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Abstract

Nano-sized amorphous tricalcium phosphate powders were synthesized through different mechanochemical reactions. The influence of milling
parameters and chemical composition of reagents on the formation of amorphous tricalcium phosphate was investigated. In all the experiments,
the mole ratio of calcium to phosphorous oxide was 3:1, i.e. the stoichiometric Ca/P content in the composition of amorphous tricalcium
phosphate (Ca/P¼1.5). Results revealed that the phase purity, structural features, and morphological characteristics of products were significantly
influenced by the chemical composition of raw materials and milling parameters. For all the reactions, amorphous tricalcium phosphate was
formed as the main product of mechanical activation after 10 h. After annealing at 1100 1C, crystallization of amorphous phase occurred, and
consequently high crystalline β-tricalcium phosphate was generated. According to FT-IR findings, the synthesized powders had high chemical
purity. After 10 h of milling, the obtained nanopowders through four distinct reactions exhibited crystallite sizes about 20, 69, 58 and 55 nm. The
results from scanning electron micrographs showed that the mean size of agglomerate was in the range of 1–5 μm. Detailed study of
morphological features by using transmission electron microscopy confirmed the formation of nano-sized amorphous tricalcium phosphate with
spheroidal and ellipse-like morphologies.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Amorphous calcium phosphate (ACP) phases are one of the
most frequent forms of calcium phosphate minerals in biological
organisms. These biomaterials play a crucial role in several
biomedical applications. They have been found, for instance, in
the mitochondria of eukaryote and prokaryote cells and is also
considered as a precursor phase of bone mineral in vertebrates.
ACP is present in many biomaterials and preparations, for
example, in coatings of metallic endoprostheses as a transitory
phase, in self-setting injectable cements as responsible for the
setting reaction, in composite materials as a remineralising phase
for enamel and dentine, and in toothpaste formulations as a
remineralising agent for early carious lesions [1–3].

According to the literature [4], various amorphous calcium
phosphates (ACPs) have been distinguished only by Ca/P
ratio. Amorphous tricalcium phosphate (ATCP), with an
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atomic Ca/P ratio of 1.5 and the chemical formula Ca3(PO4)2 �
xH2O, is most widely found in amorphous precipitates
obtained in alkaline media (pH range 9–11) [4]. It has been
found that in the absence of mineral ions other than Ca2+ and
PO4

3− the composition of ACP is restrained to the mentioned
chemical formula for charge balance reasons [1]. In the more
acidic solutions, ACPs can contain HPO4

2− ions instead of PO4
3−,

leading to a lower Ca/P ratio. However, such phases are unstable
and convert very rapidly into dicalcium phosphate dihydrate
(DCPD, CaHPO4 � 2H2O). In addition, in non-aqueous or etha-
nol–water media ACPs with a much lower Ca/P ratio than
composition of ATCP can be obtained that corresponds to
amorphous octacalcium phosphate (AOCP, Ca8H2(PO4)4 � xH2O)
or amorphous dicalcium phosphate (ADCP, CaHPO4) [5–7].
Also, ACPs with a Ca/P ratio higher than 1.5 can only be
obtained in the presence of foreign ions, most frequently
carbonate and oxide ions. It should be noted that the composition
of ATCP can change on ageing due to the internal hydrolysis.
The hydrolysis process led to a range of compositions represented
as: Ca9(PO4)6−x(HPO4)x(OH)x [8]. In general, ACPs can be
ghts reserved.
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Fig. 1. Details of milling conditions and composition of powder mixtures.

B. Nasiri-Tabrizi, A. Fahami / Ceramics International 39 (2013) 8657–86668658
synthesized by two main routes which include wet route (in
aqueous medium at low temperature) and dry process (using high
energy processing or high temperature) [9–18]. Depending on the
method of the formation and experimental circumstances, the
outcomes can show a Ca/P ratio ranging from 1 to 2 or even
higher. It has been reported that the wet synthesis route of ACP is
based on the double decomposition of a calcium and phosphate salt
in aqueous or water–alcohol solutions [1,3,8]. In addition to the
aforementioned wet procedures, various types of ACPs can be
synthesized by dry processes [14–17]. In a different approach, a
crystalline to amorphous transition has been detected for various
calcium orthophosphates at very high (upto 10 GPa) pressures [18].

