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Sintering of hydroxylapatite-zirconia composite
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Sintering of hydroxylapatite-zirconia (doped with 3mol% Y,0;) composite powder compacts
was studied. Hydroxylapatite powder was prepared from Ca(OH), and H;PO,, and zirconia
powder was prepared from ZrOCl, - 8H,0 and YCl;. The sinterability of hydroxylapatite-
zirconia composite powder compacts depends strongly on differential shrinkage between the
powder components of the composite. Smalier differential shrinkage results in better sinter-
ability. By increasing the calcination temperature of zirconia powder and/or decreasing that of
hydroxylapatite powder improves the sinterability of the composite powder compacts. The
phase distribution and total amounts of crystal phases depend on the sintered density of com-
pacts. Hydroxylapatite and cubic zirconia are the major phases of compacts with high sintered

densities, whereas o- and f-tricalcium phosphate and CaZrO, are the major phases of com-

pacts with low sintered densities.

1. Introduction

Hydroxylapatite is a particularly attractive materiai
for bone and tooth implants because its chemical and
crystallographic properties closely resemble those of
bone and tooth minerals, and the sintered material has
superior compatibility with these tissues [1-3]. The
principal limitation of this material is that it is brittle
and weak [4-8], which restricts the clinical orthopaedic
and dental applications. Zirconia, especially partially
stabilized zirconia, has received special attention,
primarily because of its high strength and high resist-
ance to fracture [9-13]. Hulbert ef al. [14] evaluated
three different ceramics, CaO - AL,O,, CaO - TiO, and
CaO - Zr0O,, and concluded that they are inert bio-
ceramics. The incorporation of ZrO, into hydroxy-
lapatite material may enhance its mechanical properties
and will not affect its biocompatibility. Thus it is desir-
able to study the hydroxylapatite-ZrO, composite
materials. In the present paper sintering of hydroxy-
lapatite and ZrO, composite materials is reported.

2. Experimental procedure

2.1. Preparation of hydroxylapatite powders
A suspension of 0.3M Ca(OH), in 1500 ml distilled
water was vigorously stirred and its temperature was
maintained at 70°C. A solution of 0.3M H,PO, in
1000 ml distilled water was slowly added dropwise to
the Ca(OH), suspension. The reaction mixture was
stirred vigorously and aged for 24 h in a 70° C water
bath. The resulting slurry was filtered, washed with
deionized water three times, and washed with ethyl
alcohol twice. The washed and filtered powder was
dried and then calcined at 750 or 800°C for 3 h.

2.2. Preparation of ZrQ, powders
Zirconia powders partially stabilized with 3 mol %
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Y,0, were prepared by the oxychloride method. A
suitable proportion of ZrOCl, - 8H,0 and YCl, was
weighed and added to deionized water to form a
solution of 0.3M concentration. The solution was
added slowly to an NH,OH solution of pH = 9.35. To
maintain the pH at 9.35, additional NH,OH solution
was added to the reaction solution simultaneously.
After reaction, the turbid solution was filtered and
washed with deionized water three times to remove
chlorine ions. Then the filtered powder was washed
with ethyl alcohol three times and dried. The resulting
powder was calcined at various temperatures for 1 h.

2.3. Sintering of hydroxylapatite-zirconia
composite

The calcined hydroxylapatite powder and zirconia
powder were milled in a polyethylene bottle with zir-
conia balls for 10h. The milling medium was ethyl
alcohol. During ball milling, 1.5 wt % PVA was added
as binder. The milled powder was then quickly filtered
to prevent segregation due to the density difference of
these two powders. In addition, the filtered powder
cake was mixed in a pestle and mortar during drying.
The resulting powder was then dry pressed at 100 MPa,
and sintered at various temperatures for 3 h. The sin-
tered bulk density was measured by Archimedes method.
The crystal phases were identified using X-ray diffrac-
tion. The microstructure was investigated by scanning
electron microscopy (SEM) on fractured and/or
polished sample surfaces. For polished samples, the
surface was etched with 0.1 M acetic acid or 1 wt %
phosphoric acid before being investigated by SEM.

