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The kinetics of the thermal decomposition of stoichiometric hydroxylapatite (HA) has been
studied up to 1500 °C for the purpose of determining the maximum admissible combinations
of temperature and time for sintering HA. The influence of the sintering temperature on
shrinkage, density and grain growth is then investigated in the temperature range from 1000
to 1450 °C. Nearly theoretical density was achieved above 1300°C. A maximum fracture
toughness is obtained for the samples sintered at 1300 °C whereas hardness increases up to a
sintering temperature of 1400 °C. These resuits are discussed in terms of the roles of porosity

and grain size.

1. Introduction

Hydroxylapatite (HA:Ca, (PO,)s(OH),) is a particu-
larly attractive material for human hard tissue im-
plantation. Indeed, the crystallographic and chemical
properties of HA closely resemble those of bone and
tooth minerals. Sintered hydroxylapatite thus presents
superior compatibility with these tissues. HA is al-
ready used in diverse biomedical applications. An
important recent development is the use of HA in
the form of plasma-sprayed coatings on titanium
prostheses. Such coatings are intended to improve the
long-term rooting of the prosthesis to the bone. The
mechanical properties of these coatings depend on the
microstructure and properties of HA, which may be
drastically affected by the exposure of the powder to
very high temperature during transit in the plasma
gun.

Whereas applications of bulk HA ceramics for non-
structural implants such as ossicles in the ear pose no
particular difficulties, applications for structural im-
plants are hindered by the low strength of sintered
HA. Basically, the fracture strength is determined by
the maximum flaw size and the fracture toughness. If
the sintering process 1s carried out properly, it can be
anticipated that the maximum flaw size will decrease
with increasing sintered density, ie. with increasing
sintering time and temperature. However, account
should then be taken of the limited stability of HA at
high temperature.

The chemical stability of HA during heat treatment
at high temperature has been investigated by several
authors. 1300°C is wusually considered as the
maximum sintering temperature because HA dissocia-
tes around this temperature into tricalciumphosphate
and tetracalcium phosphate [1, 2]. In a recent paper,
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Wang and Chaki [3] show that dissociation of HA is
very much influenced by the atmosphere, no dissocia-
tion being observed at 1300 °C when sintering under
moisture.

Literature data on the fracture toughness of HA
ceramics remain fairly scarce. Several authors [4-6]
have reported fracture toughness data for ceramics
sintered at temperatures up to 1300 °C. However, no
systematical study of the influence of the sintering
temperature on fracture toughness has been pub-
lished, nor any information about the properties of
HA ceramics sintered above 1300 °C.

This work aims at contributing to a more thorough
assessment of optimum sintering conditions for achie-
ving the maximum fracture toughness in HA ceramics.
First, the thermal stability of stoichiometric HA is
studied for the primary purpose of determining the
maximum admissible time of exposure at different
sintering temperatures. Then, we investigate HA cer-
amics processed using firing temperatures up to
1450°C and we discuss the influence of the final
density and grain size on the fracture toughness and
hardness.

2. Materials and methods

2.1. Processing of the samples

The starting material used in this work is a commer-
cial hydroxylapatite powder (Merck ref. 2196). The
calcium and phosphorus contents of the powder were
determined by chemical analysis after dissolution in
acid (HNO;, 6N). A standard EDTA titration techni-
que was used for measuring the calcium ion concen-
tration. Phosphate concentration was measured using
a Beckman ACTA MIV spectrometer. The estimated
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relative error in the Ca/PO, ratio was 0.65%. Particle
size and shape together within the agglomeration state
were studied by transmission electron microscopy
(TEM). The particles present acicular shapes with an
average length of 30 nm and an aspect ratio of about
3 and they are gathered into agglomerates of 0.5 to
1 um size.

The thermal stability of the powder was assessed by
heat treatment in air up to 1500 °C. No control was
made of the moisture content of the air in the furnace.

Parallelepipedic bars having final sizes of about
35 x5 x 6 mm were prepared by sintering. The green
bodies were made by isostatic compaction of the
powder in a rubber mould under 180 MPa pressure
for 2 min. A pre-sintering stage of 2 h at 900 °C in air
provided sufficient strength to make possible the dry
machining of the bars. The final sintering involved
heat treatment in air for 3 h with different temperature
dwells between 1000 °C and 1450 °C in such a way as
to obtain ceramics with different microstructures and
mechanical properties.

