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Pressureless sintering of fluorapatite under oxygen atmosphere
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Abstract

Fluorapatite (Fap) is prepared by precipitation method and sintering in the temperature range 640-1365°C. Linear shrinkage
starts at about 715°C and the material reaches its final density at 890°C. Above this value, grain growth becomes important and
induces an intragranular porosity which is responsible for density decrease. At 1180°C, a liquid phase is formed as a result of the
formation of a binary eutectic between Fap and fluorite contained in the powder as impurity. This liquid phase further promotes
the coarsening process and induces formation of large pores at high temperatures. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Because of its chemical composition and crystal-
lographic structure similar to those of hard tissues in
vertebrate animals and humans, hydroxyapatite has
been extensively studied for use as bone implants. Most
studies are devoted to the knowledge of the sintering
behaviour.!'® On the contrary little work has been
reported on fluorapatite (Fap) densification'” 2! which
also constitutes a potential candidate for several biolo-
gical applications. Indeed, Fap presents interesting
properties such as biocompatibility, solubility smaller
than Hap’s, or aptitude to delay caries’ processes.?>>3
The aim of the present work is to study the sintering of
pure fluorapatite under oxygen atmosphere.

2. Experimental procedure

2.1. Preparation and characterization of fluorapatite
powder

The starting material is prepared by precipitation

method.?* A calcium nitrate solution is slowly added to
a boiling solution containing diammonium phosphate

* Corresponding author.

and ammonium fluoride, with continuous magnetic
stirring. During the reaction, pH is adjusted to the same
level (pH 8-9) by adding ammonia. The obtained pre-
cipitate is filtered and washed with deionised water; it is
then dried at 70°C for 12 h. The resulting powder is cal-
cined in nitrogen gas flow at 500, 700 and 900°C at the
rate of 10°C cm~!. The samples are held for 1 h at fixed
temperatures.

The chemical composition is determined by chemical
analysis methods.?>2° Specific surface areas of calcined
powder are measured by the BET method using N, as
an adsorption gas (ASAP200). The crystalline phases
are identified by powder X-ray diffraction (XRD) using
Cu K, radiation (Seifert XRD 3000TT), and are
checked with reference to the JCPDS cards. The powder
is also submitted to infrared spectrometric (IR) analysis
(Perkin—Elmer 783). To detect calcia, the phenolphtha-
lein test (Afnor S94-066) is used. Differential thermal
analysis, and thermogravimetry are carried out using
about 30 mg of powder in oxygen (DTA-TG; Model
Setaram). The heating rate is 5°C min~!.

2.2. Preparation and characterization of ceramic
specimens

The sintered powder, calcined at 500°C, is uniaxially
pressed at 200 MPa to form pellets 13 mm in diameter
and 1.5 mm thick. Green density reached about 60% of
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temperature.

Table 1
Calcination temperature dependence of grain size

the theoretical density, which is assumed to be 3.19.
Linear shrinkage is determined by dilatometry (Setaram
TMA 92 dilatometer) using the same thermal cycle as
the one used for ATD and TG. The green compacts are
pressureless sintered in a super Khantal furnace with
oxygen flow at different temperatures. The heating rate
is 10°C min~!. The heating time is measured from
the point at which the furnace reaches the heating

Bulk density of the sintered body is calculated from
the dimensions and weight. The obtained products are
examined with a scanning electron microscope (PHI-
LIPS XL30) and analysed by X-ray powder diffraction.

Diameter of powder Diameter of powder
calcined at 500°C (um) calcined at 700°C (um)

Agglomerates 140 180
Fine particles 20 40
Table 2

powders as a function of calcination temperature

Evolution of the specific surface area and average grain size of Fap

Temperature Specific surface Average grain
(°0) area (m?/g) size (um)
500 29 0.065
. . . . 700 16.6 0.113
Fig. 1. S.E.M. micrographs of samples calcined for 1 h at: (a) 500°C; 900 3 0.627
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Fig. 2. XRD pattern of fluorapatite powder calcined at 900°C.
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Fig. 3. IR spectra of fluorapatite powder: (a) unfired; (b) calcined at 500°C; (c) calcined at 900°C.
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3. Results and discussion
3.1. Characterization of Fap powder

To improve crystallization state, powder is calcined
under a nitrogen atmosphere at different temperatures
such as 500, 700 and 900°C for 1 h. The obtained powders
are observed by S.E.M. Typical micrographs are shown
in Fig. 1. The powder obtained is composed of both
agglomerates and fine particles with their diameters given
in Table 1. Specific surface area is estimated for the pow-
ders; assuming the prepared calcined powder particles to
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Fig. 6. Relative density versus temperature of samples sintered for 1 h.
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be spherical in shape, the average sizes are calculated.
From Table 2 the surface area of the calcined powders is
found to decrease as calcination temperature increases,
due to particle size increases. Bernache et al.?! demon-
strated that the grain growth occurs through a mechanism
of superficial diffusion. Note that these specific surface
area values do not correspond to particle size observed by
S.E.M. (Fig. 1); this discrepancy may be due to the pre-
sence of micropores formed by of residual species’ release.

