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Abstract

The influence of milling parameters (time and atmosphere) on the mechanochemical synthesis of nanocrystalline hydroxyapatite (n-
HAp) using different raw materials was studied. Two distinct chemical reactions were activated for various milling times under air or in
a high purity argon (99.998 vol%) atmosphere. Then, the mechanically activated powder was heat treated at 800 °C for 1 h to produce
n-HAp with high degree of crystallinity. Results revealed that the phase purity of products under both milling atmospheres was strongly
influenced by the chemical composition of raw materials. The synthesized powders exhibited average sizes about 32 and 27 nm under air
atmosphere, and about 32 and 34 nm under argon atmosphere. The fraction of crystalline phase drastically decreased after 80 h of
milling under both atmospheres. In addition, the fraction of crystalline phase for the annealed sample at 800 °C was higher than the
mechanosynthesized specimens. The results of morphological evaluation confirmed the formation of n-HAp with different morphologies
each of which can be used for particular purpose.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HAp, Ca;o(PO4)s(OH),), as the major
mineral constituents of vertebrate bone and tooth, is the
most well-known bioceramic from the apatitic family.
Generally, HAp is used in the coating of metallic implants,
repairing of bone defects and bone augmentation due to its
superior biocompatibility, osteoconductivity and bioactiv-
ity [1]. In addition, HAp and its substituted structures have
also been served for drug delivery [2], gene therapy [3],
chromatography [4] and waste water remediation [5].
Depending on the application, there is often a need for
the nanoparticles to be in a particular size range [6].
Nanocrystalline HAp (n-HAp) with higher surface area
and lower particle size can provide higher biocompatibil-
ity, greater catalytic activity and good adsorption capabil-
ity for use as biomaterial, catalyst and adsorbent [7].
Therefore, many investigations have been carried out to
synthesize n-HAp [8-11]. Nanocrystalline HAp with
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desired properties can be achieved by control of the
product characteristics such as particle size and shape,
particle distribution and agglomeration [12].

There are several sources for the treatment of bone
diseases that have been faced with restrictions [13]. Conse-
quently, research on production of calcium phosphates is
likely to continue until suitable and cost-effective methods to
be found. The obtained HAp from varied powder processing
routes has great potential for bone substitute due to its
excellent osteoconductive properties [14]. It has been found
that the n-HAp can bond directly to tissues and promotes
tissue growth and thus it has been considered in orthopedic
and dental applications [15]. Generally, the fabrication meth-
ods of the n-HAp can be classified into two groups: wet and
dry [16]. In wet process, the by-product is almost water as a
result the probability of contamination during the process is
very low. On the other hand, the dry process has benefit of
high reproducibility and low processing cost [17,18]. Among
different dry processes, mechanochemical treatment has
recently been receiving particular attention as an alternative
method to prepare nanocrystalline materials with appropriate
structural characteristics [19-21]. In this method, melting is not
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essential and the products have nanostructural characteristics
[22]. Thus, when the mass production of n-HAp is required,
mechanochemical method can be served. In this process,
milling media are often selected based on their high hardness,
e.g. WC or SiC, or their chemical inertness, e.g. hardened
stainless steel [23]. The use of polymeric milling media has

Table 1
Details of milling conditions and composition of powder mixtures.

Sample Composition Milling Milling time
atmosphere (h)

HA1 100 wt% Air 40
(CaHPO4+Ca(OH),)

HA2 100 wt% Argon 40
(CaHPO4 + Ca(OH)z)

HA3 100 wt% Air 80
(CaHPO4+Ca(OH),)

HA4 100 wt% Argon 80
(CaHPO4+Ca(OH),)

HAS 100 wt% Air 40
(CaCO53+CaHPOy)

HA6 100 wt% Argon 40
(CaCO53+4CaHPOy,)

HA7 100 wt% Air 80
(CaCO53+CaHPOy)

HAS 100 wt% Argon 80
(CaCO53+4CaHPOy)

HA9* n-HAp - -

“Heat treated sample at 800 °C for 1 h.

been proposed not only to annihilate contamination problem,
but also to achieve the modified morphologies with high
biomedical performance [24,25]. It has been reported that the
size and number of balls had no significant effect on the
synthesizing time and grain size of calcium phosphates, while
decreasing the rotation speed or ball to powder weight ratio
increased synthesizing time and the grain size of bioceramic
[26]. These results suggest that the mechanochemical synthesis
of calcium phosphates is affected by processing parameters.
Therefore, evaluation of milling parameters to synthesize a
pure product with appropriate structural as well as morpho-
logical features is necessary.

