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Abstract

The reaction mechanisms of formation and decomposition of fluorapatite�zirconia composite nanopowders were investigated after

the mechanochemical process and subsequent thermal treatment. Experimental results indicated that formation of fluorapatite�zirconia

composite nanopowders proceeded in several steps. In the first stage, phosphoric acid formed immediately upon addition of

phosphorous pentoxide to the reaction mixture. Afterwards, anhydrous dicalcium phosphate was generated as a result of reaction

between reagents with phosphoric acid. The synthesis progressed by the formation of the stoichiometrically deficient hydroxyfluor-

apatite�zirconia composite at milling times between 5 and 15 min. Ultimately, the fluorapatite�zirconia composite nanopowder was

obtained after 300 min of milling. Results revealed that the annealing process led to a decomposition of fluorapatite to tricalcium

phosphate and calcium fluoride, and to the transformation of monoclinic zirconia to the tetragonal form. Field emission scanning

electron microscope observations showed that the milled sample was composed of fine particles with a mean particle size of about 45 nm

after 300 min of milling. Besides, the mean particle size increased progressively due to crystal growth in the temperature range above

900 1C. According to the gained data, reaction mechanism steps were proposed to clarify the reactions occurring during the above-

mentioned solid state process.

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

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) seems to be
the most appropriate ceramic material for artificial bone
and tooth applications owing to its excellent biocompat-
ibility and bioactivity [1]. However, HAp has intrinsically
high dissolution rate in a biological system, poor corrosion
resistance in an acidic environment and poor chemical
stability at high-temperature [2,3]. Hydroxyapatite as
the main inorganic phase of human hard tissue can be
doped with different quantities of cations and anions such
as Naþ , Kþ , Mg2þ , CO3

2�, SO4
2� and F1� [4]. These

substitutions in apatite lattice can affect the lattice para-
meters, crystallinity, dissolution kinetics and other physical
properties [5]. Among them, F1� ion plays a key role due
to its influence on the physical and biological properties of
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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HAp. F1� prevents dental caries in an acidic environment
and promotes the mineralization and crystallization of
calcium phosphate in the bone forming process [4].
On the other hand, the incorporation of bioinert ceramics

into calcium phosphate-based materials has shown signifi-
cant improvement in structural features as well as mechan-
ical properties. An ideal reinforcing material for the calcium
phosphate-based composites, which satisfies all of require-
ments, has not yet been found. However, several attempts
have been made to develop HAp- and fluoridated hydro-
xyapatite (FHAp, Ca10(PO4)6(OH)2�xFx)-based composites
[6–11]. These studies revealed that two major common
phenomena ordinarily occur that consist 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 exten-
sively because of its relatively higher mechanical strength
and toughness [7–9]. However, the addition of ZrO2 results
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in lowering the decomposition temperature of microcrystal-
line HAp- and FHAp-based composites below the sintering
temperature which causes an adverse influence on the
mechanical properties [12]. Hence, control over the char-
acteristics of composite structures is a challenging act.
Our recent studies suggest that fluorapatite�zirconia
(FAp–ZrO2) composite nanopowders can be generated by
solid state process which include dry mechanochemical
technique (to obtain FAp–ZrO2 composite nanopowders)
and thermal annealing process (for recovery of crystallinity
degree of composite powders) [13]. High efficiency of this
procedure proposes an appropriate approach to produce
commercial amount of FAp–ZrO2 composite nanopowders.

In this paper, reaction mechanisms of formation and
decomposition of fluorapatite�zirconia composite nano-
powders were investigated after mechanochemical process
and subsequent thermal treatment as the second stage of
experiment. For this aim, structural and morphological
features of powder mixture in the absence and presence of
monoclinic zirconia were evaluated by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR),
energy dispersive X-ray spectroscopy (EDX), scanning
electron microscopy (SEM) and field emission scanning
electron microscopy (FE-SEM). Based on the obtained
data, formation of fluorapatite–zirconia composite nano-
powders progressed in several steps.

2. Materials and methods

Calcium oxide (CaO, Merck), phosphorous pentoxide
(P2O5, Merck), calcium fluoride (CaF2, Merck) and mono-
clinic zirconia (m-ZrO2, Merck) were used as starting
reagents. Details of the mechanochemical process have been
presented elsewhere [13]. In summary, mechanosynthesis was
performed in a planetary ball mill using Zirconia balls
(20 mm in diameter) and sealed cylindrical polyamide-6 vials
(vol. 125 ml). The weight ratio of ball-to-powder was 20:1.
The objectives of milling were twofold: to synthesize nano-
crystalline FAp according to reaction (1) and to generate a
fine homogeneous FAp–ZrO2 composite powders in accor-
dance with reaction (2).

