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AEkWRACT 

This paper presents details of the fabrication of a glass ceramic, and its application as an artificial bone prosthetic 
material. Th,is mw biogkzs ceramic, with composition of iVa# 8.4%, CaO 40.60/o, Pz05 12% and $0, 39%, had 
7 60- 79OWa and 8&I-98OMPa of three-point bending strength and compressive strength respectively. i’%e ceramic 
bar a (Na, Ca) (P, Si) 0, crystalline phase with a unijkrn crystal sip of about 10~ m, which was attributed to the 
high nucleationfiequemy. The rabbit condyle test showed that the materialformed a tight chemical bond with biological 
texture and had good biocompatibility. 
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INTRODUCTION 

To accelerate the healing of bone, or to enable it to 
heal at all, it is often necessary to fill it with a suitable 
substance. Autogenic tissue is considered to be the 
most suitable transplant material, because differences 
in histocompatibility and the risk of transferring a 
disease from one individual to another are non- 
existent’,2. However, reconstructive surgery some- 
times requires large amounts of transplant material, 
which may not be available in sufficient quantity, 
particularly from a diseased child. Also, autograft 
induces the risk of higher blood loss, damage to 
nerves and blood vessels, thrombosis and fracture of 
the donor site2,3. Therefore allografts and xenografts 
have been considered for bony tissue replacement. 
But these transplants may bring hazards to the patient 
because of the risk of infection (hepatitis, slow virus, 
bacterial contamination, AIDS, etc.) which limits 
their medical applications4,5J6. 

The calcium phosphate system, in particular 
hydroxyapatite and tricalcium phosphate, has long 
been the subject of intensive investigation. However, 
their low mechanical strength restricts their applica- 
tion to the nonstress area of the skeleton7,*Tg. Glass 
ceramics, which have been extensively studied, 
mainly by Hench’&12, Blencke13, Eulenberger14 and 
RavelIs, show an ability to form tight chemical bonds 
with livin 

$ 
structures as well as high mechanical 

strength”- 4+‘6. 
Recently, the authors have investigated some 

bioglass ceramics in the system of NazO-CaO- 
P205Si0, which revealed direct contact between the 
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material and regenerated bone without an inter- 
mediate layer of connective tissue; the contact phase 
has a high mechanical strength. In our study, the 
preparation and fabrication of this new bioglass 
ceramic is described. The biocompatibility of the 
material was also investigated in viva. 

EXPERIMENTAL PROCEDURES 

Material preparation 

The batch mixture with nominal corn osition 
Na20 8.4%, CaO 40.6010, P20i; 12% an dp 

of 
Si02 39% 

in weight ratio was prepared from reagent grade 
chemicals of Na2COa, CaC03, Caa (PO,), and SiO,. 
Tricalcium phosphate was normally used as the 
source of P205. Samples of glass for subsequent heat 
treatment were made by melting batches of approxi- 
mately 100 g in platinum crucibles at a temperature of 
1400- 1430°C. After maintaining the molten state 
for about 1 h, samples of glass were poured onto a 
stainless steel late and then quenched at room 
temperature. P G ass samples were subjected to heat 
treatment in the temperature range 700-800°C for 
the formation of nuclei and 850-950°C for the 
development of crystals. 

Measurement of mechanical properties 

In the compressive mode, a parallel cylinder of the 
material was machined and an external load applied 
so that the specimen was, macroscopically, in a state 
of uniaxial stress. The height/diameter ratio was 
lower than a critical value in order to eliminate the 
possibility of instability (buckling). Due to the aniso- 
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Figure 1 Scheme of the three-point bend test. The fixture should be 
set up so that the line of action of the applied load passes midway 
between the support roll centre for three-point loading 

tropy of the individual grains, the state of stress is not 
uniaxial at the microscopic level; stress and strain 
inhomogeneities establish themselves inside the indi- 
vidual grains. However, in the treatment given here, 
these localized variations were not considered7. 

Bending strength was measured by a three-point 
loading method using rectangular s 
40mm abraded with alumina pow x 

ecimens 5 x 5 x 
er and diamond 

paste. The span length was 32mm and a cross-head 
speed of 0.5 mm min-* was used at room temperature. 
The three-point bending strength, S, was calculated 
a.5 the following equation: 

S= [3PL]/[2bd2] 

where P is the load to fracture the specimen, L is the 
span length and the other symbols are geometrical 
values given in Figure 7. Ten specimens were pre- 
pared for each condition to measure the three-point 
bending strength’ 7. 