Although, a variety of nanocrystalline calcium phos-
phates with various structural and morphological charac-
teristics were known, but to author’s knowledge, there are
a few papers about the mechanosynthesis of calcium
phosphates under inert gas atmosphere [27]. Mechano-
chemical synthesis of nano-size single crystal HAp under
air atmosphere has been investigated by our group recently
[24]. In this study, the influence of milling parameters (time
and atmosphere) on the formation of n-HAp using
different raw materials was studied. Furthermore, the
milled sample was heat treated at 800 °C for 1 h to produce
n-HAp with high degree of crystallinity. The phase purity
of the HAp nanopowders, average crystallite size, lattice
strain, volume fraction of grain boundary, fraction of
crystalline phase (crystallinity) and morphological features
of experimental outcomes were also determined.

Air
M HAp Nanosphere }

Coalescence of Nﬁmospheres}

Argon

Fig. 1. The solid-sate process for preparation of n-HAp.
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2. Materials and methods
2.1. Preparation of n-HAp powders

Starting materials including calcium hydroxide
(Ca(OH),, Fluka), anhydrous dicalcium phosphate
(CaHPOy4, Merck) and calcium carbonate (CaCOj3, Merck)
with given stoichiometric proportionality within the
reagents were milled using a high energy planetary ball
mill under air or in a purified argon (99.998 vol%) atmo-
sphere. Details of milling conditions and composition of
powder mixtures are given in Table 1. Mechanical activa-
tion was performed in polyamide-6 vials (volume of
125 ml) using Zirconia balls (20 mm in diameter) for 15,
40 and 80 h. The weight ratio of ball-to-powder and
rotational speed were 20:1 and 600 rpm, respectively. To
control temperature and prevent excessive heat, the
millings were completed in 45 min milling steps with
15 min interval pauses. In order to investigate the effect
of chemical composition of raw materials on the mechan-
osynthesis and purity of final products, two distinct
chemical reactions were utilized as follows:

6CaHPO, +4Ca(OH), - Ca|o(PO4)((OH), +6H,0 (1)

4CaCO; +6CaHPO, — Ca o(PO4)(OH), +4CO, +2H,0
(2)

Subsequently, the mechanically activated powder was
filled in a quartz boat, and then annealed for 1h under
atmospheric pressure at 800 °C. The heating rate from
room temperature up to the desired temperature was fixed
at 10 °C min~'. The whole solid-sate process for prepara-
tion of n-HAp is presented in Fig. 1.

2.2. Characterization of n-HAp powders

Phase analysis of products was carried out by X-ray
diffraction (Philips X-ray diffractometer (XRD), Cu-K,
radiation, 40 kV and 30 mA). “PANalytical X Pert High-
Score” software was used for the analysis of the diffraction
patterns. The patterns were compared to standards com-
piled by the Joint Committee on Powder Diffraction and
Standards (JCPDS), which involved card #24-0033 for
HAp, #09-0080 for CaHPO,, #01-0837 for CaCO; and
#04-0733 for Ca(OH),. Crystallite size and lattice strain of
the samples were determined using the XRD data accord-
ing to the following equations [19,28]:

_ K1
 (bobs—bsia)(bcos 0)

E2 — (bgb\‘_b?td)
(4tan 0)°

where b (in radians), K, A, D, E and 0 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.