3. Results and discussion

3.1. Powder characteristics
Precipitated hydroxylapatite powder was dissolved by
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nitric acid and then analysed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES).
The calcium/phosphorus molar ratio was determined
to be 1.66 + 0.01, very close to the theoretical ratio
for hydroxylapatite, i.e. 1.667. The major impurity of
the precipitated hydroxylapatite was manganese,
the concentration of which was determined to be
100 p.p.m. The crystal phase of precipitated hydroxy-
lapatite powder before calcination and after calcining
at 750 and 800° C for 3 h was all hydroxylapatite. The
observed X-ray peaks were broad. The precipitated
hydroxylapatite powder was needle-shaped approxi-
mately 100 nm long and 20 nm wide, as observed by
TEM before calcination. After calcination, powder
growth occurs as evidence of sharper X-ray diffraction
and direct TEM images. Powders calcined at 750 and
800° C for 3 h were approximately 160 nm long, 30 to
40 nm wide, and 190 nm long, 40 nm wide, respectively.
The surface areas measured by the BET method were
35.0 and 32.1m*g"', respectively, for 750 and 800° C
calcination. The bulk density sintered at various tem-
peratures for the 800° C calcined powder was shown in
Fig. 1. The powder compact can be sintered to high
density in the temperature range 1150 to 1350°C, 97%
theoretical density at 1150°C, and 99.5% theoretical
density at 1300°C. The crystal phase of the sintered
sample was determined to be hydroxylapatite no other
phases were observed. These demonstrate the excel-
lent sinterability and high stability of the precipitated
hydroxylapatite powder.

The precipitated zirconia powder is amorphous
before calcination, and shows tetragonal structure
after calcining at temperatures higher than 550° C for
1h. The crystallite shape is spherical. The crystallite
size is about 10 to 20 nm for calcining at temperatures
from 550 to 800°C, and 0.1 um for 1200°C calci-
nation. The bulk densities sintered for 3h at various
temperatures for precipitated zirconia powder cal-
cined at 550°C for 1h are shown in Fig. 1, demon-
strating that the calcined zirconia powder compact
can also be sintered easily to high density, about 95%
to 98% theoretical. The crystal phase of the fired
compact is single-phase tetragonal zirconia.

3.2. Sintering of hydroxylapatite-ZrQO,
composite (H8Z5)

Fig. 1 also shows the sintered densities of powder

compacts which consist of 80wt % hydroxylapatite
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powder calcined at 800°C for 3h and 20 wt % ZrO,
powder calcined at 550° C for 1 h (H8Z5). The sintered
bulk densities are estimated to be about 70 to 80%
theoretical density assuming no phase reaction.
From X-ray diffraction, it is found that phase trans-
formation and reaction occur extensively as the sinter-
ing temperature increases. Fig. 2 shows the X-ray
diffraction peaks for samples sintered at different tem-
peratures and then ground into powder. The range of
20 is shown from 29° to 34° where the phase change
can be easily differentiated. At 1150° C, some hydrox-
ylapatite phase has transformed into f-tricalcium
phosphate (whitlockite), and tetragonal zirconia has
transformed into cubic zirconia. In addition, the
released CaO, due to transformation of hydrox-
ylapatite into f-tricalcium phosphate, reacted with
Zr0O, to form CaZrQ;. As the sintering temperature
increases, the amounts of f-tricalcium phosphate
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Figure 2 Crystal phases of hydroxylapatite—zirconia composites
after sintering at various temperatures from 1150 to 1400°C.
o = a-CP; f = p-C,P; C = cubic Zr0,; h = HAP; CZ =
CaZrO;.



and CaZrQO,; phase continue to increase, and those
of hydroxylapatite and cubic ZrO, tend to decrease.
At 1400° C, almost no hydroxylapatite phase is left.
Some f-tricalcium phosphate has transformed into
a-tricalcium phosphate. However, even if the density
changes caused by phase transformation and reaction
are considered, the sintered bulk densities increase
only about 3% on the theoretical density scale, i.e. lie
between 73 to 83% theoretical.

