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Abstract

Starting from Ca(OH), and H3PO, hydroxyapatite powders with three different crystallinity degrees have been prepared and
characterized. Densification extent and mechanisms were studied through dilatometric measurements in isothermal regime in the
range of temperature 750-1250°C: the influence of different powder features (including the effect of calcination treatment) have
been evaluated. Powder characterized by the lowest crystallinity degree has the highest densification extent; overlapping phenomena
occurring during the sintering treatments are responsible for unexpectedly low values found for the shrinkage rate, which can easily
lead to a misidentification of the rate controlling mechanism. An interpretation of the densification mechanism, consistent with all
experimental findings, is proposed. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sinterability and mechanical properties of dense
hydroxyapatite (HA) are strictly linked to the char-
acteristics of starting HA powder, first among those:
particle size, crystallinity and chemical substitutions. In
fact Ca/P molar ratio has to be very near to the theore-
tical one (1.67) in order to avoid chemical substitutions
which affect densification behaviour.

Data in literature concerning the thermal decomposi-
tion of HA during sintering are still ambiguous as
regards the minimum decomposition temperature, as
well as the actual extent and products of the decom-
position itself. Some results show that stoichiometric
hydroxyapatite is stable in dry or moist air up to 1200°C
and does not decompose;'™ other authors report that
stoichiometric HA, after a dehydroxylation process
(which occurs gradually but in two steps, i.e. at about
900°C and at 1300-1400°C), starts to decompose into
secondary phases at temperature in the range 1350—
1500°C.>-6

Moreover, it has been already reported that when Ca/P
molar ratio exceeds the theoretical value, CaO forms
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during sintering’ and in this case the presence of CaO is
found to decrease strength and produce decohesion of
the whole material due to stresses caused by the forma-
tion of Ca(OH),, which subsequently transforms into
CaCO; with related volume changes.””!! If the Ca/P
molar ratio of HA is lower than 1.67, B- or a-tricalcium
phosphate (TCP) may form!'>~!® and its presence
increases slow crack growth susceptibility and biode-
gradability of the HA ceramics.

In that case, the decomposition of HA in air at high
temperature hinders sintering and causes decrease in the
density.

On the other hand, deviation from the theoretical Ca/P
ratio does not necessarily imply the presence of TCP,!”
in fact the existence of chemical substitution as HPO, 2~
instead PO} and CO3~ instead of PO3~ and/or OH
cause similar deviation in the Ca/P ratio.'$!°

Carbonate ions CO3~ (very common as a con-
taminant in low crystallinity HA), are reported to not
affect the grain growth and to enhance sinterability of
HA ceramics if they replace only phosphate groups in
the HA lattice. On the other hand, CO% for OH™ sub-
stitution has no effect on sintering.

In the present paper, different sintering tests were
carried out on samples prepared with different HA
powders: dilatometric evaluations were performed in
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the range 750-1250°C in static air, kinetic data and
mechanisms evaluations were deduced.

2. Experimental

HA powders were prepared using Ca(OH),, 95% pure
diluted in H,O, and H3PO,4 85% pure (Aldrich) diluted
in H,O, following the reaction: 5Ca(OH),+ 3H;POy-
Cas(PO4);OH +9H,0. The aqueous solution was con-
tinuously stirred. By varying the temperature of the
solution between 35 and 95°C, and the ripening time, it
was possible to change continuously the degree of crys-
tallinity of the product between 20 and 80%. Batches of
powders with crystallinity degree X ~20, 40 and 80%
were prepared using a precipitation temperature of 35,
70 and 95°C, respectively. Ripening time of 2 h was used
to produce HA powders with low and medium crystal-
linity degree while the production process of high crys-
tallinity powder involved 24 h of ripening. In any case
pH of the liquid phase was controlled and kept at
pH~6.5 for powders A and B and at pH~7.5 for pow-
der C; then the precipitate was washed, filtered and
lyophilised for 48 h. The obtained powder was sieved at
400 and 150pm and its crystallinity degree controlled.
Finally, the powder was uniaxially cold pressed at 1000
kg/cm?; the bars were coded HA-A, HA-B and HA-C in
function of the powder used for the preparation (A:
X.=80%, B: X.=40%, C: X.=20%). Powder labeled
Al was calcined at 800°C for 1 h in static air.

The shrinkage of the green compacts (uniaxially pres-
sed at 1000 kg/cm?) in function of temperature was
measured with horizontal dilatometer (Netzsch Ger-
atebau 402 E) at a heating rate of 5°C/min. Isothermal
measures of densification were also performed at various
temperatures in the range 750-1250°C with a heating
rate of 30°C/min to minimize the reaction advancement
during heating.

