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Abstract

The structural and morphological features of fluorapatite–zirconia composite nanopowders during mechanochemical process and

subsequent thermal treatment were investigated. The experimental outcomes were characterized by X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FT-IR), energy dispersive X-ray spectroscopy (EDX), and field emission scanning electron microscopy

(FE-SEM). After 300 min of milling, the average crystallite size, lattice strain, and the volume fraction of grain boundaries of

fluorapatite were about 29 nm, 0.543%, and 9.64%, respectively. According to morphological evaluation, a fine homogeneous

microstructure was obtained after 300 min of milling. The annealed sample at 600 1C exhibited grain size of about 32 nm for fluorapatite

and 37 nm for monoclinic zirconia. During heating at 900 1C, fluorapatite decomposed to tricalcium phosphate (b-TCP) and calcium

fluoride. With increase of temperature from 600 to 900 1C, the crystallite size of fluorapatite and monoclinic zirconia reached 43 and

40 nm, respectively. According to the FE-SEM micrographs, heat treated samples were composed of particles with a mean particle size

of about 33 nm at 600 1C and 209 nm at 900 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bioceramics are an important subset of biomaterials
which became an accepted group of materials for medical
applications, mainly for implants in orthopedics, maxillo-
facial surgery and dental implants. Among them, hydro-
xyapatite (HAp, Ca10(PO4)6(OH)2) seems to be the most
appropriate ceramic material for artificial bone and tooth
applications owing to its excellent biocompatibility and
bioactivity [1]. However, HAp has intrinsically high dis-
solution rate in a biological system, poor corrosion
resistance in an acidic environment, and poor chemical
stability at high temperature [2,3]. It has been found that,
the biological and physicochemical properties of HAp can
be improved by being substituted with ions that usually exist
in natural apatites of bone [4]. In fact, trace ions substituted in
apatites can affect the lattice parameters, crystallinity, dissolu-
tion kinetics and other physical properties [5]. If OH� groups
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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in HAp are partially replaced by F�, fluoride-substituted HAp
(FHAp, Ca10(PO4)6(OH)2�xFx) is obtained. When the sub-
stitution is complete, fluorapatite (FAp, Ca10(PO4)6F2) is
formed. When fluoride consumed in optimal amounts in
water and food, used topically in toothpaste and mouth
rinses, it increases tooth mineralization and bone density,
reduces the risk and prevalence of dental caries, and promotes
enamel remineralization throughout life for individuals of all
ages [6]. Moreover, the incorporation of fluorine into HAp
induces better biological response [7].
On the other hand, the incorporation of bioinert ceramics

into calcium phosphate-based materials has shown significant
improvement in structural features as well as mechanical
properties. Therefore, many attempts have been made to
improve the functional characteristics of bioceramics through
the incorporation of ceramic second phases [8–11]. An ideal
reinforcing material for the calcium phosphate-based com-
posites, which satisfies all requirements, has not yet been
found. However, some attempts have been made to develop
HAp- and FHAp-based composites such as HAp–Al2O3 [8],
HAp–ZrO2 [12], HAp–TiO2 [13], FHAp–Al2O3 [14], and
ll rights reserved.
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FHAp–ZrO2 [15] composites. These studies indicate that two
major common phenomena ordinarily happen that comprise
dissociation of HAp to tricalcium phosphate (a/b-TCP) and
interfacial reactions between HAp and reinforcement ceramic
phase, which can lead to the formation of CaZrO3 and
CaTiO3. Among the second phases, ZrO2 has been studied
extensively because of its relatively higher mechanical
strength and toughness [9,10,12]. However, the addition of
ZrO2 results in lowering the decomposition temperature of
microcrystalline HAp- and FHAp-based composites below
the sintering temperature which causes an adverse influence
on the mechanical properties [15]. These events are related to
the structural features of composite that are affected by the
synthesis process. Generally, in order to prepare calcium
phosphate-based composites, calcium phosphate source che-
micals and ZrO2 powders are mixed, cold pressed and then
sintered at high temperatures [9]. Under these circumstances,
the products have microcrystalline structure. Since the
nanocrystalline structures, compared to the microcrystalline
structures, are more important to achieve high thermal
stability and mechanical properties [16], the FAp–ZrO2

composites with nanostructural characteristics are designated
for medical applications. Hence, synthesis and character-
ization of FAp–ZrO2 composite nanopowders via one-step
mechanochemical process and subsequent thermal treatment
provided the main target for current investigation. A review
of scientific research shows that the mechanochemical process
has a lot of well-known inherent advantages because of
being both economically and technically a simple approach
mass production, and the marvelous flexibility to generate
nanostructured bioceramics [17,18]. In the field of
nanocomposites, this technique can lead to the forma-
tion of interpenetrating phase composites with nano-
sized structures. These structures exhibit properties and
performance which are much more improved over their
conventional microcrystalline counterparts [16–18].

