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Hydroxyapatite/poly(vinyl alcohol) (HAp/PVA) nanocomposite samples were prepared by two

different methods of direct mixing and an in situ biomimetic HAp crystallisation in the presence of

polymer. Polymer weight fraction was the variant in both procedures. The prepared samples were

characterised with regard to their mechanical properties by performing tensile tests on hot

pressed samples. The phase composition and microstructural studies were conducted using

X-ray diffraction (XRD) and scanning electron microscope (SEM) techniques. Fourier transform

infrared (FTIR) was used to determine possible interaction between polymer and HAp during

mineralisation processes. The results suggest that a molecular interaction is operative between

the side groups of the polymer and the growing HAp crystallites in the in situ process. The

enhanced interfacial interaction between the polymer and the reinforcement material led to

improved mechanical properties (i.e. higher tensile strength and strain at failure values) for the

composite samples prepared by the in situ procedure. An increase in the young’s modulus values

with increasing filler content was observed for the composite samples prepared by both

processes. However, the increase was less in the samples prepared by the in situ process

indicating higher strain at a particular stress level.
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Introduction
Bone is a natural composite material with a complex
hierarchical structure. It comprises bundles of collagen
fibres which have been infiltrated by a nanosized
crystalline mineral phase. Out of six principal calcium
salts of orthophosphoric acid, synthetic hydroxyapatite
Ca10(PO4)6(OH)2 is most similar to the mineral present
in the bone structure. Collagen in the bone structure is in
fact a polar matrix acting as a template for HAp crystals
to nucleate and grow.1 The development of synthetic
HAp/polymer composite biomaterials for hard tissue
repair and/or replacement has been an active research
area. An ideal material for bone substitute must be
biocompatible and should have composition and
mechanical properties similar to natural bone.1–3 Some
of the major factors contributing to the mechanical
properties in HAp/polymer composites are the size and
distribution of reinforcement particles, wetting of these
particles by the polymer and more importantly the
interfacial adhesion strength at the polymer/ceramic
interface.4–6 Synthetic biocomposite materials fabricated
based on simple physical mixture usually lack the

necessary mechanical properties for load bearing in
medical applications. Inadequate bond strength at the
polymer/filler interface, non-uniformity in filler distribu-
tion and reinforcement agglomeration are reported to be
the reasons for the poor mechanical properties in these
type of samples.2,5,7 In order to eliminate and/or mini-
mise some of these problems, current research efforts
have been devoted on processing composite samples
following procedure similar to that adopted by the
nature. The essence of this process (polymer matrix
mediated in situ synthesis of inorganic materials) lies in
mimicking biological mineralisation in which an organic
phase provides a medium for inorganic crystals to
nucleate and grow from supersaturated solution.2,8

Recent studies report the use of polar polymers contain-
ing functional side groups, such as carboxyl, hydroxyl
and amide groups as nucleation sites for the formation
of calcium phosphate.2,8–14 The accepted interpretation
is that the use of polymers with appropriate ionisable
side groups provide affinity to positively charged
calcium ions. This process is followed by the attraction
of PO4 anions towards these uniformly distributed Ca
sites, initiating the crystallisation process of hydroxya-
patite. The interaction between the polymer and the
nucleating HAp crystallites at this molecular level is
expected to lead to stronger interfacial bonding and thus
improved mechanical properties in the composite
samples produced by this method. In this manuscript,
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the authors compare the difference between the
mechanical properties of the HAp/polymer composites
prepared by a biomimetic approach (in situ) and
physical mixing of the constituents. The polymer used
in this study is poly(vinyl alcohol) PVA which is a
polar, low cost water soluble biocompatible polymer. Its
potential use in the form of hydro gels as drug carrier,
and its use as template for in situ precipitation of
nanosized HAp particles in the fabrication of a porous
HAp/gelatin composite have already been reported in
the literature.15,16

