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Abstract

The influence of zirconia content on the mechanosynthesis of fluorapatite–zirconia composite nanopowders was investigated.

The structural features of the specimens with different amounts of monoclinic zirconia (0–20 wt%) were examined after 5 h of

mechanical activation. Results indicated that the formation of fluorapatite–zirconia composite was strongly influenced by the zirconia

content. In the presence of 5–10 wt% monoclinic zirconia, fluorapatite–zirconia composite nanopowders were produced after 5 h of

milling. With increasing zirconia content to 20 wt%, there was no trace of fluorapatite–zirconia composite. In the absence of zirconia,

the average crystallite size, lattice strain and the volume fraction of grain boundary of fluorapatite were about 34 nm, 0.469% and

8.38%, respectively. These values reached 24 nm, 0.754% and 11.71% with the addition of 10 wt% monoclinic zirconia. In the presence

of 10 wt% monoclinic zirconia, the fraction of crystalline phase considerably decreased after 5 h of milling. Results revealed that the

lattice parameter deviations were affected by the zirconia content. Based on SEM observations, no significant differences in the size

distribution and morphology of the agglomerates were observed.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Apatite is a group of crystalline minerals that can be
represented by the formula M10(XO4)6Y2. In this formula,
M can be replaced by a large number of different ions such
as Ca2þ , Mg2þ , Sr2þ , Ba2þ , Mn2þ , Fe2þ , Zn2þ , Cd2þ ,
Pb2þ , Hþ , Naþ , Kþ , Al3þ , etc. Also, XO4 can be
substituted by PO4

3�, AsO4
3�, VO4

3�, SO4
3�, CO3

2�, SiO4
3�,

etc. In the apatite formula, Y can be replaced by several
anions for instance OH�, F�, Cl�, Br�, O2�, and CO4

2�.
The most common apatite structure is called hydroxyapatite
(HAp, Ca10(PO4)6(OH)2), where M, XO4 and Y are Ca2þ ,
PO4

3� and OH�, respectively [1,2]. HAp seems to be the most
appropriate ceramic material for artificial bone and tooth
applications owing to its biological properties. Nonetheless,
HAp has intrinsically high dissolution rate in a biological
system, poor corrosion resistance in an acidic environment
and poor chemical stability at high temperature [3,4]. One of
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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the suitable methods for decreasing the dissolution rate is
substitution of OH�1 groups in HAp by F�1 ions, which
leads to the formation of fluorine-substituted hydroxyapatite
(FHAp, Ca10(PO4)6(OH)2�xFx). This ionic substitution
causes an increase in crystallinity, a decrease in crystal strain,
and an increase in thermal and chemical stability [5,6].
It has been found that the incorporation of bioinert

ceramics into the calcium phosphates, improves the structural
features as well as the mechanical properties. An ideal
reinforcing material for the calcium phosphate-based com-
posites has not yet been identified. As a result, several
attempts have been made to develop HAp- and FHAp-
based composites [7–19]. Zirconia (ZrO2) is one of the most
widely used reinforcing agents, due to its superb strength and
fracture toughness [8–10]. However, special precautions need
to be taken to avoid injurious reactions between apatite and
ZrO2 during the fabrication process [14]. It has been reported
that HAp decomposed faster when the amount of ZrO2 in
the composites increased [15]. In addition, the high tempera-
ture decomposition of HAp was increased in the presence
of cubic zirconia with MgO [16]. Therefore, the effect of
ll rights reserved.
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addition of different reinforcing materials must be studied on
the properties of calcium phosphate-based composites.