2.2. Microstructural characterization

X-ray diffractometry (XRD) was carried out on finely
ground samples of the heat treated powders or sin-
tered ceramics using the copper K, line. Phase ident-
ification was made by comparison with the JCPDS
files. Lattice parameters d,,, and integrated intensities
were calculated by use of the software DIFFRACT 11
from Siemens.

The shrinkage of the sintered samples is defined as
(I — ly)/1, where [, is the length of the green after the
pre-sintering stage. The dimensions were measured by
use of a micrometer. The apparent density of the
samples was determined by the “three weighing”
Archimedean method in xylene and the relative dens-
ity was expressed using 3.16 gcm 3 for the theoretical
density of HA. In each case, the results are the average
of measurements performed on five samples.

The grain size distributions were measured by com-
puterized image analysis. For this purpose, the sam-
ples were polished with diamond pastes down to 1 pm
size. They were then etched during 20 s with a solution
of 1vol% hydrofluoric acid in order to reveal the
microstructure. An excellent contrast between the
grains and the grain-boundaries was needed on
the optical micrographs in order to be able to perform
computer image analysis without introducing arti-
facts. Such a contrast quality could be obtained only
for the samples sintered above 1300°C. Below this
temperature, the grain sizes were evaluated on SEM
pictures without resorting to image analysis. The im-
age analysis software was based on the method of
mathematical morphology introduced by Coster and
Chermant [7]. In this method, a cumulative grain
size distribution is obtained by carrying out succes-
sive “erosions” and “dilatations” on binary images.
The actual grain size distribution was obtained by
derivation of this cumulative distribution and the
mean grain size D was calculated from the distri-
butions.

2.3. Mechanical properties

The toughness K, was measured by three-point
bending (SENB geometry) using an alumina fixture
with a span of 25 mm. Five samples were tested for
each sintering temperature. A 1 mm deep notch was
cut in the bars using a (.15 mm thick diamond saw.
The straining rate was 0.2 mm/ min. The morphology
of the fracture surfaces was studied by SEM.

The hardness was determined by Vickers micro-
hardness testing using a load of 5N. The sample
surface was polished with SiC paper to grit 800. The
measurements were repeated a number of times suffi-
cient to reach a precision better than 2%. The tests
could be carried out only on samples sintered at
temperatures above 1200 °C. For lower sintering tem-
peratures, the samples were too porous as to allow
accurate measurement of the size of the indentation
print.

3. Results
3.1. Composition and thermal stability
of the starting HA powder

The theoretical stoichiometric Ca/P ratio in pure HA
is 1.67. Commercially available HA powders can be
deficient in phosphorus or in calcium (Ca/P #1.67)
while still yielding an X-ray diffraction spectrum iden-
tical to that of pure hydroxylapatite. Alterna-
tively, powders can have the right Ca/P ratio but
contain a mixture of tricalcium phosphate, lime, etc.
Hence, it was considered important at the beginning
of this study to assess the composition of the powders
and the nature of the phases that it contained. The
Ca/P ratio determined by chemical analysis was
1.68 + 0.02, hence indicating no departure from stoi-
chiometry. Also, no other phase than HA could be
detected on the X-ray diffractograms.

Fig. 1 presents the diffraction peaks within the
20 range from 27° to 37°. The spectrum at the top
(spectrum 1la) is obtained after heat treatment of the
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Figure 1 X-ray diffractogram of HA powder after different heat
treatment: (a) 2 h at 1300 °C; (b) 8 h at 1300°C; (¢} 8 h at 1500°C;
O hydroxyapatite; @ tetracalcium phosphates; # tricalcium
phosphate. Bars in the spectrum C represent the position and the
relative intensity of the peaks calculated by using the software
DIFFRACT 11.
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starting powder for 2 h at 1300°C. The positions of
the peaks and their relative intensities correspond very
well to the data of the JCPDS files for HA (9-432).
For a heating time of 8 h at the same temperature
(spectrum 1b), some weak new peaks appear whose
intensity is too low to allow identification of the
corresponding phases. Fig. 1¢ presents the spectrum of
the powder after heat treatment at 1500 °C for 8 h. The
HA appears to have largely decomposed into a-trical-
cium phosphate (corresponding to JCPDS 29-359)
and tetracalcium phosphate (corresponding to
JCPDS 25-1137). The correspondence is rather good
for all peaks with 26 angles ranging from 20° to 60°.
This confirms that, when heated at a too high temper-
ature, hydroxylapatite transforms into tricalcium and
tetracalcium phosphate according to the scheme [87:

