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Abstract

Hydroxyapatite-zirconia (HAp-ZrO,) bio-composites were fabricated by our newly developed underwater-shock com-
paction technique. Hydroxyapatite [HAp; Ca,o(PO4)(OH)] is well known to be a bioactive ceramic having excellent bio-
compatibility with body environment. However, fracture strength and toughness of this bio-ceramic itself are low and its
tensile strength does not withstand to practical use for implant materials.

Therefore, ZrO, powder is added to HAp powder in order to obtain good mechanical properties of HAp without any
degradation of biocompatibility,.

Experimental assembly for underwater-shock compaction consists of three parts, i.e. explosive container, water tank and
powder container from top to bottom. The water tank is shaped to be a circular cone, and so, the energy of shock wave was
increased by the convergence of shock wave due to the reduction of cross section area of the water tank. Sound compacts
of HAp-ZrO, composites without any cracks and tears were fabricated. The relative densities of the composites were more
than 80 % as compared with 40 % stacking density. The compacts were post-sintered at various temperatures. The struc-
tures were almost the same as the as-compacted state to 1373 K sintering. Fracture toughness was obtained to be 3.04 MPa
vm, which is equal to that of human bone. As a result, the addition of ZrO, is confirmed to be effective for an improve-

ment of low fracture strength of HAp.
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1. Introduction

Hydroxyapatite(HAp) exhibits excellent biocompatibility
in the human body and therefore is one of the most widely
used bioactive ceramics for artificial tooth and bone.
However, since fracture strength and toughness of this
ceramics are low, it cannot endure practical use V.

Therefore, zirconia powder is added to HAp powder in
order to obtain high fracture toughness. ZrO, has good
properties as compared with HAp, and exhibits extremely
high stability with human tissues”. The limited stability of
HAp at high temperatures during sintering should be con-
sidered since HAp will dissociate into tricalcium phosphate.
On the other hand, high temperatures and long sintering
duration required for consolidation of HAp powders often
result in extreme grain coarsening or surface contamination,
which can degrade the desired mechanical properties.

The advantage of powder compaction utilizing underwa-
ter-shock pressure generated by the detonation of explo-

sives lies in the ability to fabricate denser compacts within
microseconds and without any additives such as binders'”"
2 Further, this explosive compaction induces localized
heating only at particle surfaces, thus minimizing deleteri-
ous interactions between various powders. The purpose of
the present study is to produce HAp/ZrO, composites by
means of the underwater-shock compaction technique and
to investigate the effect of addition of ZrO,.

2. Experimental procedure
2.1 Materials

HAp powder and ZrO, powder containing 3 mol % yttri-
um were provided by Taihei chemical industry Co., Ltd.
and Toso industry, Co., Ltd, respectively. HAp powder
was formed as an aggregate of primary particles of about
0.2~0.3 pm, and the ZrO, powder was formed as an aggre-
gate of primary particles of about 0.3 pm. HAp powder
had a Ca/Ti ratio of 1.67. HAp/ ZrO, mixed powders by
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Fig. 1 Schematic illustrations of underwater-shock compaction assembly and powder stacking (unit: mm).

changing the volume percent of HAp: ZrO, from 90:10 to
50:50 were prepared by the wet milling with ethanol for
86.4 ks (24 h) at room temperature.

2.2 Milling conditions of powders and assembly
for underwater shock compaction

The hydroxyapatite powder and zirconia powder were
milled in a ceramic bottle with zirconia balls for 86.4 ks.
The milling medium was ethyl alcohol. The mixed powder
was used for explosive compaction.

As shown in Fig. 1, experimental assembly for underwa-
ter-shock compaction consists of three parts, i.e. explosive
container, water tank and powder container from top to
bottom. The feature of this assembly is that water is used
as pressure medium. The water tank is shaped to be a cir-
cular cone, and so, the energy of shock wave was increased
by the convergence of shock wave due to the reduction of
cross section area of the water tank. The shock pressure
and duration time are easily controlled by changing the
type and weight of explosives.

The compaction process is as follows. The shock wave
produced by the detonation of explosive travels from the
top to bottom of the water tank. The water tank is machined
into a truncated cone so that, high pressure can be pre-
served by reflection and converging of shock wave and
propagates into the specimen powder charging part. This
high shock pressure compacts the powders in high density.

The explosive used in present study was plastic explosive
SEP consisting mainly of nitric ester produced by Asahi
Kasei Company. The detonation velocity of the explosive
is about 6900 m/s. The shock pressure obtained by this
assembly is estimated to be about 2 GPa. Fe powder and
SiC powder are put at the top and bottom of the specimen
powder charging part to prevent the scattering of specimen
powder by shock wave and momentum trap respectively.

2.3 Characterization of structure and mechanical
tests
The specimens were examined by optical microscopy and
scanning electron microscopy. The crystal phases were
identified using X-ray diffraction. The relative density was

measured by Archimedes method. Vickers hardness and
fracture toughness (K;.) were measured. Fracture tough-
ness was measured by the indentation fracture (IF)
method. By this method, K;. values can be calculated from
hardness and length of crack that is made in corner of
lozenge-shaped hollow.

3. Experimental results
3.1 Optimum compaction condition and
microstructure of the compact

Figure 2 shows the external view of the compact and
cross-sectional view. The height of the powder as stacked
condition is 17 mm and after compaction, the height
reduces to 6 mm that is 65 % of the starting height. Internal
defects like cracks or tears were not found in cross-section-
al area. Controlling the shock pressure, 5 kinds of speci-
men with changing ZrO, content showed good compaction
states.

