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Abstract

Mg3–Ca3(PO4)2 bioceramics were prepared from hydroxyapatite (HAp) with high Mg contents using sol–gel method. The influence of

magnesium on the phase composition, crystal structure, electrical properties, chemical structure and morphological characteristics of powder

bioceramics was analyzed using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy

(SEM). Dielectrical properties of the bioceramics were investigated by a dielectric impedance spectroscopy method. It was observed that the

crystallization degree for all the samples dramatically was decreased with the increasing Mg content. The average crystallite size of the samples

was found to vary from 32 to 42 nm. The morphology, density and dielectric properties of the bioceramics were changed with the addition of the

amount of Mg. The obtained results indicate that the Mg3–Ca3(PO4)2 bioceramics can be prepared by means of hydroxyapatite bioceramic.
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1. Introduction

Among different forms of calcium phosphates, the hydro-

xyapatite (Ca10(PO4)6(OH)2, HAp) is an important bioceramic

material, and it is widely used in various clinical applications as

an implant material, including bone repair and coatings for

metallic implants because of its excellent biocompatibility and

bioactivity [1–4]. As it is known that the synthetic HAp is

similar in composition to the mineral component of bone and

teeth [5,6]. Synthesized HAp has a hexagonal structure with the

space group P63/m, a = b = 908, g = 1208, and its lattice

parameters are a = b = 0.9418 nm and c = 0.6884 nm [7,8].

Moreover, HAp is a dielectric material, which can be used in

electronic systems [9] and the electronic properties of these

materials, including microstructure and bonding of HAp

ceramics, are very significant for electronic systems. A number

of variables, such as preparation methods, Ca/P ratios,

nonstoichiometries, defects, size of the nano-crystals and

surface reaction with the atmosphere, play a major role for the

electronic properties of HAp. Therefore, so as to investigate the
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electronic structure, it is essential to study the atomic properties

of the constituents in HAp material, synthesized by the sol–gel

method. There are many HAp preparation techniques such as

chemical co-precipitation, spray-pyrolysis and sol–gel [5,10–

15]. The preparation technique and the conditions of synthesis

are very important parameters for manufacturing process, and

they can affect the chemical, structural and morphological

properties of HAp. In comparison to the other manufacturing

techniques, sol–gel method has many advantages, including

high product purity and low synthesis temperature. Further-

more, this method is very useful for the synthesis of nano-

crystalline HAp powders [7,16]. Mg is one of the most essential

elements in the biological hard tissues, and the effects of the Mg

content on many properties (e.g. chemical, physical and

microstructure etc.) in calcium phosphate ceramics, such as

hydroxyapatite and tricalcium phosphate (TCP), have been

investigated by many researchers [17–20].

The aim of present study is to prepare Mg3–Ca3(PO4)2

bioceramics by means of HAp using high Mg contents. The

structural and electrical properties of new bioceramic materials

were characterized using Fourier transform infrared (FTIR)

spectroscopy, X-ray diffraction (XRD), dielectrical impedance

spectroscopy and scanning electron microscopy (SEM)

techniques.
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2. Materials and methods

All the bioceramic samples were synthesized by sol–gel

technique. All the precursors and their amounts used in this

study are given in Table 1. Firstly, calcium nitrate tetra hydrate

(Ca(NO3)2�4H2O) and phosphorus pentoxide (P2O5) precursors

with Ca/P ratio of 1.67 were used in the preparation process of

HAp. These precursors were dissolved in absolute ethanol

(C2H5OH) by a magnetic stirrer at the ambient temperature for

30 min. Then, this solution was stirred in a vortex for 10 min,

and the solution started to transform into a gel. This gel was

heated in a hot-water bath at 60 8C for 2 h, and it was dried in an

oven at 120 8C for 15 h. Finally, the dried gel was sintered in an

electric furnace at 900 8C for 1 h.

The preparation processes of Mg based bioceramic samples

were similar to the preparation process of HAp. The only

difference was the addition of magnesium nitrate hexahydrate

(Mg(NO3)2�6H2O), which was dissolved in absolute ethanol,

in the solutions of the calcium nitrate tetrahydrate and

phosphorus pentoxide. The other processes, containing the

stirring, drying and heating stages were similar to the

preparation of the HAp.