Dilatometric data were elaborated via software in
order to have the sintering behaviour in terms of density
change. Shrinkage data manipulation was automatically
done by the evaluation program of the dilatometer,
starting from the green density of the tested bars (cal-
culated by geometrical method), and the theoretical
density of the material (i.e. 3.16 g/cm?).

Specific surface area of starting powders was eval-
uated by the BET method (Sorptomatic, Carlo Erba).
For particle size distribution measurement, the starting
powders were analysed by a sedigraph (Model 5100,
Micromeritics Instrument Corp.) after exciting them
ultrasonically for 10 min. In order to evaluate Ca/P
ratio, ICP analysis was performed by Varian Liberty
200 apparatus.

X-ray diffractometric analysis (CuKo radiation,
Rigaku Miniflex) was used to determine crystalline
phases composition of the powders and of dense sam-

ples and HA crystallization features. Morphologic eva-
luation of powders and dense samples was performed by
SEM (Leica, Cambridge).

3. Results and discussion
3.1. Characteristics of powders

By controlling the temperature during precipitation
and ripening time, powders with three different values
of crystallinity degree were produced: powder A =80%,
powder B=40% and powder C=20%. The crystallinity
degree, corresponding to the fraction of crystalline
phase present in the examined volume, was evaluated by
the relation:

Xe = 1= V12/300/ 300)

where I3 is the intensity of (300) reflection and V2300
is the intensity of the hollow between (112) and (300)
reflections, which completely disappears in non-crystal-
line samples. Being this method sensible to the crystal-
lite dimensions too, a verification can be done with the
relation:

Bonoy/X. = K

where K is a constant found equal to 0.24 for a very
large number of different HA powders, and By, is
FWHM (°) of reflection (002). The two above relations
give the same result for X, within 10% in the great
majority of practical cases.

XRD analysis of powders revealed no secondary
phases besides HA (Fig. 1); from ICP analysis the Ca/P
ratio calculated by the respective oxides ratio was ~1.66
for powder A, ~1.601 for powder B and ~1.565 for
powder C.20

The presence of defective HA [usually expressed as
Cajo_(POy)s_(HPO4) (OH),_,] can be inferred as
responsible of the reduction of Ca/P ratio.*!%13-20 In
fact, FTIR spectra pointed out the presence of HPOz~
group in powder C, less pronounced in powder B and
absent in powder A, respectively. Moreover, the O-H
stretch band around 3450 cm~! is more accentuated and
shifted at lower frequency in powder C characterized by
a higher solvation extent. On the other hand, the pre-
sence of the CO3~ group also proved the formation in
powder B of some amount of carbonate-apatite (CO3~
substituted in both positions OH~ and PO3™).

By thermogravimetric analysis, the contributes of the
different chemical substitutions in the three powders
were settled:?° at 7<200°C the weight loss is ~6, 2.8
and 1% of powder C, B and A, respectively, due to the
different extent of the surface solvation and hydration.
On the other hand at T> 800°C weight loss is ~1.8%
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Fig. 1. XRD analysis of HA starting powders showing no secondary phases: high (a), medium (b) and low (c) crystallinity degree.
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for powder C and A (i.e. equal to the theoretical one
due to dehydroxylation) while it is ~4% for powder B,
that is increased by the simultaneous elimination of
CO3~ groups.?”

The presence of HPO3~ and CO3%~ groups substitut-
ing POz~ and OH~ groups simultancously and in dif-
ferent proportions is responsible for the Ca/P ratio

Fig. 2. Morphology of HA starting powders: high (a), medium (b) and
low (c) crystallinity degree.

deviation in powders B and C, even if no contaminating
calcium phosphate phases were detected.?°

The morphology of powder A, B and C is shown in
Fig. 2a—c which is in agreement with particle size dis-
tribution determined by sedimentography:?° powders B
and C are characterized by larger agglomerates (3—4
pum) in turn formed by smaller primary particles (20-30
nm) in respect to powder A, in which grains are smaller
but built by larger particles. The specific surface area of
the three powders results 290, 45 and 15 m?/g for C, B
and A, respectively.

As expected the compaction behaviour of the powders
is different: higher green density was obtained with
powder A and Al

3.2. Sintering behaviour and kinetic evaluation

The linear shrinkage of HA-A, HA-B and HA-C
green compacts (the last letters represents the used
powder), measured by dilatometry from room tempera-
ture to 1300-1350°C at a constant heating rate (5°C/
min), is reported in Fig. 3. It indicates that sintering
begins at lower temperature (820°C) for HA-C and the
total shrinkage (=28%) is larger if compared with HA-
A, whose curve shows a sharp fall at 900°C and records
a total dimension change of ~22%. HA-B shows an
intermediate behaviour: the profile of the curve resem-
bles that of powder C even if the total shrinkage is
comparable to that of powder A.