The sinterability of the composite is very poor com-
pared with the original individual powders. Fig. 3
shows the microstructures of fracture surfaces of the
composite sintered at different temperatures. There is
significant agglomeration of ZrO, powders which are
shown as small spherical particles in Fig. 3a. The
small spherical particles were identified as ZrO,
powders partly from TEM powder images and partly
from electron probe microanalysis (EPMA). The
pores are connective in all sintered compacts. By com-
paring Figs 3a to f, it is found that pore (or open
channel) size tend to grow as sintering temperature
increases. From X-ray diffraction data, the connective
phases are either hydroxylapatite or tricalcium phos-
phate, and the dispersed phases are either cubic ZrO,
or CaZrQ, phase. The poor sinterability of the com-
posite powder compact apparently resulted from
extensive pore development during sintering. This
pore development or fissure formation may be caused
either by water vapour evolution due to reaction
between hydroxylapatite and zirconia or by differen-
tial shrinkage of the individual powder. It is felt that
differential shrinkage is the major factor affecting the
sintering behaviour of the powder composite because
of different packing of these two powders. Applying
100 MPa consolidation pressure to individual pow-
ders, the green densities of the compacts are found to
be about 30% and 50% theoretical density for zir-
conia and hydroxylapatite powder, respectively.
Assuming both powders are sintered to full density,
the average linear shinkage should be 33% for zir-
conia powder, and 20.6% for hydroxylapatite. The
shrinkage of zirconia powder is larger by (33-20.6)/
20.6 = 60% than that of hydroxylapatite powder.
This tremendous shrinkage difference detaches zirconia
agglomerate from the hydroxylapatite matrix and
forms extensive pores or fissures which are difficult to
eliminate as sintering proceeds.

3.3. Effect of calcination on sintering (H0ZO,
H8Z8, H8Z212, H7Z12)

Because the poor sinterability of hydroxylapatite-
zirconia powder composite was hypothesized to result
from differential shrinkage between hydroxylapatite
matrix and zirconia agglomerates, it is thought that
the sinterability can be improved if the agglomerate
can be reduced. In order to achieve more intimate
mixing of hydroxylapatite and zirconia powders, the
two powders were mixed after they were precipitated
and before they were calcined. The suspensions of
hydroxylapatite and zirconia precipitates were pre-
pared by the methods mentioned in the previous
section; however, the zirconia precipitate suspension
was added dropwise to the hydroxylapatite precipitate

suspension before they were filtered. During this step,
both suspensions were stirred vigorously to achieve
intimate mixing and to prevent segregation. As the
procedure was completed, the whole suspension was
filtered and washed with water and ethyl alcohol as
before. The powder prepared this way was represented
as HOZ0. The sintered densities were shown in Fig. 1.
The sinterability of HOZ0 powder was even worse
than that of H8Z5. From microstructural investiga-
tions, which are similar to Fig. 3 and will not be shown
here, it was found that although the agglomerate size
seemed reduced, the agglomeration could not be elimi-
nated. Thus it is reasoned that the poorer sinterability
may arise from the looser packing of both powders
which results in larger differential shrinkage.

Another approach to reduce the differential shrink-
age is reducing the shrinkage of zirconia and/or
increasing that of hydroxylapatite. Based on this argu-
ment, zirconia powders were calcined at 800° C (Z8)
and 1200° C (Z12) for 1 h (previously at 550° C (Z5)).
The effect of calcination on sintering is demonstrated
in Fig. 4. Comparing the sintered densities of H8Z12,
H8Z8 (Fig. 4), and H8Z5 (Fig. 1), it is found that the
increase of calcination temperature from 550 to 800° C
changes the sintered densities very little, whereas
increasing the calcination temperature from 800 to
1200° C increases sintered densities very significantly.
This may be due to the small change in crystallite size
from 550 to 800° C and the large increase in crystallite
size from 800 to 1200° C, mentioned in the previous
section. Increasing the calcination temperature of zir-
conia powder causes zirconia particles to grow and the
packing density of the zirconia agglomerate to increase.
This reduces the shrinkage of the zirconia agglomerate
and thus the differential shrinkage between hydroxyl-
apatite and zirconia. Slower formation of pores and
fissures enhances sintering. Comparing H7Z12 and
H8Z12 in Fig. 4, it is demonstrated that reducing the
calcination temperature of hydroxylapatite powder
tends to improve the sinterability of the composite
even further. H7Z12 represents samples in which the
hydroxylapatite powder was calcined at 750° C for 3h
and the zirconia powder was calcined at 1200° C for
1 h. Reducing the calcination temperature of hydrox-
ylapatite powder has the effect of decreasing the
particle size and particle packing density of hydrox-
ylapatite. This increases the shinkage of hydroxylapa-
tite during sintering and makes the differential shrink-
age smaller, which helps sintering. The sintered
densities of H7Z12 composite are very close to the
theoretical density of the composite.