Specimen characterization 

The specimens were characterized by means of a 
number of techniques including X-ra 

r 
diffraction, 

scanning electron microscopy, optica microscopy 
and differential thermal analysis. Microscopic exami- 
nations were performed on polished sam les which 
had been etched with 2% HF for 15s. T K e samples 
examined in the scanning electron microscope were 
coated with a thin f&n of gold after etching. The kind 
and content of crystals precipitated in the samples 
were determined by powder X-ray analysis. Differen- 
tial thermal analysis (DTA) of the specimen was 
employed to design the annealing temperature, 
c 
7 

stallization temperature and heating schedule. 
A umina powder was the reference material during 
the thermal history performed. An optical fluorescent 
microscope was used for new bone structure observa- 
tion. 

Test animals and operating method 

Thirty ex 
P 

erimental New Zealand rabbits obtained 
from loca breeders were used as test animals. The 
average age of the test animals was 3 months. All the 
rabbits were male and had an average weight of 3 kg. 
The were delivered to the laboratory not later than 1 
wee % before the start of the test, and acclimatized to 
the housing conditions, tap water and the standard 
dry feed diet7~‘8~‘g. 

The operations were carried out in a conventional 

operating theatre with the animals lying supine on an 
operating table. They were anaesthetized with a mask 
and semi-open system. After shaving, disinfection 
and sterile draping of the operation site, the femoral 
condyles were exposed b means of a medial 
longitudinal incision. A de ect was created on the r 
lateral femoral condyle with a 6mm drill. All the 
holes were carefully rinsed and cleaned with Ringer’s 
solution so that any abraded particles formed during 
drilling were removed. These defects tiere then 
completely filled with the implant material. The 
periosteum and skin were sutured with biodegradable 
thread. After operation, intramuscular injection of 
Keflin was used in order to reduce the possibility of 
infection. 

The animals were later killed. The undecalcified 
bone histological technique was used in the research 
work because it concerned glass ceramics. The 
implanted areas were sectioned and soaked in a 
graded alcohol series for 24 h in each solution in order 
thorough1 

fy 
to dehydrate and extract lipid. This is 

essential or the pol 
r” 

er to penetrate into the bone 
specimen complete y. After being embedded, the 
specimens were sectioned for both scanning electron 
and optical microscopic observation. 

RESULTS AND DISCUSSION 

Nucleation process 

The object of the heat-treatment process for glass is to 
convert the glass into a microcrystalline ceramic 
having properties su 
glass. It is P 

erior to those of the original 
especial y important to achieve high 

mechanical strength and, since this is favoured by a 
fine-grained microstructure, the aim is to produce a 
glass-ceramic containing crystals of small dimensions 
which are closely interlocked. The production of 
large numbers of small crystals rather than a smaller 
number of relatively coarse crystals poses the require- 
ment for efficient nucleation and this in turn means 
that careful control must be exercised over the 
nucleation stage of the heat treatment. Having nucle- 
ated the glass, it is necessary to raise the temperature 
further in order to permit crystal growth upon the 
nuclei”. The optimum nucleation temperature 
generally seems to lie within the range of temperature 
corresponding to viscosities of 10” to lOI poises. 
The temperature within this range which gives 
optimum nucleation is determined by experimen- 
tation. As a first a 

P 
proximation, the optimum nuclea- 

tion temperature ies between the softening point (Mg 
point) and a temperature 50°C higher than this21*22. 

Figure 2 shows the result of a dilatometer test, 
which indicated that the Mg point of the glass was 
around 760°C. Figure 3 summarizes the results of 
nucleation study on the glass under different heat- 
treatment conditions. For this composition, there is a 
clearly defined nucleation condition of about 810°C 
for 50min. It is obvious that nucleation frequency 
initially increases with temperature up to 810°C but 
thereafter decreases (Figure 3). A general equation for 
the nucleation frequency proposed by Stokes- 
Einstein23 gives a better approach. This expression is: 