In spite of the dimension of agglomerates, the packing
efficiency is influenced by primary particle sizes: green
density rises increasing the dimension of primary parti-
cles and thus following the order A~AI>B>C; on the
other hand during the heating up to 1300°C HA-C
shows higher densification extent in respect to HA-A as
expected for powder characterized by smaller and more
reactive particles.?!

The densification curves present a sigmoidal shape
with an inflection point around 1100°C shifted at 1150°C
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Fig. 3. Linear shrinkage of green compacts during heating at 5°C/min
in dilatometer.
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for HA-AI; the segments between 940 and 1100°C, which
correspond to the dehydroxylation temperatures, are
characterized by a rapid densification increase as expec-
ted as a consequence of such a decomposition phenom-
enon.!»?? In the case of powders B and C, densification is
anticipated due to the combination of two effects: the
high specific surface (mainly for powder C) and the high
substitution with CO3~ (mainly for powder B).2!-23-24
Samples prepared with calcined powder Al begin to
shrink at higher temperature (7~930°C) and stop to
shrink later than uncalcined ones; the total shrinkage is
similar for the two powders (Fig. 3) but it occurs in a
wider range of temperature. No phases arising from HA
decomposition are detectable by XRD analysis in HA-
A, B and C samples up to sintering temperature of
1250°C; at T~1300°C, HA-A starts to degrade forming
~1-2% B-TCP, which increases up to 3-4% for powder
B. Anyway, such a degradation involves only the surfacial

layer of the tested bars, and the peaks of B-TCP are no
more detectable in the same sample after grinding (Fig.
4a). In the case of HA-C detectable degradation starts
only at 7x1400°C and Ca4(PO,4),0 (TeCP) is found
among the other decomposition products (Fig. 4b).

Densification curves at various sintering temperatures
were isothermally recorded for a constant time of 1.5 h
as shown in Fig. 5a—c.

In Table 1, the final densities p,, obtained after the
isothermal treatments of the samples prepared with dif-
ferent powders, are reported; the green density p,, the
density increase during the isothermal step Ap,s and
final crystallinity degree X, are also listed.

The higher surface reactivity of powder B, and even
more of powder C in respect to A, can explain the rapid
increase of grain growth found at low temperatures
(850-940°C): in Fig. 6a—c, grain sizes of HA-A,-B, and-
C bars treated at 940°C for 1.5 h are comparable even if
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Fig. 4. XRD analysis of: powder of HA-A bar heated at 1300°C, showing absence of secondary phases (a); surface of HA-C bar heated at 1400°C,

showing TeCP and other secondary phases besides HA.
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Fig. 5. Densification curves of green compacts at various sintering temperatures for 1.5 h: HA-A and HA-AI (a), HA-B (b), HA-C (c).

Table 1
Densification data of samples of HA-A,-AL-B,-C*
T,(°C) 750 850 940 1000 1020 1050 1100 1150 1200 1215
HA A po (%) - - 49 52.5 55.6 61.6 70.4 82.3 90.1 91.6
pe=46% X.=85% os (%) - - 54 60 65 71 86.6 91.3 91.5 92.3
Apo_s (%) - - 5 7.5 9.5 9.5 16 9 1.4 0.7
X (%) - - 85 85 90 90 92 92 95 95
HA Al 0o (%) - - 45.1 48.2 - 54 - 79 - -
pe=45% X.=90% 0s (%) - - 49.3 554 - 66.1 - 91 - -
Apo_s (%) - - 4.2 7.2 - 12.1 - 12 - -
X (%) - - 90 90 - 92 - 98 - -
HA B 0o (Y0) - 43.8 48.2 - - 62.4 73.8 - - 93
pe=42% X.=45% ps (%) - 45.5 52.9 - - 72 86 89.7 - 96.2
Apo_s (%) - 1.7 4.7 - - 9.6 12.2 8 - 3.2
X. (%) - 85 90 - - 90 90 90 - 92
HA C 0o (%) 41.5 41.9 50.5 - - 62 73.5 80.7 - 93.6
pe=40% X.=20% ps (%) 42.1 44 56.3 - - 70.3 85.3 93.7 - 98.2
Apo_s (%) 0.6 2.1 5.8 - - 8.3 11.8 13 - 4.6
X (%) 65 80 90 - - 93 95 95 - 95

