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bstract

irconia (ZrO2) addition effects on densification and microstructure of tricalcium phosphate–26.52 wt% fluorapatite composites were investigated,
sing X-ray diffraction, scanning electron microscopy and by analysis using 31P nuclear magnetic resonance. The tricalcium phosphate–26.52 wt%
uorapatite–zirconia composites densification increases versus temperature. At 1300 ◦C, the composites apparent porosity reaches 9% with 5 wt%
irconia. XRD analysis of the composites reveals the presence of tricalcium phosphate, fluorapatite and zirconia without any other structures. Above
300 ◦C, the densification was hindered by grain growth and the formation of both intragranular porosity and new compounds. The 31P MAS-NMR
nalysis of composites sintered at various temperatures or with different percentages of zirconia reveals the presence of tetrahedral P sites. At

400 ◦C, XRD analysis of the tricalcium phosphate–26.52 wt% fluorapatite–20 wt% zirconia composites shows the presence of calcium zirconate
nd tetracalcium phosphate. This result indicated that partial decomposition of tricalcium phosphate during sintering process of composites when
0 wt% or less ZrO2 was added. Thus, zirconia reacts with tricalcium phosphate forming calcium zirconate and tetracalcium phosphate.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The biocompatibility of biomaterials has been an important
oncern in many load-bearing biomedical applications.1,2 Bio-
eramics have been introduced in the biomaterial industry as a
olution to this dilemma.3,4 Calcium phosphates based materials
ave attracted considerable interest for orthopaedic and den-
al applications.1–16 These biomaterials belong to an important
amily of bioceramics resembling the part of calcified tissues,
articularly hydroxyapatite (Hap), tricalcium phosphate (TCP)
nd fluorapatite (Fap).

Among these calcium phosphates, tricalcium phosphate (�-
CP) has received recognition in this field.5–10 �-TCP has
ained much attention during the past decade in the applications
f orthopaedics’ and dentistry.5–8 The �-TCP has been used
linically to repair bone defects for many years.8,9 Especially
ap among these materials has excellent biocompatibility with
he adjacent hard tissue.8,11–16 The Fap is known to have a high
hemical stability of Hap.8,11–18 At 1250 ◦C, Hap decomposes
o TCP,17 whereas Fap remains stable.12,14 Moreover, Fap has
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potential advantage by comparison with Hap grace its higher
hermal stability and aptitude to delay caries process without
he biocompatibility degradation.8,12,14,15 In this study, Fap has
een used with a fixed 26.52 wt% amount because the human
one contains 1 wt% of fluorine, approximately.33

However, mechanical properties of calcium phosphates are
enerally inadequate for many load-carrying applications. These
ioceramics have a low density decreasing the mechanical
roperties.6–8,11,15,17 Hence, bioinert ceramic oxides like alu-
ina (Al2O3) and zirconia (ZrO2) having high strength is used

o enhance the densification and the mechanical properties of
ioceramic.18–33 However, there is serious problem in incorpo-
ating the zirconia with the Hap at low temperature (at 1150 ◦C);
eaction between the ZrO2 and Hap.20,21,23–32 These reactions
ot only reduce the mechanical properties but also degrade the
iocompatibility of the bioceramic.23–29 For this reason, zirconia
as chosen as a framework for load-bearing and TCP and Fap
ere chosen as an outer coating to enhance the biocompatibility

nd osteoconductivity. Therefore, because of its high mechanical
trength, toughness, and inertness in the human body, zirco-

ia improves the properties of TCP and as a second phase.
his article propose to study the sintering of TCP–26.52 wt%
ap composites at various temperatures (1100 ◦C, 1200 ◦C,
300 ◦C and 1400 ◦C) and with different percentages of zirco-

mailto:benayedfoued@yahoo.fr
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Table 1
Characteristics of the powders used in the study

Compounds SSA (m2/g) ±1.0 DBET (�m) ±0.2 D50 (�m)a ±0.2 DTA measurements (endothermic peak) T (◦C)b TECc (×10−6 ◦C−1) dd

Fap 12 29.00 0.07 6 1180 ◦C (liquid phase) 715 7.4–11.934 3.19

TCP 10 1.13 1.73 9 1285 ◦C (� → �) 1050 1235 3.07 (�)
1475 ◦C (� → �′) 2.86 (�)

Composite 16 e 1.20 1.60 11 – 1080 – 3.10
Zirconia 2.01 0.50 5 – 1110 12–1436 5.83 (m)f

a Mean diameter.
b Sintering temperature.
c Thermal Expansion Coefficient.
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where ρ is the theoretical density of compounds and S is the
SSA.