The Ca/P ratio determined by chemical analysis is
1.66. XRD diagram reported in Fig. 2 reveals only
peaks of Fap. However, it is not possible to exclude the
presence of impurities in the powder. Indeed, it is well
known that XRD analysis does not enalk to disclose in
apatites impurity less than 2%.%7 On the other hand, as

Table 3
Relative density versus temperature of sintered samples

Sintering temperature (°C) Density (%)

640 63
760 76
825 89
890 97.2
970 97
1020 96.3
1050 91
1070 89
1090 87
1170 71
1365 56
2 g
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Fig. 7. XRD pattern of sample sintered at 1365°C for 1 h.
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indicated by Heughebart,?® it is difficult to prepare the

composition corresponding to Ca/P=1.67 ratio. So
formation of secondary phases such as calcia (CaO) or
fluorite (CaF,) would occurr during powder preparation.
The negative test of phenolphtalein suggests that calcia is
not present in the powder, whereas the presence of fluorite
remains, probably, all the more as this compound is
transparent to infrared radiations.

On the same powder, FTIR spectroscopic analysis is
also performed. Typical results of dried and calcined
powders are shown in Fig. 3. In all the spectra, the
absorption peaks at 3450 and 1640 cm~! are assigned to
the adsorbed water, whereas those at 474, 570, 605 and
900-1100 cm~! to PO3 > group. The additional absorp-
tions detected at 867 and 1388 cm~!, in the case of
unfired powder, are assigned, respectively, to HPO3~
and NO3 (Fig. 3(a) and (b)). The absorption at 745
cm~! detected on the spectra of powder calcined at
900°C (Fig. 3(c)), is assigned to P,O%~ group which
results from the decomposition of HPO3~ according to
the reaction: 2HPO37—P,04~ + H,0.

AccV Spot Magn Det WD
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TGA and DTA studies are carried out to analyse
weight loss and detect a potential phase change during
the sintering of powder calcined at 500°C. Typical TG
and DTA curves are given in Fig. 4. It can be observed
that there are two weight losses [Fig. 4(a)]. The first
weight loss, below 250°C, corresponds to the removal of
water and the next one, between 250 and 650°C, is due to
the decomposition of the NO3 and HPO3~ species. The
final weight loss is about 1.3%. The DTA curve [Fig. 4(b)]
contains two endothermic peaks. The peak around 110°C
is due to the departure of adsorbed water as observed in
the TGA curve. The decomposition of nitrate has not
been resolved in the DTA curve, but it has been confirmed
by IR spectra which indicates that the absorption peaks
assigned to NO3 and HPO73~ disappear when temperature
exceeds 500°C [Fig. 3(c)]. The second peak around 1180°C
may be due to the formation of a liquid phase on account
of the sample’s vitreous appearance after cooling. Note
that fluorapatite has a very high thermodynamic melting
point (1640°C). Under these conditions, the liquid phase
could be probably formed from binary eutectic between

AccV Spot Magn  Det WD F——— 2um
200KV 48 7609x SE 122 FAP8S0C 1H 02

(b)

AccV  Spot Magh'" Det WD EX
200kv 51 2788x  BSE 180 14688

Fig. 8. S.E.M. micrographs of samples sintered for 1 h at: (a) 640°C; (b) 890°C; (c) 1070°C; (d) 1365°C.
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Fap and impurities contained in the powder. The binary
phase diagram of fluorite and tricalcium phosphate®?
indicates the formation of an eutectic between CaF, and
Cag(PO4)eF> at 1210+ 5°C. In the present case, eutectic
can take place if fluorite is assumed to be formed as a sec-
ond phase during the powder preparation.

3.2. Sintering of Fap

In order to examine the powder’s densification beha-
viour during the heating process, the linear shrinkage of
a compact is measured. Fig. 5 shows that shrinkage
starts at about 715°C and continues up to 1090°C. The
total shrinkage in this range of temperature achieves
19%. Above 1200°C, a large expansion (8% ) takes place,
which is probably the following of the liquid phase
formation and the evaporation of volatiles produced by
Fap decomposition.