9CaOþ3P2O5þCaF2-Ca10(PO4)6F2 (1)

9CaOþ3P2O5þCaF2þm-ZrO2-Ca10(PO4)6F2

þm-ZrO2 (2)

For the first aim, the initial powders including CaO,
P2O5 and CaF2 were ground on a planetary ball mill with
the stoichiometric proportionality between the materials
given in the reaction (1). For the second object, the distinct
amount of m-ZrO2 (5 wt%) mixed with CaO, P2O5, and
CaF2 according to the reaction (2). Milling was carried out
for 5, 15, 30, and 300 min. The experimental outcomes in
the absence and presence of 5 wt% m-ZrO2 were named
as 0ZFA and 5ZFA, respectively. Subsequently, the com-
posite powders were filled in quartz boat, and then
annealed for 1 h under atmospheric pressure in the range
of 600–1300 1C. The heating rate from room temperature
up to the desired temperature was fixed at 10 1C min�1.
Phase analyses of products 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). XRD
graphs were recorded in the interval 201r2yr601 at scan
speed of 11/min. ‘‘PANalytical X’Pert 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, #09-0169 for b-TCP, #037-1484 for m-
ZrO2 and #017-0923 for t-ZrO2. Crystallite size and lattice
strain of the samples were determined by using the XRD
data according to the following equations [13,14]:

D ¼
Kl

bobs�bstdð Þ b cosyð Þ
ðIÞ

E2 ¼
bobs

2
�bstd

2
� �

4 tanyð Þ
2

ðIIÞ

where b (in rad), 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.
On the other hand, the relation between lattice spacing (d)

and lattice parameters (a, b, and c) of the hexagonal structures
(FAp and the FAp in the composites) was shown as

1

d2
¼
4

3

h2þhkþk2

a2
þ

l2

c2
ðIIIÞ

where h, k, l are the Miller indices of the reflection planes.
The (0 0 2) and (3 0 0) reflections were chosen for the lattice
parameters calculation [15].
Moreover, volume V of the hexagonal unit cell was

determined by the following formula [9]:

V ¼ 2:589a2c ðIVÞ

The lattice parameter change in the tetragonal zirconia (t-
ZrO2) was investigated using XRD data. The (1 1 1) and
(2 2 0) reflections corresponding to the t-ZrO2 were chosen
for the (a) parameter determination [16].

1

d2
¼

h2þk2

a2
þ

l2

c2
ðVÞ

where d is the lattice spacing, h, k, l are the Miller indices, and
a and c are the lattice parameters in a tetragonal crystal.
The percentage of volume fraction of b-TCP present in

all the heat treated samples was determined using semi-
quantitative XRD by comparing the peaks of FAp (2 1 1)
and b-TCP (0 2 1 0) from XRD patterns [17]

TCP¼
ITCP 0 2 1 0ð Þ

ITCP 0 2 1 0ð Þ þIFAp 2 1 1ð Þ

ðVIÞ



Fig. 1. XRD patterns of CaO, P2O5 and CaF2 powder mixture in the

absence of m-ZrO2 (0ZFA) (a) before and after mechanical activation for

different milling times, (b) 5 min and (c) 300 min.
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Here, ITCP and IFAp represent the XRD normalized inte-
grated intensity values of b-TCP (0 2 1 0) and FAp (2 1 1)
reflections.

Fourier transform infrared (FT-IR, Model 680 Plus,
JASCO) spectroscopy was also used to characterize the
products. 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 utilized for
semi-quantitative examination of the samples (voltage used
for EDX equal to 20 kV). Morphological characteristics of
the nanopowders were examined on a field emission
scanning electron microscope (FE-SEM Hitachi S1831)
that operated at the acceleration voltage of 15 kV. For this
purpose, the gained powders were coated with gold for
more electronic conduction.

3. Results and discussion

3.1. XRD analysis

3.1.1. Phase evolution

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

powder mixture in the absence of m-ZrO2 (0ZFA) before
and after mechanical activation for different milling times.
Phosphoric acid (H3PO4) formed immediately upon addi-
tion of P2O5 to the reaction mixture due to very high
hydrophilic of P2O5. Accordingly, characteristic peaks of
P2O5 could not be observed in XRD profiles. On the other
hand, CaO is unstable and can be transformed to calcium
carbonate (CaCO3) or to calcium hydroxide (Ca(OH)2)
in air as shown in Fig. 1. After 5 min of milling, the
appearance of peaks around 2y¼31–341 confirmed the
formation of FAp phase. In addition, five intense peaks
were observed in XRD pattern corresponding to CaO and
Ca2P2O7. Similarly, these phases were presented in the
XRD patterns of samples milled for 15 and 30 min.
This suggests that the mechanochemical reaction between
CaO and H3PO4 caused the formation of Ca2P2O7 in the
final product synthesized after 5, 15 and 30 min of milling
according to reaction (3).

