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Abstract

The influence of the temperature and the partial pressure of water vapour on the kinetic of surface reduction of hydroxyapatite
during calcination treatment was studied. The water vapour catalysed the growth of HAP grains. A theoretical model was proposed
and compared with the experimental data. It allowed the identification of the mechanisms of surface reduction and the determina-

tion of the kinetic laws. At low temperature (T<850 �C), grain coalescence occurs without densification. The superficial diffusion is
the predominant mechanism and it is controlled by the adsorption–desorption of water vapour on the surface of the HAP grains.
At higher temperature, the densification mechanisms are effective.
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1. Introduction

Calcium phosphate hydroxyapatite Ca10(PO4)6(OH)2
(HAP) is commonly used as a bioceramic either in the
form of dense sintered parts or of powder.1�3 Numerous
works have been devoted to the shaping and densifica-
tion of HAP parts or to the elaboration of coatings
and to their physico-chemical and biological
characterisations.4�15 But, very few studies have inves-
tigated the sintering mechanisms of this ceramic so that
its behaviour remains misinterpreted.16�18 But, the
understanding of sintering is of prime importance
because this allows the identification of the influent
parameters and therefore to control the grain growth
and the microstructural design of the ceramics. From
these bases, the present study is concerned with a fun-
damental approach of the sintering of HAP, from the
calcination of powders to the densification of ceramic
materials.

The calcination constitutes a necessary step of the
preparation when wet chemical routes are used for the

synthesis of HAP, i.e. precipitation from the neutralisa-
tion of Ca(OH)2 with H3PO4 or from the decomposition
of Ca(NO3)2 and (NH4)2HPO4.

19,20 Moreover, the ana-
lysis of particle growth during calcination is required for
the understanding of grain growth phenomena that
occur during the final stages of the densification.

This paper is the first part of a two-part work. It deals
with the particle growth during the calcination of pow-
ders, analysed through the reduction of surface area of
powders. The second part will concern the densification
of HAP ceramics either by natural sintering or by hot
pressing.

The temperature and the atmosphere of treatment are
the most important parameters responsible for the sur-
face reduction of ceramic powders.21 Concerning the
atmosphere, the water vapour is known to affect the
behaviour of numerous oxides and hydroxides.22�26

HAP may partially dehydrate to form oxyhydrox-
yapatite Ca10(PO4)6(OH)2�xOx and decompose into tri-
calcium phosphate Ca3(PO4)2 and tetracalcium
phosphate Ca4(PO4)2O at temperatures that depend on
the atmosphere.27 Consequently, the influence of both
the temperature and the partial pressure of water
vapour on the kinetic of surface reduction of HAP
powders have been investigated. A theoretical model
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based on the elementary steps of the process of surface
area reduction is proposed and compared with the
experimental data.

2. Experimental procedures

2.1. Powder preparation

Hydroxyapatite powder was precipitated in an aqu-
eous medium by slow addition of a diammonium phos-
phate solution containing NH4OH into a boiling
calcium nitrate Ca(NO3)2,4H2O solution, also contain-
ing NH4OH, under constant stirring. The pH of the
mixture was about 9. After total addition of the reac-
tants the suspension was filtered without washing and
dried at 80 �C for 12 h. The powder was dis-
agglomerated by light grinding in the presence of etha-
nol. The Ca/P molar ratio, determined using a
standardised X-ray diffractometry method with CuKa

radiation (Siemens D5000 apparatus, Germany) on the
powder heated at 1000 �C, was 1.667.28,29 Only HAP
peaks were detected as shown on the X-ray diffraction
(XRD) pattern (Fig. 1).

2.2. Calcination

Calcination treatments of the powder were carried out
in a horizontal furnace with an alumina tube. They were
performed in air or in oxygen atmosphere containing a
controlled partial pressure of water vapour (PH2O

). This
partial pressure of H2O was fixed by the temperature of
a thermostatic bath and the water vapour was conveyed
through the alumina tube using the oxygen as vector.
The horizontal furnace was fed with water vapour, and
then the HAP sample was introduced. The calcinations
were not conducted under strict isothermal conditions;
the isothermal temperatures were reached at the heating
rate of 25 �C/min. This high rate allows to proceed close
to isothermal conditions but the initial time, that is to say
the moment at which a sample reaches the isothermal

temperature remains imprecise. This could make diffi-
cult any interpretation for very short times. The samples
were removed from the furnace after having been kept
at constant temperature for various times, then their
specific surface area was measured.

