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Abstract

The influence of thermal treatment on phase transformations and structural features of mechanosynthesized chlorapatite nanopowders was
investigated. Results showed that the phase composition of the product was influenced by the ball to powder weight ratio. During annealing in the
range of 900-1300 °C for 1 h, decomposition of chlorapatite to tricalcium phosphate, tetracalcium phosphate, and hydrochloric acid occurred.
The rate of decomposition increased gradually with increasing the annealing temperature to 1300 °C. According to the obtained data, during
milling process the lattice strain increased significantly to about 1.08%, while the crystalline size declined sharply to around 28.89 nm. After
thermal treatment, the crystallite size of chlorapatite went up notably due to a dramatic decrease in residual elastic strain. The crystallinity degree
of the 5 h milled sample was about 78.14%. This value reached around 92.86% after annealing at 1300 °C. Scanning electron microscope images
indicated that the milled sample had cluster-like structure which was consisted of fine particles with a mean size of about 95 nm. During heating
in the range of 900-1100 °C, the coalescence of nanoparticles with spheroidal and polygonal morphologies occurred. After annealing at 1300 °C

the microstructure showed a coarse structure characterized by the presence of grains with an average size of around 3 pm.

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

Apatites are a group of calcium phosphates that can be
represented by the formula M;((XO4)eY>. In this formula, M
can be substituted by a large number of various ions like Ca®™,
Mg2+, Sr2+, Ba2+, Mn2+, Fe2+, Zn2+, Cd2+, Pb2+, H+, Na+,
K™, AI>* and so on. In addition, XO, can be replaced by PO3 ",
AsO3~, VO3~, SO3~, CO3~, and SiO3~, while Y can be
substituted by several anions like OH™, F~, CI™, Br™, Oz_, and
CO?C. Among them, hydroxyapatite (HAp, Ca;o(PO4)s(OH),)
is one of the most common materials for artificial bone and
tooth applications due to its structural and biological properties
[1,2]. In addition, synthetic HAp (s-HAp) have been investi-
gated for drug delivery [3], gene therapy [4], chromatography,
[5] and waste water remediation [6]. Nevertheless, s-HAp has
intrinsically high dissolution rate in a biological system, poor
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corrosion resistance in an acidic environment, and poor
chemical stability at high temperature [7,8].

Many efforts have been made recently to modify the
functional specifications of HAp [9-12]. The modification of
s-HAp can be accomplished by the substitution of chemical
species found in the natural bone [10,11]. These modifications
influence the behavior of s-HAp after implantation, namely
their chemical and physical properties as well as their bone
bonding capability [13]. Although a variety of modified-HAp
structures were known, only a limited number of studies have
been conducted on the substitution of the chloride ion in the
apatite [13,14]. The importance of chloride ions is related to
their ability to develop an acidic environment on the surface of
bone which resulted in the activation of the osteoclasts in the
bone resorption process [15]. According to literature, the
substitution of the chloride ion in the apatite was performed
by hydrothermal treatments at temperatures in the range of
200-800 °C [16]. In addition, it has been reported that chlorine
can be substituted for OH group in the apatite lattice through
the wet chemical synthesis. Of course, the extent of chlorine
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Fig. 1. A schematic view of the whole solid-sate process to synthesize n-CAp.

incorporation depends on the concentration of the precursors
[13]. Recently, numerous attempts have been made to develop
nanostructured materials by solid-state processes which
include mechanical activation (to obtain nanopowders) and
subsequent thermal treatment (for recovery of crystallinity
degree) [17-19]. High efficiency of this method proposes an
appropriate approach to produce commercial amount of
nanopowders. However, synthesis and characterization of
chlorapatite nanopowders (n-CAp) via a facile solid-state
process has not been reported yet.

In the present study, the effect of subsequent annealing on
phase transformations and structural features of mechano-
synthesized n-CAp was investigated. Moreover, the influence
of ball-to-powder ratio (BPR) on phase evolution was exam-
ined. The crystallite size, lattice strain, crystallinity degree,
lattice parameters, and morphological characteristics of n-CAp
were determined and compared in order to propose a suitable
conditions for the large scale synthesis of n-CAp.

