
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  23 ( 1 9 8 8 )  2 2 5 5 - 2 2 5 8  
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Bioactive glass-ceramics toughened by tetragonal zirconia polycrystal (TZP) were prepared by 
hot-pressing mixed powders of the MgO-CaO-P20~-SiO2 glass and TZP containing 20 to 
80% alumina. The bending strength and the fracture toughness of the composite materials 
were improved compared with those of the material without TZP. These composites showed 
high bending strengths (400 to 500 MPa) and high fracture toughness (~2.8 MPa ml/2). The 
existence of a crack deflection mechanism was observed by scanning electron microscopy. 
After soaking in simulated physiological solution at 100 °C, no phase transformation from 
tetragonal to monoclinic of TZP in the composites and no degradation n bending strength 
occurred. 

1. I n t r o d u c t i o n  
Alumina ceramics [1, 2] show good biocompatibility 
and high strength, but do not form chemical bonds 
with bone. Therefore, loosening is likely to occur 
during longterm use. Hydroxyapatite ceramics [3, 4], 
Bioglass R (Na20-CaO-P2Os-SiO 2 system) [5] and 
Ceravital R (Na20-K20-MgO-CaO-P2Os-SiO 2 sys- 
tem) [6] form chemical bonds with bone. However, 
their poor mechanical strength may limit their clinical 
application. Apatite- and wollastonite-containing 
glass-ceramics [7-9] in the system MgO-CaO-P2Os- 
SiO2 can form tight chemical bonds with bone and 
show relatively high mechanical strength (200 to 
250MPa bending). However, some artificial hard 
tissues (for example, artificial dental roots for front 
teeth, artificial joints, etc.) require higher strength. On 
the other hand, zirconia ceramic, which is bioinert, is 
highly biocompatible [10, 11] and shows very high 
strength and toughness. Both bioactive and mechanic- 
ally tough ceramics will be widely applicable to many 
other tissues. In this study, a new type of bioactive 
glass-ceramic toughened by the dispersion of TZP 
grains will be reported. 

2. Experimental procedure 
2.1. Preparation of composites 
It has been reported [12] that the glass-ceramics con- 
taining a small amount of MgO in the system MgO- 
CaO-P2Os-SiO2 could form an apatite layer on their 
surface in simulated physiological solution, and that 
the ability to form an apatite layer was not influenced 
by the composition of the glass-ceramics. These results 
suggest that the glass-ceramics in this system are 
capable of forming chemical bonds with bone. In this 
study, the composition of 47.7CAO-6.5P205-43.8SiO2- 
1.5MgO-0.5CaF 2 (wt %) was selected as the mother 
glass for matrices of the composites. The crystallized 
glass of this composition formed an apatite layer on its 
surface in simulated physiological solution. After 

implanting in the lower jaw of the dog, this glass- 
ceramic was found to form chemical bonds with bone 
tissue [13]. TZP ceramics show high strength and 
toughness owing to stress-induced transformation from 
tetragonal to monoclinic phase. It has been reported, 
however, that the phase transformation in zirconia 
ceramics during heat treatment in a wet atmosphere 
took place at lower temperatures and at a higher rate 
than that in a dry atmosphere [14-16]. This transform- 
ation causes the degradation of mechanical properties 
[17]. The rate of the transformation slows down with 
the decrease in the grain size and/or on dispersion of 
alumina in zirconia ceramics [18]. Biomaterials for 
implants are used in a wet atmosphere. Zirconia- 
alumina ceramics were selected to prepare composites 
which did not lead to the degradation of mechanical 
properties by the phase transformation of TZP. 

A batch mixture of the composition was melted in 
a platinum crucible at 1500 °C for 2 h. The melt was 
then quenched into water. The resultant glass was 
pulverized into powder of particle size < 10pm. 
Zirconia powder containing 3mo1% yttria and 
alumina powder were used as starting materials. The 
zirconia and alumina powders were mixed by ball 
milling with ethanol. The blended powder was dried 
and then hot-isostatically pressed at 1400°C for 3 h. 
The resultant zirconia-alumina ceramics were crushed 
into powder of particle size < 20 #m by ball milling. 
The compositions of the zirconia-alumina ceramics 
discussed are shown in Table I. 

The glass powder was mixed with powdered 
zirconia-alumina ceramics by ball milling with ethanol. 
This blended powder was put into carbon dies and 
hot-pressed in vacuum (,-~ 10-3Pa) to sinter and 
crystallize under 30 MPa at 1150 °C for 2 h. 

2.2. Analysis of microstructure 
The densities of the composites obtained were deter- 
mined by the Archimedes method. Theoretical densities 
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T A B L E  I Compositions of zirconia-alumina ceramics 

ZrO2/A1203* Sample 
ratio 

Z20A Z40A Z80A 

(wt%) 80/20 60/40 20/80 
(vol%) 72/28 49/51 14/86 

*ZrO 2 = tetragonal zirconia polycrystal containing 3 mol % Y203, 
AI203 = a-alumina. 

of the composites were estimated from the densities of 
glass-ceramics, zirconia, and alumina (using 2.98, 6.10 
and 3.87gcm -3, respectively). The content of the 
crystals precipitated in the glass-ceramic matrices and 
the phase of zirconia-alumina ceramics were deter- 
mined by X-ray diffraction analysis. Polished and 
fractured surfaces of the composites were observed by 
scanning electron microscopy. 

