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Abstract

Two different hydroxyapatite based composites reinforced by oxide ceramic (20 wt%) nano crystals were synthesized by high-energy
ball milling and sintered by pressure less technique. Alumina and titania nanoparticles as secondary phases improved densification and
mechanical behavior of apatite and postponed its decomposition to the tricalcium phosphate (TCP) phases at elevated temperatures.
Increasing the relative density of apatite using nano reinforcements leads to enhance the bending strength by more than 40% and 27%
(as compared to the pure HA) and increase the hardness from 2.52 to 5.12 (AlLO; composite) and 4.21 (TiO, addition) GPa,
respectively. Transmission electron microscopy (TEM), scanning electron microscopy (SEM) and X-ray diffraction spectroscopy were
employed to study morphologies, fracture surfaces and phase compositions, respectively. The morphological study and micro structural
analysis confirm the X-ray diffraction and relative density diagrams.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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medicine and surgery is the most important area because it
is related to human’s health. In this case, biomaterials play
a very important role. Among different categories of
biomaterials, bioactive ceramics such as hydroxyapatite
are attractive candidates for body’s hard tissues replace-
ment [1-4]. Hydroxyapatite (HA, Ca;y (PO4)¢(OH),) has
been widely used as a bulk implant material in non-load
bearing areas of the body [5]. Although HA has excellent
biocompatibility properties, it is limited in use due to its
low strength and brittle nature [6-8]. The main reason of
this loss in mechanical properties of HA is decomposition
of HA into some calcium phosphate phases such as
tricalcium phosphate (TCP) and even tetra-calcium phos-
phate (TTCP) [9]. Calcium phosphate phases are brittle
and have weaker strength. Different techniques have been
tried to improve strength and fracture toughness of HA
(toughness of pure HA < 1 MPa m'/?) [10], such as making
composites and using different pressing/sintering methods
like underwater shock compaction [10] hot press sintering
[3], microwave [5] and spark plasma sintering process
[11,12].

Beside the advanced processing routes, bioinert polymer
or ceramic materials as reinforcing agents in different forms
like whiskers, platelets, fibers and particles have been
employed to improve the mechanical properties of HA
[13-16]. Moreover, another issue could enhance mechanical
properties of apatite is decreasing the grain size, which is
well known as Hall-Petch equation [17]. In fact, nanocrys-
tallinity is a key factor for improvement of sinterability and
enhancement of compacted specimen behavior owning to
high energy and high interface density which are stored in
the interfaces of ultrafine grained structures. However, the
tendency of nanopowders to agglomeration leads to create
some problems in shaping of bodies and there are still
challenges in this area. Some effort such as high energy ball
milling have been used to overcome/decrease the agglom-
eration effects [12,18]. The large surface area often dom-
inates the properties of the powders and enhances
mechanical, chemical and physical properties, significantly,
of the material resulting in interesting and sometimes
unexpected behavior of nanoparticles. Nanocrystalline pow-
ders of apatite composites can be sintered into well-built
osteointegrative ceramic specimens [19].

It has been reported that alumina and titania particles
are the best choices for making composite with HA due to
their good mechanical properties and bio inertness
[1,3,9,15]. As an illustration, Viswanath and Ravishankar
[15] have studied the interfacial reactions in hydroxyapa-
tite/alumina nanocomposite. Their work showed that
alumina completely reacted with hydroxyapatite and
formed alumina-rich calcium aluminates and TCP phases
at relatively low temperatures (1000 °C). In contrast,
Xihua et al. [3] reported that by introducing diapsoid/
alumina and hot pressing the composites under 20 MPa in
N, atmosphere at 1320 °C, the decomposition of HA was
not observed. Que et al. [11] reported that the addition of
titania into HA has a major effect on the HA structure and

enhanced HA properties. Moreover, because of the intro-
duction of secondary phases, the phase changes in the
composites at higher sintering temperatures could take
place. Application of the expensive materials processing
techniques (e.g. spark plasma sintering) could improve the
mechanical properties and bio activity, but the decomposi-
tion of HA at 1200 °C results in drastic decreasing the
strength of composites. Some attempts have been done to
prevent the decomposition. Nath et al. [2], for instance,
have tried to inhibit the decomposition reaction of HA
into calcium phosphate phases by making HA-Mulite
system. Nevertheless, in their study decomposition of HA
composites at 1350 °C results in deterioration of the
mechanical strength.

