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Liquid phase sintering of hydroxyapatite 
by phosphate and silicate glass additions: 
structure and properties of the composites 
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Phosphate- and silicate-based glasses were added to hydroxyapatite in order to improve its 
mechanical properties and to fabricate composites with different degrees of bioactivity. 
A strong chemical bonding was obtained between hydroxyapatite and the phosphate-based 
glasses leading to samples approaching theoretical density, according to density 
measurements and scanning electron microscopy. Bioglass ® additions led to the formation 
of a complex calcium phosphate silicate which hampered the reinforcement process. The 
fracture toughness of the hydroxyapatite-glass composites was shown to be within the 
1.1-1.2 MPa m 1/z range, which is double that determined for sintered hydroxyapatite. A 2 gm 
thick apatite layer was observed on the surface of the hydroxyapatite-glass composites after 
48 h immersion in a simulated human blood plasma, whereas only a few apatite crystals 
were detected on sintered hydroxyapatite after 7 days immersion. From the results obtained 
we anticipate that the composites might show a higher rate of bone bonding, leading to 
enhanced bioactivity. 

1. Introduction 
Recent developments [1-7]  in the design of bone 
replacement materials have been towards the use of 
materials which allow bone to grow and attach onto 
their surface. Hydroxyapati te (HA) has been exten- 
sively used but is limited to low-load applications 
I-8-10]. There is a great need for producing materials 
with both different bioactivity and higher mechanical 
properties than sintered hydroxyapatite, as mechan- 
ical compatibility with the surrounding host tissue is 
an absolute requisite for a sound implant tissue inter- 
face [8]. Glasses within the P 2 O s - C a O - N a 2 0  system 
have been considered as having an enormous poten- 
tial as biomaterials [11-13], because their chemical 
composition is analogous to that of the inorganic 
constituent of the mineral part of bone. Their biocom- 
patibility and bioactivity have also been demonstrated 
as being adequate [12, 14], especially as temporary 
space fillers [14]. Several attempts [15-19] have been 
made in order to reinforce hydroxyapatite and to 
approximate its mechanical properties to those of 
bone. Hydroxyapat i te-polymer [17, 18] and glass-ce- 
ramic [15, 16] composites have probably been the 
most successful. However, both show a completely 
different microstructure from bone. 

In this work, phosphate-based glasses were added 
to hydroxyapatite by a simple liquid phase sintering 

process. All ions added to the glass formulation were 
chosen taking into account the mineral part of bone, 
and therefore only C a - P  phases were found in the 
microstructure of these composites. Bioglass ® was 
also added to compare the effect of a SiO2-based glass 
on the sintering mechanism of hydroxyapatite. 

2. Materials and methods 
Three phosphate-based glasses, with the chemical 
compositions listed in Table I, were prepared from 
reagent grade chemicals (BDH Chemicals Ltd). Chem- 
icals were placed in a platinum crucible and heated at 
1300°C for 1 h. Once the glass was poured, it was 
coarsely reduced to a sand-type particle and milled in 
a porcelain ball mill pot for 24 h. Methanol and 

T A B L E  I Chemical composit ion (mol %) of phosphate-based 
glasses and Bioglass ® 

Glass P205 CaO N a 2 0  A1203 SiO2 
addition 

2 oxide 45.5 54.5 

3 oxide 45.0 28.0 27.0 - 
4 oxide 62.9 10.1 10.1 16.9 - 
Bioglass ® 2.6 26.9 24.0 - 46.1 

3 4 8  0 9 5 7 - 4 5 3 0  ~ 1995 Chapman & Hall 



T A B L E I I Chemical composition (g/din 3) of the simulated human blood plasma 

NaCI KC1 CaCI2.2H20 NaHCO3 K2HPO4.3H20 Na2SO4.10H20 MgCI2.6H20 

8.0 0.22 0.37 0.35 0.30 0.16 0.30 

hydroxyapatite were then added (350 cm 3 of meth- 
anol/200 g of hydroxyapatite) to wet mill the powders 
together for a further 24 h. In order to minimize phase 
changes, only 2.5 wt % of glass was added to hy- 
droxyapatite. Powders were then dried and samples 
uniaxially pressed at 288 MPa, heated at 4°C/min, 
and finally fired for 1 h at 1200°C to 1350°C. Hy- 
droxyapatite Bioglass ® composites were also fab- 
ricated, using the same percentage of glass. Bioglass ® 
was obtained from the Bioglass ® Research Centre, 
University of Florida. 