2.3. Densification

The linear shrinkage of HAP was determined by dila-
tometry (Setaram TMA 92, France) on cylindrical sam-
ples. The samples were heated in air up to the
temperature of 1250 �C at a heating rate of 5 �C/min.
The samples (about 0.5 g) were initially pressed under a
150 MPa compressive stress in a cylindrical die (dia-
meter=10 mm). The density of the fired samples was
determined after polishing by weighing and geometrical
measurements of the specimens. The densification ratio
was calculated assuming a theoretical density of 3.156
for the HAP.

2.4. Characterization

The specific surface area was measured by the BET
method using nitrogen adsorption at 77 K (analyzer
Micromeritics 2205, USA) with the single point method
after degasing the powder at 350 �C under argon. Each
point is the average of three measured values. An esti-
mated value for the dried powder was 60 m2/g.

Agglomerate size and grain size distributions of the
powder were performed using an X-ray granulometer
(Micromeritics Sedigraph 5000, USA). In the first case,
the powder was not disagglomerated before measure-
ment. In the second case, the powder was ultrasonically
dispersed before measurement in order to break the
agglomerates. The values of both agglomerate size and
grain size were confirmed by observation using scanning
electron microscopy (SEM, Hitachi S2500, Japan). The
size of the elementary crystallites was calculated using
the Scherrer formula from the half width of the diffrac-
tion peak of HAP at 2�=40�.

3. Results

The sintering theories indicate that the reduction of
the surface area of a powder can result from different
mechanisms of matter transport that can be divided in
two categories. Superficial diffusion and gaseous phase
transport lead generally to a reduction of surface area
without densification of the material. In contrast,
volume diffusion or grain boundaries diffusion induces a
reduction of surface accompanied with an increase of
the apparent density. Thus, the study of the densifica-
tion of powders in relation with the surface changes
allows the identification of the category of the matter
transport responsible for the surface reduction. To thisFig. 1. XRD pattern of HAP powder calcined at 1000 �C.
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end, a dilatometric study was first performed to deter-
mine the temperature at which the densification of the
material begins.

3.1. Densification

Fig. 2 shows the linear shrinkage of HAP versus the
temperature. The densification began at about 850 �C.
As pointed out on the derivative plot of linear shrink-
age, the curve presented an inflexion at 1100 �C that
corresponded to the maximum rate of densification.
After cooling to room temperature, the densification
ratio of the sample was 96% of the theoretical density.

From these results it can be deduced that below
850 �C, a decrease of the specific surface area must be
attributed to mechanisms of matter transport occurring
without densification, i.e. superficial diffusion or gas-
eous phase transport. Above 850 �C, mechanisms that
densify, i.e. volume or grain boundary diffusion, must
be taken in account of.

3.2. Surface area reduction

3.2.1. Influence of the heating atmosphere
The use of oxygen as an inert carrier gas of water

vapour required that the pressure of oxygen did not
influence the reduction of surface area of HAP powders.
This was verified by calcining the powders at 860 �C
during 1 h under pure oxygen at different pressures
varying between 20 and 103 kPa. The surface area
remained constant whatever the oxygen pressure might
be (Fig. 3).

The changes of specific surface area of powders cal-
cined for 1 h in the 500–1000 �C temperature range in
air, pure oxygen and 14.5 kPa of water vapour in oxy-
gen are given in Fig. 4. The plots showed that the surface
decrease was more important in the presence of vapour
water, pointing out its catalytic effect on the surface
reduction of HAP. This influence was confirmed from
the evolution of the surface area of powders calcined at

860 �C for 1 h in different partial pressures of water
vapour (Fig. 5). The surface decrease was more and
more important as PH2O

increased. Nevertheless, a
threshold seemed reached for partial pressures above 15
kPa. Typical SEM micrographs of powders heated in
these different atmospheres are given in Fig. 6. Compared
with the as synthesized powder evidence exists for a par-
ticle coalescence associated with the surface reduction.

Fig. 2. Linear shrinkage of HAP versus the temperature (heating rate

5 �C/min) and derivative plot (dashed line).

Fig. 3. Specific surface area of HAP powders after calcination in pure

oxygen at 860 �C during 1 h.

Fig. 4. Specific surface area of HAP powders after calcination for 1 h

in different atmospheres versus the calcination temperature.