Despite the fact that FAp-based materials are known to
have greater thermal and chemical stability than those of
HAp [3], only a limited number of studies have been
conducted on the production of FAp-based nanocomposites
[10,19]. Consequently, the aim of this study was to examine
the structural features (crystallite size, lattice strain, volume
fraction of grain boundary, and crystallinity) and morpho-
logical characteristics (particle size and shape, particle dis-
tribution and agglomeration) of novel FAp-based composite
nanopowders during mechanochemical process and subse-
quent thermal treatment. In fact, the effects of milling time
and succeeding heat treatment have been explored with the
purpose of recommending a proper circumstance for the
mass production of FAp–ZrO2 composite nanopowders.

2. Materials and methods

2.1. Synthesis of nanopowders

The FAp–ZrO2 composite nanopowders were prepared
by mechanochemical process using calcium oxide (CaO,
Merck), phosphorous pentoxide (P2O5, Merck), calcium
fluoride (CaF2,Merck), and monoclinic zirconia (m-ZrO2,
Merck) as starting reagents. The mechanochemical synth-
esis was performed in a planetary ball mill at 600 rpm.
Zirconia balls (20 mm in diameter) were used in sealed
cylindrical polyamide—6 vials (vol. 125 ml). The weight
ratio of ball-to-powder was 20:1. Ball milling of powder
mixture was carried out at room temperature under
ambient air atmosphere without using any process control
agent (PCA). In order to avoid excessive temperature rise
within the grinding vial, 45 min ball milling duration
was followed by an interval of 15 min. To synthesize
FAp–5 wt% ZrO2 composite nanopowders the distinct
amount of m-ZrO2 (5 wt%) was mixed with CaO, P2O5,
and CaF2 according to Reaction (1), and then they were
milled in planetary ball mill for 5, 15, 30, and 300 min.

9CaOþ3P2O5þCaF2þm-ZrO2-Ca10 PO4ð Þ6F2þm-ZrO2

ð1Þ

After that the resultant powders were filled in a quartz
boat, and then annealed for 1 h under atmospheric
pressure at 600 and 900 1C. The heating rate from room
temperature up to the desired temperature was fixed at
10 1C min�1.
2.2. Characterization of nanopowders

Phase analyses and structural changes of composite
powders were determined by X-ray diffraction (Philips
X-ray diffractometer (XRD), Cu-Ka radiation, 40 kV,
30 mA and 0.021 s–1 step scan). For qualitative analysis,
XRD graphs were recorded in the interval 201r2yr601
at scan speed of 11/min. ‘‘PANalytical X0Pert HighScore’’

software was also utilized for the analysis of different
peaks. The gained patterns were compared to 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

bobs�bstdð Þðbcos yÞ
ðIÞ

E2 ¼
bobs

2
�bstd

2
� �
ð4tan yÞ2

ðIIÞ

where b (in radians) is the structural broadening, which is
the difference in integral profile width between a standard
and the unknown sample and K, l, D, E, and y are the
shape coefficient (value between 0.9 and 1.0), the wave-
length of the X-ray used (0.154056 nm), crystallite size,
lattice strain and the Bragg angle (1), respectively.
If we assume that a crystallite is a sphere of diameter

D surrounded by a shell of grain boundary with thickness t,



Fig. 1. XRD patterns of powder mixture before and after one step

mechanochemical process for 5–300 min.
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the volume fraction of grain boundary, f, is approximately
[20]

f ¼ 1�
D

Dþ tð Þ

� �3
ðIIIÞ

Values of f were calculated from this equation by
substituting the experimental crystallite size obtained by
XRD with D under the assumption of t¼1 nm.

