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1. Introduction

Among the various bioceramic materials, amorphous calcium
phosphates (ACPs) are one of the most frequent forms of calcium
phosphate minerals in biological organisms and play a crucial role
in several biomedical applications. ACP is present in many
biomaterials and preparations for instance in coatings of metallic
endoprostheses, either as a transitory phase or in the end product.
It is utilized in self-setting injectable cements, where it is
responsible for the setting reaction. Moreover, ACP is found in
several composite materials used in odontology as a remineralising
phase for enamel and dentine and its inclusion in toothpaste
formulations as a remineralising agent for early carious lesions has
been proposed [1–3].

The various amorphous calcium phosphates (ACPs) have been
distinguished only by Ca/P ratio [4]. Amorphous tricalcium
phosphate (ATCP), with an 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 reported 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
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
ethanol–water media ACPs with a much lower Ca/P ratio than
composition of ATCP can be obtained that corresponding 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 synthesized by two main routes which
include wet rout (in aqueous medium at low temperature) and dry
process (using high energy processing or high temperatures) [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. In the wet processes, the by-product is almost
water as a result, the probability of contamination during the
process is very low [19]. According to literature [1,3,8], the wet
synthesis route of ACP is based on the double decomposition of a
calcium and phosphate salt in aqueous or water–alcohol solutions.
In addition to the wet procedures, various types of ACPs can be
synthesized by dry method [14–17]. For example, a crystalline to
amorphous transition has been detected for various calcium
orthophosphates at very high (up to 10 GPa) pressures [18]. Among
different dry processes, mechanochemical treatment has recently
been receiving particular attention as an alternative method to
prepare calcium phosphate-based nanopowders with tailored
properties [19–21]. The mechanochemical synthesis has benefit of
simplicity, high reproducibility, and low processing cost. In this
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A B S T R A C T

Poorly crystalline nano-sized tricalcium phosphate powders were successfully synthesized by two

distinct mechanochemical reactions. Results revealed that the structural features as well as

morphological characteristics were influenced by the chemical composition of reagents. The obtained

nanopowders exhibited average sizes about 21 and 28 nm. According to the TEM/SEM observations, the

synthesized powders showed cluster-like structures composed of spheroidal particles with a mean size

of about 23 nm and ellipsoidal particles with an average size of about 30 nm. The proposed method as a

new vision in powder technology can be used for mass production of nanostructured tricalcium

phosphates.
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method, melting is not essential and the synthesized powders have
nanostructural characteristics [22]. Thus, when the mass produc-
tion of calcium phosphate-based nanopowders is required, the
mechanochemical processes can be served.

Although the various types of ACPs have been produced by
several researchers in different conditions [9–18], production
and characterization of nano-sized amorphous tricalcium
phosphates (n-ATCPs) are still a much-discussed question
[23]. It has been found that the basic structural units of ATCP
are roughly spherical clusters which randomly packed in
spherical particles with water in the interstices [23,24].
However, several details in mechanosynthesis of n-ATCPs still
remain unclear. Thus, the main purpose of this study was to
produce poorly crystalline tricalcium phosphate by two distinct
mechanochemical reactions. In addition, structural features and
morphological characteristics of the synthesized nanopowders were
characterized by powder X-ray diffraction (XRD), Fourier transform
infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) techniques. Based on
the obtained data, the reaction mechanism of the formation of
n-ATCPs was proposed to clarify the reactions occurring during the
mechanochemical process.

2. Materials and methods

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. In all the reactions, the ratio of calcium to phosphorous
was 3:1 (mole ratio), i.e. the stoichiometric Ca/P content in the
composition of 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. Two distinct
chemical reactions were mechanically activated for 10 h using
sealed tempered chrome steel vials and balls. These mechano-
chemical procedures are as follows:

CaO þ 2CaHPO4 ! Ca3ðPO4Þ2�xH2O

ðActivated under air atmosphere; Ca=P ¼ 1:5Þ
(1)

3CaðOHÞ2þ P2O5 ! Ca3ðPO4Þ2�xH2O

ðActivated under air atmosphere; Ca=P ¼ 1:5Þ
(2)

Details of milling conditions and composition of powder
mixtures are shown in Fig. 1. Phase evolution and structural
features of the outcomes were investigated by X-ray diffraction
(Philips X-ray diffractometer (XRD), Cu-Ka radiation, 40 kV, 30 mA
and 0.028 S�1 step scan). All measurements were conducted at
room temperature of 25 8C and with the diffraction range of

208 � 2u � 708 at scan speed of 18/min. ‘‘PANalytical X’Pert High-

Score’’ software was also employed 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, and #033-0297 for Ca2P2O7.

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. Phase evolution and structural features (XRD analysis)

Fig. 2 shows the XRD patterns and a schematic view of the phase
composition of the 10 h milled samples. According to the XRD
profiles, for both reactions a poorly crystallized structure was
formed after 10 h of milling. The poorly crystallized phase is
believed to be a ATCP, which is supported by the Ca/P ratio of 1.5.
From Fig. 2d, the phase composition was single-phase
Ca3(PO4)2�xH2O with complete agreement with the standard
(JCPDS#018-0303). This shows that the synthesized powders
had high phase purity. The crystallite size and lattice strain of the
specimens were determined using the XRD data according to the
following equations [21,25]:

D ¼ Kl
ðbobs � bstdÞðcosuÞ (I)

E2 ¼
ðb2

obs � b2
stdÞ

ð4tanuÞ2
(II)

where b (in radians), K, l, D, E and u 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 (8), respectively.

Fig. 3 displays the effect of chemical composition of raw
materials on the structural evolution, average crystallite size and
lattice strain of n-ATCP after 10 h of mechanical activation. The line
broadening of XRD patterns in 3D view in the range 22–308 are

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