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Abstract

Hydroxyapatite/bioactive glass laminate has been
fabricated by hot pressing of stacked hydroxyapatite
and bioactive glass powders at 1000�C (30min,
30MPa). This processing resulted in the formation
of b-NaCaPO4 (b-rhenanite) interphase layers
between each hydroxyapatite and bioactive glass
layer. The b-NaCaPO4 interphase provided an easy
path for debonding and crack de¯ection in the lami-
nate demonstrating that this material can work as
weak interphase in hydroxyapatite ceramics. The
b-NaCaPO4 exhibits also high biocompatibility and
bioactivity. Moreover, it signi®cantly enhances sin-
terability of hydroxyapatite at 1000�C without for-
mation of any undesired phases, such as tricalcium
phosphate or CaO. Our results show that various
microstructurally controlled hydroxyapatite-based
composites with potentially improved reliability and
high biocompatibility can be prepared in the hydro-
xyapatite/b-NaCaPO4 or hydroxyapatite/bioactive
glass systems. # 1998 Elsevier Science Limited. All
rights reserved
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1 Introduction

Hydroxyapatite [HAp, chemical formula Ca10(PO4)6
(OH)2] is one of the most biocompatible materials
due to similarities with mineral constituents of
teeth and bones.1±3 Mechanical reliability of pure
HAp ceramics is not su�cient, especially in wet
environments,1±5 therefore the HAp ceramics can not
be used as heavy±loaded implants, such as arti®cial
teeth or bones. Its medical applications are pre-
sently limited to small unloaded implants, pow-
ders, coatings and low-loaded porous implants.1±3

Basic approaches to achieve materials with high
mechanical reliability include improved processing
and/or improved toughening.6 The improved pro-
cessing strategy does not seem to work for the
HAp-based ceramics, because it is di�cult to con-
trol the ¯aw size for a long time in the material
exhibiting high susceptibility to subcritical crack
growth.4,5 The improved toughening strategy
seems to be much more promising for the HAp-
based biomaterials. This is in fact a classical
approach, but not fully exploited yet for the HAp-
based materials. The requirements for appropriate
bone-replacement implants necessitate fabrication
of highly reliable HAp ceramics with high strength
while having pores with diameters of minimum 100
�m, to enable bone ingrowth and lower the
Young's modulus.2 It has been known that mate-
rials exhibiting the R-curve behavior become less
¯aw susceptible due to increase of fracture tough-
ness with increasing crack (¯aw) size caused by
shielding mechanisms acting in the crack wake.7,8

Therefore such reinforcements as metals,9 PSZ,10

®bers/whiskers,11,12 etc., have been applied in the
HAp ceramics to improve its reliability, as
reviewed in Refs 3 and 13. However, there are sev-
eral limitations of possible used reinforcements,
because they must not decrease bioactivity and
biocompatibility of HAp. Metals and PSZ are not
appropriate materials due to bioinertness, corro-
sion, degradation in wet environments, di�culties
with processing etc.3,14 Finally, only ®bers/whis-
kers remain as possible reinforcements. Among
them, long ®bers such as Al2O3, ZrO2 or carbon
cannot be used mostly due to processing problems
(undesired thermal expansion mismatch,9 decom-
position of HAp15) and bioinertness.2,14 Available
bioinert whiskers (SiC, Si3N4 etc.) must not be
used in bioceramics because of their carcinogenic
nature.16,17 Therefore the most promising reinfor-
cements seem to be calcium phosphate ®bers,
especially the HAp whiskers or HAp long ®bers.
HAp reinforced with HAp whiskers has been

already prepared.13,18 Unfortunately, signi®cantly
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improved ¯aw tolerance is not expected in this
case, because of absence of a bridging zone and
pull-out in the crack wake, due to lack of a weak
whiskers/matrix interphase. Fabrication of highly
reliable HAp reinforced with HAp whiskers and
also other microstructurally controlled19 HAp±
based materials (for example ®brous, porous HAp20)
could be possible if an appropriate weak interphase
for HAp is found. The weak interphase must pro-
vide an easy path for debonding with subsequent
bridging and pull-out phenomena. Moreover,
application of such an interphase should not result
in introduction of not biocompatible and not
bioactive phases into HAp.
In this article we introduce �-NaCaPO4 (�-rhe-

nanite) as 'weak interphase' for the HAp ceramics.
The �-NaCaPO4 is a biocompatible and bioactive
material. When applied with HAp it provides an
easy path for debonding, does not cause decom-
position of HAp, moreover it is an e�ective sinter-
ing agent.