All the FTIR measurements of the bioceramic samples were

carried out using a PerkinElmer Spectrum One spectro-

photometer in the region of 400–4000 cm�1 using the KBr

pellet technique with a spectral resolution of 4 cm�1. X-ray

diffraction (XRD) measurements of the bioceramic samples

were recorded with a Bruker D8 Advance Diffractometer with

CuKa (l = 0.15406 nm) radiation at a step of 0.028/s in the

range of 15–708. The measurements of the electrical resistances

of all the samples were performed using a KEITHLEY 6517A

electrometer. The dielectrical parameters of the samples were

measured using a HIOKI 3532-50 LCR HiTESTER at

frequencies between 42 Hz and 5 MHz at room temperature.

The density values of the samples were calculated with

Archimedes method. The samples were uniaxially compacted

using a steel mold with an internal diameter of 13 mm at a

pressure of 100 MPa. For scanning electron microscope (SEM)

measurements, the samples were coated with gold. Then, the

observing and analyzing procedures of the microstructures of

the gold coated samples were performed by a JEOL JSM 7001F

scanning electron microscope (SEM) combined with an X-ray

energy dispersive spectrometer (EDS) at an accelerating

voltage of 20 kV.
Table 1

Chemical compositions of the bioceramic samples.

Sample Ca(NO3)2�4H2O (mol) P2O5 (mol) Mg(NO3)2�6H2O (mol)

HAp 0.050 0.015 –

MG1 0.040 0.015 0.010

MG2 0.030 0.015 0.020

MG3 0.025 0.015 0.025

MG4 0.020 0.015 0.030

MG5 0.010 0.015 0.040
3. Results and discussion

The structural properties of the samples were analyzed by

FTIR spectra, and Fig. 1 displays the FTIR spectra of the

bioceramic samples. As seen in Fig. 1, the FTIR spectra of the

HAp give the intensive bands originating from vibrations of

PO4
3� groups. The characteristics absorption bands of the HAp

are at 603 and at 570 cm�1. These bands are attributed to the

bending vibrations of P–O groups. The most intensive bands at

1043 and 1091 cm�1 corresponds to triply degenerate

antisymmetric vibrations of the P–O bands. The peak assigned

to the libration band of the hydroxyl group was obtained,

except for MG5 sample, and the peak assigned to the

characteristic stretching band of the hydroxyl group dis-

appeared after high Mg content. Instead of this peak, the broad

bands originated from the presence of adsorbed water were

observed in the region around 3300–3600 cm�1 [21].

Furthermore, the other broad bands at 1630 cm�1 were found

for all the samples. As given in Table 2, the bands belonging to

the internal modes (y4, y3 and y1) of the phosphate groups were

seen in FTIR spectra of the samples [22,23]. The bands at

1382 cm�1 attributed to residual nitrate groups were observed

for all the samples. These bands were probably originated from

the synthesis precursors such as calcium nitrate and/or

magnesium nitrate [24]. The sharp peaks belonging to the
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Fig. 1. FTIR results of the samples.



Table 2

The revealed bands and their assignments for FTIR spectra measurements of all the samples.

Peak (cm�1)

HAp MG1 MG2 MG3 MG4 MG5 Assignment

631 623 625 633 633 – Libration mode of the hydroxyl group

3571 – – – – – Stretching mode of the hydroxyl group

570,

601

488,

577,

588

485,

576,

589

491,

586, 606,

672

488,

587,

609

558,

604

Stretching mode (y4) of the O–P–O bonds

of phosphate group

1045,

1088

980,

993, 1039,

1072

979,

1034,

1078

990, 1039,

1070, 1097,

1119

995, 1039,

1072, 1097,

1119

987, 1039,

1067, 1122

Asymmetric stretching mode (y3) of the

P–O bonds of phosphate group

960 946 – 941 938 946 Symmetric stretching mode (y1) of the

P–O bonds of phosphate group

1637 1615, 1640,

3421

1624, 3445 1620, 3435 1627, 3434 1616, 1637,

3429

Vibration mode of the adsorbed water

1495 1496 – – – Characteristic stretching mode (y3) of the

carbonate group

1467 – – – – – Characteristic stretching mode (y1) of the

carbonate group in A-type

1421 1440 1443 1427 1432 1432 Stretching mode (y1) of the carbonate

group in B-type

872 880 877 876 – – Bending mode (y4 or y3) of the carbonate

group

– 856 856 859 853 858 Stretching mode (y3) of the carbonate group

– 2287–2400 Band gap of the atmospheric carbon dioxide

2856, 2926 Stretching mode of the C–H bonds

1382 The N–O stretch of the nitrate group
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hydroxyl and phosphate groups in FTIR spectrum of HAp

sample confirm the well-crystallized  apatite structure, and

support the XRD results [25]. In comparison to HAp sample,

the sharpness of these peaks for Mg-doped samples decreases.