Although the various types of ACPs have been produced by
several researchers in different conditions [9–18], synthesis
and characterization of nano-sized amorphous tricalcium
phosphates (n-ATCPs) are still a much-discussed question
[19]. The basic structural units of ATCP are roughly spherical
clusters which randomly packed in spherical particles with
water in the interstices [19,20]. However, several details in
mechanosynthesis of n-ATCPs still remain unclear. Therefore,
the main purpose of this study was to analyze the structural
and morphological features of n-ATCPs obtained under
different mechanochemical reactions. In fact, the effect of
milling parameters (time and media) and chemical composition
of reagents on the formation of n-ATCP was investigated. In
addition, the phase transformation during thermal annealing
process was examined.

2. Materials and methods

Analytical grade calcium hydroxide (Ca(OH)2, Fluka),
anhydrous dicalcium phosphate (CaHPO4, Merck), calcium
oxide (CaO, Merck), and phosphorous pentoxide (P2O5,
Merck) were used as precursor materials for the preparation
of n-ATCP through four distinct mechanochemical processes.
In all the reactions, the ratio of calcium to phosphorous oxide
was 3:1 (mole ratio), i.e. the stoichiometric Ca/P content in the
composition of amorphous tricalcium phosphate (ATCP: Ca/
P=1.5). The weight ratio of ball-to-powder, total powder mass
and rotational speed used in each preparation were 20:1, 6 g
and 600 rpm, respectively. The objectives of mechanical
activation were twofold: to evaluate the effect of milling
parameters on the formation of n-ATCP and to appraise the
influence of chemical composition of raw materials on the
mechanosynthesis of n-ATCP. For the first aim, the powder
mixtures consisting of CaO and P2O5 were ground on a
planetary ball mill using two distinct milling media. The first
media was composed of sealed tempered chrome steel vial
(vol. 125 ml) and balls (20 mm in diameter). The second media
was comprised of sealed tempered chrome steel (vol. 125 ml)
and un-fused alumina balls (diameter 20 mm). Milling was
carried out for 1, 5, and 10 h in both the milling media under
air atmosphere. The milling conditions in the first and second
media were named as M1 and M2, respectively. For the second
object, four distinct chemical reactions were mechanically
activated for 10 h using sealed tempered chrome steel vials
and balls. These mechanochemical procedures are as follows:
3CaO+P2O5-Ca3(PO4)2 � xH2O (Activated under air atmo-
sphere, Ca/P=1.5) (1)

CaO+2CaHPO4-Ca3(PO4)2 � xH2O (Activated under air
atmosphere, Ca/P=1.5) (2)

3Ca(OH)2+P2O5-Ca3(PO4)2 � xH2O (Activated under air
atmosphere, Ca/P=1.5) (3)

Ca(OH)2+2CaHPO4-Ca3(PO4)2 � xH2O (Activated under air
atmosphere, Ca/P=1.5) (4)

The presented reactions from (1) to (4), were named as R1,
R2, R3 and R4, respectively. Details of milling conditions and
composition of powder mixtures are shown in Fig. 1. To
evaluate the effect of thermal treatment on the phase transfor-
mation, the milled powder for 10 h was filled in a quartz boat,
and then heat treated under atmospheric pressure at 1100 1C
for 1 h. The heating rate from room temperature up to the
desired temperature was fixed at 10 1C min−1.
Phase evolution and structural features of the outcomes were