On the other hand, the relation between lattice spacing
(d) and lattice parameters (a, b, and c) of the hexagonal
structures (FAp in the composite) is shown as [21]:

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.

Meanwhile, volume V of the hexagonal unit cell was
determined by the following formula [12]:

V ¼ 2:589a2c ðVÞ

In addition, the crystallinity of FAp after thermal
annealing process was determined from the XRD data
using the following equation [22]:

Xc¼ 1�
V112=300

I300

� �
ðVIÞ

where Xc is the degree of FAp crystallinity, I300 is the
intensity of the (300) peak, and V112/300 is the intensity of
the shoulder between the (112) and (300) diffraction peaks.
Fourier transform infrared (FT-IR, Model 680 Plus,

JASCO) spectroscopy was also utilized to characterize the
products. 1 mg of the powdered sample was mixed with
200 mg spectroscopic grade KBr by hand milling the
powder in an agate mortar. Subsequently, the transmittance
spectroscopy was recorded in the range 4000–400 cm�1 at
2 cm�1 resolution by 16 scans. Energy dispersive X-ray
spectroscopy (EDX) which was coupled with SEM (SERON
AIS–2100) was used for semi-quantitative examination of the
samples (voltage used for EDX was equal to 20 kV). The size
and morphology of fine powders and agglomerates were
observed on a field emission scanning electron microscope
(FE-SEM Hitachi S1831) that operated at the acceleration
voltage of 15 kV. Prior to FE-SEM analysis, the milled
powders were suspended in ethanol and dispersed ultrasoni-
cally for 3 min. In the next step, the powder samples were
coated with gold for more electronic conduction.

3. Results and discussion

3.1. XRD analysis

3.1.1. Phase determination

Fig. 1 shows the XRD patterns of CaO, P2O5, and CaF2

powder mixture in the presence of 5 wt% m-ZrO2 before and
after mechanical activation for different milling times.
According to the XRD patterns, it can be seen that after
5 min of milling the phase compositions were FAp and
m-ZrO2 with a trace of CaO. After 15 and 30 min of milling,
similar to previous sample, the main product of mechan-
ochemical reaction was FAp–ZrO2 composite with a small
amount of CaO. This suggests that CaO was still present in
the samples after 5, 15, and 30 min of milling. When the
mechanical activation time was extended to 300 min, all the
peaks corresponding to CaO had vanished and only those
belonging to FAp and m-ZrO2 were visible. According to
Fig. 1, it could be noted that the intensity decreasing rate of
each starting material differed. By comparing the relative
intensity peaks of CaF2 and CaO during milling, it was found
that the peak intensity of CaO decreased relatively slowly,
while CaF2 completely vanished after 5 min of milling.
Eventually, FAp–5 wt% ZrO2 composite with no impurity
phase was formed after 300 min of milling.

3.1.2. Structural features

Fig. 2 displays the effect of milling time on the average
crystallite size, volume fraction of grain boundaries, and
lattice strain of FAp in the composite structures which
were calculated using XRD data. According to this figure,
the crystallite size of the specimens decreased with



Fig. 2. (a) Average crystallite size, (b) the volume fraction of grain boundaries, and (c) lattice strain of FAp in the composite structures as a function of

milling time.
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increasing milling time. Conversely, the lattice strain and
volume fraction of grain boundaries increased with
increasing milling time. This phenomenon was attributed
to the effect of mechanical activation on the structural
features. Finally, crystallite size, lattice strain, and the
volume fraction of grain boundaries of FAp after 300 min
of milling were about 29 nm, 0.543%, and 9.64%, respec-
tively. The obtained data show that by increasing the
milling time from 5 min to 300 min, the crystallite size
decreases mostly after 30 min and reaches a minimum at
300 min of milling time. It seems that the presence of
m-ZrO2 as second phase particles changes the local
dislocation density distribution, owing to strain incompat-
ibility between the matrix and particles which may cause
excessive accumulation of internal strain. This reveals the
effectiveness of added second phase particles in accelerat-
ing grain size reduction. This result is in agreement with
other references [12]. It should be noted that the average
crystallite size of the m-ZrO2 was about 26 nm after
300 min of milling.