Fig. 5. Specific surface area of HAP powders after calcination in

oxygen containing water vapour at 860 �C during 1 h.
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From this first approach, it can be concluded that
pure oxygen can be used as a carrier gas for water
vapour and that the reduction of surface area of HAP
powders is strongly dependent on the partial pressure of
water vapour. These results have also shown that the
densification began at about 850 �C. Consequently, the
surface reduction has to be investigated in the two
domains of temperature, above and below the beginning
of the densification. It must be characterized either
under isothermal conditions in order to precise the
influence of the partial pressure of water vapour or

under isobar conditions to determine the influence of
the temperature.

3.2.2. Influence of the partial pressure of water vapour
The temperature of 860 �C was chosen for the

experiments in the domain of high temperatures
(T>850 �C). The powder samples were removed from
the furnace after having been kept at 860 �C for various
times, then their specific surface area was measured
(Fig. 7). It can be noted that the diminution of the sur-
face was more important during the first minutes of

Fig. 6. SEM micrographs of HAP powder after calcination treatment at 860 �C for 1 h: (a) as synthesized; (b) calcined in pure oxygen; (c) calcined

in air; (d) calcined in oxygen containing 59.4 kPa of water vapour.
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calcination and that the augmentation of PH2O
increased

the surface reduction. The dots on Fig. 7 are experi-
mental data and line drawings correspond to the fol-
lowing equation fitted to the experimental data:

S ¼ S0 1 þ Atð Þ
p

ð1Þ

where S is the surface area at a time t, S0 is the initial
surface area and A and p are determined by the fitting
procedure. The fitted values of A and p are summarised
in Table 1.

The agglomerate size and grain size distributions of
powders after calcination at 860 �C for 1 h in different
atmospheres are given in Fig. 8. The plots can be divi-
ded in two groups. Without ultrasonic dispersion, no
change was observed in the agglomerate size distribu-
tions whatever the atmosphere of treatment might be. In
contrast, the distributions obtained after ultrasonic dis-
persion of the powders showed that the presence of
water vapour induced a narrower grain size distribution
shifted towards larger sizes. These results mean that the
morphological modifications induced by the thermal
treatments concern only the elementary grains inside the
agglomerates. The shift observed with vapour water
corresponds to a grain growth that can originate either
in an Ostwald ripening or in a sintering of the smallest
grains producing coarser ones. The crystallite size
determined from XRD peaks showed few changes with
the atmosphere of calcination (Fig. 9). Crystallite size

was about 50–60 nm, which was smaller than the grain
size (Fig. 8). As a consequence, grains are not single
crystals and it can be stated that the decrease of the
surface area during the calcination should be due to
grain coalescence rather than crystallites growth that
could be attributed to grain boundaries migration.

Similar experiments were performed at 600 �C in the
domain of low temperatures (T<850 �C). The specific
surface area of HAP powders calcined for various times
in oxygen containing different partial pressures of water
vapour is given in Fig. 10. As for the powders calcined
at 860 �C, the plots show the catalytic effect of the water
vapour on the surface reduction. The fitted values of A
and p of Eq. (1) are presented in Table 2. It can be seen
that the values of these fitted parameters differ con-
siderably from those determined at 860 �C (Table 1),
indicating that the mechanisms occurring at the two
temperatures (600 and 860 �C) are different.

3.2.3. Influence of the temperature
The curves of surface area of powders calcined in the

temperature range 300–900 �C under isobar conditions
(6.8 kPa of water vapour) are shown in Fig. 11. The

Fig. 7. Specific surface area of HAP powders after calcination in dif-

ferent atmospheres versus the calcination time. Line drawings repre-

sent Eq. (1).

Table 1

Fitted values of A and p of Eq. (1) and calculated value of m using Eq.

(4) for powders calcined at 860 �C in different atmospheres

Atmosphere O2 Air H2O

(6.8 kPa)

H2O

(14.4 kPa)

H2O

(59.4 kPa)

A 0.127 0.158 0.135 0.133 0.123

p �0.21 �0.20 �0.23 �0.24 �0.23

m 5.76 6 5.34 5.16 5.34

Fig. 8. Agglomerate size (without ultrasonic dispersion) and grain size

(with us dispersion) distributions of powders calcined at 860 �C for 1 h

in different atmospheres.

Fig. 9. Crystallite size (Scherrer method) of HAP powders versus the

calcination time at 860 �C.
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decrease of the surface area became noticeable from
500 �C. The main drop occurred at the beginning of
the calcination isotherm (during the first 10 min).
The values of A and p determined from the fittings
of Eq. (1) to the experimental dots under these isobar
conditions (Table 3) agree with those obtained from
isothermal conditions (Tables 1 and 2). An important
diminution of p values can be noted for high tem-
peratures (about �0.16 at low temperature and
�0.23 at high temperature). This change corresponds
to the beginning of the densification and conse-
quently to an expected change in the mechanisms of
matter transport.

