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Mg/HA (10 wt.%, 20 wt.% and 30 wt.%) composites were prepared by pure magnesium and hydroxyapatite
(HA) powders using powder metallurgy (PM) method. The microstructure, mechanical property, corrosion
and cytotoxicity of these Mg/HA composites were studied, with the bulk pure magnesium as control. The
results showed that the main constitutional phases of Mg/HA composites were simply α-Mg and HA. The HA
particulates distributed uniformly in Mg matrix for Mg/10HA composite, and few HA clustering occasionally
spread over the Mg/20HA composite, whereas severe agglomeration of HA particulates could be seen for Mg/
30HA composite. The yield tensile strength of Mg/10HA composite increased compared with that of the as-
extruded bulk pure magnesium, yet the yield tensile strength, ultimate tensile strength and ductility of Mg/
HA composites decreased with the further increase of HA content. The corrosion rate of Mg/HA composites
increased with the increment of HA content. The cytotoxicity tests indicated that Mg/10HA extract showed
no toxicity to L-929 cells, whereas Mg/20HA and Mg/30HA composite extracts induced significantly reduced
cell viability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Biocomposite materials can be designed to obtain a wide range of
mechanical and biological properties [1]. In addition, the interaction
of biocomposite with the surrounding tissues can be optimized by
varying the constituents, the type and distribution of the reinforcing
phase. On the one hand, magnesium alloys have gained increasing
attention for biomedical applications due to the combination of good
mechanical properties, biocompatibilities and the biodegradabilities
or bio-corrosion properties [2–5]. On the other hand, hydroxyapatite
(Ca10(PO4)6(OH)2, HA), having similar chemical and crystallographic
structures to bone, is attractive with its bioactivity which can form a
chemical bond with osseous tissue [6–8]. Therefore, HA is believed to
be a promising choice as the second phase for the fabrication of Mg
alloys/HA composites, to combine the advantages of both Mg alloys
and HA.Witte et al. [9] prepared the AZ91D/HA(20 wt.%)metal matrix
composite by powder metallurgy (PM) method and found it was a
cytocompatible biomaterial with improved corrosion resistance
compared with that of bulk AZ91D alloy. For the AZ91 alloy, one
biocompatibility concern is that alloying element Al is a neurotoxicant

and close associationwith various neurological disorders as dementia,
senile dementia and Alzheimer disease [10], it might not be an
appropriate material as the matrix of the biocomposites.

The present authors had successfully fabricated Ti6Al4V particle
reinforced ZK51 alloy [11] and MB15 [12] alloy composites using PM
route, with the uniform distribution of Ti6Al4V particles in magnesium
alloymatrix. Yet the ZK51/Ti6Al4V andMB15/Ti6Al4V compositeswere
not designed for biomedical purpose, and also not suitable as
biodegradable materials since the Ti6Al4V is an undegradable bioma-
terial in body fluid. In the present study, we selected pure Mg as the
matrix materials and HA as the second phase to fabricate the Mg/HA
biocomposite with different amount of HA content using the PM route.
Themicrostructure,mechanical properties, corrosion properties and the
cytotoxicities of Mg/HA composites were characterized to evaluate the
feasibility of the resulting composite as potential biomaterials and
optimize the best composition range of Mg/HA biocomposite.

2. Experimental

2.1. Preparation of Mg/HA composites

Pure magnesium (99.9%, particle size b150 μm) and hydroxyap-
atite (particle size: 2–3 μm) particles were used as starting materials.
The powder mixture (HA powders, 10 wt.%, 20 wt.% and 30 wt.%,
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respectively with the balance of Mg powders) were dried in a vacuum
dry oven at 200 °C for 12 h and were mixed by ball milling with agate
balls in a polyethylene bottle for 1 h. Then the powder mixture was
cold pressed into cylindrical compact at 400 MPa pressure level. The
compact was hot pressed at 330 °C with 350 MPa for 20 min, and then
hot extruded into rod (10 mm in diameter) employing an extrusion
ratio of 9. For comparison, an as-cast pure Mg (99.95%) was extruded
in the same route.