The effect of temperature is studied between 640 and
1365°C for 1 h. Fig. 6 shows that relative density increa-
ses rapidly from 640 to 890°C; it then remains practically
constant up to 1020°C; and finally decreases above this
value. As shown in Table 3, relative density reaches
97.2% of the theoretical density at 890°C, and it is only
about 56% at 1365°C. It is lower than the green density.

Regardless of temperature, XRD analysis of the
obtained products reveals the presence of Fap without
any other structures (Fig. 7). As expected, we note an
increase in Fap crystallinity as temperature rises.

Fig. 8 shows S.E.M. micrographs of the fracture sur-
faces of samples sintered at 640, 890, 1070 and 1365°C.
The fracture surfaces clearly reveal a distinct difference
in the samples’ microstructure. Fig. 8(a), shows that at
640°C, the sample presents an important intergranular
porosity subsequently eliminated, with the grain growth

Transmittance

(Fig. 8(b)). In this temperature range, the grains have a
polyhedral form with a diameter of 0.4 pm at 640°C and
I um at 890°C. Thus, a slight coarsening accompanies
densification. When temperature increases, the grains’
growth becomes exaggerated, the average grains’ size is
about 5 pm at 1070°C [Fig. 8(c)]. Note that the micro-
structure exhibits many intragranular pores which tend
to evolve into spherical shapes. Such a porosity, which
is responsible for the decrease in density above 1020°C,
is also observed by both A Binder-Royer’ and Aba-
bou!® during the sintering of Hap. In their studies,
complete densification could not be also reached.

No densification occurs in parallel with the liquid
phase formation. In general, the liquid phase is used to
promote densification. But here, besides the coarsening
during the increase in temperature up to the value at
which liquid phase is formed, a presintering occurs, lead-
ing to a continuous skeleton which prevents rearrange-
ment of Fap particles. As a result of the liquid phase
formation, the coarsening becomes more important; it is
facilitated by dissolution—reprecipitation processes.

At higher temperatures, besides the coarsening, den-
sification is hindered by the formation of the large
pores (Fig. 8d). During the study of the hot pressing
reaction of fluorapatite, Franz et al.?° also observed the
formation of large pores at these temperatures. They
attributed to the evaporation of volatiles produced by
Fap decomposition. But in our study, the very small
weight loss measured at those temperatures by TGA
suggests that the pores are essentially due to the migra-
tion of the liquid out of the samples as result of the
decrease in the liquid’s viscosity. However, the decom-
position of Fap and the volatilization of the result spe-
cies is not excluded and may contribute to the pores
formation. The spectra IR for samples sintered at
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Fig. 9. IR spectra of fluorapatite sintered for 1 h at 1365°C.
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Fig. 10. Relative density versus sintering time at 890°C.

Table 4
Relative density versus time of samples sintered at 890°C

Time (min) Density (%)
0 60

10 95.6

15 97

30 96.5

60 97.2

90 95

180 95

300 93.8

1365°C is slightly different from the spectra of powder
calcined at 900°C. The little difference, can be explained
by a waste of stoechiometic of the Fap (Fig. 9).

Time dependence of densification is shown in Fig. 10.
Relative density reaches 95.6% after only 10 min of heat
treatment, 97% after 15 min and remains practically
constant for extended time. Nevertheless, a slight
decrease in density is noted for longer time (Table 4).
XRD of samples does not show any evolution in the
nature of the crystalline phase with time. Microstructure
examination of samples sintered for several times indi-
cates, only a slight occurrence grain growth, not suffi-
cient to lead to complete material densification, after
longer exposure to temperature.

4. Conclusion

Fap presents good sinterability, since the material’s
ultimate density is attained after 15 min at §90°C. Sam-
ples’ microstructure evolution is largely dominated by
the coarsening of the Fap grains. At moderate tem-
peratures ~890°C, the material presents a homogeneous
microstructure composed of polyhedral grains with
small facets which would lead, normally, to good
mechanical properties. When sintering time is increased,

a slight grain coarsening occurs. However, no densification
occurs in parallel with this coarsening. Also, increasing
temperature does not enhance densification, on account
probably of the coarsening which becomes important and
induces an important intragranular porosity. At 1180°C, a
liquid phase which accelerates the grain’s growth is formed
further to the formation of a binary eutectic between Fap
and impurities contained in the powder such as CakF,.
Above 1200°C, pore formation is induced by the migration
of the liquid phase out of the sample and the evaporation of
volatiles due to the Fap decomposition.
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