investigated by X-ray diffraction (Philips X-ray diffractometer
(XRD), Cu-Kα radiation, 40 kV, 30 mA and 0.021S−1 step
scan). All measurements were conducted at room temperature
of 25 1C and with the diffraction range of 201≤2θ≤701 at scan
speed of 11 min−1. “PANalytical X'Pert HighScore” software
was utilized for the analysis of different peaks. The XRD
patterns were compared to standards compiled by the Joint
Committee on Powder Diffraction and Standards (JCPDS),
which involved card #018-0303 for Ca3(PO4)2.xH2O, #037-
1497 for CaO, #033-0297 for Ca2P2O7, #043-1484 for Al2O3,
and #09-0169 for β-TCP.
The crystallite size and lattice strain of the samples were

determined by using the XRD data according to the following
equation [21]:

B cos θ¼ 0:9λ
D

þ η sin θ ðIÞ

where λ, D, η and θ are the wavelength of the X-ray used
(0.154056 nm), crystallite size, lattice strain and the Bragg
angle (1), 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 experimentally recorded



Fig. 2. XRD patterns of CaO and P2O5 powder mixture after mechanical
activation for different milling times (1–10 h) in both milling media under air
atmosphere; (a) 1 h, (b) 5 h in M1, (c) 5 h in M2, (d) 10 h in M1, and (e)
10 h in M2.
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profile. Thus, when B cos θ is plotted against sin θ, a straight
line is obtained with the slope as η and the intercept as 0.9 λ/D.

Moreover, the volume fraction of grain boundary, f, is
approximately [22]:

f ¼ 1−
D

ðDþ tÞ

� �3
ðIIÞ

where D and t are diameter of a spherical crystallite and a shell
of grain boundary, respectively. 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.

Crystallinity degree (Xc), corresponding to the fraction of
crystalline phase present in the examined volume, was
estimated for the synthesized samples by taking the sum total
of relative intensities of individual characteristic peaks accord-
ing to the following equation [23]:

XC ¼ Sum total of relative intensities of ATCP
Sum total of relative intensities of standard

� 100 ðIIIÞ

The functional groups of products were measured using
Fourier transformed infrared (FT-IR) transmission spectroscopy

(Perkin-Elmer Spectrum 65 FT-IR Spectrometer, USA) in
the range 4000–400 cm−1 with the resolution of 2 cm−1.
For FT-IR analysis, the crushed samples were diluted 100
fold with KBr powder and the background noise was corrected
with pure KBr data. Morphological characteristics of the
synthesized powders were determined on a scanning electron
microscope (LEO 435VP, LEO Electron Microscopy Ltd.,
Cambridge, UK). Also, the size and morphology of fine
powders were observed on a transmission electron microscope
(Philips CM10, Eindhoven, The Netherlands) that operated at
the acceleration voltage of 100 kV.

3. Results and discussion

3.1. Effect of milling parameters (milling time and media type)

Fig. 2 shows the XRD patterns of CaO and P2O5 powder
mixture after mechanical activation for different milling times
(1–10 h) in both the milling media. Phosphoric acid was
formed immediately after the addition of P2O5 to the reaction
mixture owing to its hygroscopic nature.

P2O5+3H2O-2H3PO4 (5)

After 1 h of milling, a quantity of CaO transformed to Ca
(OH)2 due to the mechanical activation under air atmosphere.
Simultaneously, calcium hydroxide and phosphoric acid
reacted at ambient temperature and led to the formation of
calcium pyrophosphate. It can be seen that the phase composi-
tions were CaO and Ca2P2O7 after 1 h of milling. In M1
media, when the mechanical activation time was extended to
5 h, several characteristic peaks corresponding to CaO and
Ca2P2O7 disappeared and a poorly crystallized structure was
formed. The poorly crystallized phase is believed to be a
amorphous tricalcium phosphate (Ca3(PO4)2 � xH2O), which is
supported by the Ca/P ratio of 1.5. Further increasing the
activation time to 10 h caused a further decrease in the fraction
of crystalline phase, as evidenced by the extra broadening of
the principal diffraction peaks. After 10 h of milling, similar to
the previous sample, the main product of mechanical activation
was Ca3(PO4)2 � xH2O. In this profile, few extra peaks were
also observed. It suggests that Ca2P2O7 and CaO are still
present in this sample. In the case of M2 media, similar to M1,
amorphous tricalcium phosphate was the dominant phase after
5 h of milling. However, characteristic peaks of the Ca2P2O7

and Al2O3 were also evident. The presence of Al2O3 as an
extra phase indicates the adhesion of un-fused alumina balls to