2.2. Microstructure and tensile tests

Microstructures were characterized using environmental scanning
electron microscopy (ESEM, Quanta 200FEG). X-ray phase analysis was
conductedonaRigakuDMAX2400diffractometerusingCuKα radiation.
The tensile samples of Mg/HA composites were machined according to
ASTM-E8-04. The tensile tests were carried out at a displacement rate of
1 mm/min by an Instron3365 materials testing machine. Three parallel
specimens were taken for each group in the tensile test.

2.3. Electrochemical tests

The experimental samples (10 mm in diameter, 2 mm in thick-
ness) were mechanically polished up to 2000 grit, then ultrasonically

cleaned in acetone, absolute ethanol and distilled water. The
electrochemical tests were carried out at (37±0.5)°C in SBF [13]
using a corrosion measurement system (CHI660C). A three-electrode
cell was used for electrochemical measurements, the saturated
calomel electrode (SCE) as a reference, and a platinum electrode as
the counter. The open circuit potential (EOCP) was measured as a
function of time and the polarization curve was measured at a
scanning rate of 1 mV/s in the potentiodynamic polarization tests. The
volume of the SBF used in the electrochemical test was approximately
150 ml.

2.4. Cytotoxicity tests

For the cytotoxicity tests, Mg/HA composite samples were
sterilized using UV-radiation for at least 2 h. L-929 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine

Fig. 1. X-ray diffraction patterns of (a) the starting material HA and (b) the as-extruded
bulk pure Mg, Mg/10HA, Mg/20HA and Mg/30HA composite samples.

Fig. 2. SEM micrographs of (a)Mg/10HA, (b)Mg/20HA and (c)Mg/30HA composite
samples along the extrusion direction. The HA particles and clusters are indicated by
arrows.
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serum (FBS), 100 U ml−1 penicillin and 100 μg ml−1 streptomycin at
37 °C in a humidified atmosphere of 5% CO2. The cytotoxicity tests
were carried out by indirect assay. Extraction medium was prepared
using DMEM serum free medium as the extraction medium for 72 h
incubation in a humidified atmosphere with 5% CO2 at 37 °C. The
supernatant fluid was withdrawn and centrifuged to prepare the
extraction medium, then stored at 4 °C before the experiment.
The ratio of the surface of the magnesium samples to the volume of
the medium was 1.25 cm2/ml. The control groups involved the use of
DMEMmedium as negative control and 0.64% phenol DMEMmedium
as positive control. Cells were incubated in 96-well cell culture plates
at 5×103 cells/100 μl medium in each well and incubated for 24 h to
allow attachment. The medium was then replaced with 100 μl of
extracts. After incubating the cells in a humidified atmospherewith 5%
CO2 at 37 °C for 1, 2 and 4 days, respectively, the 96-well cell culture

plates were observed under an optical microscope. After that, 10 μl
MTTwas added to eachwell. The sampleswere incubatedwithMTT for
4 h at 37 °C, and then 100 μl formazan solubilization solution (10% SDS
in 0.01 M HCl) was added in each well overnight in the incubator in a
humidified atmosphere. The spectrophotometrical absorbance of the
samples was measured by microplate reader (Bio-RAD680) at 570 nm
with a referencewavelength of 630 nm. The statistical significancewas
defined as 0.05.

3. Results and discussion

Fig. 1 presents the XRD results of the starting HA, as-extruded bulk
pure Mg and as-extruded Mg/HA composites with different additives
of HA. Compared with the as-extruded bulk pure Mg, both the α-Mg
andHAphases are identified in all the threeMg/HA composite samples
and the diffraction intensities arising from HA phase increase with the
increase of HA content. Fig. 2 shows the SEM images of Mg/HA
composites along the extrusion direction. It reveals a relatively
uniform distribution of the HA particulates and the absence of any
distinct micrometer-size porosity. A minor agglomeration or clus-
tering of the HA particulates is observed at random intervals over
the Mg/20HA composite, whereas severe agglomeration can be seen
for the Mg/30HA composite (Fig. 2c). The metallographic analysis
shows that the average grain size of the as-extruded bulk pure Mg
and Mg/HA composites are approximately 30–60 μm.

Table 1 shows the average tensile properties of Mg/HA composites
with different HA contents tested at ambient temperature. Note that
the tensile property of the as-extruded bulk pure Mg is used as a

Table 1
Average tensile properties of Mg/HA composite samples.