* pg, green density; T, temperature of the isothermal treatment of sintering; p,, density at the start (1=0) of the isothermal treatment of sintering;
ps, density at the end (1=1.5 h) of the isothermal treatment of sintering; Ap,.s, increase in density due to the isothermal treatment of sintering; X,

crystallinity degree.
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particle size of the starting powders was markedly dif-
ferent. In spite of the acceleration in grain growth, the
low crystallinity degree of powder C and B makes the

Fig. 6. Fracture morphology of HA-A (a), HA-B (b), HA-C (c) sam-
ples after sintering at 940°C for 1.5 h.

driving force for densification stronger than in the case
of powder A, due to the low activation energy for grain
boundary movement aimed to the reduction of its
total extension. At 7=850°C, in turn, the densification
extent is even higher for powder B in respect to C, in
agreement with the specific chemical features of the two
powders: powder B has a higher substitution with CO3~
groups which is considered”-2>2# (at least for the fraction
substituting the PO3~ groups) to lower the activation
energy for particle surfacial diffusion (the substitution of
3 wt.% is enough to decrease the densification tempera-
ture of about 100°C).

The evaluation of the crystallite sizes by XRD, evi-
dences differences in crystallite shape, arising from a
preferential size development in the basal or axial
direction: HA-A sintered at 1215°C has crystallites of
740% 580 A (basalxaxial) on the pellet surface and of
2050x3450 A (basalxaxial) in the powdered sample.
HA-C sample sintered at 1215°C shows smaller and
more isotropic crystallite size of 920 A x 900 A
(basalxaxial) in the powdered state. Since grain and
crystallite size seem to proceed at the same rate, we can
state that for HA-A at high temperature the reduction
of total surface energy leads to an unfavourable value in
the sintering driving force which stops densification
beforehand; on the contrary HA-C has a densification
end-point shifted ahead.

In the case of calcined powder Al the slighter slope of
the curve in Fig. 3 is the consequence of a sintering in a
wider range of temperature that decreases the probability
of grain growth, promoting densification, although the
driving force for the sintering process is somewhat
sacrificed.®>>2¢ In fact, the other powders, finer than
Al, should be more reactive and provide more surface
as a driving force for densification; consequently the
density p,, at the starting of isothermic step, is lower for
HA-AI than for HA-A but the increase in density Apg.g
during the isotherm is higher for HA-AI than for HA-
A, so that both samples show a final density ~91% after
1.5 h at 1150°C (Fig. 5a).

In Fig. 7a—d, logarithmic plots of the shrinkage d/
Lo vs. sintering time for HA-A, -B, -C and -Al samples
are shown. The curves in Fig. 7a have been mathemati-
cally elaborated and it was found that the model equation

Log dL/Lo = cost + Log?"

describes the densification mechanism for powder HA-
A which is temperature and time dependent for
T<1000°C. In the various stages the exponent n, repre-
sented by the slope of the linear segments, assumes dif-
ferent values depending on the active densification
mechanism. A trend can be recognized for n values in the
range of temperature 940-1020°C: the second stage at
lower temperature approaches the behaviour observed
in the first stage at higher temperature. At 7=940°C the
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Fig. 7. Logarithmic plot of the shrinkage dL/L, vs. sintering time at various temperature: HA-A (a), HA-B (b), HA-C (c), HA-AI (d).

rearrangement stage is missing and » value results 0.42
for the first segment, which stands for a mechanism of
bulk diffusion.®?” For longer time n becomes 0.24 cor-
responding to the theoretical value for grain boundary
diffusion. This value is maintained in the first stage at
1000°C and n becomes 0.17 for time > 30 min, exactly the
same value found at 1020°C. The slopes of the segments
are dependent on the starting powder features as well as
on the degree of densification actually obtained: for
density above 85% of the theoretical value, the shrink-
age slope cannot represent a rate controlling mechanism
and such a flattening of the curves is explained by the
effect of grain growth occurring simultaneously with
densification.

The microstructural evolution from 1000 to 1215°C
(Fig. 8a—e) is well consistent with this interpretation;
cohalescence phenomenon begins at 1050°C and
strongly increases at 1100°C; at 7>1100°C relevant
grain growth is detected: morphology appears as a con-
tinuous media with residual porosity at the triple points;
at T=1215°C grain growth becomes huge and porosity
tends to disappear.

The logarithmic plots in Fig. 7b and c relative to HA-
B and HA-C, show single segments for each sintering
temperature, characterized by n values lowering with the

decreasing of the starting powder crystallinity degree.
At T=850°C n is 0.16 and 0.12 and at T=940°C n is
0.14 and 0.11 for HA-B and HA-C, respectively; at
1100°C n value decreases from 0.09 to 0.05 to 0.04
moving from HA-A to-B to-C.