Fig. 3. XRD patterns of R1, R2, R3 and R4 after 10 h of mechanical activation
in M1 media.
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the milling media. In this media, increasing milling time to
10 h led to the formation of large quantities of Al2O3 due to
the excessive adhesion of balls to the milling media. Accord-
ing to XRD profile of this sample, the high crystalline Al2O3

was the dominant phase along with minor amount of amor-
phous tricalcium phosphate. Recalling from the above results,
to appraise the influence of chemical composition of raw
materials on the mechanosynthesis of n-ATCP only M1 media
was served.

3.2. Effect of chemical composition

Fig. 3 shows the XRD patterns of R1, R2, R3 and R4 after
10 h of mechanical activation in M1 media. It can be seen that
after 10 h the main product of milling was amorphous
tricalcium phosphate. According to XRD profile of the R1,
Ca2P2O7 and CaO as extra phases were also observed in the
sample. It seems that the presence of these extra phases could
be a trace of the original product of the R1. So, it can be
concluded that the synthesized powder using R1 reaction had
the Ca/P ratio lower than stoichiometry value as a result of
Ca2P2O7 formation after 10 h of milling. Conversely, the
obtained powders out of R2, R3 and R4 showed a single
ATCP phase without any extra phase after 10 h of milling.
This result indicates that the phase purity of mechanosynthe-
sized amorphous tricalcium phosphate is influenced by the
chemical composition of raw materials. Based on XRD results,
the use of the R2, R3 and R4 is preferred to R1 in order to
produce n-ATCP with higher phase purity.

3.3. Structural features

Fig. 4 displays the effect of chemical composition of raw
materials on the structural evolution, crystallite size, lattice
strain, and volume fraction of grain boundaries of n-ATCP
after 10 h of mechanical activation in M1 media. The
calculated profiles of the samples in comparison with experi-
mental data in the range of 221 to 301 are shown in Fig. 4a.
This approach was applied to monitor the structural evolution
of the samples during the milling process. Based on this figure,
it can be seen that mechanical activation up to 10 h led to the
more line broadening of XRD patterns which confirmed the
formation of poorly crystallized phase. However, among the
samples, the level of peak broadening in R1 profile was higher
than the other specimens due to the large amount of strain
imparted to particles during the mechanical activation. In this
sample, the peak broadening was accompanied by a drastic
decrease in the intensity of peaks. As shown in Fig. 4b, the
crystallite size of n-ATCP out of R1, R2, R3 and R4 was
around 20, 69, 58 and 55 nm after 10 h of milling, respec-
tively. Also, the lattice strain of n-ATCP was about 0.83% for
R1, 0.57% for R2, 0.64% for R3, and 0.65% for R4. It should
be noted that the volume fraction of grain boundary of
n-ATCP out of R1, R2, R3 and R4 was around 13.61%,
4.22%, 4.99% and 5.26%, respectively. Comparison of the
obtained results revealed that the synthesized powders out of
R1 had minimum value of crystallite size. In opposition, the
maximum amount of lattice strain and volume fraction of grain
boundary of n-ATCP belonged to R1 and the minimum values
were related to the R2.
Fig. 5 displays the crystallinity degree of the samples (Xc) as

the function of milling time and chemical composition of raw
materials. According to Fig. 5a, in M1 media, the crystallinity
was about 62% and 22% after 5 and 10 h of milling,
respectively. In the case of M2 media, the crystallinity was
about 50% after 5 h of milling. With increasing milling time to
10 h, crystallinity decreased and reached a minimum (2%).
These results indicate that the crystallinity of n-ATCP is
significantly influenced by the milling time and media type.
On the other hand, in accordance with Fig. 5b, it can be seen
that the crystallinity was also clearly influenced by the chemical



Fig. 4. The effect of chemical composition of raw materials on the (a) structural evolution, (b) crystallite size, volume fraction of grain boundaries and lattice strain
of n-ATCP after 10 h of mechanical activation in M1 media.