Comparable graphs of a-�axis, c-axis, and the unit cell
volume changes of the samples as a function of milling
time are shown in Fig. 3a–c. As can be seen in Fig. 3, the
a-axis values for FAp were similar to the reported values
for standard FAp (]15-0876: a¼9.368 Å). Similarly, there
were little changes in the c-axis values (FAp ]15-0876:
c¼6.884 Å). On the other hand, the determined amounts
of unit cell volume of FAp demonstrate that by choosing
the total milling time to 300 min, the unit cell volume
increases first and reaches a maximum at 30 min of milling,
and then by further increasing the milling time to 300 min,
the unit cell volume decreases. These variations in cell
volume resulted mainly from increases in the a parameters,
rather than from the c values and can probably be
attributed to the lattice distortion of FAp during milling
of the samples. The similarity of the values obtained in this
paper to standard values provides further support for the
purity of the samples that have been produced by the
mechanochemical process.

3.2. FT-IR evaluation

FT-IR spectra of the samples milled for various periods
of time are shown in Fig. 4. These spectra reflect the
presence of functional groups that determine the composi-
tion of the samples and the changes that occurred during
the mechanochemical process. In the FT-IR spectra of the
samples, two bands relating to the vibration of the
adsorbed water in the apatite structure were detected
[23]. For the samples which were milled in the range of
15–300 min, a doublet appears at 1429 and 1457 cm�1

corresponding to n3 and a band at 865 cm�1 corresponding
to n2 vibration mode of the carbonated groups which
showed that FAp contained some CO3

2� groups in PO4
3�



Fig. 4. FT-IR spectra of the samples before and after one step mechan-

ochemical process for 5–300 min.

Fig. 3. (a) Change in the lattice constants and (b) their unit cell volume for FAp in the composite structures as a function of milling time.
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sites of apatite lattice (B-type substitution) [24]. It has been
reported that this kind of apatite is more similar to
biological apatite and could be more suitable for bone
replacement materials [23]. It should be noted that the FT-
IR band at 1429 and 1457 cm�1 corresponding to n3 and a
band at 865 cm�1 corresponding to n2 vibration mode of
the carbonated groups together with the structural changes
in FAp (calculated from XRD data) supports the existence
of carbonated groups. The main characteristic peaks of
PO4

3� group which had four distinct asymmetrical stretch-
ing vibration modes, namely n1 (P–O–P), n2 (P–O–P), n3
(P–O), and n4 (O–P–O) were clearly observed, given as
follows. The n1 and n2 vibration peaks were observed at
965 and 473 cm�1, respectively. The n3 vibration peak was
noted in the region between 1094 and 1049 cm�1, which
was the most intensified peak among the phosphate
vibration modes. The band between 603 and 575 cm�1

showed n4 vibration mode of PO4
3� group. Comparison

between FT-IR spectra of the milled samples and the
spectrum of the starting mixture confirmed a substantial
change in the system phase composition, which happened
during the mechanochemical process. The bands at 900
and 1273 cm�1 were assigned to the HPO4

2� group
vibrations [23], which slowly diminished with increase of
milling time and finally disappeared after 300 min of
milling. For the sample which was milled for 300 min,
the band at 965 cm�1 corresponds to n1 vibration of the
PO4

3� group. This band appeared as a result of HPO4
2�

group depredation. According to literature [11], the band
at 741 cm�1 corresponds to the vibration of ZrO2 with a
small differences depending upon the milling time. It
should be noted that the intermediate peak at approxi-
mately 2929 cm�1 is not the characteristic of the samples;
this belongs to KBr itself [13]. The result of FT-IR spectra
revealed that the resultant powders have an appropriate
purity.

3.3. Morphological characteristics and EDX analysis

The performance of nanobioceramics in biomedical
applications is effectively dependent on their morphologi-
cal features [1]. However, particle shape analysis is one of
the most difficult problems in powder technology as there
is no general shape factor available that clearly differenti-
ates all possible kinds of morphologies [25]. For a better
understanding of the effect of mechanochemical process on
the morphological features, FE-SEM analysis was per-
formed on the composite nanopowders. Fig. 5 shows the
morphology and particle size distribution of the composite
powders milled from 5 min to 300 min. In general, defor-
mation, fracture and cold welding of powders occur in the
early stages of milling [17]. After 5 min of milling, some
large platelet agglomerates/particles were formed because
they may undergo different compression and wear forces
of the colliding balls (Fig. 5a and b). According to Fig. 5a
and b, a considerable activation occurred in the powder
mixture after 5 min of milling. Since, the XRD analysis
confirmed the formation of FAp–5 wt% m-ZrO2 compo-
site nanopowder after 5 min of milling, we concluded
that the localized heating and pressure at regions of
contact between the reactant with fine grains may be an
important factor for the phase formation in the activated
sample for 5 min of milling. With increasing milling time
up to 30 min, all the platelet particles were fractured into
smaller particle sizes (Fig. 5c and d). By increasing milling