Ca,;o(PO,)(OH), — 20a-Caz(PO,),
+ Ca,O(PO,), + H,0

Fig. 2 shows the variation of the relative intensities of
tricalcium phosphate and tetracalcium phosphate as
the function of the time of heat treatment at 1500 °C.
In this figure, H;. 034, is the relative intensity defined
as the ratio of the integral intensity of peak (034) of
tricalcium phosphate to that of peak (2 1 1) of hydrox-
ylapatite. The relative intensity for tetracalcium
H,etrac040) 1S defined in the same way. The amounts of
tricalcium and tetracalcium phosphates remain very
small for a duration of heat treatment of 1 h. The
concentrations increase then very rapidly between 2
and 4 h of treatment at 1500 °C. Only a slight further
increase is observed after 4 h. From these results, it
was decided not to exceed 3 h at 1450 °C for sintering
the ceramics.

3.2. Microstructure of the sintered samples

Fig. 3 shows the X-ray diffractogram of a sample
sintered for 3 h at 1450 °C (i.e. under the most severe
conditions used in this study). As anticipated from the
preliminary study, no decomposition of HA is obser-
ved. It can thus be considered that the mechanical

1.0 T T T T T

o o
[¢,3 [e]
|
|

e
»

Relative intensity

0.2

4 6
Time (h)

Figure 2 Variation of the relative intensities of tricalcium and
tetracalcium phosphate peaks as a function of the time at 1500 °C.
Hyic03ay (O) and Hia0a0y (A) are the ratios of the integral
intensity of, respectively, peak (034) of tricalcium phosphate or
peak (04 0) of tetracalcium phosphate to the intensity of peak (211)
of hydroxylapatite.
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Figure 3 X-ray diffractogram of a sample sintered for 3h at
1450°C.
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Figure 4 Variation of shrinkage (O) and relative density (A) of the
ceramics as a function of the sintering temperature.

properties will not be affected by the presence of
secondary phases.

Fig. 4 shows the variations of the relative density
and shrinkage as a function of the sintering tem-
perature. The relative density measured by the
Archimedean method increases from 57% after pre-
sintering at 900°C to nearly 99% after sintering at
1450 °C. Such a density is high in comparison to the
values usually reported in the literature for HA ceram-
ics sintered up to 1300°C [1, 3, 4, 6]. The linear
shrinkage increases from 0.77% at 1000°C to 17.7%
at 1450°C. It was verified that the shrinkage during
sintering was homothetic, owing to the isostatic
pressing of the green sample. The two curves in Fig. 4
present the same sigmoidal shape with an inflexion
point around 1200 °C. Indeed, it may be calculated
that the shrinkage values agree very well with the
density values. For example (100%-17.7%)3 = 56%:
both density and shrinkage measurements thus
indicate that nearly full density was achieved after
sintering at high temperature.

Fig. 5 presents the grain size distributions obtained
by image analysis for the samples sintered above
1300°C. For a sintering temperature of 1300 °C, the
distribution presents a fairly narrow unimodal curve
whereas a widening of the distribution appears for
higher sintering temperatures. This widening is partic-
ularly important at 1450°C. As illustrated in the
micrograph in Fig. 6, this phenomenon is related to
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Figure 5 Distribution of the grain sizes m ceramics sintered at
1300°C ( + ) 1350°C (—0O—); 1400°C (—O—); 1450°C (—A—).

Figure 6 Exaggerated grain growth in a sample sintered for 3 h
at 1450°C.

the occurrence of exaggerated grain growth at this
temperature. Fig. 7 presents an Arrhénius plot of the
variation of the mean grain size D as a function of the
sintering temperature. D increases steadily from 4 pm
to 14 um when the sintering temperature increases
from 1300°C to 1450 °C.

