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Stoichiometry of hydroxyapatite:
influence on the flexural strength
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This paper reports results on the sintering behaviour of hydroxyapatite (HAP) for various
compositions and its resultant flexural strength. The HAP decomposition occurs at higher tem-
peratures for sintered compacts than for powder and their OH stoichiometry depends on the
porosity-closing temperature. The mechanical behaviour of HAP depends on its composition:
the best results are obtained for HAP containing tricalcium phosphate (TCP), whereas for
nearly pure HAP the flexural strength decreases to the lowest results corresponding to HAP
containing CaO. It is suggested that the strengthening of HAP by TCP involves surface com-

pression due to the B — o TCP transformation.

1. Introduction

Hydroxyapatite [HAP; Ca,,(PO,)s(OH),] is the
main mineral component of calcified tissues { 1]. Since
the work of Jarcho et al. [2,3] on dense sintered
synthetic HAP, this ceramic i3 known to be totally
biocompatible and to form a direct bond with the
neighbouring bone. However, the lack of mechanical
strength in this bioceramic is a serious drawback. It
can be used only for applications where no important
stress has to be borne [4]. Two proposed solutions to
this problem are to use the properties of HAP as a
surface layer on titanium implants [5] or to elaborate
a composite with better mechanical properties with
HAP as the matrix [6, 7]. However, before consider-
ing an even more complex system as a composite, a
thorough knowledge of the matrix is necessary. Many
investigations concerning HAP have been published,
but because the name HAP is used for a wide range of
compositions beyond the formula given above, great
caution must be exercised when comparing different
results. The exact composition seems to be an import-
ant parameter, since the biodegradation rate, for
example, depends on it [8]. When the atomic
ratio Ca/P of the initial powder is different from 1.667,
the ceramic, sintered at 7 > 1000 °C, is generally com-
posed of several phases such as HAP + calcia (CaO),
when Ca/P > 1.667 or HAP + tricalcium phosphate
[Ca,(PO,),; TCP], when Ca/P < 1, 1667 [9]. This
study was devoted to the influence of the composition
on the sintering and to the resultant mechanical prop-
erties of HAP.

2. Experimental

2.1. Sample preparation

The HAP powder was prepared at the LPCS,
Toulouse. HAP was precipitated in an aqueous
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medium by slow addition of diammonium phosphate
[(NH,),(HPO,)] solution containing NH,OH to a
boiling calcium nitrate [Ca(NOj),] solution also
containing NH,OH. After the addition, the suspen-
sion was refluxed before being filtered without wash-
ing. Different calcium stoichiometries were prepared
by using more or less Ca(NQO,), in the process. The
exact Ca/P, TCP/HAP or CaO/HAP weight ratio was
measured by X-ray diffraction (XRD) on a sample
heated overnight at 900°C. A “calibration” graph,
relating the ratio of the surfaces of the principal peaks
to the Ca/P ratio measured by chemical analysis, was
used.

After filtration the slurry was spray-dried. The
granulated powder was then fired at 800 °C for 5 h.
The powder had a specific surface, S, of 18 m2g ™! by
the Brunauer—Emmett—Teller (BET) method for HAP
Ca/P = 1.667. The Sggr decreased with the Ca/P ratio
down to 5 m?g~* for TCP Ca/P = 1.5. The powder
was composed of spheroidal granulates of 50-60 um
diameter. The samples were premoulded at 100 MPa
in a uniaxial press of diameter 28 mm and then iso-
statically compacted at 400 MPa. The granulates were
totally destroyed. The resultant green density, over
55% theoretical density M ,,,, depends on the Ca/P
ratio [10]. The samples were sintered in air for 5 h
at 1250°C (heating rate 100°C h~!, cooling rate
200°C h 1)

2.2. Sample testing

Thermogravimetric analyses were made on a Setaram
TG 85 thermobalance and the dilatometric analyses
on an Adamel DI 24 dilatometer. The density and the
porosity of the sintered samples were measured by the
Archimedes liquid-displacement method in ethanol.
Microstructures were observed by scanning electron
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microscopy (SEM) using a Jeol in the secondary-
electron image (SEI) mode: the samples were first
polished with diamond paste, then thermally etched
and coated with a fine layer of gold. The average grain
size was estimated from the SEM micrographs using
the linear-intercept method. The different phases were
located using back-scattered electron imaging (BEI)
on polished samples covered with carbon. XRD pat-
terns were recorded on a Philips goniometer on pow-
dered samples using cobalt radiation. The lattice para-
meters were determined by the least-squares method
using the HAP reflections 002, 112,300,202, 310,
222,213,321,410and 004. Quantitative measure-
ments of the evolution of the B-TCP into a-TCP were
given by the evolution of the ratio of the 034 o-TCP

on the 02 10 B-TCP peaks. The strength of HAP was
assessed using flexural testing, since this technique is
more sensitive and critical than compressive strength
testing. The strength was measured on discs according
to the American Society for Testing and Materials
standard F394-78 biaxial flexure test corresponding
to the piston-on-three-balls geometry. The samples
were tested as received from sintering (diameter
22 mm and thickness 3.5 mm). An Instron testing unit

