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a b s t r a c t

Present investigation explored the development of Mg–HAP (magnesium-hydroxyapatite) and
ZM61–HAP composites by melting and extrusion route. The ZM61 matrix consisted of 93 wt% Mg, 6 wt%
Zn and 1 wt% Mn. The different amounts of chemically synthesized HAP powder (0, 5, 10, and 15 wt%)
were added to Mg melts and mechanical stir was used for the dispersion of HAP particles in the matrix. The
as-cast billets were subjected to homogenization at 450 ◦C and finally extruded at 320 ◦C. The presence of
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HAP particles during extrusion resulted in decrease of grain size of the composites. The ZM61–HAP com-
posites showed finer grain and higher hardness than Mg–HAP composites. The tensile and compressive
properties of ZM61–HAP were found to be higher than Mg–HAP composites.

© 2010 Elsevier B.V. All rights reserved.
EM
ompressive strength

. Introduction

Magnesium is the most highlighted and interesting implants for
his century due to its biodegradability in nature. Many biomate-
ials have been developed over a few decades for the replacement
f bone tissue. The metallic materials are found to be suitable bio-
aterials compared to the ceramic/polymeric counterparts due to

ombination of load bearing capacity and suitable mechanical and
etallurgical properties. Generally, three types of metallic mate-

ials such as austenitic stainless steel (SS), Co–Cr alloys and pure
i and its alloys are being used for surgical implants [1,2]. In vivo
pplication of implant materials like plates, screw and pins require
emoval after healing of tissue by second surgical operation, which
s unhealthful to the patient with extra surgical cost. It may be noted
hat the degradation of these metallic materials leads to toxic prod-
ct, which results in loss of biocompatibility or loss of bone tissue.
he property mismatch of natural bone and implant materials may
eads to generation of stress and instability of implants [1].

The physical and mechanical properties of natural bone are

ound to differ with that of conventional metallic implants but quite
imilar to pure magnesium. Magnesium is the fourth abundant
ation in human body (∼1 mol/adult) and mainly found in bone
issue and it stabilizes the DNA and RNA structures [1]. Initially Mg
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based materials are first introduced as implant material due to its
excellent biocompatibility but high corrosion rate of Mg alloys leads
to application of more corrosion resistance materials such as stain-
less steel, Ti, etc. It is also found that different Mg based alloys such
as AZ91, AZ31, WE43 and LAE442 show localized corrosion during
in vitro and in vivo tests [3–6]. It is reported that many researchers
are also trying to use biodegradable Mg as coronary stent materials
and its performance is quite optimistic as compared to the per-
manent stents materials such as SS, Ta, Ti, NiTi, Co–Cr, Pt–Ir, etc.
[7–9].

Much attention has already been paid on calcium based bioma-
terials such as HAP (Ca10(PO4)6(OH)2), and �-TCP (Ca3(PO4)2) for
the bone graft substitute due to their excellent biocompatibility,
bioactivity and osteoconductive properties [10–15]. The calcium
phosphate group is the largest inorganic materials of bone tis-
sue and extensively used for orthopedic and dental application
[16]. The HAP has unique feature of biocompatibility than other
phosphate groups. The HAP particles show very low solubility as
compared to �-TCP in our body fluid [10].

However, poor load bearing capability of HAP results in lim-
ited applications. The combination of metallic materials and HAP
would be a promising approach to fabricate a metal matrix com-
posites (MMC) as biomaterials. Different physical and mechanical

properties of implants are presented in Table 1 [1]. The important
properties such as compressive yield strength and fracture tough-
ness of HAP are better than those of natural bone. The addition
of small amount of HAP as a reinforcement to the biocompatible
Mg matrix would be better option to achieve optimum properties.

dx.doi.org/10.1016/j.msea.2010.06.031
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Table 1
Different physical and mechanical properties of implants in comparison to natural
bone.