The granulometry distribution of powders was analysed by a
laser granulometer (Micromeritics Sedigraph 5000). The X-ray

Table 2
Theoretical densities of each composite and the weight rates of each compound
used for each composite (A, B and C are the weight rates of �-TCP, Fap and
zirconia, respectively)

Composites/weight rates A (%) B (%) C (%) da

TCP–Fap 73.48 26.52 0 3.101
TCP–Fap–2.5 ZrO2 70.98 26.52 2.5 3.170
d Theoretical density.
e TCP–26.52% Fap.
f Monoclinic.

ia (2.5 wt%; 5 wt%; 10 wt% and 20 wt%) and to characterize
he resulting composites with density, X-ray diffraction, nuclear

agnetic resonance (31P) and scanning electron microscopy
easurements.

. Experimental methods

.1. Preparation of powder and ceramic specimens

Fap powder is synthesized by precipitation method.12 Ana-
ytical grade Ca(NO3)2·4H2O (Merck), (NH4)2HPO4 (Merck),
nd NH4F (Merck), were used as the starting materials. A solu-
ion of 0.3 mol Ca(NO3)2 in 750 ml distilled water was poured
sing a peristaltic pump into a boiling solution of 0.18 mol
NH4)2HPO4 and 0.12 mol NH4F in 750 ml distilled water; 28%
H4OH (Merck) solution was added to the mixture and the pH
as adjusted to 9. The precipitate was aged with stirring at 80 ◦C

or 3 h, then filtered, washed, dried at 70 ◦C for 12 h and calcined
t 500 ◦C.

The �-TCP powder was synthesized by solid-state reaction.23

calcium carbonate (CaCO3, Merck) was added to diammo-
ium hydrogenophosphate ((NH4)2HPO4, Merck) at 900 ◦C,
ccording to the following reaction:

CaCO3 + 2(NH4)2HPO4

→ �-Ca3(PO4)2 + 3CO2 + 4NH3 + 3H2O (1)

Monoclinic zirconia (m-ZrO2) powder (Merck) was used in
ll experiments. Characteristics experiments of zirconia powder
re illustrated in Table 1.

The �-TCP, Fap and zirconia powder are mixed in an agate
ortar. The powder mixtures were milled in ethanol for 24 h.
fter milling, the mixtures were dried in a rotary vacuum evap-
rator and passed through a 70-mesh screen. After drying at
0 ◦C for 24 h, the powder mixtures are moulded in a cylin-
er having a 13-mm diameter and 4-mm thickness and pressed
nder 150 MPa. The green compacts are sintered at various tem-
eratures (1100 ◦C, 1200 ◦C, 1300 ◦C and 1400 ◦C) during 1 h.

he green compacts are sintered in a vertical furnace (Pyrox
408). The best hold time for obtaining the maximum densifi-
ation is 1 h. The heating rate is 10 ◦C min−1. The bulk density
f the sintered body was calculated from the dimensions and

T
T
T

eight (geometrical measurement). The relative error of appar-
nt porosity value was about 1%.

The calculated theoretical densities of each composite and the
eight rates of each used compounds were illustrated in Table 2.
he theoretical density (d) was determined using the following
quation:

= 3.07A + 3.19B + 5.83C

100
(2)

here A, B, C are the weight rates and 3.07, 3.19, 5.83 are the
heoretical densities of �-TCP, Fap and zirconia, respectively.

