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Abstract
Three biphasic calcium phosphate (BCP) ceramics with various Fe contents (e.g., 0.66, 1.32, and 1.98 at.%) were prepared using
wet chemical synthesis. X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, differential thermal
analysis (DTA), thermogravimetric analysis (TG), scanning electron microscopy (SEM), and energy dispersive X-ray
(EDX) spectroscopy techniques were used to characterize the as-prepared BCPs. The DTA and TG results show that
the as-prepared samples are thermally stable. The addition of Fe affects significantly the lattice parameters, unit cell
volume, and morphology. The EDX data confirm the introduction of Fe.
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Introduction

Biphasic calcium phosphates (BCPs) are composed of
hydroxyapatite (HAp, Ca10(PO4)6(OH)2) and beta–
tricalcium phosphate (β–TCP, Ca3(PO4)2), which are
members of calcium phosphate family [1–3]. Both
HAp and β–TCP are biocompatible and osteoconductive
materials that enable bone formation due to their com-
positions similar to the mineral phase of bone [4]. The
molar ratios of Ca to P are 1.67 for HAp and 1.50 for
β–TCP. HAp has a hexagonal crystal structure with the
lattice parameters of a = b = 0.9418 nm, c = 0.6884 nm,
and unit cell volume of V = 0.5288 nm3 [5]. The crystal
structure of β–TCP is rhombohedral, but this phase is
identified in the X-ray diffraction (XRD) analysis ac-
cording to the Whitlockite phase with the trigonal struc-
ture [6]. Therefore, using the hexagonal setting, the lat-
tice parameters and unit cell volume values belonging to
the β–TCP phase are a = b = 1.0429 nm, c = 3.7380 nm,
and V = 3.5208 nm3 (JCPDS pdf no: 09-0169). Both
HAp and β–TCP have some prominent properties as-
mentioned above for biomedical applications, but

neither HAp nor β–TCP is preferred alone in practice
[7, 8]. BCPs have been extremely used in bone regen-
eration and tissue engineering applications due to their
eminent properties such as biocompatibility, safety, good
cell attachment, and similarity to mineral structure of
bone tissue [9–11].

In the present study, the effects of Fe content on the
crystal structure, thermal properties, and morphology of
BCPs were investigated and reported in more detail.

Materials and methods

Synthesis

Biphasic calcium phosphate (BCP) samples with various
Fe contents of 0.66, 1.32, and 1.98 at.% were synthe-
sized via a wet chemical synthesis. The molar ratio of
(Ca + Fe)/P was kept at the value of 1.50 for each sam-
ple. Diammonium hydrogen phosphate ((NH4)2HPO4,
Merck) was dissolved in the distilled water and the total
amount of this solution was 100 ml. Calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O, Carlo Erba) and iron(III)
nitrate nonahydrate (Fe(NO3)3·9H2O, Sigma–Aldrich)
were also dissolved in the distilled water and 100 ml
of solution was prepared. Then it was poured drop by
drop into calcium nitrate solution. This mixture of
200 ml was continuously stirred in a magnetic stirrer
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at 50 °C for 4 h. The as-prepared mixtures for each
sample were completely dried by waiting in an oven
at 185 °C for 15 h. The as-dried samples were calcined
at 925 °C for 1 h and then biphasic calcium phosphate
powders were obtained.

Characterization

X-ray diffraction (XRD) analyses were carried out by a
Rigaku RadB-DMAX II diffractometer using a CuKα
radiation with wavelength of λ = 0.15406 nm produced
at 40 kV and 40 mA, and the XRD data were recorded
in the 2θ range from 20 to 60° at every 0.02° for the
scan speed of 2° min−1. The Joint Committee on
Powder Diffraction Standards (JCPDS) files were used
to the matching and identifying the crystalline phases.

The functional groups in the as-synthesized samples
were determined by a PerkinElmer Spectrum One
Fourier transform infrared (FTIR) spectrometer in the
wavenumber interval of 400–4000 cm−1 using KBr pel-
lets with a spectral resolution of 4 cm−1.

The morphological investigation and elemental analy-
sis were performed on a scanning electron microscope
operated at an accelerating voltage of 20 kV (SEM,
LEO EVO 40xVP) equipped with an energy dispersive
X-ray (EDX, Röntech xflash) spectrometer.

The thermal properties of the samples in the temper-
ature range from 25 to 1000 °C at a heating rate of
10 °C min−1 were investigated using the differential
thermal analysis (Shimadzu DTA 50) and thermogravi-
metric analysis (Shimadzu TGA 50) experiments.

Results and discussion

XRD results

The XRD patterns of the as-synthesized BCPs depicted
in Fig. 1 indicate that all the samples have the poly-
crystalline structure. Two phases of HAp (PDF no: 09–
0432) with the hexagonal crystal system and β–TCP
(PDF no: 09–0169) having the trigonal crystal system
are detected for each sample, and this points out the
formation of the BCP structure without observing an
extra phase. While HAp is the major phase, β–TCP is
the minor one for all the samples. As can be seen in
Table 1, with increasing Fe content, the amount of HAp
phase decreases, as a matter of course the amount of β–
TCP increases.