2. Materials and methods
2.1. Preparation of n-CAp

The raw materials were of commercial grade calcium oxide
(CaO, Merck), calcium chloride (CaCl,, Merck), and phos-
phorous pentoxide (P,Os, Merck). A schematic view of the
whole solid-sate process to synthesize n-CAp is shown in
Fig. 1. The mole ratio of calcium to phosphorous was in
accordance with the stoichiometric Ca/P content in the
composition of chlorapatite which was equal to 1.67. Mechan-
ical activation was performed in a high energy planetary ball
mill at rotational speed of 600 rpm and BPRs of 10:1 and 20:1
under ambient air atmosphere. Polyamide-6 vials (vol. 125 ml)
and Zirconia balls (20 mm in diameter) were employed with
powder loads of 6g. Milling was carried out at room
temperature without using any process control agent (PCA).
To synthesize n-CAp, the mixture of CaO, CaCl,, and P,Os5
was mechanically treated for 5h according to the following
reaction.

9CaO+CaC12+3P205 - Calo(PO4)6C12 (1)

At each sampling, the vial was completely emptied and
refilled with new powder charges. After the milling process,
the synthesized powder was filled in a quartz boat and then
heat-treated in the range of 900-1300 °C for 1 h. It should be

noted that the subsequent heating rate from room temperature

to the desired temperature was fixed at 10 °C min™".

2.2. Characterization of n-CAp

Phase compositions and transformations of the milled
sample before and after thermal treatment were examined by
X-ray diffraction (Philips X-ray diffractometer (XRD), Cu-K,
radiation, 40 kV, 30 mA and 0.02° S~ step scan). The XRD
patterns were collected over the 20 angular range between 10°
and 70° at scan speed of 1° min~'. The XRD patterns were
compared to standards compiled by the Joint Committee on
Powder Diffraction and Standards (JCPDS), which involved
card #27-0074 for CAp, #003-1123 for CaO, #011-0232 for
CayP,09, and #09-0169 for p-TCP. The crystallite size and
lattice strain of the specimens were determined using the
Williamson-Hall method. The Williamson-Hall equation is
expressed as follows [20]:

0.91
Bcos&zT—i-n sin @ 1))

where A, D, n and € are the wavelength of the X-ray used
(0.154056 nm), crystallite size, internal micro-strain and the
Bragg angle (°), respectively. Note that B in the above
equation is the peak width (in radians) after subtracting the
peak width due to instrumental broadening from the experi-
mentally recorded profile. Therefore, when B cos 6 was plotted
against sin 6, straight lines were obtained for samples with the
slope as 7 and the intercept as 0.94/D.

The crystallinity degree (X.) was estimated for all the
samples by taking the sum total of relative intensities of
individual characteristic peaks according to the following
equation [21]:

Sum(I 1.

I,
_ )cap 100 (IT)
Sum(/; : 1 n)StandaId
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where [;:I, is the total of relative intensities of characteristic

peaks of CAp for both the synthesized powders and standard.
The relation between lattice spacing (d) and lattice para-

meters (a, b, and c¢) of CAp is shown as

1 4+ hk+k> P

- z 11T

d2 3 (12 + C2 ( )

where £, k, and / are the Miller indices of the reflection planes [22].
The unit cell volume (V) of CAp was determined using the

following equation [23]:

V = (3a*c)(sin 60°) (Iv)
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The functional groups and structural changes of the samples
were measured using Fourier transformed infrared (FT-IR)
transmission spectroscopy (Perkin Elmer Spectrum 65 FT-IR
Spectrometer, USA) in the range 4000—400 cm™' with the
resolution of 2 cm™'. For this purpose, the crushed samples
were diluted 100 fold with KBr powder and the background
noise was corrected with pure KBr data. All spectra were
recorded at ambient temperature. The morphological features
of n-CAp before and after annealing at 1100 °C were studied
by SEM (LEO 435VP, LEO Electron Microscopy Ltd, Cam-
bridge, UK). In addition, the edge-mode of SEM images was
used to evaluate the volume fraction of grain boundary of the
specimens.

3. Results and discussion
3.1. Phase evolution

Fig. 2 shows the XRD patterns of 5 h milled powders with
different BPRs. At the beginning of milling (initial mixture),
phosphoric acid was formed immediately upon addition of
P,Os5 to the reaction mixture owing to very high hydrophilic
nature of P,Os.