Materials 0.2% Yield tensile
strength/MPa

Ultimate tensile
strength/MPa

Elongation/%

As-extruded bulk
pure Mg

107.2±16.5 197.1±19.4 10.3±2.0

Mg/10HA
composite

117.3±12.1 171.6±16.6 6.7±1.4

Mg/20HA
composite

105.8±9.6 146.9±11.3 4.3±0.7

Mg/30HA
composite

71.7±7.8 92.1±10.8 2.6±0.5

Fig. 3. SEMmicrographs of the tensile fracture surfaces of (a)Mg/10HA, (c)Mg/20HA , (d)Mg/30HA and (b) magnified micrograph of Mg/10HA composite samples. The HA particles
and clusters are indicated by arrows.
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reference. The results reveal a nominal increase in the tensile yield
strength with the addition of 10 wt.% HA in the Mg matrix but with a
concurrent decrease in ultimate tensile strength and ductility. In
general, the yield strength is the stress required to operate dislocation
sources and is governed by the presence and magnitude of all the
obstacles that restrict the motion of dislocation in the matrix [14].
Under applied tensile stress, multi-glide planes agglomerate to form
grain boundary ledges and these ledges act as obstacles to dislocation
movement resulting in pile-ups, causing the significant increase in the
yield strength of the composites over magnesium [14]. And increasing
pile up of dislocation at the grain boundary ledges creates stress
concentration, causing the reduced ductility of the composites [14].
Unfortunately, when the addition of HA is greater than 10 wt.%, the
deterioration in yield and ultimate tensile strength can be explained
by the enhanced agglomeration of HA particles and thereby the
formation of pores and defects [15]. Fig. 3 shows the SEM observations
of the tensile fracture surfaces of the three Mg/HA composite samples.
It can be seen that the surface of Mg/10HA composite indicates the
mixed fracture mode, revealing a number of small dimples and the
brittle fracture morphologies with cracking. The extent of brittle
fracture region is found to be higher for Mg/20HA composite with
more shallow dimples, while Mg/30HA composite shows mainly
brittle fracture surface morphology. Moreover, the brittle fracture
behavior might be attributed to the aggregating of HA particles. The

fracture of HA clusters can be seen in the case of Mg/20HA composite
(Fig. 3(c)), and more obvious for the case of Mg/30HA composite
(Fig. 3(d)).

Fig. 4. (a) Open circuit potential and (b) potentiodynamic polarization curves of as-
extruded bulk pure Mg, Mg/10HA, Mg/20HA and Mg/30HA composite samples in SBF.

Table 2
Electrochemical parameters obtained from potentiodynamic polarization curves
(Fig. 4b).

Materials Ecorr/V Icorr/μA/cm2 Epit–Ecorr/mV

As-extruded bulk pure Mg −1.8 51.34 594
Mg/10HA composite −1.604 60.02 405.4
Mg/20HA composite −1.573 60.97 321.6
Mg/30HA composite −1.611 63.23 218.2

Fig. 5. SEM micrographs of the surfaces of (a)Mg/10HA, (b)Mg/20HA and (c)Mg/30HA
composite samples after potentiodynamic polarization measurement.

830 X. Gu et al. / Materials Science and Engineering C 30 (2010) 827–832



Author's personal copy

Fig. 4 shows the open circuit potential-time curves during 3600 s
immersion in SBF and the subsequent potentiodynamic polarization
curves for Mg/HA composites with different HA contents. Note that
the open circuit potential-time curves and the potentiodynamic
polarization curves of the as-extruded bulk pure Mg is used as a
reference. The open circuit potential (OCP) curves recorded for Mg/
10HA and Mg/30HA composites exhibit similar tendency that the
OCPs increase rapidly in the initial 1000 s, then fluctuate between
1000–3000 s (Mg/10HA) and 1000–2000 s (Mg/30HA composite),
respectively and decrease to the potential about −1.65 V. The OCP
of Mg/20HA composite does not show the reduction curve but
increases to about −1.6 V and then keeps nearly constant. And the
OCP value for the as-extruded bulk pureMg is about 100 mV lower than
those for Mg/30HA composite. The electrochemical parameters derived
from the potentiodynamic polarization curves in Fig. 4(b) are listed in
Table 2. It can be seen that the current densities of Mg/10HA, Mg/20HA
andMg/30HA composites increase with the increase of HA content. The
potential range of Epit–Ecorr, which is an indication of the effectiveness of
the resistance to corrosion, of Mg/HA composites indicate the similar
variation trend that theEpit–Ecorr valuedecreaseswith the increase ofHA
content. As shown in Fig. 5, Mg/10HA composite shows a much more
smooth, compact and even surface film compared with those of the
Mg/20HA and Mg/30HA composites, indicating a better effectiveness
on the corrosion resistance of the surface film for Mg/10HA composite.
That is to say that the corrosion resistance of Mg/HA composite are
reduced with increment of HA additives.