For each sample, the crystallite size (D) was calcu-
lated according to Scherrer equation using the crystal
planes of (0 0 2) and (0 2 10) for HAp and β–TCP
phases, respectively [12]:

D ¼ 0:9λ
β cosθ

ð1Þ

where β is the full width at half maximum (FWHM)
and θ is the diffraction angle. The calculated values of
the D for each phase in the samples are given in Table
1. It is seen that the crystallite size value belonging to
each phase gradually decreases with increasing amount
of Fe. This gradual decrease in the crystallite size
means that Fe ions replace with Ca ions in the BCP
structure since the ionic radius of Fe (0.0645 nm) is
smaller than that of Ca (0.099 nm) [13].
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Fig. 1 XRD patterns of the as-
synthesized Fe-containing BCPs
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Using the total area under crystal peaks (∑AC) and total
area under amorphous peaks (∑AA) values, the crystallinity
degree (XC%) for each sample was computed using the fol-
lowing relation [14]:

XC% ¼ ∑AC

∑AC þ ∑AA
� 100 ð2Þ

The crystallinity degree decreases dramatically with
increasing amount of Fe. As can be seen in Table 1,
the weight percent of the β–TCP phase increases with
Fe content. A gradual decrease in the crystallinity de-
gree can be related to the increasing amount of the β–
TCP phase [15]. The lattice parameters (a and c) were
computed for both HAp and β–TCP phases using the
hexagonal setting [12]:

1

d2
¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2
ð3Þ

where d is the distance for two adjacent planes, and h,
k, and l are the Miller indices. The volume of the hex-
agonal unit cell was calculated by the following relation
[12]:

V ¼ 0:866a2c ð4Þ

For both phases, the descending values of the a, c,
and V with increasing Fe content are seen from Table 1.
As mentioned before, the decrease in these parameters
points out that Ca ions are replaced by Fe ions with the
smaller ionic radius in comparison to Ca.

FTIR results

The FTIR spectra of the as-synthesized BCPs are shown
in Fig. 2. The bands known as the characteristic vibra-
tional modes of the hydroxyl group are detected at 3572
and 630 cm−1 [16, 17]. The bands related to the vibra-
tional modes of the phosphate group are observed at
1087, 1046, 1026, 962, 875, 599, and 562 cm−1 [18,
19]. The band at 1407 cm−1 is due to the vibrational
modes of the carbonate group [20]. A gradual decrease,
supporting the decrease in the crystallinity degree ob-
tained from the XRD results, in the sharpness of the

bands of 1026, 599, and 562 cm−1, is observed with
increasing amount of the dopant of Fe.

SEM observations and EDX analysis

The SEM images and EDX analysis of the as-prepared BCPs
are given in Fig. 3. The morphological differences are ob-
served. It could be possible to say that the particle size de-
creases with increasing Fe content, supporting the XRD re-
sults. The EDX reports indicate that there is no impurity in the
samples, and these confirm the introduction of Fe into the
BCP structure, as well as the increase in Fe content. The molar
ratio of Ca/P is calculated to be 1.81, 1.72, and 1.64 for FT1,
FT2, and FT3, respectively, indicating the Ca deficiency. The
(Ca + Fe)/Pmolar ratio is calculated as 1.85, 1.82, and 1.80 for
FT1, FT2, and FT3, respectively. Both molar ratios decrease
with increasing amount of Fe.

Thermal analysis of the BCPs

The DTA curves of the samples are plotted in Fig. 4,
and these curves imply that all the samples are thermal-
ly stable from 25 to 1000 °C since neither an endother-
mic nor an exothermic peak is observed. Figure 5
shows the TG curves of the as-synthesized BCPs. For
all the samples, there is almost no significant change in
the mass percent in the temperature range from 25 to
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Fig. 2 FTIR spectra for the as-prepared BCP samples doped with Fe

Table 1 The calculated values of the crystallite size, crystallinity percent, phase composition, lattice parameters, and unit cell volume for each sample

Sample Phase composition (%) XC % HAp β–TCP

HAp β–TCP D002 (nm) a (nm) c (nm) V (nm3) D0210 (nm) a (nm) c (nm) V (nm3)

FT1 74.9 25.1 92.82 29.98 0.9445 0.6901 0.5331 28.72 1.0507 3.7293 3.5654

FT2 73.4 26.6 91.47 28.92 0.9434 0.6896 0.5315 28.34 1.0466 3.7471 3.5545

FT3 61.8 38.2 90.41 28.04 0.9406 0.6875 0.5267 28.15 1.0458 3.7254 3.5285
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1000 °C. In this temperature interval, an increase in the
mass percent was observed for all the samples. These
increases are found to be 0.95, 1.68, and 2.39%, for

FT1, FT2, and FT3, respectively. The thermal analysis
curves, shown in Figs. 4 and 5, are in perfect harmony
with the results reported by Raynaud et al. [21].
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Fig. 5 TG curves of the as-prepared BCP samples
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Fig. 4 DTA curves of the samples

Fig. 3 SEM images and EDX analysis results of the BCPs
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Conclusions

If the findings are evaluated as a whole, it is possible to arrive
at the following conclusions. BCP ceramics with various Fe
contents of 0.66, 1.32, and 1.98 at.% can be easily synthesized
using the wet chemical method. In the temperature interval of
25–1000 °C, all the samples are thermally stable and there is
no any excessive mass change. The introduction of Fe and no
impurity are detected for each sample. The lattice parameters
(a and c), unit cell volume, crystallite size, crystallinity degree,
and amount of HAp phase decrease gradually with the addi-
tion of Fe. In other words, all the as-mentioned parameters can
be controlled by Fe content.
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