.2. Characterization methods of powder and ceramic
pecimens

Linear shrinkage was determined by dilatometry (Setaram
MA 92 dilatometer). The heating and cooling rates were
0 ◦C min−1 and 20 ◦C min−1, respectively. Powders were pre-
iously compacted in a 13-mm cylinder die. The specific surface
rea (SSA) was measured by the BET method using N2 as an
dsorption gas (ASAP 2010).37 The primary particle size (DBET)
as calculated by assuming the primary particles to be spherical

4:

BET = 6

S ρ
(3)
CP–Fap–5 ZrO2 68.48 26.52 5 3.240
CP–Fap–10 ZrO2 63.48 26.52 10 3.378
CP–Fap–20 ZrO2 53.48 26.52 20 3.654

a Theoretical density.
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ent percentages of ZrO2 (2.5 wt%; 5 wt%; 10 wt% and 20 wt%).
The apparent porosity decreases with sintering temperature
(Table 3). This curve which illustrates a minimum apparent
F. Ben Ayed, J. Bouaziz / Journal of the Eu

iffraction pattern of sintered pieces was performed by a Seifert
RD 3000 TT diffractometer, with monochromatized Cu K�

adiation (at 20 A and 40 kV). The samples were scanned in
he diffraction angle range (2θ) varying from 10◦ to 60◦ with a
tep length of 0.02◦ (2θ) and a counting time of 1 s step−1. The
rystalline phases are identified from powder diffraction files
PDFs) of the International Center for Diffraction Data (ICDD).
he TCP–Fap composites were characterized by high-resolution
olid-state MAS-NMR using a BRUKER 300WB spectrometer.
he 31P observational frequency was 121.49 MHz with 3.0 ms
ulse duration, spin speed 8000 Hz and delay 1 s with 2048
cans. 31P shift is given in parts per million (ppm) referenced
o 85 wt% H3PO4. The microstructure of sintered compacts was
nvestigated by scanning electron microscope (Philips XL 30)
n fractured sample surfaces. Because calcium phosphates are
nsulating biomaterial, the sample was coated with gold for

ore electronic conduction. The grain mean size was measured
irectly from SEM micrographs.

. Results and discussion

.1. Sinterability of TCP–Fap–zirconia composites

Linear shrinkage of �-TCP, Fap, TCP–26.52 wt% Fap com-
osites and zirconia starts at about 1050 ◦C, 715 ◦C, 1080 ◦C and
110 ◦C, respectively (Table 1). The addition of 26.52 wt% Fap
n the matrix of �-TCP increases the sintering temperature of
0 ◦C by comparison with the pure �-TCP. The study of zirco-
ia dilatometric behaviour showed that shrinkage began at about
100 ◦C, which is superior to these sintering temperatures of
CP and TCP–26.52 wt% Fap composites (Table 1). The ther-
al expansion coefficient (TEC) of each compound presents

ractically the same value in literature.34–36 In fact, the TEC
f �-TCP from 50 ◦C to 400 ◦C is 12 × 10−6 ◦C−1.35 While
ap has TEC values of (7.4–11.9) × 10−6 ◦C−1 (20–300 ◦C).34

he TEC of zirconia is similar with �-TCP TEC, It is between
2 × 10−6 ◦C−1 and 14 × 10−6 ◦C−1 36 (Table 1).

The SSA of �-TCP, Fap, TCP–26.52 wt% Fap composites
nd zirconia are 1.13 m2/g, 29.00 m2/g, 1.20 m2/g and 2.01 m2/g,
espectively. The Fap and �-TCP particles are assumed to be
pherical; the particle size can be calculated using Eq. (3). The
esults of average grain size obtained by SSA (DBET) and aver-
ge grain size obtained by granulometric repartition (D50) are
resented in Table 1. These values (DBET) obtained by SSA do
ot correspond to those obtained from the particle size distribu-
ion (Table 1). The discrepancy may be due to the presence of
gglomerates which are formed during preparations of �-TCP
owder at 900 ◦C and calcinations of Fap powder at 500 ◦C.