Fig. 5. FE-SEM images of the composite nanopowders after different milling times: (a,b) 5 min, (c,d) 30 min, and (e,f) 300 min.
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time to 300 min, the rate of fracturing increased and as a result
the size of powder particles decreased. At this stage, the
morphology of powder nanoparticles was almost equiaxed
with the average size of about 45 nm (Fig. 5e and f). Based on
FE-SEM images, in comparison with other samples, the
product after 300 min of milling has a fine homogeneous
microstructure.

Fig. 6 shows the EDX spectra of the samples after 5 and
300 min of milling, indicating that the Ca, P, O, F, and Zr
exist inside the particles. The EDX results confirmed that a
very homogeneous distribution of components was formed
during one-step mechanochemical process particularly
after 300 min of milling. In accordance with EDX point
chemical analysis, it was identified that no chemically
stable contaminants were detected due to the excessive
adhesion of powders to the milling media. It should be
mentioned that the use of polymeric vial has been pro-
posed in the authors’ experiments not only to annihilate
contamination problem, but also to achieve modified
morphologies with high biomedical performance [26–29].
3.4. Thermal treatment

To examine the effect of thermal treatment on the phase
transformations and structural features, heat treatment
was carried out on FAp–ZrO2 composite nanopowders at
600 and 900 1C for 1 h. Fig. 7 shows the XRD patterns of
the composite nanopowders after thermal annealing pro-
cess. As can be seen in Fig. 7, annealing at 900 1C led to
the decomposition of FAp to Ca3(PO4)2 and CaF2. Hence,
the following reaction was proposed:

Ca10 PO4ð Þ6F2-3Ca3 PO4ð Þ2þCaF2 ð2Þ

At the lower heat treatment temperature (600 1C), the
poor crystalline apatite phase was characterized by broad
diffraction bands. In addition to the poor crystalline phase
of FAp, the phase of m-ZrO2 was also observed in this
sample. With increase of temperature from 600 to 900 1C,
the existence of FAp and m-ZrO2 phases together with
minor b-TCP phase was verified. This suggests that the
partial decomposition of FAp occurs even at 900 1C in the



Fig. 6. EDX spectra of the composite nanopowders after different milling

times: (a) 5 min and (b) 300 min of milling.

Fig. 7. XRD patterns of the composite nanopowders after thermal

annealing process in the range of 600–900 1C for 1 h.

Table 1

Calculated lattice parameters of FAp in FAp–ZrO2 composite nanopowders

after thermal annealing process.

Sample Corresponding

phase

a-axis

(Å)

c-axis

(Å)

Unit cell volume

(Å3)

Milling

(300 min)þ600 1C

FAp 9.383 6.859 1563.377

Milling

(300 min)þ900 1C

FAp 9.375 6.884 1566.528

JCPDS ]15-0876 FAp 9.368 6.884 1564.264
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presence of zirconia. It has been reported [13,29] that the
final microstructure of TCP will contain b or a-TCP
depending on their cooling rate. Rapid cooling from
sintering temperature gives rise to a-TCP phase only,
whereas slow furnace cooling leads to b-TCP phase only.
Any moderate cooling rate between these two results in
mixed phases of both b and a-TCP. Thus, in the present
investigation the slow furnace cooling rate leads to forma-
tion of b-TCP phase in heat treated samples.