4. Discussion

It is possible to determine the rate of surface reduction
(dS/dt) either as a function of the pressure of water
vapour for a constant value of the surface or as a function
of the surface for a constant pressure of water vapour.

Fig. 12 gives the rate of surface area reduction versus
the surface value for powders calcined at 860 �C in dif-
ferent atmospheres. The resulting linear plots in loga-
rithm coordinates for each atmosphere show that the
rate can be defined as follows:

v ¼
dS

dt
¼ k � f PH20

� �
� Sm ð2Þ

where k is the rate constant, f(PH2O) is a function of the
partial pressure of water vapour and m is the surface
exponent that is characteristic of the mechanism of
matter transport.

The derivative of Eq. (1) used to describe the iso-
thermal plots of surface area reduction leads to the rate
of surface change dS

dt and allows to link the parameters k
and m of Eq. (2) to the values of A and p as:

k ¼ p � A � S
1=p
0 ð3Þ

m ¼ p � 1ð Þ=p ð4Þ

The calculated values of m for the different atmo-
spheres of calcination at 860 �C are given in Table 1. All

Fig. 10. Specific surface area of HAP powders after calcination at

600 �C in different partial pressures of water vapour versus the calci-

nation time. Line drawings represent Eq. (1).

Table 2

Fitted values of A and p of Eq. (1) and calculated value of m using Eq.

(4) for powders calcined at 600 �C in the presence of water vapour

PH2O
(kPa) 0.75 1.18 2.24 4.70 6.80

A 0.496 0.596 0.76 1.1 1.6

p �0.14 �0.14 �0.15 �0.16 �0.16

m 8.1 8.1 7.7 7.3 7.3

Fig. 11. Specific surface area of HAP powders after calcination at

different temperatures in 6.8 kPa of water vapour versus the calcina-

tion time. Line drawings represent Eq. (1).

Table 3

Fitted values of A and p of Eq. (1) and calculated values of m using

Eq. (4) for powders calcined at different temperatures for PH2O
=6.8

kPa

Temperature 500 550 600 650 750 800 900

A 0.29 0.82 1.6 5.8 12 22.3 191

p �0.14 �0.14 �0.16 �0.16 �0.19 �0.23 �0.23

m 8.1 8.1 7.3 7.3 6.2 5.3 5.3

Fig. 12. Rate of surface reduction (Ln) versus the surface area (Ln) of

powders calcined at 860 �C in different atmospheres.
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the values of m are close (between 5.34 and 6) indicating
that the mechanism responsible for the surface drop is
the same and does not depend on the composition of the
gaseous atmosphere of calcination.

The influence of the pressure of the water vapour on
the kinetic function f(PH2O

) of Eq. (2) has been deter-
mined through the plots of the rate of surface reduction
versus the pressure of water vapour for fixed values of
surface area (Fig. 13). The linear plots obtained in
logarithm coordinates indicate that the rate is such as:

v ¼
dS

dt
¼ k � g Sð Þ � Pn

H2O
ð5Þ

where g(S) is the function of the surface [defined in Eq.
(2)] and n is the pressure exponent. In these experiments
n was found between 0.27 and 0.28.

Finally, the rate of surface area reduction of HAP at
860 �C obeys the following kinetic law:

v ¼ k � Pn
H2O

� Sm ð6Þ

In the same way, the linear plots of Ln(v) versus
Ln(S) for different partial pressures of water vapour
(Fig. 14) and the linear plots of Ln(v) versus Ln(PH2O

)
for different values of the surface (Fig. 15) allowed the
establishment of a similar law of variation of the surface
area [Eq. (6)] for powders calcined at 600 �C. The cal-
culated values of m at 600 �C are given in Table 2. They
are between 7.3 and 8.1. The pressure exponent was
between 0.65 and 0.72 depending on the value of the
surface area retained for the calculation. The average
value of n is 0.68 and its variations in the investigated
domain can be ascribed to the experimental discrepancies.
These values of m and n are noticeably superior to those
found at 860 �C, which confirms a change of mechanism
between these two temperatures of 600 and 860 �C.