Fig. 1 shows the XRD patterns of the �-TCP powder synthe-
ized at 900 ◦C (Fig. 1a) and �-TCP powder calcined at various
emperatures (1240 ◦C and 1300 ◦C) (Fig. 1b and c). These sam-
les reveal only peaks of �-TCP (ICDD data file no. 9-169).
alcination of the powders at 1300 ◦C indicates the improve-

ent in crystallinity by the increase in the resolution of peaks
hen compared to the as-prepared powder. Fig. 2 presents the
RD patterns of Fap powder calcined at varying temperatures.
t 900 ◦C, the XRD pattern of Fap powder shows the presence

F
(

ig. 1. XRD patterns for �-TCP: (a) synthesized powder at 900 ◦C; (b) calcined
owder at 1240 ◦C; (c) calcined powder at 1300 ◦C.

f calcium fluoride traces (CaF2) (ICDD data file no. 65-0535)
n the Fap matrix (ICDD data file no. 15-876) (Fig. 2a). When the
emperature increased to 1300 ◦C, the intensity of calcium fluo-
ide characterized peak gradually decreased and a small amount
f CaO is observed (ICDD data file no. 37-1497) (Fig. 2b). The
aO traces has been detected by XRD and phenolphthalein test

n samples. This experiment shows that the formation of CaO
uring the calcination can only be the result of the hydrolysis
f fluorite.14 CaF2 is contained in the synthesised Fap powder
s impurity. The X-ray diffraction pattern for zirconia powder
s presented in Fig. 3. It is well seen from the pattern that only
he monoclinic zirconia (m-ZrO2) phase is detected (ICDD data
le no. 37-1484).

The powder’s sinterability is examined by firing, between
100 ◦C and 1400 ◦C for 1 h. Fig. 4 shows the typical rela-
ionship between sintering temperature and apparent porosity
f TCP–26.52 wt% Fap composites sintered for 1 h with differ-
ig. 2. XRD patterns for Fap powder calcined at: (a) 900 ◦C and (b) 1300 ◦C
+: CaF2 and :̂ CaO).
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Fig. 3. XRD pattern for monoclinic zirconia powder.
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ig. 4. Apparent porosity versus temperature and mass percentages of zirconia
f TCP–26.52 wt% Fap composites sintered for 1 h at: (a) 1100 ◦C; (b) 1200 ◦C;
c) 1300 ◦C.

orosity at about 9% corresponding to the composites sintered
ith 5 wt% ZrO2 (Table 3). The porosity of the sintered com-
osites increased with increase of zirconia concentration in the
omposites. At 1400 ◦C, their densities are impossible to be
eterminates because the samples are cooled in the support.
ith 10 wt% ZrO2, the composite densification decreases with

ny sintering temperature.

.2. Characterization of sintered samples
The evolution of the local environment of the phosphorus
toms was followed during the sintering process by 31P MAS-
MR.

able 3
pparent porosity versus temperature of TCP–26.52 wt% Fap composites sin-

ered with different wt% of ZrO2 for 1 h

t% ZrO2/T (◦C) Apparent porosity ±1 (%)

1100 1200 1300

0 30.0 17.2 13.3
2.5 26.3 15.2 10.6
5 29.6 18.3 9.0
0 33.1 27.0 18.9
0 33.0 29.5 19.8
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ig. 5. 31P MAS-NMR spectra of TCP–26.52 wt% Fap composites sintered with
.5 wt% ZrO2 for 1 h at: (a) 1100 ◦C; (b) 1200 ◦C; (c) 1300 ◦C; (d) 1400 ◦C.

The spectra of TCP–26.52 wt% Fap composites content
.5 wt% zirconia sintered for 1 h at various temperatures
1100 ◦C, 1200 ◦C, 1300 ◦C and 1400 ◦C) is presented in Fig. 5;
hich shows a broad peaks (centred on 4.6 ppm) and intense
eaks at 0.2 ppm; that is assigned to the phosphorus tetrahedral
sites relative of TCP. The same figure illustrates an intense peak

t 2.8 ppm relative, to the phosphorus of Fap, can be assigned to
etrahedral sites (Q1). The 31P MAS-NMR spectra of TCP illus-
rate three peaks (at 4.60 ppm, 0.20 ppm and 1.02 ppm) (Fig. 5a).
he same result was found by Yashima et al. 38 Indeed, they show

hat the phosphorus atoms are located in three crystallographic
ites of P(1)O4, P(2)O4 and P(3)O4. In the 31P MAS-NMR spec-
ra of the composite, the peak relative to Fap increases with
intering temperatures (Fig. 5c and d) (1300–1400 ◦C). This can
e attributed to the solid reaction between CaF2 and TCP. CaF2
s assumed to be formed as a second phase during the Fap powder
reparation.12 However, the Fap DTA curve shows an endother-
ic peak at 1180 ◦C relative to an eutectic formed between Fap

nd CaF2 (Table 1).12 The solid reaction of the new quantity of
ap is the following 16,33:

Ca3(PO4)2(s)+CaF2(s) → Ca10(PO4)6F2(s) (4)

The 31P MAS-NMR spectra of TCP–26.52 wt% Fap com-
osites sintered for 1 h at 1300 ◦C with different percentages of
rO2 (2.5 wt%; 5 wt%; 10 wt% and 20 wt%) reveal the pres-
nce of tetrahedral P sites (0.20; 1.19; 2.80 and 4.70 ppm)
Fig. 6).

The 31P MAS-NMR spectra of TCP–26.52 wt% Fap com-
osites sintered for 1 h at 1400 ◦C with various wt% of ZrO2
2.5 wt%; 5 wt%; 10 wt% and 20 wt%) are presented in Fig. 7.

hese spectra present practically the same structure, which show
eaks relative to TCP (0.2 ppm and 4.7 ppm) and Fap (2.8 ppm).
xceptionally, the 31P MAS-NMR spectrum of composites sin-

ered with 20 wt% ZrO2 illustrates the increase of the peak
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Fig. 8. XRD patterns of TCP–26.52 wt% Fap composites sintered with 2.5 wt%
Z
a

ig. 6. 31P MAS-NMR spectra of TCP–26.52 wt% Fap composites sintered at
300 ◦C for 1 h with different mass percentages of ZrO2: (a) 0 wt%; (b) 2.5 wt%;
c) 5 wt%; (d) 10 wt%; (e) 20 wt%.

ntensity relative to Fap for the samples. However, when the sin-
ering temperature increases to 1400 ◦C (Fig. 7d), the TCP peak
elativity decreases, illustrating probably a pronounced partials
ecomposition of TCP.
The X-ray diffraction patterns of TCP–26.52 wt% Fap com-
osites heated at various temperatures for 1 h with 2.5 wt% ZrO2
re reported in Fig. 8. The XRD patterns of samples sintered

ig. 7. 31P MAS-NMR spectra of TCP–26.52 wt% Fap composites sintered at
400 ◦C for 1 h with different mass percentages of ZrO2: (a) 0 wt%; (b) 2.5 wt%;
c) 5 wt%; (d) 10 wt%; (e) 20 wt%.
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rO2 for 1 h at: (a) 1100 ◦C; (b) 1200 ◦C; (c) 1300 ◦C; (d) 1400 ◦C (�: �-TCP
nd *: m-ZrO2).

t various temperatures (1100–1400 ◦C), show the presence
f �-TCP; Fap and m-ZrO2 traces. When sintered at 1100 ◦C
Fig. 8a), the composites retained the initial phases (�-TCP and
ap). In the composite fabricated at 1200 ◦C, the resulting phases
ere similar to that case at 1100 ◦C. However, when the sintering

emperature increases to 1300 ◦C (Fig. 8c and d), X-ray diffrac-
ion patterns show also the presence of �-TCP traces (ICDD
ata file no. 9-348). The highest (2θ) peak positions of �-TCP
re placed at 30.75◦, 24.09◦ and 22.90◦.

The XRD analysis of TCP–26.52 wt% Fap composites sin-
ered at 1400 ◦C for 1 h with various zirconia additives amounts
0 wt%; 2.5 wt% and 20 wt%) is presented in Fig. 9. The
CP–26.52 wt% Fap composites sintered without and with
irconia (2.5 wt%) contained initial phases (�-TCP, Fap and
-TCP traces) (Fig. 9a and b). The effect of zirconia during
intering process was observed in XRD pattern in Fig. 9c.
he sample sintered with 20 wt% ZrO2 shows the presence of
alcium zirconate (CaZrO3: CZ), Fap, tetracalcium phosphate
Ca4(PO4)2O: TTCP (ICDD data file no. 5-1137)), m-ZrO2
races, tetragonal-zirconia traces (t-ZrO2: ICDD data file no.
7-0923), �-TCP traces, and �-TCP traces (Fig. 9c).