In addition, the bands corresponding to the stretching and

bending modes of the carbonate group were obtained, and the

carbonate ions are a common impurity for hydroxyapatite

structure [21,26–28]. These ions cause the defects in the

structure, because they are substituted with the hydroxyl

groups for A-type or the phosphate for B-type. Both

substitutions affect the lattice parameters of the apatite

structure [29].

As seen in Fig. 2, the agglomerated structures were observed

in SEM images of all the bioceramic samples. The ratio of Ca/P

for the HAp sample was found to be 1.61 and it is closer to the

1.67 value. The ratio of (Ca + Mg)/P was changed with the

addition of Mg. This indicates that the Mg is substituted into

HAp and this substitution leads to a crystal defect. Therefore,

the ratio of (Ca + Mg)/P for the ceramics were changed. Effect

of Mg content on microstructure is not observable due to the too

much agglomeration, because this agglomeration does not

allow distinguishing of the microstructure change.

XRD patterns of the bioceramic samples with various molar

fractions of Mg are shown in Fig. 3. The lattice parameters of

the HAp was determined using a relation between miller

indices, lattice parameters and interplane distance [30] and are

given in Table 3, and the values of d, 2u and Miller indices

belonging to HAp sample are listed and compared to the JCPDS

(Joint Committee on Powder Diffraction Standards) data (PDF

09-432) in Table 4. As can be seen in Tables 3 and 4, there is a
good agreement between the unit cell parameters of the

standard values of hydroxyapatite and the parameters

calculated from XRD patterns. Two minor peaks belonging

to the b-TCP (PDF 09-169) structure were obtained. The

hexagonal structure of the HAp sample transforms into the

other crystal systems, including monoclinic and rhombohedral.

With the increase of the molar ratio of Mg, the new calcium-

magnesium phosphate phases, containing Stanfieldite

Mg3Ca3(PO4)4 (PDF 73-1182), Ca2.86Mg0.14(PO4)2 (PDF 70-

681), (Ca2.589Mg0.411)(PO4)2 (PDF 87-1582) and

(Ca,Mg)3(PO4)2 (PDF 13-404), are formed in the doped

samples. On the other hand, HAp and b-TCP phases disappear

with the addition of Mg.

In addition, the average crystallite size (D) for the samples

was calculated by using Scherrer equation:

D ¼ kl

B1=2 cos u
(1)

where k is the constant equal to 0.9, and B1/2 is the full width at

half maximum (FWHM) of X-ray reflection in the radian

[30,31].

The crystallization degree of the HAp changes with Mg

dopant. The crystallization degree (XC) of the samples can be

calculated from the following relation:

XC � 1 �
V1 1 2=3 0 0

I3 0 0

(2)

where V1 1 2/3 0 0 is the intensity of the hollow between (1 1 2)

and (3 0 0) reflections, and I3 0 0 is the intensity of the reflection



Fig. 2. SEM micrographs and EDX analysis results of all the bioceramic samples.
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Fig. 3. XRD patterns of the samples.
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belonging to (3 0 0) plane [31]. The degree of the crystalliza-

tion and the average crystallite sizes of all the samples are given

in Table 5. The degree of crystallization of the samples dra-

matically decreases with the molar percentage of Mg, and this

result is in the agreement with Bigi et al. [32]. The average

crystallite sizes of all the samples are in the range from 30 to

42 nm. This suggests that all the samples are the nanostructured

materials [33].
Table 3

The lattice parameters, c/a ratio and volume of the unit cell of HAp sample.

Sample a (nm) c (nm) c/a 

HAp (JCPDS 09-432) 0.9418 0.6884 0.73094 

HAp 0.9402 0.6879 0.73165 
Electrical resistances of these samples were measured at 200 V

dc, and the values of the resistance of all the samples are listed in

Table 6. The resistance values are about 1011 V. As expected, all

the bioceramic samples exhibit the insulator behavior [34].