In the case of the isobar experiments with PH2O
=6.8

kPa, the kinetic law of surface area reduction also could
be expressed by the Eq. (6). The associated values of the

surface exponent m calculated using Eq. (4) are pre-
sented in Table 3. Constant values of m were found at
the ends of the temperature range, i.e. 5.3 and 8.1 for
high and low temperatures respectively, the values
changing progressively between these extremes for
intermediate temperatures. The kinetic constant k of
Eq. (6) versus the temperature can be represented
through an Arrhenius plot (Fig. 16). The plots could be
divided in two different linear domains, each one being
associated with an activation energy. The slopes of the
linear regressions give an activation energy of 117 and
of 208 kJ/mol in the domains of low and high tempera-
tures, respectively.

A model of the reduction of surface area of a ceramic
powder has been established by German et al.30,31 It has
been satisfactory applied to explain the origins of matter
transports in very different compounds such as magne-
sium oxide or uranium dioxide. Nevertheless, the laws
of surface area reduction have been validated only in
the case of a relative variation of the surface of less than
50%, which does not correspond to our experiments on
the HAP powder, the surface area varying from about
60 m2/g down to about 1 m2/g. Other models have been
proposed to describe the reduction of surface area of

Fig. 13. Rate of surface reduction of powders calcined at 860 �C for

fixed surface areas versus Pn
H2O

with n=0.28.

Fig. 14. Rate of surface reduction (Ln) versus the surface area (Ln) of

powders calcined at 600 �C in different PH2
O.

Fig. 15. Rate of surface reduction (Ln) of powders calcined at 600 �C

for fixed surface ereas versus PH2
O (Ln).
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catalysts. Ruckenstein,32 Hashimoto33 and Gruy34 give
an expression of the reduction of surface area of cata-
lysts particles dispersed on the surface of a solid that
includes several successive steps: in a first step, the par-
ticles move closer to one another and necks develop
between them, then in a second step particles coales-
cence occurs. The models integrate the size distribution
of the particles and its time dependence. If the kinetic is
controlled by the building of the necks, the law is:

dS

dt
¼ k Sm

The theoretical values of the surface exponent m,
summarized in Table 4, depend on the diffusion
mechanism: m is equal to 8 for superficial diffusion and
6 for evaporation–condensation.

In the low temperature domain, the value of m
(between 7.3 and 8) can be attributed to superficial dif-
fusion. This mechanism agrees with the low activation
energy found at 600 �C (117 kJ/mol). At high tempera-
ture the value of m (between 5.3 and 6) could corre-
spond to a mechanism of evaporation–condensation.

5. Model for surface area reduction of HAP powder

during the calcination in the presence of water vapour

Few models of surface area reduction take the partial
pressure of the water vapour on account of. We propose to

describe the grain growth of HAP powders by a model of
particle coalescence in which the water vapour is considered
as a catalyst. This approach is derived from the works of
Hebrard et al. that described the surface area reduction of
titania anatase powder in different atmospheres.22

5.1. Thermodynamic equilibrium between HAP and the
water vapour

At first, we have considered the equilibrium of dehy-
dration of the HAP into oxyhydroxyapatite:

Ca10 PO4ð Þ6 OHð Þ2¼ Ca10 PO4ð Þ6 OHð Þ2�2xOx þ x H2O

This reaction induces the creation of hydroxide
vacancies (noted Vo

OH) and oxygen ions O2� (noted
O

0

OH) that replace the hydroxide ions OH� (noted
OHx

OH). Using these structural elements the dehydration
equilibrium can be written as:

2 OHx
OH ¼ O

0

OH þ Vo
OH þH2O

The constant of this equilibrium will be noted K1.
Though OHx

OH is a structural element of the HAP net-
work its molar ratio can’t be considered as equal to 1
because of possible important variations of the stoi-
chiometry during the dehydration. Therefore, in these
hydroxide sites the molar fractions of oxygen ions
(XO

0

OH
), of hydroxide vacancies (XVo

OH
) and of hydroxide

ions (XOHx
OH

) relate as follows:

XVo
OH

¼ XO
0

OH

and

XVo
OH

þ XO
0

OH
þ XOHx

OH
¼ 1

Consequently:

XVo
OH

¼
1 � XOHx

OH

2

On the assumption that the solution between the
occupied and free hydroxide sites behaves ideally, the
molar fractions are equal to the activities. They can be
defined versus the equilibrium constant K1 and the
pressure of water vapour as:

XVo
OH

¼
K

1
2

1

2K1=2
1 þ P1=2

H2O

and

XOHx
OH

¼
P1=2
H2O

2K1=2
1 þ P1=2

H2O

Fig. 16. Arrhenius plots of the surface reduction of HAP powders for

PH2
O=6.8 kPa and fixed values of the specific surface area.