X-ray diffraction analysis (XRD) was performed in 
a Siemens D5000 diffractometer using CuK= radiation 
at 40 mA and 40 kV. Scanning electron microscopy 
(SEM) analysis equipped with energy dispersive spec- 
troscopy was used to analyse the microstructure of the 
composites. Grain size was determined by the linear 
intercept method after chemical etching with 10% 
citric acid solution, for 3-4 rain at room temperature. 
A strength indentation technique was used to deter- 
mine fracture toughness; this consists in making 
a Vickers indentation at the centre of the tensile sur- 
face of each material to precrack the samples, followed 
by a bending test. A concentric ring test [20] was then 
performed and klc was determined according to the 
process proposed by Chantikul [21], using the follow- 
ing equation: 

Klc = A(] E/H) x/8 (~yF1/3) 3/4 (1) 

where Klc is the fracture toughness, A a geometric 
constant, o the strength of the pre-cracked sample, 
E the Young's modulus, H the hardness and F the 
load. Bioactivity tests were conducted to assess apatite 
layer formation in a simulated human blood plasma 
solution, at 37 °C, with the composition presented in 
Table II. 

3. Results and discussion 
The densification of hydroxyapatite was significantly 
enhanced by the presence of a liquid phosphate phase 
chemically related to its composition during its sinter- 
ing process. Fig, 1 shows the microstructure of HA 
sintered at 1300 °C. Fig. 2 presents a light micrograph 
for HA-3 oxide glass composites sintered at the same 
temperature. It was not possible to find an etching 
procedure to prepare composite samples for SEM 
observation due to the much higher dissolution rate of 
TCP. 

While the best densification obtained for the sin- 
tered hydroxyapatite compacts was 97% of the theor- 
etical density of hydroxyapatite, for compacts sintered 
at 1300°C, a density approaching 100% of the theor- 
etical value was achieved for the hydroxyapat i te-  
phosphate glass composites. Densification occurred 
by liquid formation and spreading, improving the 

Figure 1 Microstructure for HA sintered at 1300°C. 

Figure 2 Microstructure for HA 3 oxide glass composite sintered 
at 1300'C. 

diffusion mechanism. A strong bonding was developed 
between hydroxyapatite and the phosphate-based 
glasses, which acted on the solid hydroxyapatite par- 
ticles reducing the interfacial energy and eliminating 
porosity. The presence of a solid hydroxyapatite skel- 
eton (favouring heterogeneous nucleation), the slow 
cooling rate after sintering, and the tendency of hy- 
droxyapatite to be transformed into tricalcium phos- 
phate at high temperatures, led to the appearance of 
crystalline ct and [3 tricalcium phosphate (TCP) struc- 
tures, as was detected using X-ray diffraction and 
energy dispersive spectroscopy. The following general 
tendency of transformation with increasing sintering 
temperature was observed: hydroxyapatite--,  [3- 
TCP ~ ~- TCP. The amount  of TCP present in the 
microstructure of the composites depended on the 
chemical composition of the glass added to hy- 
droxyapatite, as was demonstrated in earlier works 
[22, 23]. With Bioglass ® additions a lower degree of 
densification was achieved than with HA-phosphate 
based glass composites, as we have previously re- 
ported [23]. As a consequence, we may hypothesize 
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Figure 3 X-ray diffraction pattern for HA-Bioglass ® composite sintered at 1350~C (lower). Zoom of the main area, showing the matching 
between experimental pattern and standard file for calcium phosphate silicate (---) and calcium phosphate (......). 

TABLE III  Fracture toughness results for sintered HA and 
HA glass composites 

Fracture toughness (MPa m l/z) 

Material 1250 °C 1300 cC 1350 °C 

HA 0.41 _+ 0.05 0.50 _+ 0.02 0.30 _+ 0.02 
HA 2 oxide 0.63 _+ 0.03 1.20 +_ 0.05 0.62 +_ 0.04 
HA-3 oxide 0.72 + 0.04 1.10 _+ 0.05 0.61 + 0.06 
HA-4 oxide 0.75 _+ 0.06 1.20 _+ 0.06 0.93 _+ 0.05 
HA-Bioglass ® 0.95 -I- 0.06 0.95 _+ 0.04 0.74 _ 0.03 

TABLE IV Grain size measurements for sintered HA and 
HA glass composites 

Grain size (p.m) 
Material 1200 "C 1250~C 1300"C 1350°C 

HA 1.3 -t- 0.2 2.4 _+ 0.2 3.3 +_ 0.4 8.4 _+ 0.9 
HA-2 oxide 0.7 _+ 0.1 0.9 +_ 0.1 1.2 + 0.1 1.8 _+ 0.1 
HA 3oxide 0.6_+0.2 0.7+0.1 0.9+0.1 1.6_+0.2 
HA-4 oxide 0.7 _+ 0.2 0.9 _+ 0.1 1.1 _+ 0.1 1.9 + 0.2 
HA-Bioglass ® 0.8 _+ 0.1 0.9 -I- 0.1 1.2 +_ 0.1 1.7 + 0.2 

that  the Bioglass ® did  not  develop  such a s t rong  
bond ing  with hyd roxyapa t i t e ,  p r o b a b l y  due to the 
presence of  SiO2. Ca lc ium p h o s p h a t e  sil icate was for- 
med after sintering,  as may  be seen in the X-ray  
diffract ion analys is  of  Fig. 3. This  in termeta l l ic  com-  
p o u n d  seems to be respons ib le  for some poros i ty  in 
the micros t ruc ture ,  as r epor t ed  previous ly  [24]. 