2 Experimental procedure

HAp powder used in this study has been prepared
hydrothermally in our laboratory.21 It consisted of
nonaggregated HAp crystals with a length in the
range of 100±200 nm, a diameter of about 30 nm
and a Ca/P molar ratio of 1.66. Small quantities of
carbonate ions were incorporated in the lattice of
HAp. Bioactive glass (Nikon Co. Ltd, Sagamihara,
Japan) used in this study had following chemical
composition (in mol%): 46.1% SiO2, 24.4% Na2O,
26.9% CaO, and 2.6% P2O5. �-NaCaPO4 powder
was prepared by heating a mixture of Na2CO3 and
Ca2P2O7 powders at 1000

�C for 10 h.
The HAp powder and the bioactive glass powder

were alternately stacked and pressed under 30MPa
in a graphite die. The laminated powder mixture
was hot pressed (HP-ed) at 1000�C for 30min
under a pressure of 30MPa in ¯owing argon (Hot
Press, Shimadzu Co., Kyoto, Japan). Heating rate
was 20�minÿ1. The sample was cooled together
with the hot press.
The HP-ed laminate was then cut into bars,

notched perpendicularly to the plane of interphases
(notch depth to bar thickness was&0.5) and tested
in 3-point bending (loading rate 0.01mmminÿ1).
Subsequently, fracture surface was observed by a
scanning electron microscope (SEM: JSM-T200,
JEOL Ltd, Tokyo, Japan). Indentation technique
using Vickers pyramid has been used to study crack
propagation pro®les and interactions with the lami-
nate microstructure. A load of 10N has been applied
for 10 s to produce median cracks. Crack propaga-
tion was observed using an optical microscope.

Phase composition of the composite was char-
acterized by X-ray di�raction (XRD, 40 kV±40mA,
CuK�, MACScience Co. Ltd, Tokyo, Japan). X-ray
intensities for silicon, calcium, phosphorus and
sodium were analyzed across the HAp/bioactive
glass interphase using an energy dispersive X-ray
microanalyser (EDX: SIGMA, Kevex Int., USA)
connected with a ®eld emission scanning electron
microscope (model S-4500, Hitachi, Japan).
Raman spectra were obtained across the HAp/
bioactive glass interphase using a laser Raman
spectrometer (T64000 Atago-Jobin Yvon, France-
Japan) working in a micro mode. An Ar laser with
a wavelength of 514.5 nm was used for excitation.
The laser beam was focused to produce 1±2�m
diameter spot.
To investigate in¯uence of �-NaCaPO4 on

sinterability of HAp, HAp+5wt% �-NaCaPO4

powder mixtures were sintered at 1000±1100�C for
2 h in air. Shrinkage, microstructure, and phase
composition of the sintered HAp+5wt% �-
NaCaPO4 materials were investigated.
For comparison, the HAp powder and the bioac-

tive glass powder were separately sintered in air at
1000�C for 30min. Subsequently, phase composi-
tions of these materials were determined by XRD.

3 Results

The HP-ed laminate consisted of alternated layers
(about 100 �m thick) of HAp and bioactive glass
(Fig. 1). SEM allowed to distinguish a reaction
layer (about 20 �m thick) between each HAp and
bioactive glass layer (Fig. 1). Only hydroxyapatite
(from the HAp layers), Na, Ca-silicates (from the
bioactive glass layers) and �-NaCaPO4 (�-rhena-
nite) were detected by XRD in the laminate (Fig. 2).
�-NaCaPO4 which formed the interface layer, was
a product of the chemical reaction between HAp