P,0Os5 + 9H,0 —» 6H3 POy,

AGrog xk =—493.081 kJ, AHygx =—586.317kJ

2)

On the other hand, CaO is unstable and can be transformed

to calcium carbonate (CaCOj3) or to calcium hydroxide (Ca

(OH),) during mixing under air atmosphere. Simultaneously,

Ca(OH), and CaCOs5 can react with phosphoric acid which

result in the formation of CaHPO, as an intermediate phase
through the following reactions:

CaO + H,0 — Ca(OH),,
AGrog x = —57.804 k], AHyyg x = —65.146 kJ 3)

CaO + CO, — CaCOs,
AGaog xk =—130.447 kJ, AHgx =—178.175k]  (4)

Ca(OH), + H3PO, — CaHPO, + 2H,O0,
AGaogk = —138.252 kJ, AHoog x = —121.163 kJ

)

CaCOs3 + H3PO4 —» CaHPO,4 + H,O + CO,
AGrog x = —65.609 kJ, AH9g x = —8.133 kJ (6)

After 5h of milling with a BPR of 10:1, a number of
characteristic peaks corresponding to CaO, CaCl,, Ca(OH),,
and CaCO; disappeared and several new peaks emerged
especially between 260=31-33° which belonged to the stoi-
chiometrically deficient CAp (CDHAp, Cago(HPO,)(POy)s
(OH);_,Cl,). This shows that the mechanochemical reaction
was not yet completed under the milling conditions. On the
other hand, after 5 h of milling with a BPR of 20:1, the main
product of milling was high crystalline CAp with a trace of
Ca0. The main reason is that the milling energy will rise and a
full mechanical activation may happen while the BPR increases

C [ ]
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¢ Ca(OH),

CaCoOs3
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Fig. 2. XRD patterns of 5 h milled powders with different BPRs, (a) mix, (b)
10:1, and (c) 20:1.

to 20:1. It should be noted that the presence of CaO after
prolonged ball milling could be a trace of the original product of
the original reaction used to produce n-CAp. This result is in
good agreement with previous studies [24,25]. Based on XRD
profiles, it can be seen that the rate of consumption of raw
materials during the milling process was strongly influenced by
the ratio of ball-to-powder. By comparing the relative intensities
of peaks corresponding to CaCl, and CaQ, it was found that with
a BPR of 10:1 the peak intensity of CaO and CaCl, went down
slowly, while those belonging to a BPR of 20:1 almost
completely disappeared after 5 h of milling.

Fig. 3 shows the XRD profiles of the 5 h milled sample with
a BPR of 20:1 after thermal treatment in the range of 900-
1300 °C for 1 h. According to this figure, a noticeable increase
in the peaks intensity of CAp was observed. In addition, the
breadth of the fundamental diffraction peaks decreased in
comparison with the milled specimen which can be attributed
to a sharp rise in the crystallite size and a dramatic decline in
the lattice strain. It is evident that a slight decomposition of
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Fig. 3. XRD profiles of the 5 h milled sample with a BPR of 20:1 after thermal
treatment, (a) 900, (b) 1100, and (c) 1300 °C for 1 h.

CAp to tricalcium phosphate (f-TCP), tetracalcium phosphate
(CayP,0y), and hydrochloric acid (HCI) occurred after anneal-
ing at 900 °C according to the following reaction:

Ca,0(PO4)sCly+H,0 — f-Cas(PO,),+Ca,P>09+2HCI 7

In accordance with XRD profiles, the main product of
annealing at 900 °C was high crystalline CAp. When the
milled sample heat-treated at 1100 °C, similar to previous
specimen, high crystalline n-CAp was obtained. With increas-
ing the annealing temperature to 1300 °C, the rate of CAp
decomposition increased dramatically and as a result several
sharp peaks corresponding to -TCP appeared clearly. In this
case, the phase compositions were p-TCP, CAp, and Ca,P,Oq.
It has been found that the final microstructure of TCP will

Table 1
Crystallite size and lattice strain of the milled samples before and after
annealing.