The purpose of this work is to study the applicability of
a newly devised biomimetic synthesizing technique for the
production of the nanocrystalline needle-like apatite pow-
der and subsequent preparation of nanocomposite by high-
energy ball milling in order to obtain highly dense objects
with desired mechanical properties. The effects of alumina
and titania nanoparticles on microstructure, phase decom-
position and mechanical properties of the product have
also been investigated.

2. Experimental procedure

In the previous study [20], we synthesized the apatite
nanocrystals via biomimetic method. In summary, the
mixture were composed of acidic calcium phosphate
(Merck, 2146) mixed with basic TTCP at 1/1molar ratio
and 6 wt% disodium hydrogen phosphate dissolved in
distilled water. The solid content of the mixture was 3 g/
ml. The hardened paste was maintained in simulated body
fluid (SBF) for 7 days. After this period, the material was
removed from the SBF, washed with distilled water, dried
at 70 °C and ground to fine powder by a planetary mill.

Nanocrystalline alumina powder with the average par-
ticle size of 50 nm (Sigma(Aldrich, purity > 99.99%) was
used as a secondary phase. Fig. 1 shows X-ray pattern of
as-received alumina nanopowder which shows the alpha
structure as a predominant phase. To compare the effect of
strengthening phases, TiO, nanopowder (P25, Degussa
Co., Frankfurt, Germany) with a particle size ranging
from 11 to 27 nm was employed. TiO, powder consisted of
77% anatase and 23% rutile phases. Alumina and titania
nanopowders was first mixed with HA nanopowder to
obtain 20 wt% mixtures of nanopowders with HA. Powder
mixtures were milled in a polymeric ball mill at the speed
of 400 rpm, and the weight ratio of ball-to-powder was
10:1. The mixed powders were placed in a cylindrical steel
die with 10 mm diameter and pressed uniaxially at
150 MPa.

Non-isothermal sintering was performed upon heating
with the rate of 5 °C/min to 1400 °C followed by cooling in
an electrical furnace naturally. Sinterability of the com-
pacted powders was determined by bending stresses,
Vickers hardness and fractional density measurements.
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Fig. 1. X-ray pattern of as-received alumina nanopowder.

The values of bending stress were determined by Zwik/
Roell machine from 3-point bending test using loading rate
of 0.5 mm/min. Water displacement (Archimedes method)
was used to measure the densities of the sintered speci-
mens. Vickers hardness was measured by indentation at
load of 500 g and dwell time of 20 s. At least three sample
sizes were used to determine the average density, hardness
and bending strength corresponding to each data point.
Vickers impressions were carried through the surfaces of
each one of the samples, which already were polished.
After the diagonal length measurement, the values of the
Vickers hardness (GPa) were calculated, by the following
equation [21]:

HV = 0.0018544 (P/d) 1)

where HV, P and d are the Vickers hardness, the applied
load and the arithmetic mean of the two diagonal lengths
(mm), respectively. X-ray diffraction (German Unisantis
(XMD-300) equipped with monochromatized Cu-Kal
(1.5418 A°) radiation determined structure and phase
composition. The fracture surfaces were observed with a
Cambridge scanning electron microscope (SEM) operating
at 25 kV.

3. Results and discussion
3.1. Sinterability and phase composition

The morphology of the biomimetically produced nano-
crystalline hydroxyapatite has been analyzed by TEM
(Fig. 2). The average particle size is around ~50 nm in
diameter. Needle-like morphology of the nano hydroxya-
patite (nHA) crystals with the aspect ratio of 3 has been
attributed to the growth along the [0001] direction,
according to some authors [22].

100nm

Fig. 2. TEM micrograph of the as-synthesized nanocrystalline hydro-
Xyapatite sample.