Fig. 1. SEM image of the laminated HAp/bioactive glass
composite. Arrows indicate �-NaCaPO4 interphase layers

between each HAp and bioactive glass (`b.g.') layer.
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and bioactive glass, as already reported in the
literature.22 Peaks derived either from �-
Ca3(PO4)2 ��-TCP) or CaSiO3 (wollastonite)
were not observed (wollastonite may be pre-
sent, but its detection by XRD is di�cult due
to peak overlapping).
The interphase layer was characterized in detail

using Raman spectroscopy (Fig. 3) and EDX
(Fig. 4). Raman measurements gave us direct evi-
dence that the interphase layer consists of �-
NaCaPO4 (�-rhenanite). Spectra acquired in the
central part of the interphase layer [Fig. 3(c)] were
almost identical to those obtained from the �-
NaCaPO4 standard [Fig. 3(d)]. However, some
HAp-derived bands (PO4-bands at 600±620 cmÿ1;
OH-band around 3570 cmÿ1)23 have still been
detected in the interphase layer near the HAp
layer, suggesting presence of HAp/�-NaCaPO4

mixture in this region.
Load±de¯ection curve of the laminated HAp/

bioactive glass composite indicates not fully brittle
fracture due to delamination and crack de¯ection
(Fig. 5). Delamination and crack de¯ection occurred
exactly on the �-NaCaPO4 interphase layer (Fig. 6).
Cracks propagating from both the HAp and
bioactive glass sides were arrested at the �-
NaCaPO4 layer (Fig. 7). They were spread along
the �-NaCaPO4 layer forming arrays of cracks in
both sides of the main crack in a similar way to
that reported by Morgan and Marshall for the
Al2O3/LaPO4 laminate.24

Five wt% of �-NaCaPO4 (�-rhenanite) signi®-
cantly enhanced sintering of the HAp powder at
1000�C (Fig. 8). This e�ect was less distinct when
sintering was carried out at 1100�C. Only HAp-
and �-NaCaPO4-derived peaks were detected by
XRD in the HAp+5wt% �-NaCaPO4 materials
sintered at 1000�C [Fig. 9(a)]. When sintering was

Fig. 2. XRD patterns of (a) HAp powder used in this study,
after sintering at 1000�C (30min) in air; (b) bioactive glass
used in this study, after sintering at 1000�C (30min) in air; (c)
the HAp/bioactive glass laminate, after HP-ing at 1000�C

(30min, 30MPa) in ¯owing argon.

Fig. 3. Raman spectra of (a) HAp layer; (b) interphase layer
close to the HAp layer; (c) center of the interphase layer; (d) �-

NaCaPO4 standard powder.
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carried out at 1100�C, also small quantities of CaO
were formed [Fig. 9(b)]. The present sintering study
of the HAp/�-NaCaPO4 mixtures is in a good
agreement with previous reports.25

4 Discussion

�-NaCaPO4 ��-rhenanite) has been found in this
study to act as weak interphase for HAp ceramics.
Debonding abilities of the �-rhenanite have been
demonstrated using the HAp/bioactive glass
laminate. Generally speaking, the weak interphase
determines mechanical properties of any micro-
structurally-controlled ceramic materials. Lami-
nates, ®ber (whiskers)-reinforced composites, ®brous
monoliths with weak interphases belong to high-
toughness and high-strength ceramic composites.19

Good examples are SiC/SiC materials with a gra-
phite interphase26 or Si3N4 ceramics having rod-
like grains, with a glassy interphase derived from
sintering additives.27 In such composites, the weak
interphase is essential for debonding and sub-
sequent bridging and pull-out e�ects thus improv-
ing considerably toughness of the material. On the
other hand, in the whiskers±reinforced composites
without a weak interphase (for example Si3N4

(whiskers)/Si3N4,
28 HAp(whiskers)/HAp13,18), crack

propagates through the whiskers without debonding
and related e�ects, thus signi®cant improvement of
mechanical reliability does not occur.
The �-NaCaPO4 provides an easy path for

debonding, additionally is biocompatible and bioac-
tive.22,29 It is worth to note that biodegradation
rate of sintered bars of �-NaCaPO4 in vivo is higher
than biodegradation rate of HAp ceramics but
lower than that of �-TCP ceramics.30 However,

particulate �-NaCaPO4 does not exhibit resorption
6 months after implantation into teeth sockets but
transforms fully into HAp.31 Presently, it is di�-
cult to say, whether the �-NaCaPO4 would be an

Fig. 4. Concentration pro®les of selected elements measured
by EDX across the interphase layer between HAp and bioac-

tive glass layers.