Moreover, the as-extruded bulk pure Mg, with lower current
density and higher Epit–Ecorr values, shows better corrosion resistance
than Mg/HA composites. It is because the basic corrosion process of
Mg/HA composites is similar to that of bulk pure magnesium, but with
more anodic sites forming galvanic coupling [16]. The corrosion
reactions proceed rapidly along the interface between the Mg matrix
and HA particles, swelling the composite and allowing the electrolyte
to penetrate still deeper, till the composite completely breaks down
[16]. Similar enhanced corrosion rate of composites was also found in
the investigation of the corrosion behavior of ZC71 alloy and SiCp

reinforced ZC71metalmatrix composite [17]. Moreover, the increased
corrosion rate with increase of HA content can be attributed to a
higher density of anodic sites.

Fig. 6 shows the cytotoxicity results of L-929 cells cultured in as-
extruded bulk pure Mg, Mg/10HA, Mg/20HA andMg/30HA composite
extraction mediums for 1, 2 and 4 days. Note that as-extruded bulk
pure Mg is used as control. It can be seen that the absorbance
intensities for Mg/10HA composite show no statistically significant
difference for 1, 2 and 4 days culture, compared with the negative
control (pN0.05) and the as-extruded bulk pure Mg control (pN0.05),
whereas Mg/20HA and Mg/30HA composites extraction mediums
indicate cytotoxicity to L-929 cells (pb0.05). Fig. 7 presents the
morphologies of L-929 cells cultured in the extraction medium of as-
extruded bulk pure Mg, Mg/10HA, Mg/20HA and Mg/30HA compo-
sites after 4 days incubation. The results for as-extruded bulk pureMg,
Mg/10HA and Mg/20HA composite extraction medium exhibit
healthy morphologies of cells with flattened spindle shape, whereas
Mg/30 HA composite group indicates unhealthy morphologies of cells
with round shape. Compared with Mg/10 HA composite, the higher
corrosion rates of Mg/20HA and Mg/30HA composites would result in
higher change of pH value of the extraction mediums, and thus might
cause the reduced cell viability of L-929 cells [18]. The Mg/30HA
composite indicates a current density of 63.23 μA/cm2 and its
corrosion rate can be calculated according to ASTM G31-72 as
1.43 mm/year. Thus the corresponding Mg ion concentration in the
DMEM extraction medium should be about 2.56 mg/ml, which is
much lower than the IC50 of magnesium ions for MG63 osteoblasts
[19]. It is reasonable to believe that the release of Mg ions in the
extraction medium is not the dominant factor for the results of the
cytotoxicity tests.

4. Conclusions

With the addition weight percentage being 10%, HA particles
uniformly distributed in Mg matrix, whereas the local agglomeration
of HA particles were seen in the Mg/HA composite with the addition
weight percentage of HA being 30%. Mg/10HA composite sample
showed higher yield tensile strength but reduced ultimate tensile
strength and elongation compared with those of the as-extruded bulk
pureMg. With the increment of HA content, the strength and ductility
of Mg/HA composites decreased. In addition, Mg/HA composite
samples presented reduced corrosion resistance compared with that

Fig. 6. The cytotoxicity results of L-929 cells in as-extruded bulk pure Mg, Mg/10HA, Mg/20HA and Mg/30HA composite extraction mediums after 1, 2 and 4 days culture,
respectively.
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of as-extruded bulk pure Mg and the corrosion resistance of Mg/HA
composites decreased with the increase of HA content. The cytotoxi-
city evaluation showed Mg/10HA composite extraction medium did
not induce toxicity to L-929 cells.
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