Table 4

Theoretical values of the surface exponent m of the law v=k Sm, from

Refs. 33 and 34

Mechanism m

Surface diffusion 8

Gaseous phase transport 7

Evaporation-condensation 6

Surface reaction 5
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These molar fractions correspond to the equili-
brium of HAP with the gaseous atmosphere in which
thermodynamic and kinetic effects of grains curvature
has been neglected.

If we suppose that hydroxyapatite may exist in a gas-
eous state with its molecular formula Ca10(PO4)6(OH)2,
it is possible to define the influence of the pressure of
water vapour on the sublimation equilibrium:

Ca10 PO4ð Þ6 OHð Þ2 solidð Þ¼ Ca10 PO4ð Þ6 OHð Þ2 gasð Þ

The constant of this equilibrium will be noted Ks.
From a thermodynamic point of view, oxyhydrox-

yapatite Ca10(PO4)6(OH)2�2xOx can be considered as a
solid solution of (1�x) mol of hydroxyapatite
Ca10(PO4)6(OH)2 and x mol of oxyapatite Ca10(PO4)6O:

Ca10 PO4ð Þ6 OHð Þ2�xOx ¼ ð1 � xÞ Ca10ðPO4Þ6ðOHÞ2

þ xCa10ðPO4Þ6O

If PHA is the partial pressure of HAP and XHA the
molar fraction of HAP in this solid solution, the equili-
brium constant of sublimation Ks can be written as:

Ks ¼
PHA

XHA

with

XHA=1�x

and

XHA=XOHx
OH

Finally the partial pressure of HAP in the gaseous
phase can be expressed as:

PHA ¼ Ks �
P1=2
H2O

2K 1=2
1 þ P1=2

H2O

According to this last expression, the partial pressure
of sublimation should be independent of PH2O

for high
partial pressures of water vapour and proportional to
P1=2
H2O

for low pressures of water vapour.

5.2. Hydroxyapatite grain growth

5.2.1. Grain growth by surface diffusion
The grain growth of HAP powders by superficial dif-

fusion is described on the same basis as the model
developed by Hebrard for the interpretation of titania
grain growth under water vapour.22

The process of grain growth can be described by the
transport of HAP molecules from the surface of a grain
with a positive curvature (r>0) towards the surface of a
neck with a negative curvature (r<0). This transport
can be divided in seven elementary steps:

(I) Dehydration of the surface:

2 OHx
OH

� �
r>0

¼ O
0

OH

� �
r>0

þ Vo
OH

� �
r>0

þH2O ðIÞ

(II) Diffusion of a superficial defect O0
OH from a posi-

tive curvature surface towards a negative curvature sur-
face:

O0
OH

� �
r>0

þ Vo
OH

� �
r<0

! O
0

OH

� �
r<0

þ Vo
OH

� �
r>0

ðIIÞ

(III) Building of a structural unit of HAP on the sur-
face of the neck by coalescence of oxygen defects:

2 O0
OH

� �
r<0

þ2 O0
OH

� �
r<0

¼ 4 O
0

OH

� �
r<0

þ10 V
00

Ca

� �
r<0

þ6 Vooo
PO4

� �
r<0

þ2 Vo
OH

� �
r<0

ðIIIÞ

(IV) Fixation of water on the surface of the neck

H2O þ Vo
OH

� �
r<0

þ O0
OH

� �
r<0

¼ 2 OHx
OH

� �
r<0

ðIVÞ

(V) Diffusion of PO3-
4 ions through vacancies from the

surface of the grain towards the surface of the neck:

PO x
4PO4

� �
r>0

þ Vooo
PO4

� �
r<0

! POx
4PO4

� �
r<0

þ Vooo
PO4

� �
r>0

ðVÞ

(VI) Diffusion of Ca2+ ions from the surface of the
grain towards the surface of the neck:

Cax
Ca

� �
r>0

V
00

Ca

� �
r<0

! Cax
Ca

� �
r<0

þ V
00

Ca

� �
r>0

ðVIÞ

(VII) Annihilation of vacancies on the surface of the
neck:

10 V
00

Ca

� �
r>0

þ6 Vooo
PO4

� �
r>0

þ2 Vo
OH

� �
r>0

¼ 0 ðVIIÞ

For the concentrations of the different species, the
following notations will be used:

V
00

Ca

� �
¼ c Vooo

PO4

h i
¼ a O0

OH

� �
¼ o Vo

OH

� �
¼ h

OHx
OH

� �
¼ O

These species can exist either in the volume or on the
surface of the HAP grains. If the specie is on the sur-
face, the sign of the curvature will be added in subscript,
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for example c+ (r>0) or c- (r<0). Moreover, if the
values correspond to the equilibrium concentrations the
letter e will be added in subscript.