3.3. Mechanical properties
The slope of load—displacement curves during tough-
ness testing exhibited an inflexion point at the
onset of cracking, indicating that linear elastic fracture
mechanics applies. The variation of K, as a function
of the sintering temperature is presented in Fig. 8.
The error bars represent the standard deviations on
five tests. K|, increases first from 0.67 MPa\/E for
the samples sintered at 1000°C to a maximum of
0.97 MPa\/—n_l for the samples sintered at 1300°C. It
appears then to decrease slightly to about 0.72 MPa
\/E for the samples sintered at 1450°C. The SEM
micrograph of the fracture surfaces presented in Fig. 9
indicates that the fracture mode is fully transgranular.
Fig. 8 shows also the variation of the Vickers hard-
ness as a function of the sintering temperature. In
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Figure 7 Arrhénius plot of the variation of the mean grain size D as
a function of the temperature.
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Figure 8 Variation of fracture toughness ((J) and Vickers hardness
(#) as a function of the sintering temperature.
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Figure 9 SEM micrograph of the fracture surface of a sample
sintered for 3 h at 1350°C.
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contrast to K,,, hardness increases steadily up to
1400 °C. The diagonal size of the Vickers prints re-
mains larger than the mean grain size even for the
samples having the largest grain sizes. For example,
for the sample sintered at 1450 °C, the mean diagonal
size of the prints is 41 pm whereas the mean grain size
is 14 pm. (However, as shown on the size distribution
in Fig. 5, a small proportion of the grains can reach a
diameter larger than 40 pm.)

4. Discussion

4.1. Thermal stability of HA

It has been reported in the literature that hydrox-
ylapatite starts decomposing around 1200°C when
heat-treated in O, for 6 h [1] or in dry air for 4 h [3].
In the present study, stoichiometric hydroxylapatite
sintered in air is shown to decompose only slightly
when heat-treated at 1300 °C for 8 h. The incubation
time before the beginning of decomposition is more
than 3 h for treatment at 1450°C (Fig. 3), but only
about 1h at 1500°C (Fig. 2). The influence of the
moisture content of the atmosphere on the stability of
HA at high temperature has been demonstrated by
Wang and Chaki [3]. As no particular control of the
air atmosphere in the sintering furnaces was made
in the present work, the results indicate that the
minimum moisture content for allowing such a stabil-
ization is fairly low.

The incubation time observed in Fig. 2 for heat
treatment at 1500 °C is typical of a reaction governed
by nucleation and growth mechanisms. One can also
observe that the dissociation appears to level off after
about 4 h, with a significant amount of HA remaining
stable for longer sintering times. This slowing down of
the decomposition rate may be related to the grain
growth of non-transformed HA which was shown to
occur simultaneously during heat treatment. The sta-
bilizing effect of grain growth suggests that the dissoci-
ation of HA nucleates primarily on crystal defects and
grain boundaries. It may be anticipated that a similar
incubation phenomenon will be observed at all tem-
peratures, with a decrease of the incubation time when
the heat treatment temperature increases. This can
explain why pure HA can be maintained in coat-
ings processed by plasma-spraying if the duration of
exposure of the powder at high temperature in the
plasma torch is sufficiently short. Studies of the kinet-
ics of the decomposition of HA at higher temperatures
would be needed in order to get an estimation of the
maximum allowable time of transit of the powder in
the torch.

4.2. Densification and grain growth

Fig. 4 shows that, in agreement with the literature,
little densification occurs during sintering at 1000 °C
and 1100 °C. Below this temperature, sintering is limi-
ted to the first stage of sintering, which corresponds to
the mere formation of solid bridges between the
grains. On another hand, the densities obtained
after sintering at or above 1300 °C are high in compar-
ison with the densities reported in the literature for
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HA sintered up to 1300 °C (whatever the nature of the
atmosphere). In addition to the effect of the higher
temperatures used in the present study, this result is
due also to the very fine grain size of the starting
powder. According to Wang and Chaki [3], as long
as no dissociation occurs, sinterability is also favoured
by some dehydroxylation of HA, a phenomenon
which could have occurred in the present study owing
to the limited moisture content of the sintering atmo-
sphere. Only limited further progress of the densifica-
tion is observed above 1300 °C. As observed in Figs 6
and 9, this is due to the separation of the residual
pores from the grain boundaries as a consequence of
the increase of the grain sizes (Fig. 7).