The plots of the dielectric impedance parameters, including

the impedance (Z), capacitance (Cp), ac conductivity (sac),

dielectric constant (e0) and dielectric loss (e00), versus frequency

are shown in Figs. 4–8, respectively.
V (nm)3 % a % c % c/a % V

0.52878 0 0 0 0

0.52660 �0.17 �0.07 0.10 �0.41



Table 4

d, 2u and Miller indices values for the reference sample.

Peak number Observed values Calculated values Miller indices

d (nm) 2u d (nm) 2u h k l

1 0.5230 16.94 0.5261 16.84 1 0 1

2 0.4103 21.64 0.4078 21.78 2 0 0

3 0.3864 23.00 0.3887 22.86 1 1 1

4 0.3432 25.94 0.3442 25.86 0 0 2

5 0.3160 28.22 0.3171 28.12 1 0 2

6 0.3070 29.06 0.3083 28.94 2 1 0

7 0.2815 31.76 0.2814 31.78 2 1 1

8 0.2783 32.14 0.2779 32.19 1 1 2

9 0.2710 33.03 0.2719 32.92 3 0 0

10 0.2292 39.28 0.2296 39.20 2 1 2

11 0.2262 39.82 0.2262 39.82 3 1 0

12 0.2218 40.64 0.2228 40.46 2 2 1

13 0.2140 42.20 0.2149 42.01 3 1 1

14 0.2059 43.94 0.2063 43.85 1 1 3

15 0.1996 45.40 0.2000 45.31 2 0 3

16 0.1942 46.73 0.1943 46.70 2 2 2

17 0.1887 48.20 0.1890 48.09 3 1 2

18 0.1870 48.66 0.1871 48.62 3 2 0

19 0.1840 49.50 0.1841 49.48 2 1 3

20 0.1805 50.54 0.1806 50.50 3 2 1

21 0.1778 51.36 0.1780 51.29 4 1 0

22 0.1753 52.14 0.1754 52.09 4 0 2

23 0.1716 53.34 0.1721 53.18 0 0 4

24 0.1686 54.36 0.1644 55.88 3 2 2

25 0.1612 57.08 0.1611 57.13 3 1 3

26 0.1587 58.14 0.1587 58.12 5 0 1

27 0.1501 61.74 0.1503 61.68 2 1 4

28 0.1471 63.15 0.1474 63.01 5 0 2

29 0.1452 64.10 0.1454 63.97 3 0 4

30 0.1448 64.26 0.1450 64.17 3 2 3

31 0.1431 65.14 0.1433 65.04 5 1 1

Table 5

The calculated values of crystallite sizes and degree of crystallization from

XRD peaks.

Sample D (nm) XC

HAp 33.74 0.90

MG1 33.48 0.89

MG2 38.74 0.73

MG3 42.00 0.64

MG4 30.01 0.51

MG5 38.61 0.46

Table 6

The electrical resistance values of the samples.

Sample R (V)

HAp 1.27 � 1011

MG1 1.25 � 1011

MG2 6.00 � 1011

MG3 2.40 � 1011

MG4 1.60 � 1011

MG5 1.82 � 1011
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Fig. 4. The plots of impedance (Z) versus frequency ( f) for all the samples.
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The alternating current conductivity dependence of fre-

quency can be expressed by the following relation [35]:

sac ¼ sdc þ Bvs (3)

where sdc is the direct current conductivity, B is a constant, v is

the angular frequency and s is an exponent. The ac conductivity

mechanism was analyzed by Eq. (3) and s value was plotted as a

function of concentration of Mg dopant. Fig. 9 shows the plot of

s versus concentration of Mg. As seen in Fig. 6, the ac

conductivity for all the investigated samples increases almost

linearly with increasing frequency. This suggests that the

frequency of the applied field is lower than the charge carrier

jump frequency in the solid [36]. The s value changes with the

increase of Mg dopant. This behavior can be attributed to the

interaction between HAp and Mg ion influencing the AC

transport phenomenon, because the s value is the characteristic

parameter representing many body interactions of the electrons,

charges and impurities. The ac conductivity mechanism of the

bioceramic samples obeys with the power law dependence of ac

conductivity on frequency. This law corresponds to the short

range hopping of charge carriers through trap sites that are

separated by energy barriers of varied heights [37].
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Fig. 5. The plots of capacitance (Cp) versus frequency ( f) for all the samples.
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The values of the dielectric constant were determined by the

following equation:

e0 ¼ C p � t

eoA
(4)

where t is the thickness of the sample, eo is the permittivity of

the vacuum and A is the area of cross-section of the sample [38].