The constants of the equilibrium of the steps (I), (III),
(IV) and (VII) supposed at the equilibrium state can be
written as follows:

K1 ¼
hþe:oþe:PH2O

O2
þe

K3 ¼ h2
-e:a

6
-e:c

10
-e

K4 ¼
O2

�e

h�e:o�e:PH2O

K7 ¼
1

c10þe:a
6
þe:h

2
þe

When the steady state is reached, the concentrations
of the different species are constant and their derivative
is equal to zero, which leads to the following relations
between the rates vi of the elementary steps i:

v1 ¼ v2 ¼ v3 ¼ v4 ¼ v7 ¼
v5

6
¼

v6

10

The electroneutrality gives the relation:

3a þ h ¼ 2c þ o

On the logical assumption that the defects Vo
OH and

O0
OH are a majority, the electroneutrality becomes:

h ¼ o

If the initial hydroxyapatite verifies the calcium and
phosphorus stoichiometry, then:

5a ¼ 3c

As for the thermodynamic approach, the hydroxide
sites must verify:

o þO þ h ¼ 1

The sintering rate can be identified with v7, because
the step (VII) is associated with the disappearance of a
structural unit of HAP of the surface of a grain. The
limiting step imposes its rate to the whole process of
grain growth. This means that the other steps have infi-
nite rate constants ki and ki’ (for the direct and reverse
reaction, respectively) but their ratio ki/ki

0 is finite. We
have assumed that the proposed steps are associated
with elementary reactions and that the slowest step is
far from the equilibrium. In this case, the stoichiometric

coefficients of the reactions are the partial orders of the
kinetic law and the single direct reactions can be used.
On these bases, we have established the rate law of each
step in considering it as the limiting one. The main
hypotheses and calculations are detailed hereafter for
the steps (I) and (II), which correspond to a reactional
and diffusional kinetic, respectively.

Step (I): kinetic of pure dehydration. If the reverse

reaction is neglected, the rate is given by:

v1 ¼ k1:O
2
þ

The rate of superficial diffusion being fast, the fol-
lowing relations are verified:

oþ ¼ o� aþ ¼ a� hþ ¼ h� Oþ ¼ O�

The superficial electroneutrality (admitted hypothesis)
implies that o=h. The values of these concentrations
will be set equal to those of the surface of the grain, the
surface of a neck being much smaller. Thus: o+=h+.

The superficial concentration and the molar fraction of a
structural element are proportional. Consequently, the
equilibrium constants that relate to the molar fractions will
be used also for the concentrations. From the previous
relations, the hydroxide concentration can be deduced as:

O ¼
K1=2

4 :P1=2
H2O

2 þK1=2
4 :P1=2

H2O

This corresponds to a rate v1 such as:

v1 ¼ k1
K4:PH2O

ð2 þK1=2
4 :P1=2

H2O
Þ
2

For a low pressure of water vapour this rate is pro-
portional to PH2O

whereas for a high pressure it is inde-
pendent of PH2O

. For intermediate pressures, the rate
could be written as:

v1 ¼ k1 �P
�
H2O

where a is between 0 and 1.

Step (II): kinetic of pure diffusion of O0

OHdefects.
According to the first law of Fick, the rate of diffusion is
proportional to the gradient of defect concentration
o+�o�. This leads to:

v2 ¼ k2:oþ ¼ k2K
1=2
1 = 2K1=2

1 þ P1=2
H2O

� �

In this case, the rate decreases as P�1=2
H2O

for high pres-
sures of water vapour and it becomes independent of
this pressure at low pressures.

For the other elementary steps, the expressions of the
rate of surface area reduction according to the limiting
step are summarised in Table 5.
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5.2.2. Grain growth by gaseous phase transport
This mechanism is based on the assumption that

hydroxyapatite may sublimate without decomposition.
The pressure of sublimation depends on the partial
pressure of water vapour and the rate of grain growth is
proportional to this pressure according to:

v8 ¼ k8:Ks

P1=2
H2O

2K1=2
1 þ P1=2

H2O

In this expression, the kinetic constant k8 includes the
diffusion coefficient by gaseous phase transport. At low
pressures of water vapour the rate is proportional to
P1=2
H2O

. It is independent of this pressure for high pres-
sures. For intermediate pressures it can be written as:

v8 ¼ k8 �P
�00

H2O

where a00’ is between 0 and 0.5.