I= UN exp { - [Af, + (A/AT*)]/kT} 
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Figure 2 Dilatometer test for the bioglass measured at a rate of 
39”Cmin ’ 
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Figure 3 Nucleation density and holding time at different tempera- 
tures for the bioglass; 0, 770°C; A, 790°C; W, 800°C; A, 
81O”C, 0, 830°C 

where I is the nucleation frequency and u is the 
probability that an atom makes a successful jump. As 
written above the exponent has two terms which do 
not depend on the temperature in the same way. The 
first term, Af,/kT, represents the activation energy 
of the atom in the boundary ‘umping toward the 
nucleus. On the other hand, t!l e behaviour of the 
second term, A/AT 2k T, which represents the 
driving force with the formation of a nucleus, is quite 
different. With decreasing temperature, this term falls 
and becomes much smaller than the first term. Since 
the nucleation frequency is controlled by the sum of 
these two terms, it has a maximum value where their 
sum is a minimum. In the present study, the driving 
force for the nucleation may increase at lower 
temperature; it might be expected that the nucleation 
will take place more rapidly. However, atomic 
mobility decreases very rapidly as temperature 

decreases, so that the sluggishness of the nucleation 
increases. As increasing temperature increases the 
atomic mobility, the driving force of the nucleation 
will be considerably less and may suppress the 
nucleation process. The net result is to have a 
maximum in the nucleation frequency of the glass at 
8 10°C as observed experimentally and this is in 
agreement with the Stokes-Einstein equation. 

Scanning electron micrographs of the samples of 
maximum nucleation frequency are shown in Figure 
4. The droplet of glass as shown in Figure 4a was 
rapidly reheated to observe the nucleus in detail. This 
procedure 
number o P 

rovided a means of easy counting of the 
nuclei under microscopic examination. 

Figure 4b shows the microstructure after reheating of 
the droplet glass, so that the nucleation frequency 
could be measured under microscopic observation. 

From the viewpoint of microstructure and mecha- 
nical property, it is found that 810°C for 50-60min 
is a good condition for nucleation of the bioglass. 

Nucleation agent 

As mentioned in the previous section, the biocom- 
patibility of the implant material is of considerable 
concern because it might contaminate the environ- 
ment of the body. Material contact with bony tissue 
should not cause thrombus formation, adverse 
immune response or destroy cellular tissue etc.5*7. In 
our study, for the sake of biocompatibility, no 

Figure 4 Scanning electron micrographs of the bioglass: a, nucleated 
at 810°C for 60min; bar, 5 pm; b, cytallized at 890°C for 1Omin; 
bar, 2pm 
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additives such as VzOs, TiOz, SnOz, . . ., were used as 
nucleation agents. But high nucleation frequency of 
the glass was observed, as shown in Figure &. 

The network of a silicate glass is built up of SiO, 
tetrahedral and this can incorporate ‘foreign’ struc- 
tural units (either tetrahedral or triangle) to develop a 
composite network structure. The basic reason for 
incompatibility between different types of network 
structural groups is that differences between the 
charge of the 
and that of o 

rincipal network-forming ion (silicon) 
t!l er ions (phosphorus) which assume a 

network-forming position can lead to instability. 
McMillan and Partrige24 
phorus ion, P+‘, 

suggested that the phos- 
was in a tetrahedral condition and 

therefore provided a phase separation which was due 
to a charge difference between the principal network- 
forming ions, Si+4, and ‘foreign’ network-forming 
ions, P+s. If the phosphorus-oxygen bonds were all 
single bond of the P-O type, electroneutrality could 
not be satisfied so that one phosphorus-oxygen bond 
in tetrahedral PO4 would have to be a double bond. 
The presence of a double-bonded oxygen ion within 
the silicate network creates a condition favouring the 
separation of the phosphate grouping from the silicate 
network. In such a case, the equilibrium would be 
formed in the melt condition, and the phosphorus 
tetrahedral unit would be corn atible with the silicate 
network. However, since tetr a! edral units containing 
the pentavalent ion would disturb the bonding in the 
silicate network, phase separation would occur during 
reheating of the quenched glass. 

Under these circumstances, it appears that the 
glass containing PzOs might lead to glass-in-glass 
phase separation as a nucleation agent in the glass. 
Therefore, the materials present a high nucleation 
frequency which might result in a fine and uniform 
grained microstructure. 