Based on the calculated data from the XRD profiles, the
sample annealed at 600 1C showed small grains of about 32
and 37 nm for FAp and m-ZrO2, respectively. With increase
of temperature from 600 to 900 1C, grain growth happened
so that the crystallite size of FAp and m-ZrO2 reached 43 and
40 nm, respectively. Therefore, increasing the annealing
temperature might assist grain growth although all the
composite powders were comprised of nano-size crystallites.
A similar trend was observed in the crystallinity as well as in
the crystallite size, that is, an increase in the crystallinity from
14% up to the 71% with increasing heat treatment tempera-
ture from 600 1C to 900 1C.
The changes in lattice constants and the unit cell volume

for FAp in the heat treated composites are summarized in
Table 1. As can be seen, the volume of FAp unit cell
increased after annealing between 600 and 900 1C. These
increases in volume resulted mainly from increases in the a

parameters, rather than from the c values. According to
Reaction (2), the removal of calcium ions from FAp
involves an ion exchange reaction with ZrO2þ ions from
the m-ZrO2 which can occur where the surfaces of m-ZrO2

and FAp are in contact, with minimum rearrangement of
their structures. The radius of a ZrO2þ ion is about
0.21 nm and that of calcium is about 0.1 nm [12]. This
exchange, therefore, explains the increased volume of the
FAp unit cell as shown in Table 1. In addition, the large
ZrO2þ ion introduces strain into the FAp structure,
accelerating the FAp decomposition process.



Fig. 8. FE-SEM images of FAp–ZrO2 composite nanopowders annealed at (a,b) 600 and (c,d) 900 1C.
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Fig. 6 shows the morphological features of FAp–ZrO2

composite nanopowders annealed in the range of 600–900 1C.
These observations clearly reveal a distinct difference in
the samples’ microstructure. At 600 1C (Fig. 8a and b), the
product was composed of both agglomerates and fine
particles. A higher magnification of FE-SEM image indi-
cates that each agglomerate consists of many smaller
particles having a size of about 33 nm (Fig. 8b). According
to this figure, the intra-agglomerate pore sizes were much
smaller than the interagglomerate pore sizes; thus, during
the annealing process at Z600 1C, the smaller intra-
agglomerate pores were removed at a much faster rate
than the larger interagglomerate pores due to higher
driving force for annihilation. With increasing annealing
temperature from 600 1C to 900 1C the powder particles
became nearly equiaxed in shape with a mean grain size of
about 209 nm (Fig. 8c and d). Meanwhile, the number of
intra-agglomerate pores was much smaller than that in the
powder heat treated at 600 1C (Fig. 8d). According to the
FE-SEM observations, the increase in average size of
resultant agglomerate with increase of heat treatment
temperature can be attributed to the coalescence of
agglomerates.

Generally, spherical geometry is better than other
irregular shapes for achieving osseointegration because of
the well space fillings and the low percentage of voids in
the final product [26]. In addition, small content of b-TCP
in apatite phases would be helpful for the strong and fast
bonding to the natural bones by rapid resorption [30].
Therefore, the obtained products after annealing at tem-
perature in the range of 600–900 1C are preferred in
medical applications.
It should be mentioned that higher sintering temperature
(Z900 1C) leads to enhanced grain growth, which changes
morphological features of the composites.
4. Conclusions

Novel fluorapatite-based composite nanopowders were
synthesized via mechanochemical process and subsequent
thermal treatment. The effects of mechanical activation
and thermal treatment on the structural and morphologi-
cal features of the experimental outcomes were discussed.
XRD patterns confirmed that the FAp–5 wt% ZrO2

composite nanopowders were successfully produced after
5 min of milling. However, ball milling up to 300 min
resulted in FAp–ZrO2 composite nanopowders with no
impurity phase. The determined amounts of structural
features illustrated that by increasing the milling time from
5 min to 300 min, the crystallite size decreased mostly after
30 min and reached a minimum at 300 min of milling time.
According to FE-SEM observations, the product after
300 min of milling has a fine homogeneous microstructure
with the average particle size of about 45 nm. Thermal
treatment at 900 1C led to the decomposition of FAp to
Ca3(PO4)2 and CaF2. With increase of annealing tempera-
ture from 600 to 900 1C, grain growth occurred and as a
result the crystallite size and crystallinity of FAp reached
43 nm and 71%, respectively. In accordance with FE-SEM
images, at 600 1C the product was composed of both
agglomerates and fine particles (�33 nm). After annealing
at 900 1C the powder particles became nearly equiaxed in
shape with a mean grain size of about 209 nm.
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