To study the phase stability of pure nHA compacts,
X-ray diffraction of green and sintered samples was
performed (Fig. 3). It is obvious that the pure hydroxya-
patite of as-synthesized sample is transformed partially to
TCP phase (JCPDS # 029-0359) at 1300 °C. The effect of
TCP phase on the specimen properties is clarified in
Table 1 which presents the relative densities and mechan-
ical behavior of sintered nHA compacts in the range of
1200-1300 °C. Accordingly, the densification occurred
which resulted in increasing the mechanical strengths when
annealed up to 1250 °C. It is reported that pure hydro-
xyapatite which was prepared by wet chemical approach
and spark plasma sintered, decompose to the TCP and
TTCP phases above 1100 °C [11]. Smaller values of
bending strength (57.4 MPa) of hydroxyapatite specimens
synthesized by similar method were reported by other
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Fig. 3. The X-ray pattern of nano crystalline hydroxyapatite (as-synthesized and sintered at 1300 °C) [20]. (For interpretation of the references to color in

this figure caption, the reader is referred to the web version of this article.)

Table 1
Relative density and mechanical properties of hydroxyapatite nano
crystals sintered at 1200-1300 °C.

Sintering Relative Bending Hardness
temperature (°C) density (%) strength(Mpa) (Gpa)
1200 77 49 2.1

1250 88 61 2.53
1300 82 28 2.1

investigators [23]. Further annealing (1300 °C) resulted in
decreasing the relative density of specimens. Therefore, a
significant drop in bending strength as well as hardness
was found. Decreasing of density and the deterioration of
mechanical properties are attributed to the decomposition
of nHA at 1300 °C and the formation of TCP phase. In
other word, the densification (T < 1250 °C) and decom-
position (T > 1250 °C) are the main phenomena during
sintering process. Note that TCP is a typical biomaterial
with excellent biocompatibility and osteoconductivity, by
which the formation of new bone tissue is accelerated when
these materials are implanted into the body [10]. TCP is
fragile bioceramic and consequently cannot be used on
their own as major load-bearing implants in the human
body[14].

Fig. 4 shows the XRD pattern of nHA/Al,Osnano
composite which was prepared by mechanical milling. All
the peaks were assigned to nHA and alumina phases and
no TCP phase were observed. Another reinforcement
phase was TiO, nanoparticles. Fig. 5 shows the X-ray
pattern of nHA/titania nanocomposite.

To investigate the effect of the reinforcements as
secondary phases on the sintering behavior and mechanical
properties of nanocomposite, the green bodies of

composites were sintered up to 1400 °C. Fig. 6 shows the
relative densities of nanocomposites in comparison with
biomimetic hydroxyapatite. It can be seen from the this
figure that the measured densities of the nHA samples and
the nHA/TiO, composites increase gradually by increasing
the sintering temperature up to maximum value and then
starting to decrease with the further increasing in the
sintering temperature. According to the Fig. 6 the three
different sintering stages can be distinguished: (i) slight
increase of the fractional density from 66% to 71%
between 950 and 1150 °C, (ii) interconnection of the
apatite particles during rapid sintering stage occurring
between 1150 and 1250 °C which yields maximum density
of the sintered specimen, and (iii) necking in the first stage
sintered specimen as described by the previous investiga-
tion [24]. After that, the large decrease in densification is
appeared for pure nHA while the density of nanocompo-
site continued to increase up to 1300 °C. The reduction of
the nHA density can be attributed to the decomposition
that results in the formation of calcium phosphates and
water through the following reaction:

Calo(PO4)6(OH)2 — Ca4P,09+2Cajs (PO4)2 +H,0 (2)

The same trend for nHA/TiO, nanocomposite samples
can be observed in this figure. It can also be monitored
that the density values of the titania and alumina compo-
sites sintered at different temperatures are smaller than
those of the pure nHA samples before 1250 °C. The main
reason for smaller values of relative densities of nanocom-
posites is lower green densities due to the existence of
secondary phases which could inhibit the pressure flow
during the compaction. Despite the fact that the decom-
position temperature of nHA should be the same in both
specimens (starting at 7, 1250 < 7T'< 1300 °C), addition of
20wt% TiO, or alumina nanopowders affected the
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Fig. 4. XRD pattern of as-synthesis nHA/Al,O3 nanocomposite.
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Fig. 5. XRD pattern of nHA/TiO,nanocomposite before sintering process.

