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Hydroxylapatite-zirconia composites: Thermal
stability of phases and sinterability as related
to the Ca0-ZrO, phase diagram
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Composites of hydroxylapatite (HA) with pure zirconia, and 3 and 8% Y,03 in zirconia, were
pressure-less sintered at temperatures from 900 to 1300°C, and hot-pressed at 1200°C in
argon gas atmosphere for 1 h. The reactions and transformations of phases were
monitored with X-ray diffraction and thermal analysis. At sintering temperatures higher
than 1000°C, calcium from HA diffused into the zirconia phase, and the HA phase
decomposed to tri-calcium phosphate (TCP). Above about 1200°C, CaZrO3; was formed.
These reactions and transformations were interpreted in terms of the ZrO,-CaO phase
diagram. On the other hand, zirconia and hydroxylapatite phases in hot pressed composite
remained mainly stable suggesting that air in the sintering environment increased the
reactivity between the phases. The highest densification was found in a composite initially
containing 10% monoclinic ZrO, sintered at 1300 °C. The densification of the composites
decreased at lower sintering temperatures and higher zirconia contents upon air-sintering.
© 2005 Springer Science + Business Media, Inc.

1. Introduction
Hydroxylapatite (HA, Ca;o(PO4)s(OH);), akind of cal-
cium phosphate type ceramic material [1, 2], is widely
used in biomedical applications such as surgical [3] and
dental implantology [4] because this material improves
biocompatibility and bonds well to growing bone, since
the chemical composition of HA is close to that of the
inorganic component of bone. However, HA has some
mechanical limitations because it is brittle. For this rea-
son, HA-based composites or HA coatings on metals
have been studied to enhance the mechanical proper-
ties of HA. For instance, composites made of HA and
other ceramic powders [5-9], bioactive glasses [10]
or polymers [11, 12] have been studied as candidate
implant materials. HA-ceramic composites, especially
HA-zirconia composites, have shown promising im-
provements in the strength and toughness as compared
to HA itself [6, 7]. On the other hand, decomposition of
HA, which forms second phases, and phase transforma-
tion of partially stabilized zirconia from tetragonal to
cubic structure can degrade the mechanical properties
of these composites [5, 6].

There have been many reports of processing of HA
composites with zirconia [6, 9, 13—16]; many earlier
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references are reviewed in these papers. There is agree-
ment that the addition of zirconia to the HA causes it to
decompose at lower temperatures in pressure-less sin-
tering, so that several workers have used hot-pressing
to reach higher density [13-15].

The present study aimed to develop a more com-
plete understanding of the thermal phase stability and
interactions between hydroxylapatite and various zirco-
nias and to investigate the sinterability of HA-zirconia
composites, as interpreted with the ZrO,-CaO phase
diagram. Three types of zirconia; pure, 3 mol% yttria
doped, 8 mol% yttria doped, were used to make HA
composites. The composites were characterized with
XRD, thermal analysis and sinterability in terms of den-
sity measurements.

2. Experimental procedures

HA was prepared by a precipitation method. Details on
this technique are reported in a previous paper [17]. Zir-
conia powders were obtained from Zirconia Sales Inc.
The particle diameter in our sintered composites was
about 0.2 um. The powders of HA and the ceramic com-
ponents; (ZrO;; 3 mol% Y,03; doped ZrO,; 8 mol%
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TABLE 1 Abbreviation and the composition of the samples

Name Abbreviation Composition

Hydroxylapatite. HA pure

Zirconia. y4{0)) 100%

3% mol.Y,03 doped YSZ3 100%
Zr0;.

8% mol.Y,03 doped YSZ8 100%
Z1r0,.

Hydroxylapatite HAZrO;-10 90 wt% HA+10 wt% ZrO,
Zirconia Composites. HAZrO,-25 75 wt% HA+25 wt% ZrO,

HAZrO,-40 60 wt% HA+40 wt% ZrO,

Hydroxylapatite- 3% HAYSZ3-10 90 wt% HA4-10 wt% YSZ3
mol.Y,03 doped HAYSZ3-25 75 wt% HA+25 wt% YSZ3
ZrO, Composites. HAYSZ3-40 60 wt% HA+40 wt% YSZ8

Hydroxylapatite- 8% HAYSZ8-10 90 wt% HA+10 wt% YSZ8
mol.Y>03 doped HAYSZ8-25 75 wt% HA+25 wt% YSZ8
ZrO,Composites. HAYSZ8-40 60 wt% HA+40 wt% YSZ8

Y,03 doped ZrO,) were mixed in the desired weight ra-
tios. The description and the composition of the samples
are shown in Table I. XRD measurements and thermal
analysis for the phase analysis were performed just on
the HAZrO,-25 (75 wt% HA-25 wt% ZrO;) composite
samples. All composites were used for the sinterability
measurements.