D (D

oy

If we assume that a crystallite is a sphere of diameter D
surrounded by a shell of grain boundary with thickness ¢, the
volume fraction of grain boundary, f, is approximately [29]:

-l

(D+1) ()

Values of f were calculated from this equation by
substituting the experimental crystallite size obtained by
XRD with D under the assumption of =1 nm.

Moreover, the relation between lattice spacing (d) and lattice
parameters (@, b and ¢) of the n-HAp was shown as [30].
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Fig. 2. XRD profile of reaction (1) after 15 h of milling compared with
standard cards.
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where A, k, [ are the Miller indices of the reflection planes.
The (002) and (300) reflections were chosen for the lattice
parameters calculation. In addition, volume V" of the hexago-
nal unit cell was determined by the following formula [31]:

V =2.5894%¢ (V)

The fraction of crystalline phase (crystallinity) was deter-
mined from the XRD data using the following equation [32]:

B/ X.=K (VD

where X,, K and B are the fraction of crystalline phase, a
constant found equal to 0.24 and FWHM (deg.) of selected
reflection peaks, respectively. It should be mentioned that the
structural features of n-HAp powders were repeated two times
for two groups of peaks; one group was (002), (211) and (300),

and another was (222), (004) and (213) miller’s planes family.
The average of these two measurements was presented as
mean fraction of crystalline phase, crystallite size and lattice
strain. Fourier transform infrared (FT-IR) spectra were
recorded on a JASCO—(FT/IR-6300, Japan) spectrometer
in the range of 4000400 cm~' using KBr pellets. 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). Field emission scanning electron microscope (FE-
SEM Hitachi S1831) was served to observe the morphology
of heat treated sample that operated at the acceleration voltage
of 15kV. Besides, the size and morphology of fine powders
and agglomerates were observed on a transmission electron
microscope (ZEISS, Germany) that operated at the accelera-
tion voltage of 80 kV. TEM samples were prepared using
ultrasonic devices (Misonix, S3000).
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Fig. 3. XRD patterns of reaction (1) after 40 and 80 h of milling under air and argon atmospheres.
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3. Results and discussion
3.1. Phase determination

Fig. 2 presents XRD profile of reaction (1) after 15 h of
milling. This figure shows that there is no trace of HAp
after 15 h of milling due to the lack of sufficient time for
mechanical activation. In fact, the particle size reduction
begins after 15 h of milling while no reaction takes place
within powders. Fig. 3 shows the XRD patterns of reaction
(1) after 40 and 80 h of milling under air and argon
atmospheres. As can be seen in this figure, the main
product was HAp after 40 and 80 h under both milling
atmospheres. In addition, the extra peaks related to
CaHPO, can also be seen in the samples. It has been
reported that the presence of CaHPO, as an extra phase
could be a trace of the original product of the original
reaction used to produce n-HAp [22]. This suggests that
the synthesized HAp had the Ca/P ratio lower than
stoichiometry value as a result of CaHPO, formation after
40 and 80 h of milling. Fig. 4 displays XRD profile of
reaction (2) after 15 h of milling. In this reaction, CaHPO,
and CaCO; were used as raw materials but after 15h of
milling, similar to previous reaction, HAp was not pro-
duced. Moreover, sharp characteristic peaks of Ca(OH),
as an intermediate phase appeared in XRD pattern. It
seems that the decomposition of CaCOj; occurred after
15 h of milling which resulted in the formation of Ca(OH),
through the following reactions:

xCaCO3; - xCaO+xCO, 3)

xCaO — xH,0 4+ xCa(OH), 4)

When the mechanical activation time was extended to
40 h, all the peaks corresponding to CaHPO,, CaCO3 and
Ca(OH), had vanished and only those belonging to HAp
was detectable (reaction (5)). Further increase in milling
time up to 80 h resulted in the formation of low crystalline
HAp as evidenced by further broadening of the principal
diffraction peaks (Fig. 5).

