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Abstract

Low-cost materials based on hydroxyapatite (HAp), anorthite and mullite were prepared from mixtures of Algerian kaolin (DD2) and natural
phosphate (NP). Three different compositions (20 K, 50 K and 80 K) with 20, 50 and 80 wt% Kaolin were studied. In the 20 K samples (with
80% natural phosphate), HAp based ceramics were obtained by the solid-state reaction (SSR). Anorthite–HAp composites were formed at
1100 1C in the 50 K samples remaining stable up to 1300 1C. The primary mullitization occurred by SSR in the 80 K sample at 1000 1C followed
by formation of anorthite from the phosphate dissolution. These results show that the reaction sintering of kaolin/phosphate mixtures is a feasible
route to obtain HAp, anorthite materials that can be used in electronics industry, industrial heat exchangers and biomedical applications.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

During the last few decades, intensive research has been
conducted with the aim of producing hydroxyapatite (HAp)
biomaterials of desired biological, physicochemical, and
mechanical properties [1]. They have been considered as
representative materials for bone grafts due to their similarities
to the bone apatite [2]. HAp materials are also used for
separation and purification of proteins and in drug delivery
systems [3]. Anorthite is an economical ceramic that has good
physical properties such as low thermal expansion coefficient,
high thermal shock resistance and low dielectric constant. With
these excellent characteristics, the anorthite ceramics are
applied in electronics industry, heat exchangers and biomedical
materials [4,5].

The sintering of Algerian kaolin nuances known as (DD1,
DD2 and DD3) from Djebel Debbagh has been studied by
some researchers [6–8]. Natural phosphate is a general term
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that describes naturally occurring mineral assemblages con-
taining a high concentration of phosphate minerals. About
80 wt% of world natural phosphate production is derived from
deposits of sedimentary marine origin mainly composed of
apatite's [9].
Algeria has important phosphate reserves located in the east

of the country at Djebel Onk. Natural phosphates have also
largely been studied [10,11]. To our knowledge, the sintering
reaction between kaolin and natural phosphate has not been
treated.
The objective of this study was to produce inexpensive

ceramics based on hydroxyapatite, anorthite and mullite
starting from mixtures of two very abundant local raw
materials: kaolin (DD2) and natural phosphate (NP).

2. Materials and methods

Two raw materials were used in this study:
1.
 Kaolin (DD2) from Djebel Dbag in Guelma.

2.
 Natural phosphate (NP) from the mine of Djebel Onk (East

of Algeria).

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2015.03.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2015.03.003&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2015.03.003
http://dx.doi.org/10.1016/j.ceramint.2015.03.003
http://dx.doi.org/10.1016/j.ceramint.2015.03.003
mailto:hbelhou@yahoo.com


F. Chouia et al. / Ceramics International 41 (2015) 8064–8069 8065
Three compositions were prepared by varying the percentage

Their chemical compositions are given in Table 1.

of the kaolin (20, 50 and 80%). These are named 20 K, 50 K and
80 K respectively. The powders were milled through planetary
ball milling (Fritsch P6) for 5 h. The slurry was dried at 110 1C,
powdered and sieved through a 63 mm mesh, then compacted at a
pressure of 75 MPa using a cold uniaxial press. Cylindrical
specimens of 13 mm diameter were produced. The mixtures
powders were sintered under normal conditions during 2 h at
temperatures between 1000 and 1400 1C. XRD analyses were
carried out using a Bruker D8 diffractometer. The XRD tests
conditions were Ni-filtered Cukα X radiation (35 kV–30 mA)
with a scanning speed of 371 (2θ) per minute and at an increment
of 0.051. The chemical functional groups were investigated by
Fourier transform infrared spectroscopy (FT-IR) Shimadzu Cor-
poration type FT-IR 8300 E within the wave number range of
4000–400 cm�1. DTA was conducted in the temperature range
of 25–1200 1C under static air. A mass of 40 mg of powders
mixture was heated at rate of 10 1C/min by Setaram DTA 92
Table 1
Chemical composition of kaolin (DD2) and natural phosphate (NP).

Elements SiO2 Al2O3 CaO P2O5 Fe2O3 Na2O SO3 K2O MgO L.O.I

DD2 45.52 38.75 0.18 – 0.04 0.05 – 0.03 – 15.44
NP 02.30 0.41 53.16 26.74 0.69 0.85 3.26 0.10 0.75 11.74
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Fig. 1. XRD patterns of the samples sintered at different t
thermal analysis system. The bulk density and open porosity of
fired samples were determined by the Archimedes method using
distilled water. The morphology of the samples was observed by
scanning electronic microscopy SEM (JEOL JSM-7001F).