100
95| =-8- NHAITIO2
—& - NHAJAI203 P--x
=~ 90+ / v A
< HA 23 X
~ @ N R *
z 85| fn F \
A 80 ’;ﬂ /"-.O.
o © a kol
g 75+ Fj/ .’
—_— /
& 70} o
@eeee©” . ¢
65 @ ’E"d ’
et i

6 L L
900 1000 1100 1200 1300 1400 1500
Temperature (°C)

Fig. 6. Changes in relative density with temperature through sintering
process.

maximum density value and the decomposition tempera-
ture of nHA composites. As seen, in nHA/TiO, nanocom-
posite the decomposition process is observed at higher
temperatures which results in the enhancement of the
higher density (~93% theoretical relative density, TD, at
1300 °C). Indeed, in the competition between densification
and decomposition processes, the densification is the main
phenomena  before  optimum-sintering temperature
(1300 °C) is reached and followed by the formation of
TCP phase affecting the density and also mechanical
properties.

Similarly, it is reported that by using fine 3YSZ as
second phase, HA/3YSZ nanocomposite decomposition
(TCP phase formation) was hindered from 1050 °C to
1150 °C comparative to pure hydroxyapatite by high
frequency induction heat sintering [25].
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X-ray diffraction pattern of sintered nHA/TiO, compo-
site is illustrated in Fig. 7. Peaks belonging to the nHA and
TiO, as major phases were observed. One can observe the
TCP, CaO and CaTiO; phases, additionally. It is notable
that anatase-rutile phase transformation is also occurred at
relatively low temperature (~ 650 °C) [26]. The presence of
o-TCP was detected for the entire range of sintering
temperatures (from 1300 to 1400 °C). The following
equation can be used for the chemical reaction between
nHA and titania

Ca]o(PO4)6(OH)2 + T102 - 3Ca3 (PO4)6(TCP)
+CaTiO3+H,01 3)

Alumina reinforced composite has shown lower rate of
densification (Fig. 6). The maximum value of relative
density (TD%) is ~90% by sintering at 1400 °C. More-
over, no declining in density value was observed above
1300 °C in sintering regime. The high sintering density
would come from the particle size of Al,O; powder which
has ultrafine particle sizes with surface area higher than
TiO, particles. XRD pattern of nHA/Alumina samples at
1350 °C is shown in Fig. 8. The sintered pellet contains
several phases such as CaO, calcium aluminate phases and

M. Aminzare et al. | Ceramics International 39 (2013) 2197-2206

a-TCP as expected according to Eq. (3). In the presence of
Al,O3, the highest value of obtainable density increased
1.3% in respect to pure nHA. Interestingly, increasing the
density and decomposition of matrix occurred, simulta-
neously. The density enhancement of composites reveals
that the densification process is succeeded. Based on the
results, the decomposition could not affect the relative
density even by sintering at 1400 °C. We propose added
alumina nanoparticles had changed the reaction decom-
position of nHAs into another, resulting in formation of
some types of calcium aluminates through the following
reaction:

Calo(PO4)6(OH)2 +6A1,03 - Ca0.6A1,0;5
+CaAl,04+3Cay(PO4), + H,0 )

The formation and kinetics of calcium aluminates have
been well documented in the literature [15]. For instance,
the reactions between nHA and alumina in nHA/Alumina
nanocomposites studied and reported that nanocrystalline
alumina plays important role in the formation of the TCP
phase. They suggested that the Ca”™ diffuses from hydro-
xyapatite into alumina lattice to form tricalcium phosphate
and calcium aluminates phases at interface.
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Fig. 7. XRD pattern of nHA/TiO, composite sintered at 1350 °C.
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3.2. Mechanical properties