According to our recent studies [17,18], fluorapatite–
zirconia (FAp–ZrO2) composite nanopowders can be
produced by solid state process. Results indicated that
the formation of FAp–5%wt ZrO2 composite nanopow-
ders proceeded in several steps. Moreover, the annealing
process led to the decomposition of FAp into tricalcium
phosphate (b-TCP) and calcium fluoride (CaF2), and to
the transformation of monoclinic zirconia (m-ZrO2) to the
tetragonal form (t-ZrO2). In this study, the influence of
zirconia content on the characteristics of FAp–ZrO2

composite nanopowders was investigated and the optimum
composition was determined. Also, the average crystallite
size, lattice strain, volume fraction of grain boundary,
fraction of crystalline phase, lattice parameters and mor-
phological features of the specimens were evaluated.
2. Materials and methods

The materials used in this research were calcium oxide
(CaO, Merck), phosphorous pentoxide (P2O5, Merck),
calcium fluoride (CaF2, Merck) and monoclinic zirconia
(m-ZrO2, Merck). Mechanical activation was performed in
a planetary ball mill using zirconia balls (20 mm in
diameter) and sealed cylindrical polyamide-6 vials (vol.
125 ml). To evaluate the effect of ZrO2 content on the
formation of FAp–ZrO2 composite nanopowders, different
amounts of m-ZrO2 (0, 5, 10, 15, 20 wt%) were mixed
with CaO, P2O5, and CaF2 according to reaction (1).
In all experiments, the weight ratio of ball-to-powder,
Fig. 1. The influence of m-ZrO2 content on the mechan
rotational speed and milling time were 20:1, 600 rpm and
5 h, respectively. Fig. 1 shows the influence of zirconia
content on the mechanosynthesis of FAp–ZrO2 composite
nanopowders.

9CaOþ3P2O5þCaF2þm-ZrO2-Ca10(PO4)6F2þm-ZrO2 (1)

The milled samples in the absence and presence of 5, 10,
15 and 20 wt% of m-ZrO2 were named as 0ZFA, 5ZFA,
10ZFA, 15ZFA and 20ZFA, respectively. The specifica-
tions of the synthesis process and chemical composition of
specimens are presented in Table 1.
Phase analysis of the experimental outcomes was per-

formed by X-ray diffraction (Philips X-ray diffractometer
(XRD), Cu-Ka radiation, 40 kV, 30 mA and 0.02 deg S–1

step scan). XRD graphs were recorded in the interval
201r2yr601 at a scan speed of 1 deg/min. ‘‘PANalytical

X’Pert HighScore’’ software was also used for the analysis
of different peaks. The patterns were compared to the
standards compiled by the Joint Committee on Powder
Diffraction and Standards (JCPDS), which involved card
]15-0876 for FAp, ]037-1497 for CaO, ]035-0816 for
CaF2, ]01-1079 for Ca(OH)2, ]05-0318 for P2O5 and
]037-1484 for m-ZrO2. Crystallite size and lattice strain
of the samples were determined by using the XRD data
according to the following equations [19]:

D¼
Kl

ðbobs�bstd Þðcos yÞ
ðIÞ

E2 ¼
ðbobs

2
�bstd

2
Þ

ð4tan yÞ2
ðIIÞ
osynthesis of FAp–ZrO2 composite nanopowders.



Table 1

Specifications of the synthesis process and chemical composition of specimens.

Series Composition Milling time (h)

0ZFA 100 wt% (CaO, P2O5, CaF2) 5

5ZFA 95 wt% (CaO, P2O5, CaF2)þ5 wt% (m-ZrO2) 5

10ZFA 90 wt% (CaO, P2O5, CaF2)þ10 wt% (m-ZrO2) 5

15ZFA 85 wt% (CaO, P2O5, CaF2)þ15 wt% (m-ZrO2) 5

20ZFA 80 wt% (CaO, P2O5, CaF2)þ20 wt% (m-ZrO2) 5
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where b (in radians), K, l, D, E and y are the structural
broadening, shape coefficient (value between 0.9 and 1.0),
the wavelength of the X-ray used (0.154056 nm), crystallite
size, lattice strain and the Bragg angle (deg), respectively.