Experimental
An in situ biomimetic procedure and a physical mixing
process were used in the preparation of HAp/PVA
composites in this study. Both processes started by the
preparation of a 0.5M calcium chloride (Merck) solution
and a 0.3M solution of sodium dihydrogen phosphate
(Merck) using double distilled water. In addition a water
based solution of PVA (Merck, MW588 000) was also
prepared separately. As a first step in the in situ
composite synthesis, the calcium chloride stock solution
was added slowly to polymer solution. The resulting
calcium chloride–PVA mixture was stirred slowly on a
magnetic stirrer for 4 h, after which proper amount (Ca/
P molar ratio of 5 : 3) of sodium dihydrogen phosphate
was added drop by drop to the above solution. There
was almost an immediate transparent to milky white
colour change following the addition of phosphate
solution. The formation of precipitate occurred along
with this colour change. In the absence of polymer
(physical mixing process) the appearance of milky white
coloration was not observed before pH510–11. A
25 wt-% ammonia water solution was used to control
the pH values in the solution. It should also be pointed
out that the appearance of milky coloration has been
associated with the formation of hydroxyapatite in the
literature.17 Composite samples with different amounts
of PVA content, namely 20, 40, and 60 wt-% were
synthesised in this study. In the in situ process the
required amount of PVA was mixed with calcium
chloride solution before the addition of phosphate
solution. On the other hand, the polymer was added
physically to the precipitated HAp particles in the
physical mixing approach. The resulting precipitated
products in both procedures were decanted, washed
thoroughly with deionised water and dried using rotary
evaporator (Buchi R-200). The as dried samples were
characterised using X-ray diffractometry (XRD; Philips
export pro. Cu Ka radiation was used for X-ray studies.
The operating voltage and current were 30 keV and
30 mA respectively), Fourier transform infrared spectro-
scopy (FTIR; Shimadzu, IR solution, 8400S) recorded in
the 400–4000 cm21 range, and mechanical properties
(Instron 8502). For the tensile testing the samples were
first formed into sheets by hot pressing the as dried
powders. The sheets were cut into proper shape before
actual tensile testing experiments. The samples were
loaded to failure at the rate of 0.5 mm min21. Schematic
drawing for the tensile testing samples is shown in
Fig. 1.

Elastic modulus, tensile strength and strain at failure
values were determined and compared for the two sets of
samples prepared in this study. The reported values for
the mechanical properties were the average taken out of

five individual measurements. Scanning electron
microscope (SEM; Cam Scan MV2 300) operating at
30 keV was used to provide an insight on the process–
microstructure–property relationship.

Results and discussion
Nanosized reinforced polymer composite systems are
attracting increasing research and market interests
because of their potential of providing novel perfor-
mances. The tremendous interfacial area associated with
the nanosized reinforcing agents can have significant
influence on the properties of the composite.18 One of
the major factors affecting the mechanical properties in
the polymer matrix composite systems is the adhesion
strength between the filler particles and the polymeric
material. The stronger interfacial strength improves the
stress transmission between the polymer matrix and
the particulate filler, increasing the tensile strength in the
samples. However, most conventional synthesis routes
such as melt processing of HAp–polymer systems reveal
that the interaction between HAp particles and the
polymer occurred mainly through the polymer contrac-
tion around the HAp particles (mechanical locking) in
the cooling cycle from the melt state.19 Another essential
requirement for the processing of polymer based com-
posite is the homogeneity of the mixture. In most
conventional processes uniform dispersion of nanosized
filler particles in the polymer matrix is not easy to
accomplish. Untreated nanoparticles with high surface
area can easily agglomerate and therefore decrease the
degree of uniformity in the samples. What is clear is
that, both poor interfacial strength and the formation of
agglomerates have detrimental effect on the mechanical
properties.19 In order to tackle the above mentioned
problems, other synthetic routes have been explored by
the investigators. One of these new techniques for the
preparation of composite samples involves the in situ
formation of the HAp crystallites in the presence of
polymeric system. A molecular level chemical interac-
tion between the filler and the polymer operated in this
technique is expected to lead to much improved bond-
ing, and hence mechanical properties.20 In the present
study, the mechanical properties of the HAp/PVA
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1 Schematic drawing of samples for tensile testing
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nanocomposite samples prepared by an in situ process
have been compared with the samples prepared by
physical mixing approach. Figure 2 shows the typical
XRD patterns for the composite sample prepared by
physical mixing and in situ process.