Fig. 5. The crystallinity degree of the samples (Xc) as the function of: (a) milling time and (b) chemical composition of raw materials.
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composition of raw materials. So, the degree of crystallinity was
not the same for different reactions. Comparison of these results
revealed that the obtained powders out of R1 and R4 had
minimum and maximum degree of crystallinity, respectively. It
has been found that the control of the crystallinity of calcium
phosphates is necessary for their biological applications [24].
Since low-level crystallinity of calcium phosphates shows high
osteoconductivity, the synthesized powders can be used to
promote osseointegration or as a coating to promote bone
ingrowth in to prosthetic implants [25].

3.4. Evaluation of functional groups (FT-IR analysis)

Fig. 6 shows the FT-IR spectra of R1, R2, R3 and R4 after
10 h of mechanical activation in M1 media. It has been
reported that [26–29], the functional groups generally observed



Fig. 6. FT-IR spectra of R1, R2, R3 and R4 after 10 h of mechanical activation in M1 media.
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in the FT-IR spectra of calcium phosphate-based materials are
PO4

3−, OH−, CO3
2−, and HPO4

2− groups in the range 4000–
400 cm−1. The characteristic bands (listed in tables) exhibited
in the milled powders for 10 h are assigned here:
(a)
 For the obtained powder out of R1, two bands were
observed at 3213.07 cm−1 and 1662.3 cm−1 due to the
vibration of the adsorbed water in the calcium phos-
phates [26]. These peaks shifted to 3403.28 cm−1 and
1657.10 cm−1 for R2, 3422.96 cm−1 and 1653.43 cm−1 for
R3, and 3312.52 cm−1 and 1652.2 for R4. In addition, a
weak peak at 3570.8 cm−1 belongs to the stretching vibra-
tion of lattice OH− ions with small difference depending on
the chemical compositions.



Fig. 7. SEM and TEM images of the outcomes of (a, b) R1, (c, d) R2, (e, f) R3 and (g, h) R4 after 10 h of mechanical activation in M1 media.
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(b)
 In the case of R1, the bands at 1089.54 and 1046.3 cm−1

attributed to ν3 PO4, and the bands at 607.01 and
564.68 cm−1 result from ν1 PO4 [26,27]. These peaks
shifted to 1091.7 cm−1, 1047.81 cm−1, 603.99 cm−1, and
570.07 cm−1 for R2; 1091.7 cm−1, 1045.65 cm−1,
603.19 cm−1, and 569.59 cm−1 for R3; and 1096.8 cm−1,
1046.19 cm−1, 604.06 cm−1, and 569.93 cm−1 for R4.
Also, besides the mentioned bands additional vibrations
at 1212, 945.3 and 729.72 cm−1 appear for the R1. These
vibrations correspond to pyrophosphate group (P2O7

−4)
[28]. This result is in agreement with the XRD data which
showed the characteristic peaks of calcium pyrophosphate.