The change in crystal phase during sintering of all
the composites consisting of hydroxylapatite and zir-
conia has a similar trend. As sintering temperature
increases, hydroxylapatite tends to release CaO and
transform into f-tricalcium phosphate, and zirconia
tends to react with released CaO and form cubic
zirconia of CaZrO;. The higher the sintering tem-
perature, the larger the amounts of §-tricalcium phos-
phate and CaZrO,. As temperature increases further,
p-tricalcium phosphate transforms into a-tricalcium
phosphate. Although the tendency of the phase
change with sintering temperature is similar for all
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Figure 3 Microstructures of fracture surfaces of hydroxylapatite-zirconia composite (H8Z5) sintered at various temperatures: (a) 1150°C;
(b) 1200°C; (c) 1250° C; (d) 1300°C; (e) 1350°C; (f) 1400°C.
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Figure 4 Sintered density plotted against sintering tem-
perature for hydroxylapatite-zirconia composites (O)
H8Z8, (a) H8Z12, (&) H7Z12.
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composite powder compacts, the total amounts and
distribution of tricalcium phosphates and CaZrO,,
which depend on the sintered density of compact,
differ greatly.

3.4. Phase distribution of sintered
hydroxylapatite-zirconia composite

The phase distribution from the surface to the centre
of the sintered compact can be obtained by polishing
the sample to the desired depth and analysing the
crystal phases of the sample surface with X-ray
diffraction. Fig. 5a is a schematic diagram showing
the relative distribution of the phosphate phases
of the composite which cannot be sintered to high
density. The hydroxylapatite transforms into «- and
f-tricalcium phosphate within the whole sample.

Samples which show this kind of distribution include
composites H8Z8 which were sintered at 1200, 1250
and 1300° C as well as composites H8Z12 which were
sintered at 1200 and 1250°C (Fig. 4). Fig. 5b is a
schematic diagram showing the relative distribution of
phosphate phases of the composites which can be
sintered to nearly theoretical density. The transforma-
tion of hydroxylapatite into «- and S-tricalcium
phosphate is limited to the surface layer with a thick-
ness of about 100 to 200 um, depending on sintered
density and sintering temperature. In addition, the
distribution of tricalcium phosphate phases is not
uniform in the surface layer: a-tricalcium phosphate
accumulates on the outer surface region, whereas
p-tricalcium phosphate tends to locate on the inner
surface region. Samples which show this kind of
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Figure 6 Microstructures of cross-sections of two typical samples which have low sintered densities, (a) surface region, (b) centre; and high

sintered densities (c) surface region, (d) centre.

distribution include composites H7Z12 which were
sintered at 1200, 1250, and 1300° C, as well as com-
posite H8Z12 which was sintered at 1300°C.