Figure 2b is the XRD pattern for the sample prepared
in the presence of 60 wt-% of PVA polymer. As
indicated in these patterns, both processes have led to
the formation of single phase hydroxyapatite. The
details of Brunauer–Emmet–Teller (BET), SEM and
TEM analysis on these samples are given in the authors’
earlier paper.21 Briefly, the observation was that the
HAp crystallites formed in the presence of polymer were
less agglomerated and smaller in size compared with
those prepared in the absence of polymer (30 versus
50 nm mean crystallite size). In addition a more uniform
distribution of HAp crystallites in the polymer matrix
can be seen in the in situ prepared composite samples. It
is believed that these important characteristics are the
result of the interaction between the orderly arranged
side groups on the PVA polymer and the nucleating
HAp crystallites in the in situ technique. In order to
verify this interaction, FTIR experiments were per-
formed on the composite samples prepared by both
routes. Figure 3a–d presents the FTIR spectra for PVA,
HAp synthesised in the absence of polymer, the spectra
for the composite samples prepared by physical mixing,
and finally the in situ process.

Figure 3b shows the FTIR spectrum for the HAp
crystallites synthesised in the absence of polymer. Peak
shown y3569 cm21 has been associated with the
stretching vibration of hydroxyl group.22 Characteristic
double split bands at around 600 and a band 1049 cm21

are due to bending and stretching modes of P–O
vibrations in the phosphate network respectively.23,24

The absorption bands observed in the range of 1300–
1650 cm21 are due to the stretching and bending modes
of C–O and P–O bonds and air carbonate (CO3)22

ions.22 The FTIR spectrum for the PVA polymer is
shown in Fig. 3a. The comparison of the FTIR
spectrum for the in situ synthesised composite sample
(Fig. 3d) with the spectra shown in Fig. 3a and b shows
that there is an increase in the intensity of the absorption
bands associated with the OH2 suggesting the contribu-
tion from the similar groups in the PVA polymer.23 The

important point to notice is the shift in the position of
absorption bands which is observed in the FTIR
spectrum of the in situ composite sample. This shift is
an indicative of dissociation and interaction of polymer
with the nucleating HAp crystallites.23,25 The absence of
this shift in Fig. 3c shows that there is no chemical
interaction between the polymer and HAp crystallites in
the physical mixing approach. Next the authors looked
at the possible effect of this chemical linkage on the
microstructure and the mechanical properties of the
samples. The microstructures of as prepared composite
samples using physical mixing and in situ approaches are
shown in Fig. 4a and b respectively.

As shown in these SEM images, more agglomeration
of HAp crystallites had occurred in the physical mixing
process leading to a highly non-uniform distribution of
HAp crystallites in the matrix (Fig. 4a). As it was
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2 X-ray diffraction patterns of composite samples pre-

pared by a physical mixing and b in situ process

3 Fourier transform infrared spectra of a PVA polymer, b

HAp crystallites prepared in absence of polymer, c

composite sample prepared by physical mixing, and d

in situ processed composite sample
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mentioned before the chemical interaction such as
hydrogen binding between the nucleating HAp crystal-
lites and PVA in the in situ process allows a more
uniform dispersion of filler crystallites in the polymeric
matrix.9,26,27 A situation resembling to that was
observed experimentally in Fig. 4b.; With this type of
microstructure (chemical interaction at the interface and
a more uniform dispersion of filler crystallites) a more
efficient load transfer from the matrix to the reinforce-
ment crystallites and, thus, better overall mechanical
properties can be expected. The tensile test on the
composite samples was carried out at room temperature
following the ASTM D638 procedures. The results of
the mechanical testing for the in situ and the physical
mixing processed samples are summarised in Tables 1
and 2 respectively.

HAp contents in both sets of composite samples were
40, 60, and 80 wt-%. As indicated in the results shown in
Tables 1 and 2, there is an increase in the elastic
modulus values (more resistance to elastic deformation)
with increasing HAp content for both series of samples.
On the other hand, there is a decrease in the tensile
strength of the samples with increasing HAp content. A
similar trend is observed for the strain at failure values
as well. A closer examination of the results presented in
these Tables shows that the tensile strengths of the in situ
samples are in general higher compared with their
physical mixing counterparts. It is also noticeable that
the decrease in the tensile strength values with increasing

HAp content is lower in the case of the in situ
synthesised samples. Both these points can be explained
by the presence of a stronger coupling between the
polymer and HAp crystallites in the biomimetic
approach. This difference in the adhesion between the
matrix and the reinforcement crystallites in the two
series of composite samples synthesised in this work can
be seen by comparing Figs. 5 and 6.

