of the
uncoated WE43 magnesium alloy and the phosphating
coated WE43 alloy in the SBF solution for about 200 h.
The overall corrosion reaction of magnesium at its free
corrosion potential can be expressed as

Mg+2H,0=Mg”>+20H +H,? (7

1 mol hydrogen evolution would correspond to
1 mol WE43 magnesium alloy during the corrosion,
and this result can be a good indicator to evaluate the
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Fig. 3 Hydrogen evolution volume of phosphating coated
WEA43 alloy

corrosiveness of magnesium alloys.

The result shows that the coated WE43 magnesium
alloy has a slower hydrogen evolution rate while the rate
of the blank group is so fast within the beginning of 50 h.
Though the two groups have similar evolution rate in the
next 160 h, the total volume of the hydrogen evolution of
the blank WE43 alloy is more than that of the coated
alloy, which suggests a better corrosion resistance of the
coated magnesium alloy. This should be because the
phosphating coating could well prevent the corrosion
reaction, and the coated alloy keeps a stable hydrogen
evolution rate, while the uncoated alloy group has a fast
corrosion rate in the beginning.

3.3 Electrochemical test

Figure 4 presents the electrochemical polarization
curves of different samples immersed in SBF solutions at
37 °C. The average electrochemical parameters are also
shown in Table 1. The results show that the corrosion
potential changes from —1.42 V for the untreated sample
to —1.58 V for the coated sample, while the current
density changes from 1.583x10 ®to 1.125x10™* A/em?,

Blank WE43 Mg

lg[J/(A-cm™)]

Modified WE43 Mg

_() 1 1 1 1 1 1
-2.0 -1.8 -1.6 -14 -12 -1.0 -0.8 -0.6
Potential (vs SCE)/V

Fig. 4 Potentiodynamic polarization curves of WE43 alloy with
and without phosphating in SBF solution at 37 °C
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Table 1 Average electrochemical parameters of potentio-
dynamic polarization of WE43 alloy with and without
phosphating in SBF solution at 37 °C

Material lg[J/(A-cm™)]  Potential (vs SCE)/V
WE43 alloy 1.25x107* —-1.42
Coated WE43 alloy ~ 1.583x10°° -1.58

changed from 9.27% to approximate 3.57%, as shown in
Table 3, which shows that after the phosphating coating,
the blood compatibility of the WE43 magnesium alloy
can be improved significantly.

Table 2 L-929 cell viability in uncoated and coated WE43 alloy
extraction solutions after 1, 2 and 4 d of culture

respectively, which suggests that the phosphating coated
WE43 magnesium alloy has a better corrosion resistance
compared with the uncoated alloy.

3.4 Biocompatibility evaluation

Figure 5 illustrates the viabilities of L-929 cells
expressed as a percentage of the viability of cells
cultured in the negative control and the phosphating
coated WE43 alloy extraction medium solutions for
different periods (1, 2 and 4 d). It can be seen that the
coated group has a better cell viability than the control.
At the three time points, the viabilities of the three coated
samples are all above 80% while the uncoated WE43
alloy is about 30%, as shown in Table 2. It may be
because of the good biocompatibility of phytic acid and
fluorine as fluorine is a normal element in the body. KIM
et al [23] and HAUGEN et al [24] proved that the cell
viability can be promoted by fluorine addition. In
addition, phytic acid is widely present in nature (plants,
animals and soils), mainly as the calcium, magnesium
and potassium mixed salts (also called phytines), and it
has important biological activities and wide applications.
Since the last century, it has been the subject of
investigation for many scientists in different fields, such
as enhanced immunity [25] and anticancer [26,27].
Therefore, the present results indicate that this surface
modification method can promote the cell viability of
magnesium alloys.

For the hemolysis test, compared with the control
group, the hemolysis rate of the coated WE43 alloy

1 Control
100 3 Coating +
sof [T
60

401

Cell viability/%

1 2 4
Culture time/d

Fig. 5 L-929 cell viability in control and phosphating coated
WE43 alloy extraction solutions after 1, 2 and 4 d of culture

Viability/%
Alloy
1d 2d 4d
WE43 alloy 25.08 34.67 34.80
Coated WE43 alloy 83.22 86.63 96.21

Table 3 Hemolysis rate of WE43 alloy with and without
phosphating coating

Alloy Hemolysis rate/%
WEA43 alloy 9.27
Coated WE43 alloy 3.57

4 Conclusions

1) The results show that the phosphating solution
without any poisonous composition to the body can
improve the corrosion resistance of WE43 alloy in the
SBF, compared with the untreated alloy.

2) For cell viability study, the viability of the
surface modified alloy is above 80% while that of the
control groups is about 30%, which illustrates that the
phosphating coated WE43 alloy can meet the basic
requirement for biomaterials, meanwhile, the blood
compatibility results also show that the hemolysis rate of
the phosphating coated alloy is decreased down to 3.57%,
which also means that the coated alloy can meet the
requirement for biomaterials.

3) Phosphating treatment should be a promising
technique to improve both corrosion resistance and
biocompatibility of the biodegradable WE43 magnesium
alloy.
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