Properties Natural bone Magnesium Synthetic
HAP
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Fig. 1. XRD pattern of HAP powder.
Density (g/cc) 1.8–2.1 1.74–2.0 3.1
Elastic modulus (GPa) 3–20 41–45 73–117
Compressive yield strength (MPa) 130–180 65–100 600
Fracture toughness (MPa m1/2) 3–6 15–40 0.7

everal metal matrix composites such as Ti–HAP, Ti–6Al–4V–HAP,
Z91–HAP, etc. have been developed to obtain the required prop-
rties [17–19]. The Mg based matrix would be better than Ti matrix
rom a biocompatibility point of view. The AZ91 alloy contains
wt.% Al, which has detrimental effect on human beings especially
hen it is used as biodegradable implants for bone replacement.
anufacturing of biomaterials by powder metallurgy route leads to

xtra production cost as compared to other technique. It is essential
o fabricate biocompatible composite materials by using low costly
rocess. Till now, there is no report on development of ZM61–HAP
omposite, wherein the addition of Zn, and Mn to Mg matrix may
nhance mechanical properties as compared to pure Mg matrix.

Present study attempts to produce biocompatible Mg–HAP
nd ZM61–HAP composites by using chemically synthesized HAP
articles. The microstructure and mechanical properties of the
omposites are evaluated.

. Experimental procedures

In the present investigation, laboratory reagent grade Ca(OH)2
owders (99% purity, High Purity Co., Japan) and H3PO4 (85% purity,

unsei Chemicals Co., Korea) powders were used for chemical syn-
hesis. Calculated amount of Ca(OH)2 and H3PO4 powders were
issolved in 450 ml of distilled water separately to maintain sto-

chiometry of HAP (Ca/P: 1.67). Then both solutions were mixed
n a beaker and ultrasonically stirred for 3 h. The white slurry was
ltered and dried at 90 ◦C. The dried cake was calcined at 1100 ◦C

or 4 h and finally the calcined product was crushed. The detailed
escription of chemical synthesis of HAP powders is explained
lsewhere [20]. The HAP powders were characterized by X-ray
iffraction (XRD) (M18XHF-22-SRA, Mac Science Co., Japan) and
canning electron microscope (SEM) (JEOL, JSM 630).

Pure Mg (99.9%) ingot was melted in a stainless steel crucible
nder the protection of gas mixture containing SF6 and CO2. The dif-
erent amounts of HAP powders (0, 5, 10 and 15 wt%) were added
lowly to the molten Mg at 700 ◦C and a special stirring system
as used to achieve better distribution of HAP particles in the Mg
atrix. In case of ZM61-HAP composite, calculated amounts of Zn

nd Mn were added to Mg melt and then appropriate amounts of
AP powder were added to the ZM61 matrix. A special cooling sys-

em was employed during solidification in order to obtain better
echanical properties of the composites. After solidification, the

ngots were subjected to homogenizing treatment at 400 ◦C for 12 h.
he homogenized ingots were machined, which were used as raw
aterials for extrusion (Yoo Chang, Korea). The extrusion of billets
as performed at 320 ◦C.

Different physical and mechanical properties of the compos-
tes were evaluated by using the extruded samples. The density of
ifferent samples was measured by Archimedes principle at 25 ◦C
sing distilled water as medium with an error of ±0.01%. An average
f 5 readings was taken for each reported density. The phase anal-

sis of samples was performed by XRD, whereas, microstructure of
he composites was investigated by optical microscope (OM). The
amples were prepared by polishing on SiC papers and final pol-
shing with diamond paste. The 5% nital solution was used as an
tchant for composites, whereas a mixture of acetic acid (10 ml),
Fig. 2. SEM image of HAP powder.

picric acid (4.2 g), distilled water (10 ml) and ethanol (70 ml of
95% purity) was used for the etching of Mg–0 HAP (pure Mg) and
ZM61–0 HAP (without HAP).