For homogeneous mixing, the powders were blended
with ball milling in an ethyl alcohol medium. The
milled powder was then quickly filtered through a 0.2
micron Millipore filter to prevent segregation due to
the density differences of the two components. The
filtered cakes were kept at 200°C overnight to re-
move the rest of the ethyl alcohol. The cakes were
crushed and further mixed in a pestle and mortar. The
resulting powder was cold-pressed into pellets at 200
MPa in a cylindrical die. Subsequently, pellets were
pressure-less sintered at 900, 1000, 1100, 1200, and
1300°C for 1 h in air. XRD measurements and ther-
mal analysis were only performed on the composites of
HAZrO,-25. Composite with this composition was also
used for sintering with hot-pressing in argon at 1200 °C
for 1 h to examine the effect of sintering environment
on the phase stability of the components.

XRD analyses were performed on one of the sur-
faces of the sintered pellets with a Scintag XRD unit
operating with Ni filtered Cu K,, radiation.

The densities of sintered cylindrical samples were
calculated from their measured dimensions and
weights. The theoretical density p; of a composite sam-
ple of composition w, wt% zirconia and wy, wt% HA
was calculated from the formula:

1
p= M
580 T 3.1%

in which 5.89 and 3.156 g/cm? are the densities of pure
zirconia and HA, respectively. The fraction of the theo-
retical density (fractional density) is then just the mea-
sured density divided by p.

Thermal analyses were conducted to monitor reac-
tions between HA and zirconia phases that occur during
sintering. A TA Instruments SDT 2960 TGA system
was used at 20 °C/min heating/cooling rate from room
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temperature to 1350 °C under 100 mL/min air purge for
the analysis.

3. Results
Pure HA pellets were sintered in air for 1 h at
temperatures of 900, 1000, 1100, 1200, and 1300 °C.

X-ray diffraction patterns showed slight decomposi-
tion of the HA only at 1300 °C. X-ray diffraction pat-
terns of HAZrO,-25 pellets sintered for 1 h at tempera-
tures from 900 to 1300 °C are given in Fig. 1. As the sin-
tering temperature increased the monoclinic ZrO, be-
gan to transform to tetragonal or cubic ZrO, at 1100 °C,
and at 1200 °C the transformation was complete. HA
started to decompose to a mixture of & and S tricalcium
phosphate (TCP) at 1100 °C; at 1300 °C this decompo-
sition was nearly complete, and the TCP was entirely
o phase.

The more spread X-ray diffraction pattern in Fig. 2
for sample HAZrO,-25 after 1 h at 1100°C shows
greater detail of the pattern of 26 from 27° to 37°.
The ZrO, was partially converted from monoclinic to
tetragonal and/or cubic phases, and the HA has partially
decomposed to TCP. Most of the diffraction lines for
tetragonal and cubic ZrO, are close together; an exam-
ple of the decomposition of the diffraction peaks near
26 of 74 is shown in Fig. 3 for HAZrO,-25 sintered at
1100 °C for 1 h in air. The zirconia is mainly tetragonal
phase, with some cubic phase.

X-ray diffraction patterns of HAYSZ3-25 sintered in
air at temperatures from 900 ° to 1300 °C are shown in
Fig. 4, and for HAYSZS8-25 under the same conditions
in Fig. 5. To compare the phases in the thee different
composites containing ZrO;, YSZ3 (3% Y,03-ZrO»),
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Figure 1 X-ray diffraction patterns of HAZrO,-25 samples after sinter-
ing for 1 h in air at temperatures: (a) 900 °C, (b) 1000 °C, (c) 1100°C,
(d) 1200°C, (e) 1300°C. H are HA peaks; m, monoclinicZrO;; t, c,
tetragonal and/or cubic ZrO;; « and B, tricalcium phosphate.
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Figure 2 X-ray diffraction pattern of HAZrO,-35 after sintering for 1 h
inair at 1100 °C. h, hydroxylapatite; m, monoclinic ZrO»; t, c, tetragonal
and/or cubic ZrO;; o, «-TCP, 8, B-TCP.

t
t
t
C
72 73 74 75

Angle (206)

Intensity (Arbitrary unit)

71 76

Figure 3 X-ray diffraction pattern for HAZrO;-25 composite sintered
for 1 hin air at 1100 °C. Top, measured curve, bottom decomposition of
the main peak, 7, tetragonal phase; ¢, cubic phase ZrO,.

and YSZ8 (8% Y,03-ZrO3) the relative XRD peak
heights are plotted as a function of sintering temper-
atures in Figs 6-8. The relative peak heights show the
changes in the amounts of a particular phase, but are
not normalized to give absolute concentrations.