3. Results and discussion

We characterized the obtained materials using XRD, FT-IR,
DTA, open porosity, apparent density and SEM analysis. The
XRD patterns of the sintered samples at different temperatures
are shown in Fig. 1. The samples 20 K show the presence of
HAp at 1000 1C (Fig. 1(a)). In addition to the HAp, this
spectra reveals the presence of anorthite. Above 1200 1C, the
intensity of anorthite increases with temperature up to 1300 1C
and decreases at 1400 1C. This is due to the dissolution of this
phase in the HAp matrix.
The XRD spectra corresponding to 50 K sample (Fig. 1(b))

shows a notably decrease in HAp intensity in the temperature
range (1000–1200 1C). Simultaneously with the decreases of
the peaks corresponding to HAp, the anorthite intensity
increases. A new phase of β-TCP was detected in these
samples at 1300 1C [12].
The XRD patterns recorded from the samples 80 K (Fig. 1(c))

shows the presence of cristobalite at 1000 1C whose intensity
increases at 1100 1C and then disappears at 1300 1C. We notice the
presence of small peaks corresponding to HAp between 1000 and
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1100 1C. At 1100 1C, the anorthite phase was formed with an
increasing intensity up to 1300 1C. The formation of this anorthite,
resulting from the reaction between kaolin and CaO, comes from
NP dissociation. In these samples, a new phase (Mullite) appeared
between 1000 and 1300 1C. At 1400 1C, a total disappearance of
all phases is obtained by fusion. HAp–anorthite composites were
formed in the cases of 20 K and 50 K samples. In the 80 K
samples where kaolin is in excess, anorthite–mullite composites
were revealed.

Furthermore, based on their FT-IR spectra (Fig. 2), the
samples 20 K (Fig. 2(a)) heated at 1100, 1200 and 1300 1C
show two bands located at 424 and 686 cm�1 relating to the
bond Si–O vibrations [13,14]. Another band was observed at
470 cm�1 corresponding to the deformation of Si–O band. The
observed peaks at 1045 cm�1 demonstrate the presence of
HAp: υ3 PO3�

4 [2]. There were also two other sharp peaks at
570–600 cm-1 for the υ4 O–P–O bond and at 925 cm-1 for υ4
non-degenerate P–O symmetric stretching [15,16]. The last
broad band located at 1153 cm�1 corresponds to the υas PO3�

2
vibrations. At 1400 1C, the majority of the bands disappeared
except for the two bands at 600 and 1045 cm�1 (υ3 PO3�

4 )
which become larger with less intensity.
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Fig. 2. FT-IR spectra of the samples sintered at different t
In the 50 K samples (Fig. 2(b)), there is a clear modification
of the functional groups. We can notice the appearance of new
band at 1110 cm-1 corresponding to Si–O in the sample heated
at 1000 1C [13]. In the sample heated at 1100 1C, wide peaks
were found at 588 cm-1 for υ4 PO3�

4 bond, 679 cm-1 for Si–O
band, 746 cm-1 for Si–O–Al band and at 1045 cm�1 for υ3
PO3�

4 . At 1300 1C, the intensity of the peak at 1045 cm�1 (υ3
PO3�

4 ) increases due to the formation of the tricalcium
phosphate (Ca3(PO4)2) (TCP). Only two bands 600 and
1045 cm�1 (υ3 PO3�

4 ) appeared at 1400 1C.
In the 80 K samples, the bands corresponding to the PO�3

4
groups (600 and 1045 cm-1) tend to disappear (Fig. 2(c))
between 1100 and 1300 1C. Only small bands of residual
PO3�

4 groups (472 and 570 cm�1) were present in the samples
heated at 1100 and 1200 1C. Two peaks at 679 and 761 cm-1

were observed corresponding to Si–O bond vibrations. The
new strong band at 1097 cm�1 is related to the hybrid
AlO4vibrations. The disappearance of the majority of the
bands at 1400 1C is caused by the fusion of the materials.
Fig. 3 shows typical DTA curves of samples heated from

room temperature to 1200 1C at a heating rate of 10 1C/min.
On the curve of 20 K samples two clear endothermic peaks are
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observed at 124 and 546 1C. The first one is due to the
evaporation of adsorbed water, while the second peak is due to
the dehydration of the kaolinite [17,18]. Furthermore, an
endothermic peak is present at about 755 1C which may be
due to the thermal decomposition of CaCO3 into CaO and CO2