If we assume that a crystallite is a sphere of diameter D

surrounded by a shell of grain boundary with thickness t, the
volume fraction of grain boundary (f) is approximately [20]:

f ¼ 1�
D

ðDþ tÞ

� �3
ðIIIÞ

The relation between lattice spacing (d) and lattice
parameters (a, b, and c) of the hexagonal structures
(FAp and the FAp in the composites) is shown as

1

d2
¼

4

3

h2þhkþk2

a2
þ

l2

c2
ðIVÞ

where h, k, l are the Miller indices of the reflection planes.
The (002) and (300) reflections were chosen for the lattice
parameters calculation [21].

Also, volume of fluorapatite HCP unit cell (V) was
determined by the following formula [22]:

V ¼ ð3a2cÞðsin 601Þ ðVÞ

The deviations of lattice parameters and unit cell volume
(in terms of %) are shown as [23]

Lattice parameter deviation¼
Dx

x0
ðx¼ a; cÞð%Þ ðVIÞ

Unit cell volume deviation¼
DV

V0
ð%Þ ðVIIÞ

where Da, Dc and DV are defined as Da¼a�a0, Dc¼c�c0
and DV¼V�V0, respectively. Also, a0, c0 and V0 are the
standard values of FAp which equal to a0¼9.368 Å,
c0¼6.884 Å and V0¼1564.264 Å3.

The fraction of crystalline phase (crystallinity) was
determined from the XRD data using the following
equation [24]:

Bhkl

ffiffiffiffiffiffi
Xc

3
p

¼K ðVIIIÞ

where Xc, K and B are the fraction of crystalline phase, a
constant found equal to 0.24 and FWHM (deg) of selected
reflection peaks, respectively. It should be mentioned that
the structural features of the FAp were repeated two times
for two groups of peaks; one group was (002), (211) and
(300), and another was (222), (004) and (213) Miller’s
planes family. The average of these two measurements was
presented as mean fraction of crystalline phase, crystallite
size and lattice strain.
Fourier transform infrared (FT-IR, Model 680 Plus,

JASCO) spectroscopy was also utilized to determine the
functional groups of products. This spectroscopy was
recorded in the range 4000–400 cm–1 at 2 cm–1 resolution
by 16 scans. Energy dispersive X-ray spectroscopy (EDX)
served as semi-quantitative examination of the samples
(voltage used for EDX equal to 20 kV). Morphological
features of the specimens were examined on a scanning
electron microscope (SEM, SERON AIS-2100). In addi-
tion, a field emission scanning electron microscope (FE-
SEM Hitachi S1831) that operated at the acceleration
voltage of 15 kV was applied to appraise the volume
fraction of grain boundary of the nanopowders by using
the edge mode images.

3. Results and discussion

3.1. Phase evolution

Fig. 2 shows the XRD patterns of CaO, P2O5 and CaF2

powder mixture in the absence and presence of different
amounts of m-ZrO2 (0–20 wt%) after mechanical activa-
tion for 5 h. As expected, phosphoric acid (H3PO4) formed
immediately on addition of P2O5 to the reaction mixture
due to very high hydrophilic nature of P2O5 (reaction (2)).
Accordingly, characteristic peaks of P2O5 were not visible
in XRD patterns.

3P2O5þ9H2O-6H3PO4, DG298 K¼�493.081 kJ,
DH298 K¼�586.317 kJ (2)

In the absence of zirconia (0ZFA), all the peaks
corresponding to the raw materials disappeared and only
those belonging to FAp were detectable after 5 h of
milling. By adding 5–10 wt% ZrO2, FAp and m-ZrO2

were obvious in XRD patterns of the milled samples. In
fact, after 5 h of milling the main products of mechan-
ochemical reactions for 5ZFA and 10ZFA samples were
FAp–5 wt% ZrO2 and FAp–10 wt% ZrO2 composites,
respectively. In these mechanochemical reactions, the extra
peaks were not observed. This result confirmed the
formation of FAp–ZrO2 composites with high phase
purity. According to Fig. 2, with increasing amount of
zirconia up to 15 wt% (15ZFA), there was no trace of
fluorapatite–zirconia composite. Similarly, in the presence