At 1400 ◦C, when the TCP–26.52 wt% Fap composites was
intered with zirconia (less than 20 wt%), CZ and TTCP peaks
ere observed by XRD, which suggests partial decomposition
n TCP to CZ. This result is confirmed by 31P MAS-NMR analy-

is (Fig. 7e). The presence of CZ and TTCP is observed by Khor
t al.20 and Heimann and Vu.30 They have shown that addition
f CaO to Hap–ZrO2 composite mixtures shifts the chemical
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ig. 9. XRD patterns of TCP–26.52 wt% Fap–zirconia composites sintered for
h at 1400 ◦C with: (a) 0 wt% ZrO2; (b) 2.5 wt% ZrO2; (c) 20 wt% ZrO2; (�:
-TCP; �: �-TCP; *: ZrO2; ◦: CZ; x: TTCP; f: Fap; t: t-ZrO2).

quilibrium of the product from TCP and TTCP towards Hap
aking it more stable.30 Surplus CaO will be effectively fixed

y ZrO2 acting as a sink for Ca2+ ions resulting in the formation
f either tetragonal zirconia (t-ZrO2) or CZ.30

Moreover, the CZ was also produced, suggesting the dif-
usion of calcium in zirconia during the sintering process of
he TCP–26.52 wt% Fap–20 wt% ZrO2 composites. The partial
ecomposition of TCP with zirconia at 1400 ◦C can be described
y the following reactions:

a3(PO4)2(s) + m-ZrO2(s) + 2CaO(s)

↔ Ca4(PO4)2O(s) + CaZrO3(s) (5)

rO2(s) + CaO(s) ↔ CaZrO3(s) (6)

CaO is produced by solid reaction between CaF2 and
2O.12,14,15 Fluorite (CaF2) is assumed to be formed as a second
hase during the powder preparation of Fap. Ben Ayed et al.12

how that when the gas atmosphere is not fittingly dried, hydrox-
fluorapatite can be formed and hydrolysis of CaF2, which can
e expressed by the following equations 14:

aF2(s) + H2O(g) → CaO(s) + 2HF(g) (7)

a10(PO4)6F2(s) + xH2O(g)

→ Ca10(PO4)6F2−x(OH)x(s) + xHF(g) (8)

In TCP–26.52 wt% Fap composites containing 20 wt% ZrO2

r more, CZ is formed after reaction at 1400 ◦C. At these con-
itions, the increased tendency of decomposition of TCP with
eaction with ZrO2 can be explained as resulting from removal of
alcium from the TCP and its dissolution into the zirconia. This
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n Ceramic Society 28 (2008) 1995–2002

olid solution of calcium into the zirconia leads to its transforma-
ion to the tetragonal phase. This result of reaction in Hap–ZrO2
omposites study was confirmed by Evis.32 In fact, he shows
hat, the exchange of Ca2+ and ZrO2+ ions can occur where the
urfaces of ZrO2 and Hap are in contact, with minimum rear-
angement of their structures. Different apatite’s can have many
ubstitute ions in their structures without causing change from
he apatite structure.39 The exchange of ZrO2+ ions for Ca2+

ons in the TCP structure explains the increased tendency of the
xchanged TCP to decompose.32 The large ZrO2+ ion introduces
train into the TCP network structure, making the decomposi-
ion of Eq. (5) more favourable. Eq. (6) occurs at a lower content
f zirconia. Thus, Eq. (5) plays an important role in the reac-
ion during sintering process when more zirconia is added to
CP. This equation indicates that, the calcium ions in the TCP
iffused into the m-ZrO2 to CZ. The subsequent reaction (5)
s similar to the previous reported by Khor et al. on the effects
f ZrO2 on the phase compositions plasma sprayed Hap-YSZ
omposites coatings.20