was used with a crosshead speed of 100 um min ™!,

3. Results and discussion

3.1. Sintering of HAP

3.1.1. Dilatometric analysis

The sintering of HAP starts around 900-1000°C
(Fig. 1). The final density of 98% theoretical
(3.16 gcm ~3) is obtained for T = 1250 °C. The differ-
ence in the dilatometric sintering behaviour of mater-
ials with different Ca/P ratios is shown in Fig. 1: the
presence of CaO blocks the densification of HAP,
whereas TCP only delays the sintering process. The
sintering of TCP is interrupted at 1180°C by the
allotropic transformation P -« because of the in-
crease of volume due to this transformation [11] and
the density even decreases slightly. Up to 40% TCP
the sample sinters as HAP does; for higher concentra-
tions of TCP the behaviour resembles that of TCP.
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3.1.2. Thermogravimetric analysis

A powder of HAP previously fired at 800°C loses
different-types of water when reheated: reversibly ad-
sorbed water below 200°C to strongly bound water
up to 800°C [12], but no reaction occurs. Then the
gradual OH condensation causes HAP to turn into
an oxyhydroxyapatite [Ca,,(PO,)s(OH),_,,0,]
[9, 13]. At higher temperatures the decomposition of
this product into tetracaicium phosphate monoxide
(Ca,P,04; TCPM) and a-TCP occurs. As long as
HAP has not been decomposed, the OH dehydration
reaction is reversible. The sintering of the compact to
a dense ceramic modifies the dehydration process
(Figs 2 and 3): first the dehydration of HAP stops
around 1200 °C during the last stage of the sintering of
HAP, as the open porosity disappears. The exchanges
with the atmosphere are then restricted to the surface.
This is true for the dehydration as well as for the
rehydration. The decomposition takes place 100°C
higher because the HAP structure is stabilized by the
maintained OH groups (Fig. 3).

Fig. 4 shows the weight loss of the same samples as
those in the dilatometric study (Fig. 1). They all lose
variable quantities of readsorbed water up to 800 °C,
the calcination temperature. For HAP + CaO a slight
weight loss occurs at 600°C, which is due to the
dehydration of Ca(OH) , into CaO. The TCP loses all
of its water between 800 and 1000 °C. It is the end of
the transformation of the apatitic TCP {Ca,(HPO,)-
(PO,)s(OH)] into B-TCP [14] which also occurs in
the samples HAP + TCP. The ending of the loss of
water due to the HAP and TCP transformations
occurs at different temperatures for the different sam-
ples, containing mainly HAP. These temperatures cor-
respond to the end of their sintering when the open
porosity closes, as can be seen in Fig. 1.

The fact that the OH stoichiometry depends on the
porosity-closing temperature is confirmed by the
evolution of the lattice parameter a of HAP: for
temperatures below 1150 °C, before the open porosity
disappears, a = 0.9428 nm, which is the value for an
OH stoichiometric HAP [15]; the OH lost are re-
gained during cooling. For T'> 1150°C a contraction
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Figure 1 Densification curves for various calcium stoichiometries.
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of a indicates the permanent loss of some OH
groups [9, 13] (Fig. 5), but a does not decrease for
higher temperatures. The OH groups are lost until the
porosity is closed, then there can be no further loss for
higher temperatures or gain during the cooling. The
bulk of the sintered product is then made of oxy-
hydroxyapatite.

3.2. Morphology of HAP sintered samples
The correlation between two SEM images of the same
sintered sample, BEI for the composition and SEI for
the microstructure, allows the identification of the
different phases. For the sample containing 11 wt %
TCP (cf. Fig. 6), the darker zone in the BEI image
corresponds to the TCP, which is less dense than the
HAP matrix. The same zone, after revealing the micro-
structure, appears to have a different structure from
the HAP matrix: the grains are much smaller than the
surrounding matrix grains. For samples containing an
excess of calcium, very small, white, intense and dis-
persed spots may represent CaO but no second micro-
structure is visible. Energy-dispersive X-ray (EDX)
analysis and electron-microprobe analysis confirmed
the identification of TCP with a lower calcium concen-
tration in the dark area and of CaO with a higher one
in the white spots referring to the HAP matrix.
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Figure 2 Weight loss of HAP when heated up to 1250 °C: (——) as
powder and (.. ... ) as compact.

Another aspect of the composition on the micro-
structure is the increase in the grain size of HAP as
Ca/P decreases {Fig. 7). The samples containing CaO
have smaller grains and a more regular size distribu-
tion, whereas samples containing TCP seem to suffer
from abnormal grain growth. CaO in HAP acts as
a pinning agent of the grain boundary, like a non-
mobile second phase which limits the grain growth
and the densification [16]. The TCP, conversely, is a
mobile phase with a tendency to agglomerate as the
temperature increases (Fig. 8). Because of this migra-
tion and coalescence, a layer of TCP is formed at the
surface. Its thickness increases with temperature and
time (Fig. 9). The XRD analysis of the surface showed
that the TCP is mainly «-TCP.