6CaHPO, + xCa(OH), + (4—x)CaCO3 — Cayo(PO4)s(OH),

+ Q2+ x)H,0+ (4—x)CO; (5)

This result indicates that the phase purity of mechan-
osynthesized HAp affected by chemical composition of
raw materials. Comparison of the obtained results revealed
that the nature of final phases was not influenced by inert
gas atmosphere as a result a same phase structure was
obtained under both milling atmospheres. According to
XRD patterns, the use of the reaction (2) is preferred to
reaction (1) in order to produce HAp with higher phase
purity.
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Fig. 4. XRD profile of reaction (2) after 15 h of milling compared with
standard cards.

3.2. Crystallite size, lattice strain and volume fraction
of grain boundary

Fig. 6 shows the effect of milling time under both milling
atmospheres on the average crystallite size, volume fraction
of grain boundaries and lattice strain of HAp. Based on the
calculated data, the average crystallite size of HAp out of
reaction (1) under both milling atmospheres was around 37
and 32 nm after 40 and 80 h of milling, respectively (Fig. 6a).
Also, the volume fraction of grain boundary of n-HAp was
about 7.689% after 40 h and 8.818% after 80 h of milling
(Fig. 6b). The evaluation of lattice strain demonstrated that
the lattice strain of the samples was about 0.306% after 40 h
and 0.356% after 80 h of milling under air atmosphere
(Fig. 6¢). These values were about 0.298% after 40 h and
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0.371% after 80 h of milling under argon atmosphere. On the
other hand, the average crystallite size of HAp out of
reaction (2) under air atmosphere was around 33 and
27 nm after 40 and 80 h of milling, respectively (Fig. 6d).
These values were about 40 nm after 40 h and 34 nm after
80 h of milling under argon atmosphere. The volume fraction
of grain boundary of n-HAp under air atmosphere was
about 8.567 and 10.336% after 40 and 80 h of milling,
respectively (Fig. 6e). For the milled samples under argon
atmosphere, these values were about 7.140% after 40 h and
8.329% after 80 h of milling. The determined amounts of
lattice strain indicated that by increasing milling time to 80 h,
the average lattice strain increased under both milling atmo-
spheres (Fig. 6f). The lattice strain reached 0.409 and 0.304%
after 80 h of milling under air and argon atmospheres,
respectively. It should be noted that the decrease rate of

70

32 34

2Theta (degree)

XRD patterns of reaction (2) after 40 and 80 h of milling under air and argon atmospheres.

crystallite size in reaction (2) is higher than that in reaction
(1) under both milling atmospheres. However, results
revealed that increasing the milling time causes decreasing
the crystallite size and increasing the lattice strain.

3.3. Fraction of crystalline phase (crystallinity)

For the evaluation of the fraction of crystalline phase,
peak broadening is an important parameter. In this paper,
full width at half maximum (FWHM) of specified peaks
was utilized to determine the fraction of crystalline phase.
Fig. 7a and ¢ shows the FWHM values at different Bragg
angles for all the samples where the anisotropy is most
pronounced. Examination of the FWHM values for all the
specimens revealed the occurrence of anisotropic line
broadening. In general, the anisotropic line broadening
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Fig. 6. The average crystallite size, volume fraction of grain boundaries and lattice strain of HAp as a function of milling time under both milling

atmospheres; (a—c) reaction (1) and (d-f) reaction (2).

may be ascribed to the three factors: the presence of
stacking faults, the presence of dislocations and none-
quivalence of the grain sizes along different crystallo-
graphic directions [33]. In our case, it seems that this
phenomenon is due to the grain size anisotropy. According
to Fig. 7b and d, by increasing milling time to 80 h, the
fraction of crystalline phase decreased for both reactions
under air and argon atmospheres. In general, control of
the crystallinity of HAp is necessary for its biological
applications. Since high crystallinity of HAp shows little or
no activity toward bioresorption and is insoluble in

physiological environment [34], the HA1, HA2, and HA6
samples are well preferred for dental applications. On the
other side, the HAp powders with lower degree of crystal-
linity including HA3, HA4, HAS, HA7 and HAS can be
used to promote osseointegration or as a coating to
promote bone in growth in to prosthetic implants [35].