Series Process D (nm) n (%)
conditions

1 BPR: 10/1 55.46 0.41

I BPR: 20/1 28.89 1.08

1 BPR: 20/14+900 °C 277.30 0.05

v BPR: 20/1+1100 °C 346.63 0.04

\% BPR: 20/1+1300 °C 462.17 0.01

contain f or a—TCP depending on their cooling rate [26].
Rapid cooling from sintering temperature causes to a—TCP
phase only, whereas slow furnace cooling leads to p—TCP
phase only. Any moderate cooling rate results mixed phase of
both  and a—TCP. Accordingly, in the present study, the slow
furnace cooling rate led to the formation of f—TCP phase only.

3.2. Crystallite size and lattice strain

The crystallite size and lattice strain of the specimens are
presented in Table 1. The milled powders with larger lattice
strain were obtained after 5h of milling with BPR 20:1.
In addition, higher BPR (20:1) led to the smaller crystallite
size. According to the obtained data, the crystallite size of the
5h milled sample with BPR 10:1 was around 55.46 nm.
Higher milling energy in BPR 20:1, led to the full reaction
and formation of CAp with the crystallite size of about
28.89 nm. During annealing in the range of 900-1300 °C for
1 h, the residual elastic strain declined sharply that led to a
considerable increase in crystallite size. After annealing at
1300 °C, the lattice strain plummeted to about 0.01%, while
the crystalline size rose sharply to around 462.17 nm. There-
fore, it can be concluded that the crystallite size and induced
strain of n-CAp were strongly influenced by the milling and
subsequent thermal treatment.

3.3. Fraction of crystalline phase (crystallinity degree)

Figs. 4 and 5 show the crystallinity degree (X.) of the milled
samples before and after thermal treatment in the range of
900-1300 °C for 1 h. Isolines view of the milled samples with
different BPRs is shown in Fig. 4a. These plots display the
overlapping range of all scan data in an isolines (contour lines)
graph. This view is typically used to show multiple scans as
stemming from a non-ambient experiment or a stress measure-
ment [27]. Here, this method was also used to evaluate the
fraction of crystalline phase. At early stage of milling (initial
mixture), overlapping range of all scan data was very low.
In contrast, the 5 h milled sample with a BPR 10:1 showed a
modest level of overlapping range of all scan data, specifically
in the range of 25°<20<35°. This behavior is related to the
formation of CAp with a moderate degree of crystallinity. In
addition, the 5 h milled sample with a BPR 20:1 indicated a
low level of extending range of whole scan data which
confirmed the formation of high crystalline CAp. In another
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Fig. 6. (a) The lattice parameters and (b) unit cell volume of n-CAp as a function of annealing temperature.

approach (Fig. 4b), the relative intensities of the individual
characteristic peaks of the milled sample with a BPR 20:1 was
higher than those corresponding to the specimen with a BPR
10:1, remarkably in the range of 30°<20<34°. This shows that
the crystallinity degree of the milled sample with a BPR 20:1
was higher than the milled specimen with a BPR 10:1 as
shown in Fig. 4c. These variations in crystallinity degree is
justified by milling conditions. As a matter of fact, increased
milling energy which achieved by higher BPR and increased
speed of rotation, introduces more strain and expands the
defect concentration in the powder. This behavior can lead to
the amorphization. On the other hand, higher milling energies
can also produce more heat, resulting in crystallization of the
amorphous phase. A balance between these two effects will
determine the nature of the final product phase [20]. Hence, the
crystallinity degree of mechanosynthesized CAp was influ-
enced by the milling parameters. In a similar trend, the
crystallinity degree of the heat-treated samples was examined
(Fig. 5). In accordance with Fig. 5a, overlapping range of all
scan data was very low after annealing at 900 and 1100 °C.
This indicates that high crystalline n-CAp was produced at
these temperatures. On the contrary, the annealed sample at
1300 °C showed a modest level of overlapping range of all
scan data, specifically in the range of 25°<26<35°. This
behavior is related to the formation of CAp with a moderate
degree of crystallinity. From Fig. 5b, with increasing the
annealing temperature the relative intensities of the individual
characteristic peaks of CAp decreased especially in the range
of 30°<26<34° and reached a minimum at 1300 °C. In
addition, it is clear that the rate of CAp decomposition
increased with increasing the annealing temperature to
1300 °C. As a result, the synthesized nanopowder at 1300 °C
showed a minimum crystallinity degree among the heat-treated
samples (Fig. 5b). Apatites with high crystallinity degree
display little or no activity towards bioresorption and are
insoluble in physiological environment [28]. Therefore, the
synthesized nanopowders can be considered for biomedical
applications.