3.3. Strength of the sintered HAP samples
3.3.1. Pure HAP

The effect of sintering temperature on the grain size,
d, the specific gravity, M,, and the biaxial flexure
strength, o, is shown in Fig. 10. A classical sintering
feature appears: d does not increase until M, is almost
maximum at the end of the densification [17]. The
strength increases as the porosity, p, disappears, as is
commonly observed for ceramics [18]

o; = 0ro€Xp( — bp)

where for HAP o, = 113 MPa and b = 0.06. Once
the open porosity has disappeared, o, is at a max-
imum. It decreases for higher temperatures as d in-
creases. At first, for small grain sizes in dense samples,
g is constant: the critical flaw of Griffiths theory is
not related to the grain size but depends on the
preparation process (Fig. 11) [19]. Then o, decreases
according to the Petch—Hall law o, = Kd ~'/*. For
larger grain sizes, the ; of the Petch—Hall law corres-
ponds to a larger grain size than the average grain size.
As HAP produces an exaggerated grain growth, the
critical flaw is then related to the largest grain.

3.3.2. Samples with different Ca/P ratios
The term HAP covers a wide range of calcium stoi-
chiometries: Ca/P = 1.62 for De With et al. [20] to

dM/M (%)
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Figure 3 Weight loss of HAP when heated up to 1550°C: (——) as powder and (.. ... ) as compact.
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Figure 4 Weight loss for various calcium stoichiometries.
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Figure 5 HAP cell parameter a versus the sintering temperature.

Ca/P = 1.69 for Akao et al. [21]. The mechanical
behaviour of these HAPs depends on their composi-
tion. The evolution of the strength versus the composi-
tion of the samples is shown in Fig. 12 for two
sintering temperatures, 1150 and 1250°C. Four re-
gions are visible. (1) When TCP is the major compon-
ent, the results are poor because TCP does not sinter
as well as HAP. (2) When HAP is the major compon-
ent, o, is at a maximum of 150 MPa. (3) Around the
stoichiometry of HAP, the results are widely dis-
persed. (4) The lowest o, are for HAP + CaO. It
therefore appears that stoichiometry is not the best
composition for mechanical strength. The wide range
of results around the stoichiometry may be associated
with the difficulties in obtaining and measuring this
stoichiometry exactly. As the different phases, includ-
ing CaO, have very similar dilatation coefficients [10],
the weakening due to CaO cannot be attributed to
thermally built-up constraints. However, the hydra-
tion of CaO is known to build up stress due to the
greater volume of the resultant hydroxide. For dense
samples the degradation is reported to occur at the
surface [22]: the wedging action at the bottom of
the surface cracks enlarges them and weakens the
material.

Figure 6 Correspondence between {a) the composition (BEI) and
(b) the microstructure (SEI) of an HAP + TCP sample.
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Figure 7 Influence of Ca/P on the average grain size of the HAP
matrix.

3.3.3. B— o TCP phase transformation

TCP appears to play an active role in the strengthen-
ing of HAP. Fig. 13 shows the evolution of the
strength with the sintering temperature for two
samples of HAP + TCP. In the second sample,
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(a)

Figure 8 TCP agglomeration with temperature, 1200-1250°C.

Figure 9 TCP layer on the surface, 1200—1300 °C.
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Figure 10 (a) Density and average grain size, and (b) flexural strength versus sintering temperature for pure HAP.

1000 p.p.m. magnesium delays the  —a trans-
formation in TCP [23]. First, as for purc HAP, the
strength increases with the density; the grain size is
constant up to 1150 °C. Next, when the densification is
over, the strength decreases whereas the grain size
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increases. The strength increases again, coinciding for
both samples with the appearance of «-TCP. For
temperatures higher than 1400 °C the flexural strength
breaks down because the samples are degraded fol-
lowing the decomposition of HAP into o-TCP and
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Figure 1] Relationship between the average grain size and the
fiexural strength of pure sintered HAP.
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Figure 12 Influence of Ca/P on the flexural strength: (1) 1250 -C
and (W) 1150-C.
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Figure 13 Evolution of (a) the flexural strength, (B) HAP + 11% TCP and (#) HAP 4 6% TCP + Mg, and (b) the TCP x—B

transformation versus the sintering temperature.

TCPM. The strengthening of HAP by o-TCP may
be partially due to the surface layer of TCP. The
transformation of B-TCP into »-TCP produces a vol-
ume increase which introduces compressive stress in
the surface. It is assumed that the compression reduces
the size of the critical flaws located near the surface,
increasing the correlated failure strength [24].

4. Conclusion

The influence of the initial composition (Ca/P) of
the powder on the final mechanical properties
of the sintered solid has been proven. The sintering of
HAP is not affected by TCP up to 40 wt %. CaO asa
secondary phase in HAP lowers the flexural strength,
whereas the superficial layer of o-TCP improves the
mechanical behaviour of HAP. The best results are
not obtained for the stoichiometry, but for the com-
posite HAP + TCP with a Ca/P ratio ranging be-
tween 1.60 and 1.66.
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