Figure 3 shows relationship between the amount of explo-

Fig. 2 External view and optical micrograph of HAp-ZrO,
compact.
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Fig. 3 Relationship between the amount of explosive to
get sound compacts and ZrO, contents.

sive to get sound compacts and ZO,. The hatched region
shows the region of optimum compaction gained. Increasing
the zirconia content in mixed powder, the amount of explo-
sive to gain good compact increases.

To understand the effect of shock pressure for crystal
structure for the compacts, XRD patterns were investigat-
ed to the specimens before and after the shock compaction
shown in Fig. 4. The specimen after compaction is con-
structed with HAp and the ZrO, of mainly tetragonal and a
small amount of monoclinic structure. There is no change
in XRD structure before and after the shock compaction.
The boundary between the composite powders is estimated
to be heated instantly above 1473 K during explosive com-
paction, but actually the heat generated is instantly cooled
by the water chamber of this assembly.

3.2 Mechanical properties of the as-compacted
samples

Figure 5 shows the hardness change for five kinds of
specimens. The hardness increases with increasing ZrO,
contents. The hardness of fully densed HAp compacts is
known to be 700 Hv. The hardness obtained in this study
shows lower values and is known to be week bonding
between the powders. To get good bonding, the sintering
treatment is known to be needed after the compaction.

The relative densities as-compacted states were between
80 to 85 % for five specimens.

Figure 6 shows the fracture toughness for five specimens.
The fracture toughness increases increasing ZrO, content
in the composites but the values are too low for practical
use for implant materials.

3.3 Effects of sintering treatment for
improvement of mechanical characteristics
Figure 7 shows relative densities of HAp/ZrO, compos-
ites of as-compacted and after sintering conditions. The
relative density in as-compacted state was about 82 %.
Increasing the sintering temperatures increases relative
densities of the specimens. Average relative densities after
sintering shows about 90 %. It is reported that 90 % rela-
tive density is good for bone permeating to HAp/ ZrO,
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Fig. 4 XRD patterns of the specimens before (a) and after
the shock compaction (b).
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Fig. 5 Vickers hardness of as-compacted specimens with
various ZrO, contents.
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Fig. 6 Fracture toughness of as-compacted specimens
with various ZrO, contents.
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Fig. 7 Relative density of HAp-ZrO, composites with as-
compacted state and sintering various temperatures.

composites.

The structures are almost the same as the compacted state
to 1373 K sintering by optical microscopy.

Figure 8 shows the fracture toughness of HAP/ZrO, com-
posites sintering temperature to 1373 K by indentation
fracture method. the K;. values increases increasing the
sintering temperature, like the hardness change for the
specimens. The K. values are 0.61 MPa Vm for the speci-
men of as-compacted condition and 3.04 MPa vm for the
specimen sintered at 1373 K. This value is 5 times of the
specimen of as-compacted condition and is equal to the
value of dense human bone. As the K. value of HAp com-
pact itself is about 1.1 MPa Vm, the addition of ZrO, to
HAp contributes the improvement of K. value. The K.
value of specimen annealed at 1473 K decreases drastical-
ly. This is due to decomposition reaction of HAp at high
temperature.
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Fig. 9 XRD patterns of HAp-20 vol % ZrO, composite of
(a) as-compact state and sintered states at (b) 1173 K,

(c) 1273 K, (d) 1373 K, and (e) 1473 K for 14.4 ks.
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Fig. 8 Fracture toughness of HAp-ZrO, composites with as-
compacted state and sintering various temperatures.

3.4 Decomposition behavior of HAp during
sintering

Figure 9 shows XRD analyses for as-compacted condi-
tion and sintered at various temperatures, that is (a) shows
as-compacted state, (b) shows sintered at 1173 K, (c) is
1273 K sintering, (d) is 1373 K and (e) is 1473 K sinter-
ing. Samples of as-compacted state and sintering states till
1373 K show the same patterns with ZrO, and HAp but
sample annealed at 1473 K shows tri-calcium phosphate
(TCP) peaks due to the decomposition of HAp. TCP com-
pounds are known to take two types, that is S-type for low
temperature region and a-type for high temperature region
and transition temperature is about 1473 K. The S-type
phase is recognized from XRD analysis.

4. Conclusions

HAp-ZrO, bio-composites were fabricated by our newly
developed underwater-shock compaction technique.

In order to obtain good mechanical properties of HAp
without any degradation of biocompatibility, ZrO, was
added to HAp powder. The results obtained are as follows;
(1) Experimental assembly for underwater-shock com-

paction consists of three parts, i.e. explosive container,
water tank and powder container from top to bottom.
The water tank is shaped to be a circular cone, and so, the
energy of shock wave was increased by the convergence
of shock wave due to the reduction of cross section area
of the water tank. The explosive used consists mainly of
nitric ester. Its detonation speed is about 6900 m/s.

(2) Sound compacts of HAp-ZrO, composites without any
cracks and tears were fabricated. The relative densities
of the composites were more than 80 % as compared
with 40 % stacking density.

(3) The compacts were post-sintered at various tempera-
tures. The structures were almost the same as the as-
compacted state to 1373 K sintering. However, when the
compacts were sintered at 1473 K, tri-calcium phosphate
was identified by X-ray analysis by decomposition of
HAp. The optimum sintering temperature was 1373 K.

(4) Fracture toughness was obtained to be 3.04 MPa vm,
which is equal to that of human bone.
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