Fig. 5. Load±de¯ection curve of the notched HAp/bioactive
glass composite.

Fig. 6. SEM images of the fracture surface of the HAp/
bioactive glass composite. Notice crack de¯ection on the �-

NaCaPO4 interphase layers.
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easy path for slow crack growth in the future HAp-
based composites or not.
Especially important for further processing of

HAp-based composites is that application of the �-
NaCaPO4 directly with HAp (without using the
bioactive glass) at 1000�C does not cause formation
of �-TCP, CaO, or other undesired phases. More-
over, the �-NaCaPO4 is an e�ective sintering agent
for HAp thus it could be also used to enhance den-
si®cation of the HAp-based composites.32

Apart from the use of �-NaCaPO4 as weak
interphase, we introduce in this paper also laminate
approach applied to both HAp and bioactive glass.
Heat treatment of the HAp/bioactive glass system
results in formation of �-NaCaPO4 at the inter-
phase, without decomposition of HAp. Raman and
EDX measurements (Figs 3 and 4) strongly sug-
gest following model for the reaction between
HAp and bioactive glass: (1) di�usion of Na from
the bioactive glass layer into HAp layer; (2) di�u-
sion of Ca from HAp layer into bioactive glass
layer; (3) transformation of HAp grains (Ca-de®-
cient, Na-rich) into �-NaCaPO4 and formation of
the interphase layer by consumption of the HAp

layer; (4) limited di�usion of Si from bioactive
glass layer to HAp (�-NaCaPO4) layer. Our obser-
vation is consistent with earlier reports of Kangas-
niemi et al.22 who studied reaction between single
HAp crystals embedded in a bioactive glass matrix.
We have not observed any distinct porosity in

the �-NaCaPO4 interphase layers. We suppose that
the �-NaCaPO4 intephase has su�ciently low
fracture resistance to satisfy conditions of debond-
ing in the propagating crack.6 Nevertheless
debonding mechanism in the HAp/�-NaCaPO4

system requires more detailed study in the future.
The �-NaCaPO4 should ®nd application, both as

a weak interphase and an e�cient sintering aid,
in various microstructurally controlled HAp

Fig. 8. Volume shrinkage of the HAp+5wt%Na,Ca-phos-
phates materials relative to shrinkage of pure HAp sintered
under the same conditions (1000�C, 2 h, air). Data for other
Na,Ca-phosphates were taken for comparison from Ref. 32.

Fig. 7. Optical micrographs showing crack arrest at the �-
NaCaPO4 interphase layer and arrays of cracks spread along
the interphase layer [b.g. denotes bioactive glass; rh. denotes

�-rhenanite (�-NaCaPO4)].

Fig. 9. XRD patterns of the HAp+5wt%�-NaCaPO4 mix-
tures sintered in air at: (a) 1000�C (2 h); (b) 1100�C (2 h).
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composites with improved mechanical reliability,
high biocompatibility and bioactivity. Moreover,
results of this study demonstrate that except already
existing HAp-containing glass-ceramics,33 also other
microstructures with potentially improved relia-
bility can be prepared in the HAp/bioactive glass
system. It is worth mentioning that similar results
to these presented in the present paper have been
observed in the HAp/bioactive glass systems also
in the case of glasses with di�erent chemical com-
positions (Haberko et al., unpublished data).

5 Summary

�-NaCaPO4 (�-rhenanite) has been found in this
study to act as weak interphase for HAp ceramics.
The �-NaCaPO4 provides an easy path for
debonding as demonstrated using the HAp/bioac-
tive glass laminate. The �-NaCaPO4 exhibits also
high biocompatibility and bioactivity. Moreover, it
signi®cantly enhances sinterability of HAp at
1000�C without formation of any undesired pha-
ses. Results of this study show that various micro-
structurally controlled HAp-based composites with
potentially improved reliability and high bio-
compatibility can be prepared in the HAp/�-
NaCaPO4 or HAp/bioactive glass systems.
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