5.3. Comparison of the experimental results and the model

At 600 �C, the morphological models (dS/dt=kSm)
indicate that the rate of surface area reduction is due to

superficial diffusion. Moreover, we have demonstrated
that the rate of surface reduction was influenced by the
pressure of water vapour and was proportional to
P0:68
H2O

. Among the different expressions of the possible
limiting rates (Table 5), only the steps (I) and (IV) can
be associated with a pressure power law according to a
pressure exponent between 0.5 and 1 in a domain of
intermediate pressures. These rate laws can be com-
pared with the experimental results through the plots of
the inverse of the square root of the rate v�1/2 versus the
inverse of the square root of the pressure of water
vapourP�1=2

H2O
for fixed values of the specific surface area.

The results are given in Fig. 17. The linear variations of
these plots give a good agreement between the model
and the experimental data. This confirms that the
kinetic of superficial diffusion is controlled by the steps
(I) of dehydration and (IV) of hydration that is to say
by the adsorption–desorption of water vapour at the
surface of the HAP powder. Finally, at 600 �C the the-
oretical kinetic law of surface area reduction can be
expressed as follows:

dS

dt
¼

k4:K1:PH2O

2K1=2
1 þ P1=2

H2O

� �2
� S8

At 860 �C, the morphological models indicate a mat-
ter transport through the gaseous phase. Consequently,
we have compared the rate law corresponding to the
gaseous mechanism (VIII) with the experimental data.
The Fig. 18 shows the plots of the inverse of the rate (1/
v) versus the inverse of the square root of the pressure
of water vapourP�1=2

H2O
for fixed values of the specific

surface area. The variations are linear and it can be
concluded that at 860 �C the theoretical kinetic law of
surface area reduction can be written as follows:

dS

dt
¼

k8:Ks:P
1=2
H2O

2K1=2
1 þ P1=2

H2O

� �� S6

Table 5

Rate expressions of the surface area reduction versus the kinetic con-

stants, the equilibrium constants and the pressure of water vapour

according to the possible rate limiting elementary steps

Rate limiting step Rate

(I) v1 ¼ k1
K4:PH2O

2 þK1=2
4 :P1=2

H2O

� �2

(II)

v2 ¼ k2K
1=2
1 = 2K1=2

1 þ P1=2
H2O

� �

(III)

v3 ¼
k3

2 þK1=2
4 :P1=2

H2O

� �4

(IV)

v4 ¼ k4
K1:PH2O

2K1=2
1 þ P1=2

H2O

� �2

(V) v5 ¼ k5
3
5

� �5=8 2K1=2
1 þ P1=2

H2O

� �1=8

K1K7ð Þ
1=16

(VI) v6 ¼ k6
K3

K1

� �1=16
5
3

� ��3=8
2K1=2

1 þ P1=2
H2O

� �1=8

(VII) v7=k7.K3

(VIII) v8 ¼ k8:Ks

P1=2
H2O

2K1=2
1 þ P1=2

H2O

Fig. 17. Relation between v�1/2 and P�1=2
H2O

of powders calcined at

600 �C for fixed surface areas.
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But, it must be aware of the limits of this model of grain
growth based on the hypothesis of grain coalescence in the
domain of high temperatures (T>850 �C) because the
densification of the material occurs and should become
predominant as the temperature increases. Consequently,
several additional mechanisms of matter transport (i.e.
volume diffusion and/or grain boundary diffusion) that
must become preponderant have to be taken in account
of.

6. Conclusion

The kinetic laws established in this study allow the
separation and the quantification of the respective
influences of the gaseous atmosphere and of the grain
size. This analysis leads to the conclusion that whatever
the temperature might be the water vapour catalyses the
grain growth of hydroxyapatite. This result is in agree-
ment with those established for several other ceramic
oxides.

The model allows the identification of the elementary
processes and the determination of the mechanisms
responsible for the surface area reduction during the
calcination of HAP powders. Below 850 �C, the super-
ficial diffusion is predominant and the adsorption-deso-
rption of water vapour on the surface of the HAP
controls this diffusion. Above 850 �C, temperature at
which the densification begins, the surface area reduc-
tion could result from gaseous phase transport but also
from mechanisms that are effective in the densification
of the material (volume diffusion, grain boundary dif-
fusion). The study of these mechanisms will be pre-
sented in the second part of this two-part work that
will be devoted to the analysis of the densification of
the hydroxyapatite either by natural sintering or hot
pressing.
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