Fig. 2. XRD patterns of CaO, P2O5 and CaF2 powder mixture in the

absence and presence of different amounts of m-ZrO2 (0–20 wt%) after

mechanical activation for 5 h.
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of 20 wt% ZrO2 (20ZFA), the FAp–ZrO2 composite was
not detectable. For 15ZFA and 20ZFA samples, the phase
compositions were CaF2, CaO and m-ZrO2. This effect can
be attributed to the stoichiometric proportionality between
the calcium and phosphorus reagents. In all experiments
the total powder mass was 6 g. With increasing zirconia
content to Z15 wt%, the weight percent (wt%) of calcium
and phosphorus sources including CaO, P2O5 and CaF2

has diminished. It has been found that the formation of
FAp–ZrO2 composite by applying reaction (1) was affected
by the stoichiometric proportionality between the calcium
and phosphorus reagents [17,18]. Therefore, with decreas-
ing weight percent of calcium and phosphorus sources, no
mechanochemical reaction occurred after 5 h of milling
due to the lack of required materials for mechanical
activation. Nonetheless, after 5 h of mechanical activation
only the reduction of particle size occurred. From the other
point of view, as the ZrO2 content was increased to
Z15 wt%, the reflection intensities of CaO and CaF2

diminished and the peaks became wider, suggesting finer
crystallite sizes and lattice micro-strains. Conversely, the
reflection intensities of m-ZrO2 increased. This behavior
can be related to the dissolution of Ca ions in m-ZrO2, and
therefore the formation of a solid solution. Actually, in the
presence of 15 and 20 wt% zirconia, the stabilization of
m-ZrO2 by calcium fluoride and calcium oxide as well as
the formation of a solid solution of CaO–CaF2–ZrO2

occurred (reaction (3)).

CaO [CaF2]þm-ZrO2-Ca-doped m-ZrO2 (3)

Fig. 3a displays the magnified XRD region between
2y¼311 and 351. According to this figure, with increasing
ZrO2 content to 10 wt%, the reflection intensities of FAp
decreased and the peaks became wider. This result suggests
that with increasing zirconia content to 10 wt%, poorly
crystalline structure was formed in comparison with 0ZFA
sample. On the contrary, the reflections corresponding to
ZrO2 became more intense as the ZrO2 content increased
up to 10 wt%. Fig. 3b shows the magnified XRD region
between 2y¼32.51 and 33.51. It can be seen that in the
presence of 5 wt% zirconia, displacement of FAp peaks
towards lower angles occurred after 5 h of milling. For
10ZFA, further displacement of FAp peaks was found
(Fig. 3b). This indicates that the lattice parameter of FAp
increases with the addition of zirconia due to an ion
exchange reaction with ZrO2þ (0.21 nm) ions from the
m-ZrO2. It has been found that this reaction can occur
where the surfaces of m-ZrO2 and FAp are in contact, with
minimum rearrangement of their structures [10].
3.2. Lattice parameters and their deviations

Unit cell measurements (a-axis, c-axis and unit cell volume
(V)) of the FAp as a function of zirconia content were
determined and the results of these are presented in Fig. 4.
It is obvious that the a-axis and c-axis values for FAp in the
0ZFA and 5ZFA samples were similar to the reported values
for standard FAp (]15-0876: a¼9.368 Å and c¼6.884 Å).
However, these values were different from the standard FAp
for 10ZFA sample (Fig. 4a). Results showed that the unit cell
volume of FAp increased first in 0ZFA and then with the



Fig. 3. Magnified XRD regions between (a) 2y¼31–351 and (b) 2y¼32.5–33.51.