Crystallization and mechanical strength 

The mechanical strength of a bone graft is one of its 
most important properties since it is often the major 

A I 

I 

_-J&_) 
1 I t 
* I I 1 

A 0 c t Ld 
I 

, II 

600 800 1000 

TEMPERATURE ( “G ) 
Figure 5 DTA curve of the bioglass powder: A = annealing point; 
B=exothermal peak due to formation of crystal; C = exothermic 
peak for grain growth; D = endothermic peak due to melting 
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Figure 6 Results of X-ray diffraction analysis of the bioglass heated 
at a, 890°C; b, 990°C; c, 1050°C for 2 h 

factor in determining the suitability of the material for 
a particular application. A typical DTA curve is 
shown in Figure 5. During the heating of the glass 
powder, the samples were taken out at different 
temperatures for X-ray diffraction study. It could be 
observed that the glass was crystallized at 890°C 
and identified as the phase of (Na, Ca) (P, Si) 03. 
When the temperature was raised to 105O”C, an 
exothermic reaction was revealed which was thought 
to be drastic grain growth of (Na, Ca) (P, Si) 03 [Ref. 
191. The results of X-ray diffraction analysis for 
annealing at different temperature of 2 h duration are 
shown in Figure 6. In our study, the crystallization 
temperature of the glass was chosen to be 890°C 
because of microstructural mechanical strength con- 
siderations. 

Specimens were given a nucleation treatment for 
50min at 810°C followed by treatment at 890°C 
for periods of lo-70min to accomplish crystalliza- 
tion. The three-point bending strength and compres- 
sive strength varying with crystallization time of the 
glass ceramics are shown in Figure 7. It was found that 
the better crystallization time of the glass at 890°C 
was 50min as far as the mechanical properties were 
concerned. Three-point bending strength and 
compressive strength were 160-190 MPa and 
800-900 MPa, respectively. If the crystallization time 
of the glass is longer or shorter than 50min, the 
mechanical strength of the glass ceramics is lowered. 
It is believed that the mechanical strength of the glass 
ceramics is strongly controlled b the mean grain 
diameter and the mean free path which is related to r 
the content of residual glass in the glass ceramics). 
Utsumi and Sakkaz5 suggested that the mechanical 
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Figure 7 Relationship behveen mechanical strength and crystalliza- 
tion time of the bioglass ceramics: a, three-point bending strength; b, 
compressive strength 

strength of a glass ceramic is inversely proportional to 
the mean grain diameter and mean free path. In an 
earlier report’“, the mean grain diameter of the glass 
ceramic increased with crystallization time that would 
lead to mechanical strength decrease. The longer 
crystallization time decreased the content of residual 
glass in the glass ceramics, decreased the mean free 
path and increased the mechanical strength. Thus, the 
mechanical strength of the glass ceramics, as shown in 
Figure 7, increased with crystallization time up to 
50 min but decreased thereafter. 

After the glass had been nucleated at 8 10°C for 
50 min and then crystallized at 890°C for 50 min, the 
material shows a uniform grain size of about lO/.~m 
as shown in Figure 8. 

Histological evaluation 

Thirty experimental rabbits were used in the stud . 
Five were sacrificed at 2, 4, 8, 12, 16 and 32 wee h 
after being implanted; having been implanted for 12 
weeks, the material was totally surrounded by new 
bone. The bonding area between the material and 
new bone was increased with the implantation 

Figure 8 Optical micrograph of the bioglass ceramics nucleated at 
810°C for 50min and crystallized at 890°C for 50min; bar, 15/.~rn 

period. The material would be directly connected 
with new bone without any connective tissue after 16 
weeks’ implantation. Detailed discussion around this 
field will be reported elsewhere. 

Figure 9 is an X-ray photograph of a rabbit condyle 
where an implant is indicated by a heavy arrow. The 
results of the animal studies are encouraging. The 
rabbits recovered very soon after implantation and 
their tissue was not allergically sensitized. No inflam- 
mation or pathological disease was discovered. After 
implantation for two months, the space between 
implant and surrounding bone was filled with fibrous 
tissue or replaced by newly formed bony tissue. 
Figure 7Oa shows that the glass ceramics are covered 
by regenerated bone indicating intensive bone 
regeneration. From the fluorescence microscopic 
examination, the old bony tissue and regenerated 
bony tissue can be distinguished through the staining 
process. As shown in Figure IOb, tetracycline and 
calcine green could deposit in the new bone area, and 
the new bone formation could be easily observed 
under the fluorescence microscope. The glass cera- 
mics used in this study induced the new osteous tissue 
to form a tight chemical bond to the implant, 
intimately associated with the biological texture. No 
osteoclastic reactions, cell necrosis or inflammation 
were observed. 

The material appeared to have a number of 
advantages over allografts and xenografts. These 
include biocompatibility, availability in quantity 

Figure 9 X-ray photograph of the bioglass ceramics implanted in the 
rabbit condyle 
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