The average grain size of the composite was measured by
the line intercept method and a minimum of 400 grains were
counted. The Vickers hardness of the sample was measured by a
Wolpert hardness tester. The reported hardness values of the com-
posites were the average of 15 readings. The cylindrical tensile
and compressive specimens were machined along the extru-
sion direction of the rod, and tests were carried out at room
temperature on an Instron testing machine at an initial strain
rate of 2 × 10−4 s−1. The sample sizes were taken according to
the ASTM standard of E8 for tensile test and E9 for compres-
sive test. The tensile sample had gauge length and diameter of
30.0 ± 0.1 mm and 6.0 ± 0.1 mm, respectively. Both side of the
sample had treaded grip of 19.0 ± 2.5 mm and total length was
101.6 ± 0.1 mm. The compression test sample had diameter and
length of 10 mm and 12 mm, respectively. The morphology of
fracture surface of tensile tested sample was investigated by
SEM.

3. Results and discussion
The XRD pattern of calcined powder is shown in Fig. 1. The
powder consists of HAP (JCPDS file: 74-0566) as a major phase
with �-TCP (JCPDS file: 25-0378) (tricalcium phosphate) as a
minor phase. The volume fraction of HAP and �-TCP are cal-
culated from the XRD pattern and the amounts are found to
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Fig. 3. XRD patterns of Mg–HAP composites.

e ∼94.46 and ∼5.33 vol.% for HAP and �-TCP, respectively. The
olume fractions of HAP and �-TCP phase were calculated on
he basis of the area ratio of highest intensity peak of each
hase. It has been reported that the dissolution rate of HAP in
uman body is low, whereas �-TCP has high dissolution rate
10]. The presence of biphasic apatite is useful to achieve the
ptimum restorability of the materials. The restorability of bipha-
ic apatite is determined by the HAP/�-TCP ratio. Therefore,
he presence of �-TCP as a minor phase in HAP powders is a
onus from the biocompatibility point of view. The SEM obser-
ation reveals the morphology of calcined powders (Fig. 2). The
owder consists of agglomeration of fine particles (1–5 �m) and

he shape of the particle is mainly nonspherical and angular
ypes.

The theoretical density of the composites is measured to be
8–99%. The XRD patterns of different extruded composites are
hown in Figs. 3 and 4, respectively. Fig. 3 shows presence of HAP

Fig. 5. Microstructure of composites: (a) Mg–0 HAP, (b) M
Fig. 4. XRD patterns of ZM61–HAP composites.

and MgO (JCPDS file: 78-0430) as minor phase in case of Mg–HAP
composites. Presence of �-TCP phase is not detected by XRD study,
which could be due to its low crystallinity nature. The presence
of MgO in Mg–HAP composites indicates there is some interaction
between Mg and HAP during production. It has also been observed
the presence of MgO in as-cast Mg–HAP composites. This indi-
cates that during melting process, the Mg and HAP reacts to form
MgO. The chances of reaction between adsorbed water in HAP and
pure Mg is very small because MgO phase also forms by using
preheated (200 ◦C) HAP powders. A similar type of trend is also
observed in case of ZM61–HAP composites (Fig. 4). During melting,
the Mg and Zn react to form a new MgZn2 phase (JCPDS file no:

01-1211).

The optical micrographs of the composites shows decrease of
grain size due to the addition of HAP (Fig. 5). The average grain
size of Mg–0 HAP is found to be ∼27 �m, whereas the grain size

g–10 HAP, (c) ZM61–0 HAP, and (d) ZM61–5 HAP.
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Fig. 7. Tensile stress–strain curves of Mg–HAP composites.

Fig. 8. Compressive stress–strain curves of Mg–HAP composites.
ig. 6. Relationship between theoretical and experimental hardness of composites.

ecreases to ∼15 �m in case of Mg–10 HAP. The presence of HAP
articles in the Mg matrix during extrusion is responsible for the
rain refinement. The detailed information on the effect of HAP on
g matrix is reported by Khanra et al. [20]. The extrusion pressure

s found to increase with the addition of HAP. Similar results could
e expected in case of ZM61–HAP composites. The microstructure
ould not reveal exact information due to fine grain structure of
he composites (Fig. 5c and d). Different hardness plots of the com-
osites are shown in Fig. 6. The hardness values are calculated
rom the volume fraction and hardness of individual matrix (Mg,
M61) and HAP. The hardness of 99% sintered HAP is used as a ref-
rence hardness value for HAP [16]. The nonuniform distribution
f HAP in the matrixe results in lower experimental hardness than
he theoretical value. Tensile and compressive stress–strain curves

f the Mg–HAP composites are presented in Figs. 7 and 8, respec-
ively. The tensile strength of the Mg–HAP composites is found to
ecrease with the addition of HAP. A maximum tensile strength of
188 MPa is observed for Mg–0 HAP, whereas Mg–15 HAP shows

able 2
esults of tensile and compression tests for composites.

