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Abstract

Magnesium biocompatibility and mechanical properties comparable with those of bones
predetermine magnesium and materials based on magnesium for application as biodegradable
implants. Pure magnesium usually has very poor properties that need to be improved. These
properties can be improved by various alloying elements. However, these elements are usually
not biocompatible. An alternative way to improve both mechanical and corrosion properties is
by using composite materials. The presence of hydroxyapatite in magnesium should improve
the mechanical properties and, at the same time, reduce the rate of corrosion by the barrier
effect. This paper focuses on Mg/HA composite materials prepared from pure magnesium
powders and hydroxyapatite (HA) powders. Powders were consolidated via cold compaction
and subsequently directly extruded. The microstructure was revealed through SEM-EDS,
mechanical properties were determined by tensile test. The corrosion resistance of composites
was evaluated by immersion and electrochemical measurements in simulated body fluid.
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1. Introduction

Nowadays, magnesium and its alloys are currently
very attractive as a potential material for biodegrad-
able bone implants, considering their mechanical prop-
erties. Magnesium density is the lowest compared to
other structural metals, and its Young’s modulus is
actually near that of bone. Also, it demonstrates a
degradable nature when putting into an environment
of living cells [1-3]. Low density and high specific
strength make Mg alloys attractive for applications
to bring high cost and energy savings [4-7]. Never-
theless, rapid corrosion, low strength, and toxic ions
deposited by aluminum and other heavy elements in
some magnesium alloys have limited their use. To use
this material for medical applications, it is necessary
to solve these problems [8]. Many works already de-
scribed Mg or Mg alloys as a new class of degradable
biomaterials for orthopaedic implantations [9-11].

Hydroxyapatite (HA) has received increasing at-

tention in the production of bone grafting materials
and dental prosthetics. When comparing all calcium
phosphate-containing bioceramics, HA is the most ap-
plied for medical purposes due to its biocompatibil-
ity with a living organism and a chemical composi-
tion similar to bone. In fact, biocomposite materials
could achieve different mechanical and biological prop-
erties [12-14]. Furthermore, the contact between the
biocomposite and the surrounding tissue may be a
function of the components [15-16]. Therefore, HA
can be a suitable choice for the production of Mg/HA
nanocomposites to achieve Mg and HA properties si-
multaneously.

One of the main advantages of biodegradable im-
plants is eliminating the subsequent operation to re-
move the implant after sufficient tissue healing [17-
18]. In general, the elastic modulus difference can lead
to the implant carrying more of the load and caus-
ing stress shielding of the bone [19]. This biomedi-
cal incompatibility can result in critical clinical issues,
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such as early implant loosening, damage to the heal-
ing process, skeletal thickening, and chronic inflam-
mation [20]. In addition, magnesium implants have
been shown to stimulate new bone formation when
implanted as bone supplements [17]. Research in the
suitability of magnesium and its alloys as implants has
a long history [17] and is booming at present [21]. But
the advantages of Mg combined with its non-toxicity
and biodegradability do not match its mechanical per-
formance, although its modulus is close to that of nat-
ural bone. An alternative way of enhancing mechanical
and corrosion properties is using metal matrix com-
posites [22]. Corrosion and mechanical properties can
be adjusted by the volume fraction of reinforcement.
Many magnesium matrix composites were primarily
investigated with hydroxyapatite (HA) reinforcement.
Improvement of mechanical and corrosion properties
was confirmed [23].

It is crucial to choose the proper preparation
method for composite material. The ideal method for
the preparation of composite materials seems to be
powder metallurgy [24]. It offers few methods for ef-
fective powder homogenization and powder compact-
ing [25]. Extrusion is the standard way of processing
magnesium-based materials [26]. Extrusion suppresses
porosity, increases homogeneity, and is usually associ-
ated with the recrystallization process [27]. Therefore
composite materials with 3, 6, and 9 wt.% of hydrox-
yapatite were prepared by extrusion. Pure magnesium
was prepared in the same way for the comparison.
This paper is focused on manufacturing the profiles
through the powder metallurgy (PM) route to an-
alyze the microstructure and mechanical properties.
The main goal is to analyze the corrosion resistance
possibility of this material for use in biocompatible
applications.