Fig. 4. Unit cell measurements (a) a-axis and c-axis, (b) unit cell volume, deviations of (c) lattice parameters and (d) unit cell volume of FAp as a function

of zirconia content.
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addition of 5 wt% ZrO2 (5ZFA), the unit cell volume
decreased. With increasing zirconia content to 10 wt%, the
unit cell volume of FAp significantly expanded and reached a
maximum after 5 h of milling (Fig. 4b). These variations in
unit cell volume resulted mainly from increases in the (a)
parameters, rather than from the (c) values and can probably
be attributed to the ion exchange reaction (diffusion of larger
ions of ZrO2þ into the FAp lattice) and lattice distortion of
FAp during mechanical activation. Fig. 4c and d shows the
deviations of lattice parameters and unit cell volume of FAp as
a function of zirconia content. In the presence of 10 wt%
ZrO2, the lattice parameters and unit cell volume deviations of
the FAp reached a maximum after 5 h of milling. Among the
samples, 5ZFA specimen had the least deviation from the
standard. So it can be concluded that the deviations of unit cell
volume of FAp were significantly influenced by the zirconia
content as follows:

10ZFA40ZFA45ZFA
3.3. Crystallite size and lattice strain

Fig. 5 shows the average crystallite size, lattice strain
and volume fraction of grain boundary of specimens as a
function of zirconia content. For 0ZFA, milling up to 5 h
led to a rapid decrease in the crystallite size to less than
34 nm. In the presence of 5 wt% ZrO2, a fine structure with
an average crystallite size of about 29 nm was formed
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(Fig. 5a). With increasing zirconia content to 10 wt%, the
FAp crystallite size decreased and reached 24 nm after 5 h
of milling. Conversely, the lattice strain and volume
fraction of grain boundary of FAp enhanced with increas-
ing zirconia content to 10 wt% (Fig. 5b and c). On the
other side, the crystallite size of ZrO2 declined with
increasing zirconia content and reached 21 nm for
20ZFA (Fig. 5d). In opposition, with increasing the
amount of zirconia to 20 wt%, the lattice strain and
volume fraction of grain boundary of ZrO2 intensified
and reached 0.578 and 13%, respectively (Fig. 5e and f). It
is obvious that the average crystallite sizes of FAp and
ZrO2 was influenced by the zirconia content as follows:

DFAp: 0ZFA45ZFA410ZFA

DZrO2
: 5ZFA410ZFA415ZFA420ZFA
In accordance with the obtained results, the average
crystallite size of FAp for 10ZFA was smaller than the
other specimens due to the effect of added m-ZrO2 on
elevating lattice strain. The presence of m-ZrO2 as second
phase particles changes the local dislocation density dis-
tribution owing to strain incompatibility between the
matrix and particles which may cause excessive accumula-
tion of internal strain. This suggests the effect of the added
Fig. 5. Average crystallite size, lattice strain and volume fraction of grain boun

m-ZrO2.
second phase particles in accelerating grain size reduction
which is in agreement with other references [10,17,18,].
3.4. Fraction of crystalline phase (crystallinity)

Fig. 6a shows the FWHM values at different Bragg
angles for 0ZFA, 5ZFA and 10ZFA samples. The FWHM
values illustrated the occurrence of anisotropic line broad-
ening. It has been found that the anisotropic line broad-
ening may be attributed to three factors: the presence of
stacking faults, the presence of dislocations and none-
quivalence of the grain sizes along different crystallo-
graphic directions [25]. Here, this phenomenon was
presumably due to the grain size anisotropy. Fig. 6b
displays the fraction of crystalline phase as a function of
zirconia content. According to this figure, with increasing
zirconia content, the crystallinity decreased and reached a
minimum in the presence of 10 wt% ZrO2. It is obvious
that the fraction of crystallinity remarkably was influenced
by the zirconia content as follows:

0ZFA45ZFA410ZFA

In general, control of the crystallinity of HAp is
necessary for its biological applications. Since low crystal-
linity of calcium phosphates shows high osteoconductivity,
dary of specimens as a function of zirconia content (a,b,c) FAp and (d,e,f)



Fig. 6. (a) The FWHM values at different Bragg angles and (b) the fraction of crystalline phase as a function of zirconia content.