Al,O5; and TiO, nanoparticles changed the mechanical
behavior of hydroxyapatite remarkably. The effect of the
incorporation of reinforcements on bending strength of
hydroxyapatite nano crystal as a function of sintering
temperature is shown in Fig. 9. Hence the densities and
mechanical properties of calcium aluminates (CaAl,Oy,
Ca0.6Al1,05) and CaTiOj5 are higher than nHA and TCP,
the adding of alumina and titania nanopowders resulted in
the improvement in densification and have a significant
effect on the mechanical behavior of specimens as well.
Based on our results, the value of the bending stress increase
gradually with the temperature up to 61 MPa (1250 °C),
78 MPa (1300 °C), 85.8 MPa (1400 °C) for pure nHA,
nHA/TiO, and nHA/Alumina, respectively. Enhancement
of the bending strength up to ~27% and ~40% are
achieved using TiO, and Al,O3 nanoparticles, respectively.
According to phase transformation and decomposition that
were detected (Figs. 7 and 8), with the further increase of
the sintering temperature, the TCP and CaTiO; phases were
formed in pure and TiO, contained composite. This leads to
drastic decrease (about 35%) in bending strength of TiO,
reinforced nanocomposite. This finding is in agreement with
decreasing of the relative density observed after acquiring
the maximum value. In general, sintered samples with
higher relative density improved mechanical properties.
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Fig. 9. Bending strength as a function of sintering temperature for pure
nHA, nHA/TiO, and nHA/Al,0O3 nanocomposites.

The density of nHA/Alumina samples increased with the
temperature. In other words, the aluminate phases exhibit
better flexural strength of nanocomposite in comparison
with titanate ones at 1350 °C. The maximum bending
strength was observed in the sample containing alumina
and sintered at 1400 °C. The major value of relative
density is for the sample containing titania reinforcing
agent and sintered at 1300 °C. Interestingly, the alumina
contained sample with lower density as compared to TiO,,
showed greater value of bending strength. It could be
speculated that the aluminate phases have better bending
behavior than CaTiO; and the difference originates from
the nature of CaAl,O4 and CaTiOs;.

Comparing the microhardness results of the samples heat
treated at 1250 up to 1400 °C with those of the nHA prepared
at the same temperature, an increase in the microhardness of
the samples with the introduction of nanoparticles is verified in
Table 2 (SD=standard deviation). The dependence tempera-
tures for the hardness of nanocomposites resembles those of
the densification behavior and bending strength. In fact, the
hardness of nHA/TiO, nanocomposite increases by increasing
the sintering temperature and density from 1.62 to 4.21 GPa at
1300 °C. As anticipated, the micro hardness started to decrease
owing to decomposition of pure apatite to TCP and CaTiO;
phases and decreasing the relative density. Especially, the value
of the hardness decrease to 46% when sintered at 1400 °C.
Que et al. [11] reported that the maximum value of hardness of
nHA/TiO, composite derived by high-energy ball milling and
spark plasma sintered at 1100 °C is about 3.45 GPa which is
18% inferior than accounted in our investigation. They
believed that the formation of the multi-phases in the
composites because of chemical decomposition and mutual
reaction between TiO, and nHA should contribute to decreas-
ing the density values of the composites. In other research [27],
flexure strength and hardness of the HA-10 wt% TiO, porous
bodies produced by post-sintering hot isostatic pressing (HIP)
were 16 MPa and 1 GPa, correspondingly.

However, nHA/Alumina samples sintered below 1300 °C,
showed the lower values of hardness in contrast to pure
nHA. Further sintering process increases the hardness to
5.12 GPa which is larger than the measured value of pure
and TiO, contained composite. Xihua et al. [3] prepared
HA composite by adding alumina and diopside as reinfor-
cement agents. The hardness of 10 wt% Alumina—88 wt%
HA-2 wt% diopside samples hot pressed at 1320 °C and
20 MPa pressure for 6 min was 4.7 GPa. The mechanical

Table 2
Hardness results for pure nHA, alumina and titania containing composites.
Temperature Pure nHA Titania Alumina
O
Hardness (Gpa) SD (GPa)*? Hardness (Gpa) SD (GPa)’? Hardness (Gpa) SD (GPa)*?
1250 2.52 0.09 1.62 0.05 1.03 0.06
1300 2.23 0.11 4.21 0.13 1.87 0.07
1350 - - 3.77 0.05 4.71 0.1
1400 - - 3.27 0.08 5.12 0.12
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Table 3

Comparison of mechanical strength and hardness of pure nHA, nHA/A1,0O; and nHA/TiO, nanocomposties with literature.