3.4. Lattice parameters

To confirm the formation of HAp, the lattice parameters
of the samples were calculated, as shown in Fig. 8. As can
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be seen in Fig. 8, the a-axis and c-axis values were similar
to the standard HAp (#24-0033: ¢=9.432 A and ¢=6.881
A). The determined amounts of unit cell volume of HAp
showed that the experimental outcomes out of reaction (1)
were not accompanied by a remarkable change in the unit

cell volume under both milling atmospheres. Conversely,
the obtained powders out of reaction (2) showed remark-
able changes in the unit cell volume, particularly in HA7
and HAS8 samples. These changes in the unit cell volume
can probably be attributed to the lattice distortion of HAp
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during the mechanochemical process. The results showed
that the lattice parameters of mechanosynthesized HAp
affected by chemical composition of raw materials and
milling atmospheres.

3.5. TEM observations

The morphological characteristics of the n-HAp out of
reaction (1) after 80 h milling under both milling atmo-
spheres are shown in Fig. 9. The TEM observations
showed that the HAp particles had rod-like morphology
with an average length of about 20 and 25 nm under air
and argon atmospheres, respectively. Although, in out-
comes from reaction (1), there are some particles with
ellipse-like morphology, it is because of the axis orienta-
tion of nanorods with respect to the image plane. In fact, if
the rod axis is perpendicular or oblique to the image plane,
the rod may be seen as a full circle or ellipse shape,
subsequently. It has been found that the n-HAp with

CY

50 nm

w :
1 Ty
Rod-lik@micnesa)\ 4

ellipse- or rod-like morphology inhibit the proliferation of
malignant melanoma cells [36]. Therefore, these nanos-
tructures may be helpful to remedy cancer. Furthermore,
since the synthetic HAp nanorods have an excellent
sinterability [24], using this structure is an effective route
to obtain dense bioceramics with high mechanical proper-
ties. As a result, the gained HAp nanorods may be utili-
zed as strength-enhancing additives for the preparation
of the bionanocomposites with improved mechanical
properties.

Fig. 10 shows the TEM images of n-HAp out of reaction
(2) after 80h milling under both milling atmospheres.
According to this figure, the HAp particles had spheroidal
morphology with an average size of about 23 and 25 nm
under air and argon atmospheres, respectively. It has been
found that spherical particles are better than other irregular
shapes due to the well space fillings and the low percentage of
voids in the final product [24]. Besides, granules with a
smooth spherical geometry are useful in growth and attach-
ment of bone tissue that improve osseointegration.

50 nm

Fig. 9. TEM images of n-HAp powders produced through reaction (1) after 80 h milling under (a) air and (b) argon atmospheres.
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Fig. 10. TEM images of n-HAp powders produced through reaction (2) after 80 h milling under (a) air and (b) argon atmospheres.

In addition to presented results, it is obvious that the milled
samples had a high agglomeration tendency. According to
literature [19], 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
agglomeration. As shown in Figs. 9 and 10b, the coalescence
of nanorods and nanospheres led to the formation of
agglomerates after 80 h of milling under argon atmosphere.
It has been found that the deformation of the smaller particle
and convection processes controlled the coalescence of liquid
nanoparticles. On the other hand, diffusion processes domi-
nated the coalescence processes of near solid-like particles [37].
Thus, in present study, it seems that the coalescence of
nanorods and nanospheres occurred under argon atmosphere
because of diffusion process. Recalling from the above results,
it can be concluded that the mechanochemical method is an
appropriate dry process to synthesize n-HAp with different

structural as well as morphological features which can be
considered for specific targets.