2CaOþ2H3PO4-Ca2P2O7þ3H2O;

DG298 K ¼�398:815 kJ; DH298 K ¼�368:469 kJ ð3Þ

The products after 5, 15 and 30 min of milling had the Ca/
P ratio lower than stoichiometry value (Ca/P¼1.67) as a
result of Ca2P2O7 formation during milling. Nonetheless,
the main product of the mechanochemical process was
FAp. When the mechanical activation time was extended
to 300 min, all the peaks corresponding to Ca2P2O7 and
CaO have disappeared and only those belonging to FAp
were detectable. According to Fig. 1, the intensity decreas-
ing rate of each starting material differed. By comparing
the relative intensities of peaks corresponding to CaF2

and CaO, it was found that the peak intensity of CaO
decreased relatively slowly, while CaF2 completely van-
ished after 5 min of milling. Eventually, a single phase
FAp with no impurity phase was formed after 300 min of
milling.
Fig. 2 shows the XRD patterns of CaO, P2O5 and CaF2

powder mixture in the presence of 5 wt% m-ZrO2 (5ZFA)
before and after milling for different times of milling. As it
can be seen in Fig. 2, 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 mechanochemical reaction was FAp-
ZrO 2 composite with a small amount of CaO. This
suggests that CaO was still present in the 5ZFA samples
after 5, 15 and 30 min of milling. It should be mentioned
that Ca2P2O7 was not found in the 5ZFA sample after
different milling times. Therefore, it seems that the adding
of 5 wt% m-ZrO2 to the powder mixture can prevent the
formation of Ca2P2O7 as an extra phase. By increasing the
milling duration up to 300 min, all the peaks related to
CaO had completely disappeared and FAp–5 wt% m-ZrO2

composite with no impurity phase was formed.
The thermal annealing process was served to investigate

the effect of thermal activation on the phase transforma-
tions of FAp-ZrO 2 composite nanopowders. The XRD
graphs of FAp–ZrO2 composite nanopowders after ther-
mal annealing process at 900, 1100 and 1300 1C for 1 h are



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

presence of 5 wt% m-ZrO2 (5ZFA) (a) before and after milling for

different times of milling, (b) 5 min and (c) 300 min. Fig. 3. XRD graphs of FAp–ZrO2 composite nanopowders after thermal

treatment at (a) 900, (b) 1100, and (c) 1300 1C.
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shown in Fig. 3. Based on our previous result, poor
crystalline apatite phase was formed at 600 1C [13]. From
Fig. 3, it was verified the existence of FAp and m-ZrO2

phases together with minor b-TCP phase after the anneal-
ing at 900 1C. This indicates that the partial decomposition
of FAp occurs even at 900 1C in the presence of zirconia.
XRD profile of composite nanopowders after heating at
1100 1C showed the formation of FAp, b-TCP, and
m-ZrO2 as major phases and the commencement of
t-ZrO2 phase formation. When the composite powders
heat treated at 1300 1C, the distinctive peaks of stronger
b-TCP were noticeably observed with moderate strong
FAp peaks. It has been reported [11,14] that the final
microstructure TCP will contain b or a-TCP depending on
their cooling rate. Rapid cooling from sintering tempera-
ture causes to a-TCP phase only, whereas slow furnace
cooling leads to b-TCP phase only. Any moderate cooling
rate, between these two results mixed phase of both b and
a-TCP. Hence, in present study the slow furnace cooling
rate leads to the generation of b-TCP phase in heat treated
samples. On the other hand, at temperatures higher than
1100 1C the process of phase transition of the m-ZrO2 into
the t-ZrO2 took place. This phenomenon was accompanied
by the disappearance of reflections originating from the
m-ZrO2 at 2y=28.171 and 31.241, and the appearance of
peaks at 2y=30.311 and 34.581 corresponding to the
t-ZrO2. This transformation is presumably due to the
formation of CaF2–ZrO2 solid solution [18]. Fig. 4 displays
the magnified XRD region between 2y¼291 and 341 and
the volume fraction of b-TCP as a function of annealing
temperature. According to this figure, with increasing
of annealing temperature, the b-TCP (0 2 1 0) peak began
to be appeared at 900 1C. For the sample annealed at
1100 1C, there was a weak peak (0 2 1 0), which became
more intense as annealing temperature approaches at
1300 1C. Conversely, intensity of the FAp (2 1 1) peak
decreased while the annealing temperature increased up to
1300 1C. Thus, a considerable degree of FAp decom-
position observed in the composite nanopowders after
thermal annealing process at 1300 1C. This suggests that
in the composite structure, the volume fraction of b-TCP
enhanced as a result of FAp decomposition during heating
at Z900 1C.