[19]. Two exothermic peaks observed at 732 1C and 931 1C:
first one is due to the partial crystallization of HAp [20,21],
while the second latter indicates some order in a crystalline
formation. Such crystalline formation was attributed either to a
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Fig. 3. DTA curves for kaolin-natural phosphate mixtures during heating.
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spinel formation or others attributed it to mullite nucleation
[8,17,18]. Three small endothermic peaks are observed around
1039, 1137 and 1194 1C and may due to the decomposition
of HAp.
The exothermic and endothermic peaks appeared at about

732 1C and 755 1C, respectively are decrease for 50 K samples
and become absent for 80 K samples. Further, the three peaks
observed in 20 K sample are absent in both 50 K and 80 K
samples, due to the decrease of NP amount in the mixture. The
exothermic peak at about 931 1C in the DTA curve of 50 K
and 80 K samples is shifted upward to 967 1C and 992 1C,
respectively. The shift can be explained by the decrease of NP
amount compared to kaolin. The CaO, produced during
carbonates decomposition, acts as fluxing agents when redu-
cing the difference between initial and maximum sintering
temperatures [22]. There is also a sharp endothermic peak at
about 1027 1C for 50 K sample which is absent in the two
DTA curves. This peak can be attributed to the liquidus
temperature or melting temperature of crystalline phases. The
large broad and small exothermic peaks observed for 80 K
samples in the region 1000–1200 1C may be related to the
secondary mullite formation and cristobalite crystallization
from kaolinite [18].
The curves of the open porosity and apparent density

variation with kaolin content have different aspects according
to the sintering temperature (Fig. 4). The results indicate that
the sample 20 K has significant difference compared with
samples 50 K and 80 K. At first, for 20 K the open porosity
values decrease progressively between 900 and 1100 1C. At
high sintering temperatures, above 1200 1C a large amount of
open porosity are completely closed [23]. However, CO2

comes from decarbonation of CaCO3 is filling in the pores
leading to the increase in apparent density with a higher value
(2.78 g/cm3) at 1200 1C (Fig. 4(b)).
A gradual increase in the open porosity is observed also for

50 K samples and is probably due to release of CO2 outside the
sample. The viscosity of glassy phase is largely reduced by
CaO coming from the dissociation of HAp with increase of
temperatures. The low viscosity facilitates the CO2 escape
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from pores [24]. A steady diminution in apparent density is
observed when the sintering temperature is raised from 900 to
1000 1C. The apparent density is stabilized for temperatures
above 1100 1C. For higher sintering temperature (1300 1C) a
slight increase of the apparent density was observed (reached
the maximum value of 2.32 g/cm3). This is attributed to the
formation of the tricalcium phosphate (β-TCP) beyond
1200 1C, which has been confirmed by the phase analysis
using XRD. The curve of 80 K sample shows a decrease of
open porosity from 900 to 1100 1C and can be attributed to the
formation of cristobalite phase. It is known to have a large
coefficient of thermal expansion which affects strongly the
porous ceramics. By increasing of the temperature, the open
porosity increases and can be attributed to fluxing of cristoba-
lite phase. The higher apparent density is attributed to the
existence of cristobalite in the glass matrix.

The microstructures shown in Fig. 5 corresponds to the three
mixtures fired at 1300 1C during 2 h. According to the
literature [4,25,26], the micrograph corresponding to 20 K
Fig. 5. SEM micrographs of the samples sintered at 1
sample shows very high HAp grains with elongated forms
(Fig. 5(a)). On the other hand, the 50 K sample microstructure
(Fig. 5(b)) reveals enlarged anorthite grains and fine particles
of β-TCP between the coarse grains. The 80 K sample
microstructure shows irregularly shaped large anorthite grains
and round-shaped mullite grains distributed in the anorthite
matrix.
4. Conclusion

The results of the reaction sintering of the studied kaolin-
natural phosphate mixtures (20 K, 50 K and 80 K) indicate the
formation of HAp–anorthite composites in 20 K and 50 K
samples. β-TCP was formed at 1300 1C in the 50 K samples.
In the cases where kaolin is in excess (80 K), anorthite–mullite
composites were revealed. From this study, some possibilities
of sintering reactions between kaolin and natural phosphate are
highlighted.
300 1C for 2 h: (a) 20 K,( b) 50 K, and (c) 80 K.
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