3.4. Lattice parameters and their deviations

Fig. 6 shows the lattice parameters and unit cell volume of
n-CAp as a function of annealing temperature. The a—axis and
c—axis values for the milled sample were 9.6250 and 6.8191 A
respectively. These values fluctuated after annealing in the

range of 900-1300 °C. According to Fig. 6a, the a—axis and
c—axis values of the heat-treated samples were similar to the
reported values for standard (#27-0074: a=9.6420 A and
¢=6.7756 A respectively). As shown in Fig. 6b, the unit cell
volume of CAp declined after annealing at 900 °C. After that,
there was a marked upward trend in the value of unit cell
volume. It should be mentioned that these variations in the unit
cell volume of CAp caused by a rise in the (a) parameter,
rather than from the (c¢) values and can probably be attributed
to the structural evolution of CAp during annealing pro-
cess. On the whole, in accordance with results, the structural
deviations for all the samples were less than 2%.

3.5. FT-IR spectra

Fig. 7 displays the FT-IR spectra of the milled sample
before and after thermal treatment in the range of 900-1300 °C
for 1 h. These spectra reflect the presence of functional groups
and structural changes that occurred during milling and
annealing processes. In general, the characteristic groups of
apatites are PO3~, OH™, CO3~, and HPO3™ groups which
commonly appears in 4000400 cm™' region in the FT-IR
spectra [26,29,30]. The characteristic bands of the synthesized
nanopowders are as follows:

(a) After 5 h of milling, two bands were detected at 3432.23
and 1642.61 cm™' as a result of the vibration of the
adsorbed water in apatites. These bands shifted to 3236.5
and 1684.3 cm™", 3196 and 1684.3 cm™', and 3202.84 and
1684.3 after annealing at 900, 1100, and 1300 °C, respec-
tively. It is obvious that the intensity of these bands
declined dramatically after thermal treatment especially at
1300 °C.

(b) In all the samples, the absence of the bands at 630 and
3568 cm™" corresponding to OH™ liberation mode and the
appearance of a broad band at 733-758 cm™" confirmed
the formation of n-CAp [31].

(c) For the 5h milled sample, the bands at 1091.7 and
1047.05 cm™! attributed to vz POy, the band at 960.45
corresponds to v, PO, the bands at 607.38 and
567.95cm™' result from vy PO4, and the band at
473.30 cm™' comes from v, vibration of the PO;~ group
[26,30]. These phosphate groups transferred to 1082.6,
1045.39, 960.45, 608.49, 567.94, and 473.74 cm™" for the
annealed sample at 900 °C, to 1087.6, 1047.95, 956.18,
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Fig. 7. FT-IR spectra of the of the milled sample (a) before and after thermal treatment, (b) 900, (c) 1100, and (d) 1300 °C for 1 h.

608.63, 567.56, and 469.93 cm™! for the heat-treated
specimen at 1100 °C, and to 1113, 1044.96, 946.07,
605.60, 553.88, and 466.66 cm™' in the case of the
annealed sample at 1300 °C. It is clear that with increasing
the annealing temperature to 1300 °C, the PO3~ vibration
peaks at 605.60 cm™" and 553.88 cm™' merged gradually.
In addition, the appearance of the band at 1113 cm™'

(d)

corresponding to the vibration of PO3~ group in f—TCP
showed a high rate of CAp decomposition after annealing
at 1300 °C [32].

For the 5 h milled sample, a doublet appears at 1495.7 and
1414.9 cm™" belonged to v5 vibration mode of the carbo-
nated groups. These bands indicates that n-CAp contained
some CO3~ groups in PO}~ sites of apatite lattice (B-type
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substitution) [29]. According to the previous findings, this
kind of apatite is more similar to biological apatite and
can be very helpful as a bone substitute in orthopedic
applications [33]. After thermal treatment at 900 and
1100 °C, the carbonated group was identified by the
emergence of a band at 1456.7 cm™'. These bands
disappeared completely after annealing at 1300 °C.