Fig. 7. FT-IR spectra of the powder mixture in the absence and presence of different amounts of m-ZrO2 (0–10 wt%).
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the 5ZFA and 10ZFA samples can be used to promote
osseointegration or as a coating to promote bone ingrowth
in prosthetic implants [26].

3.5. FT-IR spectra

The FT-IR spectra of the 0ZFA, 5ZFA and 10ZFA
specimens are shown in Fig. 7. The FT-IR analysis was
used to get valid data about the functional group and to
determine the composition of the samples in the absence
and presence of different amounts of zirconia. The char-
acteristic bands (listed in tables) exhibited in the 0ZFA,
5ZFA and 10ZFA spectra are assigned here:
(a)
 Two bands were observed at 3420 and 1639 cm–1 due
to the vibration of the adsorbed water in the apatite
structure [5]. These peaks shifted to 3433 and 1638 cm–

1 for 5ZFA and 3421 and 1639 cm–1 for 10ZFA.

(b)
 In the absence of zirconia (0ZFA), the bands at 1094

and 1049 cm–1 arise from n3 PO4, the band at 965 cm–1
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results from n1 PO4, and the bands at 603 and 575 cm–1

result from n1 PO4 [5,17,18]. The phosphate bands in
the 5ZFA and 10ZFA are slightly shifted compared
to 0ZFA.
(c)
 For 0ZFA, a doublet appears at 1428 and 1455 cm�1

corresponding to n3 and a band at 864 cm�1 is
attributed to n2 vibration mode of the carbonated
groups. These peaks shifted to 1429 and 1457 cm�1

for 5ZFA and 10ZFA respectively. The presence of
these peaks showed that FAp and FAp in the compo-
sites contained some CO3

2� groups in PO4
3� sites of

apatite lattice (B-type substitution) [27]. It has been
reported that this kind of apatite is more similar to
biological apatite and could be more suitable for bone
replacement materials [5].
(d)
 Also, for 0ZFA, the band at 727 cm�1 corresponds to
the shifting OH� liberation mode. This is caused by the
increase of F– content in the (OH–, F–) chain of apatite
with predominant configuration of yFHO:OHFy [28].
It has been found that this configuration is typical for
samples in which almost 50% of OH– ions is being
replaced by F– ions. Besides the band at 727 cm�1,
appearance of the band at 758 cm�1 shows that the
configuration yFHOFy is predominant [28]. It should
be mentioned that for 5ZFA and 10ZFA, these bands
overlapped with the band corresponding to the vibration
of ZrO2. For 5ZFA, the band at 741 cm�1 is attributed
to the vibration of ZrO2 which shifted to 739 cm�1 with
increasing zirconia content up to 10 wt% (10ZFA).
The FT-IR findings suggest that the formation of
fluorapatite�zirconia composite nanopowders was influ-
enced by the zirconia content.

3.6. Elemental analysis

Fig. 8 displays the EDX spectra of the CaO, P2O5 and
CaF2 powder mixture in the absence and presence of
different amounts of m-ZrO2 (0–20 wt%) after mechanical
activation for 5 h. According to EDX spectra, the main
elements of the specimens were calcium, phosphorus,
oxygen, fluorine and zirconium. The EDX spectra of the
0ZFA, 5ZFA, 10ZFA, 15ZFA and 20ZFA showed a
molar ratio of Ca/P¼1.83, 1.72, 1.74, 1.91 and 1.81,
respectively. As expected, with increasing zirconia content
the relative intensity of ZrO2 was dominant. Results
confirmed that a very homogeneous distribution of com-
ponents was formed after mechanical activation for 5 h,
specifically for the 5ZFA and 10ZFA. At about 0ZFA,
15ZFA and 20ZFA, the increase in Ca/P ratio to more
than 1.67 may be ascribed to the formation of calcium
phosphate compounds with lower Ca/P ratio than 1.67
which is in agreement with previous research [29]. Further-
more, EDX point chemical analysis revealed that no
chemically stable contaminants were detected due to the
excessive adhesion of powders to the milling media. Based
on our experiments, polymeric vial is an appropriate
milling media to annihilate contamination problem and
to achieve modified morphologies with high biomedical
performance [6,17–19,30].