B. Nasiri-Tabrizi, A. Fahami / Ceramics International 39 (2013) 8657–86668664
It should be noted that these bands (except the band at
729.72 cm−1) were not observed in other cases. However,
the presence of weak band at 733.24 cm−1 for R2 and
729.72 cm−1 for R3 and R4 confirmed the existence of a
small amount of calcium pyrophosphate in the products. It
should be noted that the characteristic peaks of Ca2P2O7

were not found in XRD profiles of R2, R3, and R4. The
presence of Ca2P2O7 could be assigned to the reactions
occurring within the powder mixtures, which resulted in
the formation of calcium pyrophosphate under the mechan-
ical activation. The presence of pyrophosphate group in
outcomes of R1, R2, R3, and R4 may be described by the
following reactions:

2CaO+2H2O-2Ca(OH)2 (In the case of R1) (6)

2Ca(OH)2+2H3PO4-Ca2P2O7+5H2O (7)

CaO+2CaHPO4-Ca2P2O7+Ca(OH)2 (In the case of R2)(8)

Ca(OH)2+2H3PO4-Ca2P2O7+5H2O (In the case of R3)(9)

Ca(OH)2+2CaHPO4-Ca2P2O7+CaO+2H2O
(In the case of R4) (10)
(c)
 For the obtained powder out of R1, a doublet appears at
1515.8 and 1425 cm−1 attributed to ν3 vibration mode of the
carbonated groups. These bands shifted to 1470.4 cm−1 and
1422.02 cm−1 for R3 and 1460.3 cm−1 and 1420 cm−1 for
R4. In the case of R2, these bands were not found after 10 h
of milling. In addition, a band at 889.76 cm−1 for R2, at
884.74 cm−1 for R3 and at 884.71 cm−1 for R4 attributed to
ν2 vibration mode of the carbonated groups. In general, the
presence of these peaks showed that ATCP as the main
phase of the milling process contained some CO3

2− groups in
PO4

3− sites of apatite lattice (B-type substitution) [29].
According to the literature [30], this kind of calcium
phosphate is more similar to biological apatite and could
be more suitable for bone replacement materials.

According to FT-IR findings combined with XRD results,
it can be concluded that the outcomes of R2, R3, and R4 had
higher purity than the R1. In fact, these products exhibited
combination of high phase and chemical purity that can be
considered in biomedical applications.
3.5. Morphological characteristics (TEM and SEM
observations)

Fig. 7 shows the SEM and TEM images of the outcomes of
R1, R2, R3 and R4 after 10 h of mechanical activation in M1
media. According to this figure, the synthesized powders
showed cluster-like structures which were comprised of several
fine particles. The SEM observations indicated that the mean
size of agglomerate was in the range of 1–5 μm. However, the
distribution range of the agglomerates was not the same in
different reactions. This behavior may be attributed to the
coalescence of fine agglomerates/particles under mechanical
activation. It is obvious that the obtained powder out of R1
in comparison with other samples showed less likely to
agglomerate. It has been found [31], when two adjacent
primary particles collide, the coalescence may take place on
the premise that these two particles share a common crystal-
lographic orientation. As a result, 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. A detailed
microstructure information and morphology variation of the
milled samples were further characterized by TEM. From TEM
images, it can also be seen that the synthesized powders
exhibited high tendency to agglomerate which is in agreement
with SEM micrographs. In mechanically activated samples,
this phenomenon corresponds to the nature of milling process
which originates through repeated welding, fracturing and
re-welding of fine powder particles [32]. According to TEM
images (Fig. 7b and d), the obtained powders through R1 and
R2 were composed of spheroidal particles in the nanometer
regime (sub-100 nm). It has been found that nanoparticles with
spherical morphology are better than other irregular morphol-
ogies due to the well space fillings and the low percentage of
voids in the final product [26]. In addition, granules with a
smooth spherical geometry have direct structural and func-
tional connection with living bone that improve osseointegra-
tion [26,33]. The resultant powders out of R3 and R4 were
comprised of ellipse-like particles with an average size of
below 100 nm. According to the literature [34], nanostructured
calcium phosphates with ellipse- or rod-like morphology
inhibit the proliferation of malignant melanoma cells. In fact,
these nanoparticles may be helpful to remedy cancer. Moreover,
the products could be used as strength enhancing additives for the
preparation of bionanocomposites.
Based on these observations, it can be concluded that the

agglomeration tendency, average particle size and morphology
of the n-ATCP are influenced by the chemical composition of
reagents.