3.6. Heat treatment

Fig. 11 shows the XRD profile and FT-IR spectrum of n-
HAp after thermal treatment at 800 °C. The XRD pattern of
annealed sample confirmed the formation of high crystalline
HAp with appropriate phase purity (Fig. 11a). As can be seen
in this figure, the intensity of the peaks of the main reflections
increased after thermal treatment. This result confirms the
growth of the crystallinity after thermal treatment at 800 °C.
The evaluation of the structural features indicated that the
average crystallite size and the volume fraction of grain
boundary were around 43 nm and 6.664%, respectively.
Furthermore, the fraction of crystalline phase enhanced after
thermal treatment at 800 °C. The obtained result suggests that
the fraction of crystalline phase was higher for the annealed
sample compared to the mechanosynthesized specimens. The
FT-IR analysis was carried out to get authenticated informa-
tion about the functional group and to confirm the production
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of HAp with no chemically stable contaminants. In Fig. 11b,
two bands corresponding to the vibration of the adsorbed
water in the apatite structure were detected [19,38]. A doublet
appears at 1414 and 1457 cm™" corresponding to vy and a
band at 878 cm™! attributed to v, vibration mode of the
carbonated groups which showed the n-HAp contained some
CO3~ groups in PO3 ™ sites of apatite lattice (B-type substitu-
tion) [28,38]. It has been reported that this kind of apatite is
more similar to biological apatite and could be more suitable
for bone replacement materials [39]. The characteristic peaks

Fine particle
Large particle

Large particle

Element Line Concentration

Ka 25.157

P Ka 28.167 wid%.
Ca
Ca Ka 46.676 W%,
Total 100 wi%.
Energy (KeV) 5

of the phosphate group had four distinct asymmetrical
stretching vibration modes, namely, vy, v,, v3 and v4. The v,
and v, vibration peaks were observed at 961 and 472 cm ™',
respectively. The v; vibration peaks as a major peak of the
phosphate group were detected in the region between 1090
and 1048 cm . The band between 602 and 569 cm ™' showed
v4 vibration mode of phosphate group. Results indicated that
the synthesized powder has a suitable chemical purity.

Fig. 12 shows the morphology, particle size distribution
and EDX spectra of n-HAp after thermal treatment at
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800 °C. From TEM and FE-SEM images (Fig. 12a—), it
can be seen that the product was composed of large and
fine particles with spheroidal and polygonal morphologies.
The average particle size of the sample was about 116 nm.
Based on these observations, the mean particle size of n-
HAp powders were smaller for the milled samples com-
pared to the annealed specimen due to the large amount of
strain imparted to particles during the milling process.
Fig. 12d shows the EDX spectra of the n-HAp after
thermal treatment at 800 °C. As expected, EDX spectra
showed that the main elements of the specimen were
calcium, phosphorus and oxygen. The EDX spectrum of
HAp crystals exhibited a molar ratio Ca/P=1.66. These
results demonstrate that the HAp crystals are closer to the
standard HAp (Ca/P=1.67). According to the EDX point
chemical analysis, no chemically stable contaminants were
detected due to the excessive adhesion of powders to the
milling media. In accordance with our previous findings
[18,19,24,25,28], the polyamide-6 vial is a suitable milling
media to annihilate contamination problem and to achieve
modified morphologies with high biomedical performance.

4. Conclusions

The effect of milling parameters on the mechanosynth-
esis of n-HAp using different raw materials was investi-
gated. Moreover, the milled powder was heat treated at
800 °C for 1h to produce n-HAp with high degree of
crystallinity. The results showed that the phase purity of
mechanosynthesized HAp affected by chemical composi-
tion of raw materials, so that the use of the reaction (2) is
preferred to reaction (1) in order to produce n-HAp with
higher phase purity. The nature of final phases was not
influenced by inert gas atmosphere as a result a same phase
structure was obtained under both milling atmospheres. By
increasing the milling time, the crystallite size decreased
and reached a minimum after 80 h of milling. Examination
of the full width at half maximum values for all the
samples indicated the occurrence of anisotropic line broad-
ening. Furthermore, the determined amounts of crystal-
linity revealed that the fraction of crystalline phase was
lower for the mechanosynthesized samples compared to
the annealed specimen. Based on TEM observations, the
mean particle size of n-HAp powders was smaller for
milled sample compared to the annealed specimen. After
thermal treatment at 800 °C, the product was composed of
spheroidal and polygonal particles with an average size of
about 116 nm.
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