The  fracture toughness  was significantly i m p r o v e d  
for h y d r o x y a p a t i t e - g l a s s  compos i t e s  when c o m p a r e d  
to s intered hydroxyapa t i t e ,  as shown in Tab le  III.  
Values for samples  s intered at  1200 °C were not  con- 
s idered because  they did not  have enough  a rea  free of  
poros i ty  to m a k e  the indent .  

3 5 0  

kl values are  two to three t imes higher  than  those 
for s intered hydroxyapa t i t e .  The  m a x i m u m  values 
were ob ta ined  for mate r ia l s  s intered at  1300°C, fol- 
lowed by a decrease  above  this t empera ture ,  p r o b a b l y  
due to a b n o r m a l  gra in  growth.  The  peak  in toughness  
at  1300 °C should  be a t t r ibu ted  to the c o m b i n a t i o n  of 
a good  densif icat ion with a small  gra in  size. G r a i n  size 
measurement s  are presented  in Table  IV. 

The presence of  the l iquid phase  inhibi ted  the gra in  
g rowth  of hydroxyapa t i t e ,  l ead ing  to small  gra in  size 
structures.  The  higher  densif icat ion ob ta ined  and  the 
smal ler  gra in  size seem to be the main  factors which 
con t r ibu t ed  to the i m p r o v e m e n t  in fracture toughness  
of these composi tes .  In  add i t i on  to these phenomena ,  
it should  also be men t ioned  tha t  T C P  has a sl ightly 
higher  f racture toughness  than  H A  [8]. The fracture 
toughness  of  these compos i t e s  is c o m p a r a b l e  to those 
quo ted  for glass ceramics  [15, 16], a l though  far below 
the values r epor t ed  for bone  [25, 26]. 

As a first tr ial  to assess b ioac t iv i ty  of the compos i t e s  
a very s imple in vitro exper iment  was car r ied  out,  as 
descr ibed earlier.  The  surface of  the HA-2 oxide com- 
posi te  was covered  by a 2 gm thick apa t i t e  layer  after 
48 h immers ion  while only a few dispersed apa t i t e  
crystals  were found on the surface of HA,  even after 
7 days  immers ion ,  as may  be seen in Fig. 4. 

A c o m m o n  charac ter i s t ic  of  b ioact ive  ceramic  ma-  
terials  is the fo rma t ion  of an apa t i t e  layer  on their  
surface when immersed  in s imula ted  h u m a n  b l o o d  
fluid, as r epor t ed  in the l i te ra ture  [27-29] .  The  forma-  
t ion of this layer  on the surface of  the mate r ia l  seems 
to be an essential  r equ i rement  for bone bond ing  to 
occur  [3, 5]. A l though  some doub t s  persist  concern ing  
the mechan i sm involved [27], the fo rmat ion  of this 
apa t i te  layer  seems to be re la ted to the solubi l i ty  of the 
b ioact ive  mater ia l s  [28, 30]. Both T C P  and  HA have 
been cons idered  to induce the fo rma t ion  of  this apa t i t e  



surface of these composites than on HA. We should 
also expect these materials to induce a faster bonding 
mechanism with bone. More complex in vitro studies 
and in vivo experiments using a rabbit model are 
currently under way to confirm the present results. 

4. Conclusions 
Phosphate-based glasses closely related to the chem- 
ical composition of the mineral part of bone can be 
incorporated in the microstructure of HA by a simple 
liquid phase process. 

These composites have higher fracture toughness 
than sintered hydroxyapatite, most probably due to 
the high densification obtained, the smaller grain size 
and to the formation of TCP structures. 

From the in vitro results we anticipate that the 
composites might show a higher rate of bone bonding 
leading to enhanced bioactivity. The faster formation 
of the in vitro apatite layer may be related to the 
presence of TCP in the microstructure of the com- 
posites. 
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Figure 4 Apatite layer formed on the surface of HA 2 oxide com- 
posite after 48 h immersion: (a) cross-section showing an ap- 
roximately 2 lain thick layer; (b) on the HA control sample, only 
a few dispersed new apatite crystals were detected, even after 7 days 
immersion (c). 

layer, but the former requires a shorter time to form 
the film [28]. The author made the assumption that 
this behaviour was related to the higher solubility of 
TCP. 

The results obtained seem to be in good agreement 
with the above-stated principles, and therefore a high- 
er apatite layer formation should be expected on the 
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