2. Experimental

In the present paper, Mg powder of 99.96 % pu-
rity made by gas atomization in Ar atmosphere
and hydroxyapatite (HA) powder of 99.9 % purity
were used for the study. Composites with 3, 6, and
9wt.% of reinforcement were prepared using mag-
nesium (Fig. la) with mean particle size ~ 40 pm
and hydroxyapatite (Fig. 1b) with mean particle size
~ 50 um. The chemical analysis was performed us-
ing fluorescence ARL 9400 XP spectrometer with Rh
cathode and 4kW tube. Impurities including Zn —
0.076 wt.%, Cu — 0.01wt.%, Fe — 0.079 wt.%, and
Ni — 0.001 wt.% were determined in as received Mg
powder. Microstructures of powders were analyzed
using a field emission scanning electron microscope
(FEG-SEM7600F, JEOL, Japan) equipped with an
energy dispersive spectrometer (EDS, Oxford Instru-
ments X-Max 50 mm?). For the investigation of ex-

Fig. 1. SEM images representing Mg atomized powders (a)
and hydroxyapatite powders (b).

truded samples, metallographic preparation was car-
ried out.

Powders of Mg and HA were mixed in a turbula
mixer for 20 min. Green compacts of composite mate-
rials, 30 mm in diameter and 60 mm in height, were
prepared by cold isostatic pressing (CIP) at 200 MPa.
Direct extrusion (DE) was performed at an average
ram speed of ~0.2mms~! using an extrusion ratio
of R =16:1. Prior to extrusion, green compacts were
heated to 390°C for 15 min. The final extruded rods
were 7.5mm in diameter. Mechanical properties in
tension were measured on tensile bars with a gauge
of ¢ 5-30 mm using a ZWICK testing machine at a
cross-ram speed of 6 x 10~* min~! according to STN
EN ISO 6892-1 standard. Vickers hardness measure-
ments at 5 kg and 10s were performed. Measurement
was performed parallel to the extrusion direction. Cor-
rosion tests were performed in simulated body fluid
(SBF) at 37°C for 7 days. The simulated body fluid re-
flects all inorganic compounds of human plasma. Sam-
ples were rinsed after exposure, and corrosion prod-
ucts were removed by a solution of 200gL~! CrOs,
10gL~! AgNO3, 20gL~! Ba(NO3)2. The corrosion
rate was calculated every day from weight change af-
ter removing the corrosion products.
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Fig. 2. Composite materials prepared by extrusion of powders: (a) Mg-3HA, (b) Mg-6HA, (c) Mg-9HA, and EDS map
revealing the distribution of O, Mg, P and Ca.

3. Results and discussion
3.1. Microstructure

The structures of extruded composites as revealed
by SEM are shown in Figs. 2a—c. As can be seen,
particles of HA are homogeneously distributed in the
Mg matrix. Such distribution should positively affect
mechanical properties, and they may effectively ob-
struct the grain growth of the Mg matrix during ex-
trusion. Another advantage of extrusion is friction be-
tween particles during this process, which disrupts ox-
ide shells of magnesium powders [23].

A homogeneous microstructure was observed in all
composite materials (Figs. 2a—c). The inhomogeneous
structure did not occur even with higher amounts of
HA. Homogeneous distribution of the particles was
observed in the longitudinal section.

3.2. Mechanical properties

The tensile strength of composite material was
measured and was compared with pure magnesium

UTS,¥YS (MPa)
Elongation (%)

Fig. 3. Mechanical properties (UTS, YS, and elongation)
of the extruded Mg and composite materials Mg-zHA.

prepared the same way as a composite material as pre-
sented in Fig. 3. The yield strength of the composite
materials gradually increased up to 2 times the value
at 6 and 9 wt.% HA as the yield strength of pure mag-
nesium. From the tensile and yield strength (Fig. 3),
the increase of ultimate tensile strength can be seen
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Fig. 4. Vickers hardness of the cross-section of the pure
Mg and Mg-zHA composites.

up to 6 % of HA, and the elongation remains roughly
at the same values.