3.1.2. Crystallite size and lattice strain

Fig. 5 shows the structural features of specimens after milling
and subsequent thermal treatment. For 0ZFA samples (Fig. 5a),



Fig. 4. (a) Magnified XRD region between 2y¼291 and 341 and (b) the volume fraction of b-TCP as a function of annealing temperature.

Fig. 5. Structural features of specimens (a and b) after milling, and (c) subsequent thermal treatment at 900, 1100 and 1300 1C (b).
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milling up to 15 min led to a rapid increase in the crystal-
lite size to less than 89 nm. On prolonging the milling time
from 15 to 300 min, the FAp crystallite size decreased
gradually from about 89 to 34 nm. The evaluation of
lattice strain indicated that the lattice strain significantly
decreased with mechanical activation until 15 min and then
increased with further milling up to 300 min (Fig. 5b).
On the other side, the crystallite size of 5ZFA specimens
decreased with increasing the milling time (Fig. 5a).
In opposition, the lattice strain of FAp enhanced with
increasing the milling time (Fig. 5b). This phenomenon
was attributed to the effect of mechanical activation on the
structural features of the products. Finally, after 300 min
of milling, crystallite size and lattice strain of FAp were
about 29 nm and 0.543%, respectively. The results show
that by choosing the total milling time to 300 min for
0ZFA samples, the crystallite size increases first and
reaches a maximum at 15 min of milling and then by
further increasing the milling time to 300 min, the crystal-
lite size decreases. Also, the crystallite size of FAp in the
5ZFA samples indicates that by increasing the milling time
from 5 min to 300 min, the crystallite size declines mostly
after 30 min and reaches a minimum at 300 min of milling
time. The obtained results showed that the crystallite size
of FAp was smaller for 5ZFA samples compared to 0ZFA
specimens which was due to the effect of added 5 wt%
m-ZrO2 on elevating lattice strain. The presence of m-ZrO2

as a second phase particles changes the local dislocation
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density distribution owing to strain incompatibility between
the matrix and particles which may cause excessive
accumulation of internal strain. This reveals the influence
of the added second phase particles in accelerating grain
size reduction. This result is in agreement with other
references [9]. Meanwhile, the average crystallite size of
the m-ZrO2 was about 26 nm after 300 min of milling.
Crystallite size of the composite nanopowders after thermal
treatment between 900�1300 1C is presented in Fig. 5c.
The sample annealed at 900 1C exhibited small grains for
FAp, b-TCP and m-ZrO2 while the samples heat treated at
1300 1C demonstrated larger grains for these phases. In fact,
increasing the annealing temperature might assist grain
growth although all the composite powders were comprised
of nanosize crystallites.
Fig. 6. FT-IR spectra of 0ZFA samples (a) before and after different

milling times, (b) 5 min and (c) 300 min.
3.1.3. Lattice parameters

The significant evidence for the incorporation of sub-
stituted anion (F1�) in the apatite structure and decom-
position of FAp can also be confirmed by the calculated
lattice parameters for all of the samples. Comparable data
of the a-axis, c-axis and the unit cell volume changes for
FAp are presented in Table 1. As it can be seen in Table 1,
the a-axis values for FAp in the 0ZFA and 5ZFA samples
were similar to the reported values for standard FAp (#15-
0876: a¼9.368 Å). Similarly, there were little changes
observed in the c-axis (FAp #15-0876: c¼6.884 Å). On
the other hand, the calculated amounts of unit cell volume
demonstrated that the unit cell volume increased first and
reached a maximum at 30 min of milling and then by
further increasing the milling time to 300 min, the unit cell
volume decreased. These variations in 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.
According to Table 1, the volume of FAp unit cell
increased after annealing between 900 and 1300 1C. These
increases in volume resulted mainly from increases in the
(a) parameters, rather than from the (c) values. From
XRD profiles of heat treated samples, the increased
tendency of FAp decomposition due to reaction with
Table 1