3.7. SEM/FE-SEM observations

Fig. 9 shows the SEM images of all the samples in the
absence and presence of different amounts of m-ZrO2 (0–
20 wt%) after mechanical activation for 5 h. According to
this figure, the gained powders showed cluster-like struc-
tures which were composed of several fine particles. By
adding 5 wt% m-ZrO2 to powder mixture, the rate of
fracturing increased and as a result the size of powder
particles decreased. For 5ZFA, the morphology of nano-
particles was almost equiaxed with the average size of
about 45 nm. With increasing zirconia content to 10 wt%,
the equiaxed particles exhibited an average size of about
40 nm. Further increasing zirconia content to 20 wt%,
resulted in the formation of large polygonal agglomerates/
particles. Based on SEM images, no significant changes in
the size distribution and morphology of the agglomerates
were observed. However, in accordance with higher mag-
nification images, the samples with 5 and 10 wt% m-ZrO2

had fine homogeneous microstructures.
In this paper, FE-SEM images were used to appraise the

volume fraction of grain boundary of the nanopowders by
using the edge mode images. Fig. 10 displays the edge
mode images of the 0ZFA, 5ZFA and 10ZFA after 5 h of
milling. According to this micrograph, the volume fraction
of grain boundary in 10ZFA sample is higher than in other
specimens. This suggests that the average particle size of
10ZFA is lower than that of other samples. As a result, the
addition of appropriate amount of zirconia as a second
phase in calcium phosphate-based composites acts as a
driving force to increase the volume fraction of grain
boundary. The gained result is consistent with the pre-
sented data in the section of crystallite size and lattice
strain. Recalling from the above consequences, it can be
concluded that the mechanosynthesis of FAp�ZrO2 com-
posite nanopowders was influenced by the zirconia con-
tent. Also, in comparison with other specimens, the 5ZFA
and 10ZFA samples had appropriate structural features
and morphological characteristics which can be considered
for particular targets.

4. Conclusions

The effect of zirconia content on the mechanochemical
synthesis and structural features of fluorapatite�zirconia
composite nanopowders was investigated. After 5 h of
milling, the main products of mechanochemical reactions
for 5 and 10 wt% zirconia were FAp–5 wt% ZrO2 and
FAp–10 wt% ZrO2 composites, respectively. With increas-
ing zirconia content up to Z15 wt%, there was no trace of
fluorapatite�zirconia composite due to the stabilization of
m-ZrO2 by calcium fluoride and calcium oxide as well as



Fig. 8. EDX spectra of the CaO, P2O5 and CaF2 powder mixture (a) in the absence and presence of different amounts of m-ZrO2 (b) 5, (c) 10, (d) 15 and

(e) 20 wt% after mechanical activation for 5 h.
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Fig. 9. SEM images of all the samples in the (a) absence and presence of different amounts of m-ZrO2 (b) 5, (c) 10, (d) 15 and (e) 20 wt% after mechanical

activation for 5 h.
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Fig. 10. FE-SEM edge mode images of the (a) 0ZFA, (b) 5ZFA and (c) 10ZFA after 5 h of milling.
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the formation of a solid solution. With increasing zirconia
content to 10 wt%, the unit cell volume of FAp signifi-
cantly expanded and reached a maximum after 5 h of
milling. Results revealed that the deviations of unit cell
volume of FAp were significantly influenced by the
zirconia content. The average crystallite size of FAp in
the composite structures was smaller than the single phase
FAp. By increasing zirconia content, the crystallinity
decreased and reached a minimum in the presence of
10 wt% ZrO2. EDX results confirmed that a very homo-
geneous distribution of components was formed after
mechanical activation for 5 h. FE-SEM images suggest
that addition of appropriate amount of zirconia to calcium
phosphate-based composites acts as a driving force to
increase the volume fraction of grain boundary.
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