The inferior mechanical properties of a sample with
9% of HA can be due to the higher amount of hydrox-
yapatite particles, decreasing plasticity of the product.
Khanra et al. [28] prepared Mg-5HA composites by
the classical casting method. Composites were homog-
enized by melting, and cast ingots were subsequently
extruded. As a result, they reached YS and UTS val-
ues of 100 and 200 MPa, respectively, which is much
lower than those in the present paper. In this work,
we were able to prepare composite materials with im-
proved mechanical properties due to the homogeneous
structure.

The hardness was measured and compared with
pure magnesium. Hardness values of the cross-section
of the samples are presented in Fig. 4. It is evident that
values are increasing by adding up to 6 wt.% HA in
the Mg matrix. Also, this trend in hardness values is in
accordance with the tensile tests accomplished. This
is primarily due to the significantly higher hardness of
hydroxyapatite compared to magnesium.

Since the mechanical properties of composites were
significantly improved with respect to pure magne-
sium, Mg-rHA PM material might be regarded as a
promising candidate for biocompatible and biodegrad-
able material applications. Moreover, the effect of the
corrosion rate and thus the potential of the material
with regards to the biodegradable rate have to be thor-
oughly studied.

3.3. Corrosion behavior

Corrosion behavior was studied by immersion tests
in simulated body fluid (SBF) at 37°C for one week.
Each sample was immersed in the closed container in
approximately 300 ml of SBF solution. Final corrosion
rates were calculated from changes in the mass and
concentration of released magnesium ions in the cor-

rosion environment. Pure magnesium was character-
ized by a corrosion rate Veorr (0.879 mgcem™2 day—1).
The highest corrosion resistance was obtained for
composite materials with 6 wt.% HA, which reached
Veorr (0.548 mg cm™2 day~!). A slightly higher corro-
sion rate of the extruded alloy is associated with a
higher amount of 9 wt.% HA. Hydroxyapatite, which
is known to increase corrosion resistance by incorpo-
rating HA in protective oxide layers which are formed
during corrosion, was characterized by a corrosion
rate Veorr (0.624 mgcem~2day~!). The corrosion rate
of the pure Mg sample extruded from the as-cast
state is characterized by the highest corrosion rate,
almost one-third higher compared to that of the com-
posite material. Nevertheless, the high corrosion rate
was caused by numerous MgO phases, which acted as
cathode areas and accelerated the corrosion by micro-
galvanic cells [25].

4. Conclusions

Mg/zHA (z = 0, 3, 6, 9wt.%) composites were
prepared by powder metallurgy methods including ex-
trusion. Based on the characterization of the mecha-
nical properties and the observation of the structure,
a suitable amount of HA addition was determined to
be 6 wt.%, and a method for preparing Mg-HA com-
posites was specified. This process involves homoge-
nization, pressing of the green compact, and extrusion
at 390°C. The samples prepared by this method were
characterized by a uniform structure and improved
mechanical properties. Microstructural analysis shows
that a homogeneous microstructure was achieved in
all composites. The specimen presenting the highest
strength is the Mg-6HA composite which offers a UTS
of ~ 290 MPa. The elongation of this composite drops
slightly to 6.1 % from 6.8% for the Mg-3HA com-
posite. All composites show roughly the same elonga-
tion. In sum, optimum mechanical properties belong
to the Mg-6HA composite, and by adding more HA,
mechanical properties deteriorate. Also, the highest
value of Vickers hardness appears for the sample con-
taining 6 wt.% HA, and tensile test results were con-
firmed. The highest corrosion resistance was obtained
for composite materials with 6 wt.%, which reached
Veorr (0.548 mg cm~2 day—!). The best combination of
mechanical and corrosion properties was obtained for
the sample with 6 wt.% of HA.
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