The crystallinity degree of HA-A samples increases
(from the starting value 80% of the green powder) with
increasing sintering temperature and becomes 95% after
1.5 h at 1200°C; but X, increases more rapidly with
sintering temperature in samples prepared with low
crystallinity powders, up to exceed the corresponding
value of HA-A samples (Table 1). Besides the above
mentioned factors, the crystallinity degree of the start-
ing powders directly influences the densification beha-
viour and kinetic: as much lower is the crystallinity
degree of the starting powder (i.e. powder C), as the
activation energy for grain boundary diffusion is low-
ered; in fact, the grain boundary moves with the aim of
reducing its total extension influencing grain growth
rate.?? This phenomenon, driven by cation diffusion and
aimed to reduce the free enthalpy of the particles,
should have an activation energy two or three times
lower than the case in which recrystallization is not
contemporary to sintering.?* Actually the activation
energy, evaluated in the range of temperature 940—
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Fig. 8. Fracture image of HA-A samples after sintering for 1.5 h at: 1000°C (a), 1050°C (b), 1100°C (c), 1150°C (d), 1215°C (e).

1100°C, resulted decreasing in the order A>B>C,
being ~180, ~130 and ~90 KJ/mol, respectively. The
increase of X. during the sintering treatment is respon-
sible for the low n values found in the case of HA-B

and HA-C samples at each sintering temperature. In
fact, such low n values do not simply relate to the
densification mechanism but represent a combination
of simultaneous phenomena and so easily lead to a
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Fig. 9. Fracture image of samples after 1.5 h-sintering: HA-A at
1050°C (a), HA-C at 1050°C (b), HA-C at 1150°C (c).

misidentification of the rate controlling mechanism.
HA-C sintered at 1050°C shows smaller grains and a
diffuse nucleation in respect to HA-A (Fig. 9a and b); at
higher temperature coalescence phenomenon and again

Fig. 10. Fracture morphology of samples sintered at 1000°C for 1.5 h:
HA-A (a), HA-AI (b).

diffuse nucleation are well observed on grains of both
HA-B and HA-C (Fig. 9¢).

The logarithmic plot (Fig. 7d) of HA-AI samples is
characterized by n values higher than those of uncal-
cined powder: at T7=940°C, three linear segments
decreasing in slope, n ~0.67, 0.50, 0.33, fit the data as
the sintering time increases. n=0.67 could be related to
the process of particle rearrangement, which is not
found in the case of the corresponding uncalcined HA-
A sample; n=0.50 is consistent with a rate controlling
mechanism of bulk diffusion parallel to the interparticle
centerline through the area of the interparticle flat sur-
faces and n=0.33 can be correlated with both mechan-
isms of bulk and grain-boundary diffusion.®2®

After sintering at 940-1000°C, HA-AI samples show
grains more rounded and with coalescence markedly
reduced in respect to HA-A treated at the same tem-
perature (Fig. 10a, b); such a result is in agreement with
the above mentioned delaying effect on sintering due to
the calcination pretreatment of powder.
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4. Conclusions

Three different HA powders with starting crystallinity
from 20 to 80% were prepared and their sintering
kinetic carefully studied.

The physico-chemical features of the different pow-
ders (grain size, crystallinity degree, chemical substitut-
ing groups, etc) drive the densification behaviour and
kinetic: grain growth is strongly stimulated in HA-B
and HA-C due to grain boundary diffusion process,
which improves densification in respect to powder A
and Al

A temperature and time dependent kinetic was recog-
nized for HA-A: at T ~ 940°C, a mechanism of bulk
diffusion is hypothesized, followed by grain boundary
diffusion mechanism for time longer than 30 min.

Calcination treatment (HA-AI) has a delaying effect
on sintering at low temperature: at temperatures in the
range 940-1000°C grains are more rounded and coales-
cence is reduced, that agrees with n values higher in
respect to HA-A and the possibility to identify a pre-
ceding mechanism of particle rearrangement; but, at
higher temperature, decreasing the probability of grain
growth, the densification is improved.

Besides the grain smallness (high reactivity) and the
high thermal stability (no formation of low-density
phases), the low crystallinity degree of the starting
powder highly favours the densification process. As a
consequence the low n values found for HA-B and HA-
C, especially for 7>850°C, cannot represent a rate
controlling mechanism, being the result of several
simultaneous phenomena occurring during sintering
treatment.
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