The SEM images of tensile fracture surfaces of the
in situ processed samples containing 80, 60 and
40 wt-%HAp are shown in Fig. 5a–c respectively.
Figure 6a–c presents similar compositions for the
samples prepared by physical mixing method. As noted
above, it has been reported that the adhesion between
the matrix and the reinforcement can have beneficial
effects on the mechanical properties in HAp/polymer
systems.28–30 This adherence in the case of the in situ
processed samples can be seen clearly in Fig. 5a. The
adhesion improves the load transfer between the two
phases, thus effectively increasing the mechanical
properties. This is consistent with the enhanced experi-
mental tensile strength values observed for the in situ
processed samples in this study. There is also a change in
the deformation behaviour with decreasing HAp con-
tent. In other words, samples with lower amounts of
HAp exhibit considerable amounts of plastic deforma-
tion before fracture. Of course the extent of polymer
stretching is much more in the in situ processed samples
(compare Figs. 5 and 6, specially Figs. 5c and 6c) which
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4 HAp crystallite distribution in composite sample prepared by a physical mixing and b in situ processed sample

Table 1 Mechanical properties of composite samples prepared by in situ process

HAp, wt-% Elastic modulus, GPa Ultimate tensile strength, MPa Strain at failure, %

40 6.10¡1.56 57.69¡1.9 2.2¡0.04
60 12.53¡1.5 54.18¡2.7 1.09¡0.06
80 20.33¡1.54 50.32¡2.6 0.45¡0.08

Table 2 Mechanical properties of composite samples prepared by physical mixing process

HAp, wt-% Elastic modulus, GPa Ultimate tensile strength, MPa Strain at failure, %

40 10.73¡2.2 40.57¡2.3 0.98¡0.05
60 17.22¡2.8 33.53¡3.5 0.74¡0.08
80 28.03¡3.45 26.97¡3.8 0.32¡0.1
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has led to higher strain values in these samples as
indicated in Table 1. An important consequence of more
plastic deformation in the in situ processed samples is the
dissipation of more fracture energy reducing the stress
concentration at the interface.31 The higher ductility
seen in the in situ processed samples has also manifested
itself in the lower young’s modulus values in these
samples (Tables 1 and 2). Although the exact reasoning
behind the lower elastic modulus values are not clear to
the authors at this time, it is probably attributed to
stronger interface and a more unified response of the
microstructural constituents to the applied load.
Another interesting observation has been the operation
of toughening mechanism such as bridge forming across

the crack faces in the in situ processed sample shown in
Fig. 5b. This behaviour is another consequence of
strong adhesion between HAp and polymer matrix
which helps to improve the fracture toughness values in
these composite samples. Furthermore, a closer look at
the microstructure presented in Fig. 5c, shows attached
HAp particles to the pulled out polymer ligaments even
after tensile loading experiment. This behaviour, again
suggests a strong coupling between the polymer and the
filler particles. A close-up view of this situation can be
seen in the magnified SEM image illustrated in Fig. 7.

The examination of the microstructures (Fig. 6)
shows that such strong interaction is absent in the case
of the samples prepared by physical mixing route. Poor
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a 80 wt-%HAp; b 60 wt-%HAp; c 40 wt-%HAp
5 Images (SEM) of tensile fracture surfaces of HAp/PVA composite samples prepared by in situ process

a 80 wt-%HAp; b 60 wt-%HAp; c 40 wt-%HAp
6 Images (SEM) of tensile fracture surfaces of HAp/PVA composite samples prepared by physical mixing method
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bonding and non-uniform distribution of polymer
around the HAp particulates, the presence of interfacial
gaps and particulate debonding during the tensile test can
be seen in Fig. 6b and c. In general, lower plastic
deformation and therefore higher stress concentration
at the interface have led to inferior strength in these
samples. As shown in Table 2, the lowest strength was
obtained for the sample with the highest HAp content
and therefore the largest weak filler/matrix interface area.

Conclusions
HAp/PVA composite samples were prepared by physical
mixing and an in situ biomimetic approach. The
mechanical properties in both series of samples were
seen to show similar dependency on the HAp content.
While the elastic modulus increased, the tensile strength
and strain to failure decreased with increasing HAp
content. However, the important point was that both
strength and strain values were higher in the case of in
situ processed samples. In addition the decrease in the
strength values with increasing HAp content was
significantly lower for in situ samples. It is believed that
the improved mechanical properties observed in these
samples are attributed to strong filler/matrix coupling as
a result of chemical interaction between the HAp and
polymer as evident from FTIR and SEM experiments.
Based on the results obtained in this study, the in situ
processed samples are more suitable candidates for
medical applications.
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7 Same as Fig. 5c but magnified
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