Materials Processing details References Hardness (Gpa) Bending strength (MPA)
Pure Hydroxyapatite nanocrystal ~Biomimetic synthesizing/ Pressure less sintering This work  2.53 61
Pure Hydroxyapatite Precipitation/ Pressure less sintering [8] 0.48 -
nHA/TiO, Biomimetic/Mechanical milling/ Pressure less sintering This work — 4.21 78
nHA/ALO; Biomimetic/Mechanical milling/ Pressure less sintering This work ~ 5.12 85.8
HA /Polycaprolactone Wet precipitation [13] 0.22 -
HA/TiO, High energy milling/ Spark Plasma Sintering(SPS) [11] 3.45 -
HA/TiO, Hot Isostatic Pressing(HIP) [25] 1 16
HA /diopside/Al,O3 Hot Pressing (HP) [3] 4.7 -
HA/Silver Biomimetic [16] 80
HA/nylone-6 Biomimetic [16] <50

Fig. 10. SEM micrographs of fracture surface of nHA/Al,O; composites
sintered at 1250 °C (a) and 1400 °C (b).

properties of nHA/TiO, and nHA/AL,O3; were found to
have outstanding characteristics comparable to other
research which are shown in Table 3.

Fig. 10(a) and (b) shows the scanning electron micro-
graphs of fracture surfaces of hydroxyapatite/alumina

Fig. 11. SEM micrographs of fracture surface of nHA/TiO, composites
sintered at 1250 °C (a) and 1300 °C (b).

nanocomposite after sintering at 1250 °C and 1400 °C,
respectively. As seen, denser composite was obtained at
higher sintering temperature resulting in enhanced
mechanical characteristics. Fractured surface images of
nHA/TiO, samples sintered at 1250 °C and 1300 °C
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pressure less sintering process are shown in Fig. 11(a) and
(b), respectively. It appears that the addition of TiO,
nanoparticles significantly improve sample density and
decrease irregular porosity of the specimens. A large
number of small pores were detected within grains of
nHA/TiO, nano composite while, fewer pores can be
clearly observed for the samples sintered at 1300 °C which
result in enhancing the mechanical properties. Apparently,
these results are in good agreement with results of bending
strength, hardness and theoretical density measurements
which can be used to understand the evolution of the
density during the processing.

4. Conclusions

Nano hydroxyapatite particles of ~50 nm diameter were
synthesized by a biomimetic method as matrix of composite.
Alumina and titania nanoparticles were added to reinforced
matrix via high-energy ball milling, successfully. The mixtures
were sintered up to 1400 °C in order to study the densification
process and evaluation of the mechanical characteristics. As a
result, since decomposition of nHA into tricalcium phosphate
(TCP) is known to be the main reason for the drop in density
and mechanical properties of nHA, added titania and alumina
nanopowders will delay the deterioration of the mechanical
behavior of nHA from 1250 °C to 1300 °C and 1400 °C,
respectively. The enhancement of the bending strength by
~27% and ~40% are achieved using TiO, and Al,O;
nanoparticles, correspondingly. Increasing the hardness from
2.52 (pure nHA) to 5.12 (alumina added) and 4.27 GPa
(titania added) were measured. These improvements originate
from the formation of calcium aluminates and calcium titanate
phases when alumina and titania used as additives, respec-
tively. Comparative study showed that titania contained
composite, however, densified earlier than the one with added
alumina. By using nano alumina as a second phase, the
flexural strength and hardness enhanced at higher tempera-
ture. The SEM images and micro structural analysis confirm
the X-ray diffraction and relative density diagrams.
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