Sample Tensile
YS
(MPa)

UTS
(MPa)

Total strain
(TS)

Compressive
YS (MPa)

CS
(MPa)

Mg–0 HAP 121.4 187.9 9.5 65.8 277.8
Mg–15 HAP 129.6 136.7 0.3 147.1 298.2
ZM61–0 HAP 195.7 301 14.7 141.2 355.6
ZM61–15 HAP 225.5 225.5 0.3 245.3 388.3
Fig. 9. Tensile stress–strain curves of ZM61–HAP composites.

minimum strength level of ∼137 MPa. The addition of hard phase
(HAP) may results in decrease of tensile strength of the compos-
ites. This indicates decrease of ductility with the HAP addition. It
has also been observed that the elongation decreases with the HAP

and this again attributed to increase of brittleness behaviour of the
Mg–HAP composites. The compressive strength of the composite
is found to increase with the addition of HAP (Fig. 8). This phe-
nomenon indicates increase of hardness with HAP, which is close
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Both samples show presence of agglomeration of HAP particles on
Fig. 10. Compressive stress–strain curves of ZM61–HAP composites.

greement with the results of tensile strength behaviour of the
omposites. The Mg–15 HAP and Mg–0 HAP composite show com-
ressive strength of ∼305 and ∼265 MPa, respectively. The results
f tensile and compression tests for the composites are summarized

n Table 2. The tensile yield strength decreases with the addition of
AP, whereas the compressive yield strength increases with HAP.
he Mg–10 HAP composite shows higher yield strength than that
f Mg–15 HAP, which could be due to in homogenious distribution

Fig. 11. Fractrographs of M
ngineering A 527 (2010) 6283–6288 6287

of HAP in the matrix. The tensile and compressive curves of the
ZM61–HAP composites are shown in Figs. 9 and 10, respectively.
The ZM61–HAP composites show similar behaviour with that of
the Mg–HAP composite. The tensile and compressive strength are
found to be higher than those of the Mg–HAP composites (Table 2).
The nonuniform distribution of HAP in ZM61 matrix results in
nonsymmetrical trend in both plots in case of the ZM61–5 HAP
composite. The higher viscosity of ZM61 matrix than Mg leads
to more nonuniform distribution of HAP particles in matrix. This
phenomenon is expected during the production of composites by
melting route. The powder metallurgy route for fabrication of such
composites is under progress to achieve better distribution of HAP
particles.

The fractrography of the Mg–HAP composite after tensile tests
are shown in Fig. 11. The Mg–0 HAP shows presence of dimples
in the fractured surface. It can be considered that the superior
ductile behavior of Mg–0 HAP is caused by dimple formation
in the fracture surface. In case of the Mg–5 HAP, the elonga-
tion is decreased. Fig. 11 shows that pull out of HAP particles
in the case of Mg–5 HAP and the decrease in yield strength can
be explained by the formation of secondary cracks. The fractro-
graphs of Mg–10 and 15 HAP in Fig. 11 show the flat plane,
which indicate brittle fracture behavior of the Mg–HAP composites.
g–HAP composites.

the fracture surface. The agglomeration of HAP could cause brit-
tle fracture in the composites with the addition of HAP (Fig. 7).
Similar fracture behavior was observed in ZM61–HAP compos-
ites.
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. Conclusions

The Mg based composites are produced by melting and extru-
ion route wherein chemically synthesized HAP powder is used
s reinforcing agent. The microstructure study reveals the relation
etween the grain size of composites and the amount of HAP addi-
ion. The hardness, tensile and compressive strength of ZM61–HAP
omposites are found to be higher than Mg–HAP composites. The
actography study reveals the ductile to brittle behaviour of com-
osites.
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