3.6. Thermal annealing process

Fig. 8 displays the XRD profile, FT-IR spectrum, SEM
micrograph and TEM image of the product out of R1 after
annealing at 1100 1C for 1 h. As shown in Fig. 8a, crystal-
lization of amorphous phase occurred during heating at
1100 1C, and consequently high crystalline β-tricalcium phos-
phate (β-TCP) was generated. It should be mentioned that the
extra peaks i.e. Ca2P2O7 and CaO were not identified after
thermal treatment and the only detected phase was β-TCP. This
suggests that the synthesized powder had a high phase purity.
Evaluation of the structural features after annealing indicated
that the fraction of crystalline phase was significantly enhanced
and reached 72% after thermal treatment at 1100 1C. It has
been reported that calcium phosphates with high-level crystal-
linity are insoluble in physiological environment [25]. So the
heat treated specimen can be considered for dental applica-
tions. Examination of the lattice parameters for the heat treated
sample confirmed the formation of β-TCP. In accordance with
the obtained data, the a-axis and c-axis values for the heat



Fig. 8. (a) XRD profile, (b) FT-IR spectrum, (c) SEM micrograph, and (d) TEM image of the product out of R1 after annealing at 1100 1C for 1 h.
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treated sample (a¼10.4065 Å and c¼37.3989 Å) were similar
to the reported values for standard (#09-0169: a¼10.4290 Å
and c¼37.3800 Å ). However, the minor differences in crystal
lattice characteristics can probably be attributed to the lattice
distortion of β-TCP during the solid-state process. According
to FT-IR spectrum Fig. 8b, two bands attributed to the
vibration of the adsorbed water in the calcium phosphates
and ν3 vibration mode of the carbonated groups disappeared
after thermal treatment at 1100 1C. In addition, the pyropho-
sphates characteristic bands was not visible in the case of
sample thermally treated at 1100 1C. The annealed sample
showed the characteristic peaks of β-TCP [28], in good
agreement with the previous discussed results. In details, the
peaks associated to the PO4

3− were detected at 1091.7, 1043.27,
955.4, 607.16, 566.47, and 470.86 cm−1 accompanied by the
disappearance of the hydroxyl group. Fig. 8c and d show the
morphological features of the product out of R1 after annealing
at 1100 1C for 1 h. These images clearly expose distinct
differences in the microstructural characteristics of the sam-
ples. During heating at 1100 1C, grain growth occurred and the
average particle size increased accordingly. Based on the TEM
and SEM observations, the microstructure showed a bimodal
grain size distribution characterized by the presence of coarse
grains with a mean size of around 2 μm along with finer grains
with an average size of about 300 nm.
4. Conclusions

Mechanosynthesis of amorphous tricalcium phosphate nano-
powders using different raw materials was investigated.
Results showed that the milling time, media type and chemical
composition of raw materials had significant effects on the
formation of nano-sized amorphous tricalcium phosphate.
After 5 h of milling, the main product of mechanical activation
for both milling media was amorphous tricalcium phosphate.
In metallic vial using un-fused alumina balls, mechanical
activation to 10 h led to the formation of extra phase due to
the excessive adhesion of balls to the milling media. The
crystallinity degree decreased and reached a minimum after
10 h of mechanical activation in both milling vials. On the
other hand, the XRD findings combined with FT-IR results
revealed that the purity of mechanosynthesized amorphous
tricalcium phosphate nanopowders was considerably influ-
enced by the chemical composition of reagents. Based on
SEM and TEM observations, the synthesized powders tended
to agglomerate during the solid-state process. However, the
level of agglomeration was not the same in different speci-
mens. After annealing at 1100 1C, the microstructure showed a
bimodal grain size distribution characterized by the presence of
coarse grains with a mean size of around 2 μm along with finer
grains with an average size of about 300 nm.
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