Comparable data of the a-axis, c-axis and the unit cell volume chang

Sample Corresponding phases a-ax

0ZFA—5 min FAp 9.37

0ZFA—300 min FAp 9.37

5ZFA—5 min FAp 9.35

5ZFA—300 min FAp 9.36

5ZFA�900 1C FAp 9.37

5ZFA�1100 1C FAp 9.37

5ZFA—1300 1C FAp 9.37

5ZFA—1300 1C t-ZrO2 5.12

JCPDS #15-0876 FAp 9.36

JCPDS #017-0923 t-ZrO2 5.12
m-ZrO2 can be explained as resulting from the removal
of calcium from FAp and its dissolution into zirconia.
This solid solution of calcium into the zirconia leads to its
transformation to the tetragonal phase. These results are in
agreement with other studies [7,9]. 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; that of calcium is about 0.1 nm [9].
This event explains the enhanced 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. In the zirconia, the exchange
of Ca2þ for a ZrO2þ unit leads to a smaller unit cell
volume and transformation of the m-ZrO2 to t-ZrO2 form.
3.2. FT-IR spectra

The FT-IR spectra of the 0ZFA and 5ZFA samples milled
for various periods of time are shown in Figs. 6 and 7. These
spectra reflect the presence of functional groups that determine
the composition of the samples and the changes that occurred
during the solid state process. In the FT-IR spectra of 0ZFA
samples (Fig. 6), two bands relating to the vibration of
es for FAp.

is (Å) c-axis (Å) Unit cell volume (Å3)

4 6.886 1566.567

3 6.884 1565.779

7 6.870 1557.263

9 6.882 1563.987

5 6.884 1566.528

3 6.885 1565.852

1 6.886 1565.564

5 5.070 133.191

8 6.884 1564.264

0 5.250 137.626



Fig. 7. FT-IR spectra of 5ZFA samples (a) before and after different

milling times, (b) 5 min and (c) 300 min.
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the adsorbed water in the apatite structure were detected [4].
For the sample which was milled for 300 min, a doublet
appears at 1428 and 1455 cm�1 corresponding to n3 and a
band at 864 cm�1 corresponding to n2 vibration mode of the
carbonated groups. These peaks showed that FAp contained
some CO3

2� groups in PO4
3� sites of apatite lattice (B-type

substitution) [19]. The characteristic peaks of the phosphate
group had four distinct asymmetrical stretching vibration
modes, namely, n1 (965 cm�1), n2 (473 cm�1), n3 (1094 and
1049 cm�1), and n4 (603 and 575 cm�1) appeared in the broad
spectrum. Also, the bands at 916 and 1274 cm�1 were
assigned to the HPO4

2� group vibrations [4,13], gradually
diminished with increase of milling time and finally disap-
peared after 300 min of milling. In fact, the band at 965 cm�1

corresponding to the n1 vibration of the PO4
3� group appears

as a result of the HPO4
2� group depredation [4,13,20]. Besides

the band at 727 cm�1, the band at 755 cm�1 shows that the
configuration yFHOFy is predominant [20], which con-
firmed the formation of FAp with acceptable purity. In FT-IR
spectra of the 5ZFA samples (Fig. 7), similar bands relating to
the vibration of the adsorbed water in the apatite structure
were also identified. In addition, similar to previous samples
(0ZFA), a doublet appears at 1429 and 1457 cm�1 corre-
sponding to n3 and a band at 865 cm�1 attributed to n2
vibration mode of the carbonated groups which showed that
FAp contained some CO3

2� groups in PO4
3� sites of apatite

lattice (B-type substitution) [19]. It has been reported that this
kind of apatite is more similar to biological apatite and could
be more suitable for bone replacement materials [4]. The main
characteristic peaks of PO43� group had four distinct
asymmetrical stretching 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. Com-
parison of FT-IR spectra between milled samples and the
starting mixture confirmed considerable changes in the system
phase composition which occurred during mechanochemical
process. Similar to previous sample (0ZFA), the bands at 900
and 1273 cm�1 were assigned to the HPO4

2� group vibrations
[4,13] disappeared after 300 min of milling. Furthermore, the
band at 741 cm�1 corresponds to the vibration of ZrO2 with
small differences depending of the milling time. The FT-IR
results combined with XRD findings confirmed that the
formation of fluorapatite�zirconia composite nanopowders
progressed in several steps.