The phase distribution obtained by X-ray diffrac-
tion is consistent with the observed microstructures.
Fig. 6a is an SEM picture of the cross-section of
sample H8Z12 sintered at 1200°C for 3h, polished
and etched in 0.1 M acetic acid solution for 1 min. The
sample surface is located near the top of the picture.
Two types of regions can be differentiated from the
microstructure. One is the white area which covers
most of the microstructure, appearing densely inter-
connected in the outer surface region and less densely
distributed on approaching the centre of the sample.
The other is the dark region which is isolately distrib-
uted in the outer surface region. The area of the dark
region increases on approaching the centre of the
sample, and its distribution becomes interconnected.
Fig. 6b exhibits the microstructure of the centre of the
same sample as Fig. 6a, showing that the dark area is
larger than the white area; the white area is actually
the area where crystals are more easily etched away,
and the dark area is the area where crystals have a
higher resistance to acid corrosion. As compared to
X-ray diffraction data, it is concluded that the white
area is a-tricalcium phosphate, and the dark area is
B-tricalcium phosphate. The cubic-zirconia and
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CaZrO; phases are embedded in the phosphate
phases. Fig. 6c shows the microstructure of the cross-
section of H7Z12 sintered at 1300°C for 3 h. Fig. 6¢
shows the same characteristics as Fig. 6a, the major
differences between them being: the white area is more
densely distributed in the outer surface; the white area
is much thinner, approximately 100 um thick; the
white area is isolately and sporadically distributed
within a 100 to 1000 um region from the surface. The
microstructure of the centre of this sample is shown in
Fig. 6d, being composed of dark matrix grains with
diameters of approximately 1 um and white particles
of size varying from 0.1 to 0.5 yum. On comparison
with X-ray diffraction data and microstructures of
sintered pure hydroxylapatite compact, the dark
matrix grain is identified as hydroxylapatite phase and
the white particle is essentially cubic zirconia phase.
The microstructures of other samples are either
similar to Figs 6a and b or similar to Figs 6c and d.
Compacts which can be sintered to high density,
1.e. H7Z12 sintered at 1200, 1250, and 1300°C and
HB8Z12 sintered at 1300° C, all possess the same micro-
structures as Figs 6¢ and d. Compacts which have low
sintered densities, on the other hand, such as H8Z12
sintered at 1200 and 1250°C, and H8ZS8 sintered at
1200, 1250 and 1300°C, show the same microstruc-
tures as Figs 6a and b.



The phase distribution and total amounts of crystal
phases apparently depend on the sintered density.
This can be explained by the following reactions

Ca,y(PO,)s(OH), = 3p-Ca,P,0; + CaO + H,0

(H
CaO + ZrO, = cubic-ZrO, or CaZrO, (2)
f-Ca; P05 = 0-Ca; P,04 3)

From Reaction 1, hydroxylapatite transforms into
p-tricalcium phosphate together with releasing cal-
cium (or CaO) and evolving water vapour. If the
composite compacts cannot be sintered to high
density, water vapour can diffuse out of the sample
easily through interconnected open pores, Reaction 1
tends to move to the right. Hydroxylapatite phase is
not stable, and a~ or f-tricalcium phosphate are the
major phases. According to Reaction 1, the reaction
continues, a lot of CaO is released, thus CaZrO, is
formed in preference to cubic zirconia. If the com-
pacts can be sintered to nearly theoretical density, the
water vapour evolved according to Reaction 1 has
little opportunity to diffuse out of the sample, except
in the region which is close to the surface. Thus
hydroxylapatite is stable in the most part of the
sample except the surface layer, and «- as well as
p-tricalcium phosphate are the main phases in the
surface layer. Because the amount of released CaO is
small in the region which is away from the surface
layer, cubic zirconia is the major zirconia-containing
phase. The thickness of the surface layer depends
strongly on the ease of the diffusion of water vapour
which is closely related to the sintered density. The
higher the sintered density, the thinner the surface
layer.

4. Conclusion

The sinterability of hydroxylapatite—zirconia com-
posite powder compacts depends greatly on differen-
tial shrinkage between the powder components of the
composite. The smaller the differential shrinkage, the
better the sinterability of the composite powder com-
pact. Because the shrinkage of zirconia agglomerate is
higher than that of hydroxylapatite for powders
prepared in this study, treatments such as calcining

zirconia powder at higher temperature and calcining
hydroxylapatite powder at lower temperature, improve
the sinterability of the composite powder compact.

The phase distribution and total amounts of crystal
phases depend on the sinterability of composite pow-
der compacts. For compacts which can be sintered to
nearly theoretical density, the evolved water vapour
cannot diffuse out of the sample fast enough for
hydroxylapatite and cubic zirconia to be the major
phases in the most part of the sample except in the
surface layer where - and f- tricalcium phosphates
and CaZrO, are the major phases. For compacts
which have low sintered density, water vapour can
diffuse easily through interconnected open pores, o-
and f-tricalcium phosphate and CaZrO, are the major
phases in the whole sample.
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