The decomposition reaction of HA as shown by the
plots in Figs 6-8 to o and 8 TCP is:

Cay9(POy4)6(OH),—> 3Ca3(PO4),+Ca0O + H,O (2)

In Fig. 6 the HA peak shows that in composites with
monoclinic ZrO, reaction 2 starts at between 900 and
1000°C, and is almost complete between 1200 and
1300 °C. This behavior is much different than for pure
HA, which started to decompose between 1200 and
1300 °C, Fig. 9. Thus the monoclinic ZrO, acts as a
catalyst for the decomposition of HA. In Fig. 6 the mon-
oclinic ZrO, begins to transform to tetragonal ZrO, at
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Figure 4 X-ray diffraction patterns for HAYSZ3-25 sintered in air for
1 hat (a) 900 °C, (b) 1000°C, (c) 1100°C, (d) 1200°C, (e) 1300°C. h,
hydroxylapatite; t, ¢ tetragonal and cubic ZrO;; o, «-TCP; g, B-TCP;
cz, CaZrOs.
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Figure 5 X-ray diffraction patterns for HAYSZ8-25 composites sintered
in air for 1 h at (a) 900 °C, (b) 1000°C, (c) 1100°C, (d) 1200°C, (e)
1300 °C. h, hydroxylapatite; t, ¢ tetragonal and cubic ZrO,; «, a-TCP;
B, B-TCP; cz, CaZrO3.

about 1000°C, and is almost entirely transformed at
1200 °C suggesting that the transformation of mono-
clinic to tetragonal ZrO; is closely related to the de-
composition of HA by reaction 2.

A comparison of HA curves in Figs 6 and 7
shows that when tetragonal YSZ3 (3Y,03-97Zr0O,)
is substituted for monoclinic ZrO, in the 25% ZrO,
composites, the decomposition of HA is retarded, and
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Figure 6 Relative amounts of different phases in HAZrO;-25 compos-
ites sintered at different temperatures, from peak heights in Fig. 1.
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Figure 7 Relative amounts if different phases in HAYSZ3-25 compos-
ites after sintering for 1 h at different temperatures, from the peak heights
in Fig. 4.

starts at between 1000 and 1100 °C instead of under
1000 °C. With 25% YSZ8 (8Y,03-92Zr0,) in the HA
composites (Fig. 8) the decomposition of HA starts
also between 1000 and 1100°C, however the first
appearance of CaZrO3 was between 1200 and 1300 °C
instead of at lower temperatures in composites with
the other zirconias. In HA-ZrO2 composites, the HA
phase almost completely disappeared.

As the relative amounts of o and B-TCP can also
be followed from the plots in Fig. 6, 8-TCP phase
forms first from reaction 2 between 900 and 1000 °C,
and «-TCP first appears between 1000 and 1100 °C;
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Figure 8 Relative amounts of different phases in HAYSZ8-25 compos-
ites after sintering for 1 h at different temperatures, from the peak heights
in Fig. 5.
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Figure 9 TGA and DTA of HA up to 1300 °C.

both phase are observed in the composite sintered at
1300 °C. However in Figs 7 and 8 for the composites
of HAYSZ3-25 and HAYSZS8-25, B-TCP phase forms
first from reaction 2 between 1000 and 1100 °C, and
«-TCP first appears between 1100 and 1200 °C in Fig. 7
for HAYSZ3-25, and 1200 and 1300°C in Fig. 8 for
HAYSZ8-25 and completely disappeared at 1300 °C.

Formation of CaZrO; was monitored in Figs 6, 7
and 8 between 1200 and 1300 °C. The CaO formed by
the decomposition of HA (reaction 2) can react with
zirconia to form CaZrOj3 according to the following
reaction:

CaO + ZrO, — CaZrO; 3)
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Figure 10 TGA and DTA of HAZrO-25 up to 1300 °C.

Thermogravimetric analysis (TGA) of pure HA,
Fig. 9, showed a continuous weight loss of about 5%
from room temperature to about 700 °C, which proba-
bly results from removal of absorbed molecular water
and combination of surface OH groups on the apatite to
form water. At 1200 °C in differential thermal analysis
(DTA) there was an endothermic peak at about 1200 °C,
which probably resulted from the beginning of HA de-
composition. The TGA curve for HAZrO,-25 compos-
ite in Fig. 10 shows the weight loss from absorbed water
up to about 600 °C, just as found for pure HA. The ad-
ditional weight loss at about 1200 °C probably results
from the decomposition of HA by reaction 2. The en-
dothermic DTA peak at about 1220 °C is attributed to
the formation of CaZrOj3 by reaction 3. The TGA curve
for HAYSZ3-25 composite in Fig. 11 also showed the
same weight loss trend similar to pure HA. However,
the heel of the TGA curve indicating the weight loss
was extended to 1260 °C, which was up to 1160 °C in
the HAZrO,-25 in Fig. 10.