The SEM examination of the fracture surface of the
CP–26.52 wt% Fap composites sintered with different percent-
ges of ZrO2 at various temperatures is reported in Fig. 10.
he fracture surfaces clearly reveal a distinct difference in the
ample’s microstructure; show that at 1100 ◦C; the composites
intered with 2.5 wt% ZrO2 presents an intergranular poros-
ty subsequently by eliminated with the grain growth (Fig. 10a
nd b). Thus, a slight coarsening accompanies densification at
300 ◦C (Fig. 10b). The grains’ size about 1 �m at 1100 ◦C
nd 5 �m at 1300 ◦C (Fig. 10a and b). At higher temperature
1400 ◦C), the TCP–26.52 wt% Fap–2.5 wt% zirconia compos-
tes densification is hindered by grain growth and the formation
f intergranular porosity. The pore, which are roughly spherical
ave diameter approximately between 1 �m and 3 �m (Fig. 10c).
en Ayed et al. also observed the formation of large pores at

hese temperatures, during the study of pressureless sintering of
ap under oxygen atmosphere.12 They attributed to the depar-

ure of volatile species produced by the hydrolysis of Fap and
uorite. At 1400 ◦C, the increased porosity in the sintered com-
osites with addition of zirconia probably results by the pores
ormation and by partially decomposition of the TCP (Eq. (5)).

Fig. 10b and d shows the microstructural developments dur-
ng the sintering of composites at 1300 ◦C for 1 h with different
ercentages of ZrO2 (2.5 wt% and 10 wt%), observed on frac-
ured surfaces by SEM. In the material firing at 1300 ◦C with
.5 wt% zirconia, one notices a partially reduction of the poros-
ty (Fig. 10b). The micrograph relative to composites sintered
ith 10 wt% ZrO2 reveals an important intragranular porosity

Fig. 10d). From the energy dispersive X-ray analysis (EDAX)
n the SEM of TCP–26.52 wt% Fap composites sintered at
300 ◦C in Fig. 10d, it is found that the light phase is ZrO2,
hich are segregated at the grain boundaries of grey coloured
CP–Fap matrix phases.

At temperatures inferior at 1300 ◦C, the composites present

good sinterability with 5 wt% zirconia. The XRD analysis of

he composites reveals the initial phases (TCP and Fap). Adolf-
son et al.18 confirm this result during its study on zirconia–Fap
aterials produced by HIP. In fact, they show that, the Fap



F. Ben Ayed, J. Bouaziz / Journal of the European Ceramic Society 28 (2008) 1995–2002 2001

F at var
(

r
w
t
a
t
F
t
F
p

4

p
t
t
n
d
p
i
f
A
c

t
a
t
c
d
a
t
z

R

ig. 10. SEM micrographic of TCP–26.52 wt% Fap composites sintered for 1 h
b) 2.5 wt%, 1300 ◦C; (c) 2.5 wt%, 1400 ◦C; (d) 10 wt%, 1300 ◦C.

emains stable at 1200 ◦C and without any other structure
as observed.18 These results clearly illustrate the effect of

he Fap layer prevented the reaction between TCP and ZrO2
t temperature less than 1300 ◦C. Indeed, no chemical reac-
ions are observed among the materials with introducing the
ap at high temperature (1300 ◦C). At temperatures higher

han 1300 ◦C (1400 ◦C), the densification of TCP–26.52 wt%
ap–ZrO2 composites is hindered by grains growth and by the
artial decomposition of TCP.

. Conclusion

The addition of ZrO2 in the form of particles to calcium
hosphate (TCP and Fap) matrix has drawn much attention due
o its biocompatibility coupled with the tendency to enhance
he mechanical properties of TCP–Fap composites. So, zirco-
ia additive was tested for the TCP–26.52 wt% Fap composites
ensification. High-density TCP–Fap–ZrO2 composites were
roduced after sintering at 1300 ◦C. A minimal apparent poros-

ty was reached with 5 wt% ZrO2. In fact, the apparent porosity
or the TCP–26.52 wt% Fap–zirconia composites is about 9%.
t 1300 ◦C, XRD analysis of the TCP–26.52 wt% Fap–zirconia

omposites reveals only the presence of Fap, TCP and zirconia
ious temperatures with different percentages of zirconia: (a) 2.5 wt%, 1100 ◦C;

races. High temperatures (above 1300 ◦C) or mass percent-
ges of zirconia (near 20 wt%) are not the best conditions for
he composites densification. This is probably due to the new
ompound formation (CZ and TTCP). At 1400 ◦C, the partial
ecomposition of TCP during sintering process is increased by
ddition of zirconia (near 20 wt%). This decomposition involves
he exchange of Ca2+ and ZrO2+ ions between the TCP and
irconia.
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