The average grain sizes measured after sintering at
high temperature are fairly high for sintered HA. The
activation energy calculated from the Arrhénius plot
of Fig. 7 amounts to 47 kcal/mol. This value, which
should correspond to the activation energy for diffu-
sion in HA, is in agreement with the values of 56 and
57 kcal/mol reported by Jarcho et al. [9] and Kijima
and Tsutsumi [10], respectively, for the temperature
range up to 1300°C. It deviates significantly from the
value of 34 kcal/mol measured by De With et al. [4].

4.3. Mechanical properties

The variation of the fracture toughness as a function
of the sintering temperature is due to the combined
influences of density and grain size.

Let us consider first the temperature range between
1000°C and 1300°C within which the density in-
creases from 60% up to more than 98% while the
grain size remains below a few micrometers. One
observes a 40% increase of K;, from 0.67 to

0.97 MPa,/m, whereas hardness increases by more
than 200% in the same temperature range. The in-
crease of K|, appears thus fairly limited. Indeed, it has
been reported that the fracture toughness K;, of sin-
tered materials decreases only slightly with increasing
porosity [11-13]. Accounting for the drastic decrease
of the elastic modulus E with increasing porosity, this
means that the critical energy release rate may even
increase with increasing porosity [12]. This effect
appears to be due to crack tip shielding as a result of
the meandering of the crack in the porosity.

No further density change is observed in the tem-
perature range from 1300°C to 1450°C. Meanwhile,
the grains grow from 4 to 14 um. This grain growth
appears to cause a 25% decrease of K, from 0.97 to

0.72 MPa\/a. A decrease of K|, with increasing grain
size is usually observed in ceramics when the fracture
mechanism is transgranular because the major contri-
bution to cracking resistance is then related to the
crossing of the grain boundaries [14]. The maximum
value of fracture toughness obtained at 1300°C is in
agreement with the values reported in the literature
[4-6] for samples sintered up to 1300 °C, although
these samples presented usually a lower relative dens-
ity than the values achieved in the present work. This
indicates that optimization of fracture toughness re-
quires that full density be reached while keeping a
minimum of grain size. Short duration pressure



sintering at high temperature might be beneficial if a
sufficient moisture content can be maintained in the
hot press.

The increase of hardness by more than 200% when
the sintering temperature increases from 1000°C to
1300°C is obviously due to the decrease of the por-
osity. This observation is quite classical for sintered
materials [13]. In contrast, the further increase of
hardness between 1300 to 1400 °C cannot be ascribed
to densification. It can be interpreted as due to the
combined effect of flaw size and fracture toughness. If
the ceramic is fully dense, the fracture strength should
decrease when the fracture toughness decreases and
when the critical flaw size increases. No fracture
strength measurements have been carried out in this
work. However, according to Rice [15], the compres-
sive strength of a ceramic scales with its hardness. The
increase of the hardness in spite of the decrease of
fracture toughness may thus be justified if the critical
flaw size scales with the sizes of the residual pores,
which keep decreasing with the increase of the density
when the sintering temperature increased (Fig. 4). Rice
[15] suggests that the compressive strength of a cer-
amic can be estimated by merely dividing the Vickers
hardness value by a factor of 3. According to this rule
of thumb, the strength of samples processed in this
work would peak at around 200 MPa for sintering at
1400 °C.

5. Conclusions

This work demonstrates that pure HA ceramics pre-
senting nearly full density can be obtained by sintering
above 1300°C. The grain size increases steadily
beyond 1300 °C, whereas exaggerated grain growth is
observed at 1450 °C. Under the air atmosphere used in
this work, only a slight dissociation was observed after
8 h at 1300°C, whereas pure HA was kept in the
ceramic after a sintering time of 3 h at 1450°C. The
dissociation of HA occurs by a nucleation and growth
mechanism, involving an incubation period whose
duration decreases with increasing temperature.

For the dense samples, the highest fracture tough-
ness is obtained with the smallest grain sizes, i.e. after
sintering at 1300 °C. However, due to the decrease of
the maximum flaw size with decreasing pore size, the
hardness (i.e. also the compressive strength) keeps
increasing up to an optimum value for a sintering
temperature of 1400 °C.
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