The dielectric constants of all the bioceramic samples at the

different frequencies were given in Table 7. The impedance and

capacitance values decrease with frequency, but the values of

the ac conductivity increase. As seen in Fig. 7, the value of
Table 7

The dielectric constant values of the samples for different frequencies.

Sample Dielectric constant (e0)

e0500 Hz e01 kHz e05 kHz

HAp 13.04 22.91 17.91 

MG1 14.20 19.70 14.28 

MG2 10.07 68.19 26.22 

MG3 14.65 22.17 3.78 

MG4 6.83 21.73 16.66 

MG5 21.60 17.39 14.79 
dielectric constant changes with the increase of frequency

values in the range of 42 Hz and 5 MHz [39]. The dielectric

constant of the samples has some fluctuations. These fluctua-

tions can be low dielectrical polarization ability of the samples

with Mg content.

The densities of the samples can be calculated by

Archimedes method [40]

r ¼ Wa

Wa � Wb
r‘ (5)
e010 kHz e0200 kHz e0500 kHz e01 MHz

9.52 37.15 4.09 2.06

1.29 11.00 10.45 1.67

2.57 37.98 5.70 2.44

9.34 26.81 1.44 1.71

3.48 41.83 1.93 3.69

6.92 11.30 2.09 5.70
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where r is the density of the solid sample and r‘ is the density of

the immersion liquid. Also, Wa and Wb are weights of the

sample in air and liquid, respectively. The obtained density

values of the samples are given in Table 8. The density of the

HAp was calculated to be 2.74 g cm�3, and this value is smaller

than that of the theoretical density of the hydroxyapatite.

However, this value is very close to the density of the commer-

cial HAp (2.70 g cm�3) [41]. Densities of the Mg-doped sam-

ples were calculated to be 2.50, 2.38, 2.32, 2.20 and

2.01 g cm�3 for MG1, MG2, MG3, MG4 and MG5 samples,

respectively. The density values of the samples decrease with

the increase of the molar ratio of Mg. The obtained r values of
Table 8

The densities of the samples calculated from Archimedes principle.

Sample r (g cm�3)

HAp 2.74

MG1 2.50

MG2 2.38

MG3 2.32

MG4 2.20

MG5 2.01
the studied bioceramics are lower than the Mg-substituted

hydroxyapatite samples. The decrease in r values of the

samples can depend on the ionic substitutions in the apatite

structure causing the structural defects [42].
0.050.040.030.020.010.00
0.65

0.70

0.75

Amount of Mg (% mol)

Fig. 9. Variation of the angular frequency exponent (s) versus the amount of

Mg.
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4. Conclusions

Mg-doped hydroxyapatite bioceramic samples were per-

fectly prepared by sol–gel method. Many properties of

hydroxyapatite, including electrical, microstructure, chemical

and physical, changed by Mg-addition. From the XRD patterns,

the hydroxyapatite was the major phase, and b-TCP was the

minor phase for HAp sample. In comparison to HAp sample,

the new phases based on magnesium–calcium phosphates

appeared, and hydroxyapatite and b-TCP phases gradually

disappeared with the addition of Mg. Moreover, the crystal

structures changed with the molar ratio of Mg dopant. With

regard to the electrical properties, all the samples exhibited the

insulator behavior, because of their high electrical resistances

of 1011 V. It was observed that many changes occurred in the

values of dielectric constant, capacitance and ac conductivity of

all the samples depending on the increasing frequency value.

Moreover, impedance values of all the samples were high for

low frequency values, yet with the increase of frequency values,

the impedance values underwent an obvious decrease. The

density values of Mg-doped samples dramatically decreased

with the molar ratio of Mg dopant. FTIR spectrum of HAp

sample was perfectly in agreement with original hydroxyapatite

structure. All the samples predominantly had phosphate and

hydroxyl groups, and phosphate peaks in FTIR spectra

supported the phosphate based phases obtained by XRD

analysis.

It is evaluated that Mg3–Ca3(PO4)2 bioceramics can be

obtained from hydroxyapatite with high Mg contents.
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