3.3. Elemental analysis

Fig. 8 shows the EDX spectra of the 0ZFA and 5ZFA
samples after 300 min of milling. EDX spectra revealed
that the main elements of the samples were calcium,
phosphorus, oxygen, fluorine and zirconium. The EDX
of FAp crystals present in the 0ZFA and 5ZFA specimens
showed a molar ratio Ca/P¼1.83 and 1.72, respectively.
These results illustrate that the FAp crystals are closer
to the standard fluorapatite (Ca/P¼1.67) [14,21]. More-
over, the EDX results confirmed that a very homogeneous
distribution of components was formed after mechanical
activation of both samples (0ZFA and 5ZFA), particularly
after 300 min of milling. In accordance with EDX point
chemical analysis, no chemically stable contaminants were
detected due to the excessive adhesion of powders to the
milling media. It has been shown that the polyamide-6 vial
is a proper milling media to annihilate contamination
problem and to achieve modified morphologies with high
biomedical performance [13,14,22–24].

3.4. Morphological characteristics

In this paper, for a better understanding of the effect of
mechanical activation and subsequent thermal treatment on
morphological features of the samples, FE-SEM analysis
were performed on the specimens. Fig. 9 shows the
morphology and particle size distribution of the 0ZFA
and 5ZFA samples milled for 5 and 300 min. After 5 min
of mechanical activation, some large platelet or flake shape
agglomerates/particles were formed in the 0ZFA sample due
to the agglomerates/particles may undergo different com-
pression and wear forces of the colliding balls (Fig. 9a).
At this stage, the size distribution range of FAp particles
was approximately 80 nm–1 mm. With increasing milling
time up to 300 min, the particles gradually became equiaxed
as were presented in Fig. 9c. The gained powders showed a
cluster-like structure which was composed of several fine
particles with the average size of about 55 nm. According
to Fig. 9b and a considerable activation happened in the
powder mixture after 5 min of milling. Since, the XRD
analysis confirmed the formation of FAp�5 wt% m-ZrO2

composite nanopowder after 5 min of milling; it seems 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 [13]. By increasing milling time to 300 min,



Fig. 8. EDX spectra of (a) 0ZFA, and (b) 5ZFA samples after 300 min of milling.

Fig. 9. FE-SEM images of the samples after different milling times: (a) 0ZFA—5 min, (b) 5ZFA—5 min, (c) 0ZFA—300 min, and (d) 5ZFA—300 min.
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the rate of fracturing increased and as a result the size of
powder particles decreased. At this stage, the morphology
of nanoparticles was almost equiaxed with the average size
of about 45 nm (Fig. 9d).

Fig. 10 shows the morphological features of
5ZFA samples annealed in the range of 900–1300 1C.
These observations clearly expose distinct differences in
the microstructural characteristics of the specimens. At
900 1C, the powder particles became nearly equiaxed in
shape with a mean grain size of about 209 nm (Fig. 10a).
When the annealing temperature increased to 1100 1C,
grain growth occurred and pore free/dense microstructure
was obtained (Fig. 10b). At this temperature, the micro-
structure showed a bimodal grain size distribution charac-



Fig. 10. Morphological features of the FAp–ZrO2 composite nanopowders annealed at: (a) 900, (b) 1100, and (c) 1300 1C.
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terized by the presence of several coarse grains (�620 nm)
along with finer grains with the mean particle size of about
270 nm. The same trend is followed for the heat treated
sample at 1300 1C as shown in Fig. 10c. At 1300 1C,
the sample was composed of coarse grains (�2 mm)
accompanied by few smaller grains (�270 nm). It should
be noted that the average size of agglomeration for the
sample heat treated at 1100 1C was about 6 mm, whereas
the mean agglomeration size for the specimen annealed at
1300 1C was about 8 mm. The increase in the average size
of agglomeration with increasing temperature may be
ascribed to the coalescence of fine agglomerates.

3.5. Reaction mechanism

Fig. 11 shows the schematic formation and decomposition
of fluorapatite�zirconia composite nanopowders during
mechanochemical process and subsequent thermal treat-
ment. Based on this figure and obtained data by FT-IR
spectroscopy, XRD, SEM/EDX and FE-SEM analysis as



Fig. 11. Schematic formation and decomposition of fluorapatite�zirconia composite nanopowders during mechanochemical process and subsequent

thermal treatment.
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well as thermodynamic values which were obtained from
commercial software (HSC [25]), the following reaction
mechanism steps have been proposed to clarify the reac-
tions occurring during the solid state process of CaO–
P2O5–CaF2–ZrO2 system. Fundamentally, the formation
of FAp–ZrO2 composite was affected by presence of P2O5

in reaction mixture as a source of supply PO4
3� group. This

can be explained considering the hygroscopic nature of P2O5;
so that, water adsorption from the environment causes its
transformation to H3PO4 through the following reaction:

3P2O5þ9H2O-6H3PO4; DG298 K ¼�493:081 kJ;

DH298 K ¼�586:317 kJ ð4Þ

Phosphoric acid behaves as a triprotic acid which is
having three ionizable hydrogen atoms. The hydrogen ions
are lost sequentially:

H3PO42Hþ þH2PO4
�; pKa ¼�log10 Ka ¼ 2:12;

K ¼ 7:52� 10�3 ð5Þ

H2PO4
�2Hþ þHPO4

2�; pKa ¼�log10Ka ¼ 7:21;

K ¼ 6:23� 10�8 ð6Þ

HPO4
2�2Hþ þPO4

3�; pKa ¼�log10 Ka ¼ 12:57;
K ¼ 2:2� 10�13c ð7Þ

It should be mentioned that the reaction with starting
reagents will proceed depending on the ionization stage of
the H3PO4:

CaO[CaF2]þH3PO4-HþþH2PO4
�
þCaO[CaF2] (8)

CaO[CaF2]þH
þ
þH2PO4

�-CaHPO4þH2O[2HF] (9)

3CaO[3CaF2]þ6H
þ
þ2PO4

3�-Ca3(PO4)2þ
3H2O[6HF] (10)

It appears that the dissociation of the acid pursues
reaction (5) and thus the reaction of starting reagents with
H3PO4 caused the formation of CaHPO4 as an inter-
mediate phase during mechanical activation, according to
reaction (9). Furthermore, CaO is unstable and can be
transformed to CaCO3 or to Ca(OH)2 in air.

CaOþH2O-CaðOHÞ2; DG298 K ¼�57:804 kJ;

DH298 K ¼�65:146 kJ ð11Þ

CaOþCO2-CaCO3; DG298 K ¼�130:447 kJ;
DH298 K ¼�178:175 kJ ð12Þ
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Therefore, similar to previous reaction (9), the reaction
of Ca(OH)2 and CaCO3 with H3PO4 were also caused the
formation of CaHPO4 during milling as follows:

Ca(OH)2þH
þ
þH2PO4

�-CaHPO4þ2H2O (13)

CaCO3þH
þ
þH2PO4

�-CaHPO4þH2OþCO2 (14)

Based on reactions (13) and (14), after the mixing of starting
reagents mainly the following reactions were dominated:

CaðOHÞ2þH3PO4-CaHPO4þ2H2O;

DG298 K ¼�138:252 kJ; DH298 K ¼�121:163 kJ ð15Þ

CaCO3þH3PO4-CaHPO4þH2OþCO2;
DG298 K ¼�65:609 kJ; DH298 K ¼�8:133 kJ ð16Þ

After the beginning of milling:

CaF2þH3PO4-CaHPO4þ2HF; DG298 K ¼ þ68:240 kJ;

DH298 K ¼ þ93:034 kJ ð17Þ

From 5 up to 15 min of milling:

3CaOþ3H3PO4þm-ZrO2-3CaHPO4þm-ZrO2þ3H2O

DG298 K ¼�585:846 kJ; DH298 K ¼�579:634 kJ
ð18Þ

6CaHPO4þ3CaOþxHFþm-ZrO2-
Ca9(HPO4)(PO4)5(OH)1�xFxþm-ZrO2þ (2þx)H2O (19)

During 15�30 min of milling:

Ca9(HPO4)(PO4)5(OH)1�xFxþCaOþxHFþ (1�x)H2O
þm-ZrO2-Ca10(PO4)6(OH)2�2xF2xþm-ZrO2þH2O (20)

Finally, after 300 min of milling:

Ca10(PO4)6(OH)2�2xF2xþ (2�2x)HFþm-ZrO2-
Ca10(PO4)6F2þm-ZrO2þ (2�2x)H2O (21)

The thermodynamic feasibility of mentioned reactions
was assessed from the free energy calculations. In spite of
reaction (17), during milling at room temperature, reac-
tions (4), (11), (12), (15), (16) and (18) can thermodyna-
mically be possible to occur due to the negative DG298 K of
reactions. In addition, negative DH298 K of listed reactions
indicates that these reactions are exothermic, but reaction
(17) is endothermic. Clearly, the occurrence of these
reactions at room temperature is limited by kinetic condi-
tions. From the point of view of thermodynamics, reaction
(17) is not feasible reaction (þDG value); nevertheless,
mechanochemical processes can enhance the feasibility of
such reactions. This can be related to creation of new
surfaces by reduction in the average particle size during
milling, decrease in the diffusion distances by creation
of lattice defects and local temperature pulses due to ball
collisions [26].