The X-ray diffraction pattern for HAZrO,-25 com-
posite hot-pressed in argon at 1200 °C for 1 h, Fig. 12,
showed lesser decomposition of HA than for the sam-
ple pressure-less sintered at the same time and tem-
perature (Fig. 1d). Furthermore, the monoclinic zir-
conia phase in the pressure-less sintered sample had
completely transformed to tetragonal ZrO; at 1200 °C,
whereas the ZrO, in the hot-pressed sample was only
partially transformed to tetragonal phase.

The % theoretical density is shown in Figs 13, 14 and
15 as a function of ZrO; content for composites sintered
for 1 h at different temperatures. A maximum in den-
sity was found for a composite initially containing 10%
monoclinic ZrO, and sintered at 1300 °C for 1 h; how-
ever, this composite contains little HA, which had been
almost entirely converted to TCP by reaction 2 (Figs 1
and 6). Composites containing more than 20% ZrO,
either pure or with Y03, had much lower densities.
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Figure 11 TGA and DTA of HAYSZ3-25 up to 1300°C
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Figure 12 XRD patterns of HAZrO,-25 composites: (a) hot-pressed in
Ar atmosphere at 1200 °C for 2 h and (b) sintered in air for 2 h. & are
HA peaks; m, monoclinic ZrO»; t, ¢, tetragonal and/or cubic ZrO,; «,
tricalcium phosphate.

The densities of composites containing YSZ8, Fig. 14,
were similar to these containing YSZ3 in Fig. 13.

4, Discussion
The chemical reactions of decomposition of HA (Equa-
tion 2) and formation of CaZrO3 (Equation 3), as well
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Figure 13 (Density/theoretical density) x 100 as a function of amount
of monoclinic ZrO, in HAZrO, composites, after sintering for 1 h at
different temperatures. Theoretical density from Equation 1.
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Figure 14 (Density/theoretical density) x 100 as a function of amount
of YSZ3 (3%Y,03-97%Zr0O,) in HA-ZrO, composites sintered for 1 h
at different temperatures.

as the transformation of zirconia phases, can be dis-
cussed in terms of the phase diagrams of ZrO,-CaO
and Zr0,-Y,0j3. Zr0O,-Ca0 in Ref. [18], Ref. [19], and
Ref. [20]. These diagrams agree that pure monoclinic
Zr0; is stable up to about 1200 °C, where it transforms
to the tetragonal phase.

In the following discussion we have chosen the
7r0,-Ca0 diagram from Ref. 19 and the ZrO,-Y,03
diagram from Ref. 20 as the most reliable; see Ref. 18
for discussion of these diagrams and others.
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Figure 15 (Density/theoretical density) x 100 as a function of amount
of YSZ8 (8%Y203-97%Zr0,) in HA-ZrO, composites sintered for 1 h
at different temperatures.

In the composites containing pure monoclinic ZrO,
and HA, the ZrO, begins to transform to tetragonal
Zr0O; at 1000 °C (Figs 1 and 6). This result is contrary
to the phase diagram in Ref. [19], in which tetragonal
ZrO, is stable only above 1048 °C. At 1100 °C from this
diagram there is a mixture of monoclinic and tetrago-
nal ZrO; in the composition range of about 0.5 mol%
CaO to 1.2 mol% CaOQ; above 1.2 mol% CaO the sta-
ble phase is tetragonal solid solution to 9.3 mol% CaO.
At 1100 °C there is a region of mixed tetragonal and
cubic ZrO, phases from CaO concentration of about
9.3 mol% to 17.2 mol%, and a small region of single-
phase cubic ZrO, from about 17.2% to 17.5 mol% CaO.
Thus the effective solubility of CaO in ZrO, at 1100 °C
is about 17.5 mol%.