Based on FT-IR spectra, the high temperature of annealing
leads to severe degradation of n-CAp which has adverse
effects on product properties.

Polygonal Particle

<

Spheroidal Particle

U

3.6. Morphological features

The morphological features of n-CAp before and after
thermal treatment in the range of 900-1300 °C for 1 h are
shown in Fig. 8. According to this figure, the synthesized
nanopowders had high tendency to agglomerate. It has been
found that [34], when two adjacent primary particles collide,
the coalescence may take place on the premise that these two
particles share a common crystallographic orientation. So, two
primary particles attach to each other and combine into a
secondary one. Since the sizes of the secondary particles are
still very small, it is reasonable that they will continue to
collide and coalesce which may ultimately lead to the

Fig. 9. Edge-mode of SEM images of n-CAp (a) before and after thermal treatment, (b) 900, (c) 1100, and (d) 1300 °C for 1 h.
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agglomeration. After 5h of milling, the particles gradually
became equiaxed as shown in Fig. 8a. In this sample, n-CAp
showed a cluster-like structure which was composed of several
fine particles with an average size of about 95 nm. After thermal
treatment, distinct differences in the microstructural character-
istics of the specimens became obvious. At 900 °C, the
coalescence of nanoparticles was dominant which resulted in
the formation of large agglomerates with an average size of
about 5 pm (Fig. 8b). When the annealing temperature increased
to 1100 °C, grain growth occurred due to a dramatic decrease in
residual elastic strain (Fig. 8c). At this temperature, the
synthesized powder was comprised of polygonal and spheroidal
nanoparticles with an average size of around 350 nm. After
annealing at 1300 °C, a pore free/dense microstructure was
obtained which was composed of coarse grains with an average
size of about 3 pm. According to Fig. 8d, a long crack was
formed after thermal treatment at 1300 °C. It is obvious that the
crack propagated in a straight path by breaking particles. The
main reason is that the internal stress caused by milling
accelerated rapid grain growth and resulted in crack formation
during thermal treatment [35]. Recalling from the above
observations, it can be concluded that the annealing at high
temperatures may be associated with abnormal grain growth,
which affects the functional specifications of n-CAp.

In the present study, the edge-mode of SEM images was
used to evaluate the volume fraction of grain boundary of the
nanopowders. Fig. 9 shows the edge-mode images of n-CAp
before and after thermal treatment in the range of 900-1300 °C
for 1 h. According to this micrographs, the volume fraction of
grain boundary in the 5 h milled sample before annealing is
higher than the heat-treated specimens. In addition, it is clear
that with increasing the annealing temperature to 1300 °C the
volume fraction of grain boundary declined dramatically due to
the significant growth of agglomerates/nanoparticles. This
finding is in good agreement with XRD results in the section
of crystallite size and lattice strain. It is obvious that, the
synthesized nanopowders before and after annealing at 900 °C
had appropriate morphological characteristics that can be very
effective in terms of performance.

4. Conclusions

The phase transitions and structural changes of mechan-
osynthesized n-CAp under thermal treatment were investi-
gated. Based on XRD results, the rate of consumption of raw
materials during the milling process was strongly influenced
by the ball-to-powder ratio. After 5 h of milling with a BPR of
20:1, the main product was high crystalline CAp with a trace
of CaO, while with a BPR of 10:1 the mechanochemical
reaction was not completed at the same time. Higher milling
energy in BPR 20:1, led to the formation of n-CAp with the
crystallite size of about 28.89 nm after 5 h of milling. With
increasing the annealing temperature to 1300 °C, the rate of
CAp decomposition increased dramatically. During annealing
at 1300 °C for 1 h, the residual elastic strain declined sharply
to around 0.01% which resulted in the formation of coarse
structure with a mean crystallite size of around 462.17 nm.

After annealing in the range of 900-1100 °C, the synthesized
nanopowder showed high crystallinity degree. However, at
1300 °C the fraction of crystalline phase decreased dramati-
cally due to the sever decomposition of n-CAp. According to
SEM images, the product was comprised of polygonal and
spheroidal nanoparticles with an average size of around
350 nm after annealing at 1100 °C. During heating at
1300 °C, a long crack was formed due to the internal stress
caused by the milling process.
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