It should be mentioned that some of proposed reactions
mostly proceed with incomplete stoichiometry, wherein the
value x defines the deviation from the complete stoichio-
metry within the interval (x1; xf); x1oxoxf, where xf and
x1 can have the maximum value of 1 and the minimum
value of 0, respectively. Therefore, the stoichiometry for
the overall reaction of mechanosynthesis will be the
reaction (1). The obtained results suggest that the synthesis
of FAp–ZrO2 composite nanopowders proceeds in several
steps:
(a)
 Phosphoric acid is formed immediately upon addition
of P2O5 to the reaction mixture.
(b)
 Phosphoric acid then reacts with Ca(OH)2, CaCO3, CaF2,
and CaO according to reactions (15)–(18) which resulted
in the formation of CaHPO4 as an intermediate phase.
(c)
 After ball milling for 5 min, characteristic bands for
HPO4

2� become less and less intense and disappearing
completely after 300 min which confirms the progress
of mechanochemical reaction during 5 up to 300 min of
milling. In fact, the band at 965 cm�1 corresponding to
the PO4

3� group appeared as a result of HPO4
2� group

depredation.

(d)
 The mechanochemical process progresses by the forma-

tion of the stoichiometrically deficient hydroxyfluorapa-
tite [Ca9(HPO4)(PO4)5(OH)1�xFx] during 5 up to 15 min
of milling.
(e)
 During 15 up to 30 min of milling, the stoichiometri-
cally deficient hydroxyfluorapatite reacts with the
remaining CaO according to reaction (20). It reveals
that the CaO is still presented in our samples, as shown
in the XRD profiles. In this step, the formation of
Ca10(PO4)6(OH)2�2xF2x becomes dominant.
On the other hand, the annealing process in the range of
600–900 1C led to two important phase transformations:
(a) decomposition of FAp to Ca3(PO4)2 and CaF2 as well
as (b) transformation of m-ZrO2 to t-ZrO2. Therefore, the
following reactions were proposed:

Ca10(PO4)6F2-3Ca3(PO4)2þCaF2 (22)

m-ZrO2þCaF2-Ca-doped t-ZrO2 (23)

Recalling from the above observations, it can be con-
cluded that formation and decomposition of FAp–ZrO2

composite nanopowders proceeded in several steps. Based
on the equations, mechanochemical reactions in the system
have been accelerated by an alleviated transport of the
corresponding ions to the reaction zone. From above-
mentioned reactions, in this process presence of water
as a by-product and high energy of milling had a positive
effects on the composite formation. Furthermore, adding
of 5 wt% m-ZrO2 to powder mixture had helpful result on
the generation of FAp–ZrO2 composite nanopowders with
high phase purity.

4. Conclusions

The reaction mechanisms of generation and decomposi-
tion of FAp–ZrO2 composite nanopowders were studied
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after milling and subsequent thermal treatment. In the
absence of m-ZrO2, the produced FAp had the Ca/P ratio
lower than stoichiometry value as a result of Ca2P2O7

formation after 5, 15 and 30 min of milling. When the
mechanical activation time was extended to 300 min, all
the peaks corresponding to Ca2P2O7 and CaO disappeared
and only those belonging to FAp were detectable. In the
presence of 5 wt% m-ZrO2, ball milling up to 300 min
resulted in FAp–ZrO2 composite nanopowders with no
impurity phase. The average crystallite size of FAp was
smaller for the 5ZFA samples compared to 0ZFA speci-
mens. The volume fraction of b-TCP enhanced as a
result of FAp decomposition during heating at Z900 1C.
Results revealed that the volume of FAp unit cell increased
after annealing between 900 and 1300 1C due to the ions
exchange reaction. On the other hand, in the zirconia
exchange of Ca2þ for a ZrO2þ unit led to the transforma-
tion of the m-ZrO2 to t-ZrO2 form. Based on FE-SEM
observations, when the annealing temperature increased to
1100 1C, microstructure showed a bimodal grain size
distribution. The same trend is followed for the sample;
heat treated at 1300 1C. Moreover, the increase in average
size of agglomeration with increasing temperature may be
ascribed to the coalescence of fine agglomerates. The
gained results suggest that the synthesis of FAp–ZrO2

composite nanopowders progressed in several stages.
In the proposed solid state procedure, presence of water
as a by-product and high energy of milling had a positive
effects on the formation of the composite.
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