The diffusion of CaO into the ZrO; grains from the
apatite can be visualized schematically, as shown in
Fig. 14, based on these phase boundaries. It is as-
sumed that phase equilibrium is reached rapidly at
1100 °C; metastable phases are unlikely but possible.
The maximum CaO solubility at the ZrO, surface is
17.5 mol%, forming a thin region of single-phase cu-
bic ZrO,; the regions II-V in Fig. 14 then follow from
the phase boundaries. The mixture of phases shown
in Figs 1, 2, 3 and 6 is consistent with this schematic
picture of successive phase transformations in the zir-
conia; at 1100 °C the majority phase is tetragonal ZrO,
with lesser amounts of cubic (Fig. 3) and monoclinic
710;.

After 1 h at 1200 °C there is still some monoclinic
ZrO; in the HAZrO,-25 composite, suggesting that the
temperature needed to transform monoclinic phase to
tetragonal is actually somewhat higher than 1200 °C.
After 1 h at 1300 °C, there was no monoclinic ZrO,
remaining.

An approximate diffusion coefficient of CaO in the
zirconia particles can be estimated from the mean size
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of these particles (about 0.1 m in diameter). Then from
the Einstein formula

D=2 @)

in which x is the mean diffusion distance (roughly the
particle radius of 0.05 pm), t the diffusion time of 1 h,
and D the diffusion coefficient , D ~ 6(10)~!5 cm?/s at
1100°C.

As more CaO becomes available from decomposi-
tion of HA, CaZrO;3 forms by reaction 3. The Gibbs
free energy of this reaction at 1300 °C is about—>54
kJ/mole, so it is quite favorable. At 1220 °C, CaZrO;
begins to form in the HAZrO,-25 composites (Fig. 4),
presumably on the surfaces of the tetragonal and cubic
ZrO; particles. After the CaO concentration thoughout
the ZrO, particles has reached the saturation solubil-
ity, any additional CaO should be consumed to form
CaZrOj; by reaction 3.

When the starting zirconia powder contains 3 or 8
mol% Y,0s, it is in the tetragonal and cubic structures,
with no monoclinic ZrO, phase present (Figs 7 and 8).
This powder is less reactive with CaO at 1100 °C than
the pure monoclinic ZrO;, leading to a lower decompo-
sition of HA in the composite at this temperature. Per-
haps the reason for this lower reactivity is that the diffu-
sion of CaO in the ZrO, containing some Y, O3 is slower
than in the ZrO, without Y,0O3, because the ternary

71r0,-Y,03-Ca0 diagram shows no evidence for any
reduction of CaO solubility when Y,0O3 is present (ref.
18 diagram). Thus the effect of Y,O3 is apparently to
reduce the diffusion coefficient of CaO in the ZrO,.
One can speculate that some of the defects involved in
diffusion are taken up by the Y,0O3, leaving fewer de-
fects for diffusion of CaO. The CaZrO3 begins to form
at 1220 °C with the ZrO,, containing Y,Oj3 instead of at
1300 °C as for the composites starting with pure ZrO,,
probably because of greater build-up of CaO at the ZrO,
surface as a result of slower CaO diffusion in the ZrO,.

In the hot-pressed HAYSZ3-25 the hydroxylapatite
and zirconia phases stayed mainly stable after sinter-
ing in the inert Ar gas environment; suggesting that the
presence of air presumably oxygen in the sintering en-
vironment increased the reactivity between the 2 phases
leading to faster decomposition of HA into TCP in the
existence of zirconia, and then the released CaO was lat-
ter consumed by diffusing into the monoclinic zirconia
causing its phase transformations to tetragonal/cubic
phase.

The density measurements for the sinterability eval-
uations of the composites showed that the HAZrO,-10
(10% monoclinic ZrO;) composite sintered at 1300 °C
(Fig. 11) had the highest density. Sintering at lower tem-
peratures or higher ZrO, contents caused lower densi-
fication. When the starting powder is ZrO, with 3 or
8 mol% Y,0s, the densification is much lower after
sintering the composite containing 10% ZrO; (Fig. 12)
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at 1200 or 1300 °C; the reason for this difference is
not clear, because the decomposition of HA is about
the same for all the composites at these temperatures
(Figs 7-10). Other factors in addition to the decompo-
sition of HA are apparently influencing the porosity.

When hot—pressing at 1200 °C for 1 his employed for
sintering of HAYSZ-25 composites; the densification
was considerably increased yielding to about 99% of
its theoretical density, perhaps because of higher gas
(water vapor?) pressure in the pores, and faster diffusion
out of the pores.

Since the zirconia reinforcement is used to improve
the mechanical properties of HA for possible load bear-
ing implant applications, porosity may not be appreci-
ated due to its strength decrement effects. However,
more experiments are needed to evaluate the strength-
porosity characteristics of these composites for pos-
sible applications where proper strength combining
with porosity is demanded for the implant applica-
tions with a better incorporation with biological tissue
[21].
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