2.3. Measurement of mechanical properties 
Strengths (a) in air and in nitrogen were measured in 
a three-point bending (20mm support span) using 
bevelled edge specimens (3ram x 4ram x 25mm) 
abraded with no. 400 alumina powder. The cross-head 
rate was 0.5 mm rain 1. The fracture toughness (Kxc) 
was measured in nitrogen by a three-point loading 
method (20mm support span) using chevron notch 
beam specimens (3mm x 4ram x 36mm, with 
notch dimensions of % = 0.375 and ~ = 0.75). The 
cross-head rate was 0.05 mm rain ~. 

2.4. Estimation of the stabil ity of the 
glass-ceramic composites after soaking 
in simulated physiological solution 

To estimate the degradation property of the com- 
posite due mainly to the phase transformation of 
zirconia in a wet atmosphere described in Section 2.1, 
the following experiment was carried out. The colum- 
nar specimens (,-~ 4 mm diameter) of the composites 
ground with the no. 300 diamond-wheel were soaked 
in simulated physiological solution at 100°C for a 
few days. After soaking, three-point bending strengths 
of the dried specimens were measured in air with 
a support span of 15ram and cross-head rate of 
0.5 mmmin ~. 

3. Results and discussion 
3.1. Microstructure 
All the relative densities of glass-ceramic/zirconia- 
alumina ceramic composites obtained were higher 

V 

O i l  I I I I 1 

0 10 20 30 40 50 
Content of ZrO2-AI203 ceramic 

(vot %) 

Figure 2 Relation between the content of zirconia-alumina ceramic 
and the fracture toughness of the composite. (o) Z20A, (e) Z40A. 

than 99%. Oxy- and fluoro-apatite (Cal0(PO4)6(O , F2)) 
and/~-wollastonite (fl-CaO SiO2) precipitated in the 
glass-ceramic matrix. The contents of these crystalline 
phases in the matrix were 15 and 70 wt %, respectively. 
No reaction between glass-ceramic matrices and 
zirconia-alumina ceramics was detected by X-ray dif- 
fraction. It was observed by scanning electron micro- 
scopy that the grains of the zirconia-alumina ceramic 
were dispersed in the glass-ceramic matrices without 
intense agglomeration. 

3.2. Mechanical properties 
Fig. l shows the relation between the bending strength 
in air of the glass-ceramic composites and the contents 
of the zirconia-alumina ceramics. The strength of the 
composite increased as the content of zirconia-alumina 
ceramics increased. The strengths of the glass-ceramic 
composites containing more than 20 vol % Z20A and 
containing more than 40 vol% Z40A were more than 
400 MPa. This value is about twice the value of the 
strength of the glass-ceramic matrix (~200MPa). 
Fig. 2 shows the relation between the fracture tough- 
ness and the contents of zirconia-alumina ceramics. 
The fracture toughness of the composites also increased 
as the content ofzirconia-alumina ceramics increased. 
The fracture toughness of the glass-ceramic com- 
posite containing 20 vol % Z20A was 2.8 MPa m 1/2. 

Generally, the bending strength of ceramics meas- 
ured in a dry nitrogen atmosphere, aN2, is related to 
the fracture toughness, K~c, and the critical flaw size, 
c, in the ceramics as follows [19] 

aN2 = K i c / Y c  °'5 (1) 

where Yis 1.26 for semi-circular surface flaw [20]. The 
flaw sizes calculated from the bending strength data 
and the fracture toughness data using Equation 1 are 
listed in Table II. The average flaw sizes are nearly 
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Figure 1 Relation between the content of zirconia-alumina ceramic 
and the bending strength of the composite. (o) Z20A, (o) Z40A, 
(~ )  Z80A. 

T A B L E  II Bending strength in air (O-air) , and nitrogen (aN2), 
fracture toughness (K~c) and critical flaw size (c) of the glass-ceramic 
and the glass-ceramic composites 

Sample o'~ir(MPa ) crN2(MPa) K~c(MPam I/2) c (#m) 

Glass-ceramic 250 334 1.66 16 
(matrix) 
Z20A Vf20* 440 552 2.84 17 
Z20A Vf40 463 573 2.80 15 
Z40A Vf 20 375 487 2.37 15 
Z40A Vf40 443 528 2.62 16 
Z40A Vf 50 488 532 2.70 16 

* For example, Z20A Vf 20 is the glass-ceramic composite containing 
20 vol % Z20A. 
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Figure 3 Vickers indentation cracks in (a) glass-ceramic and (b) composite. (a) Secondary electron imaging mode, (b) backscattered electron 
imaging mode. The glass-ceramic matrix appears dark and the zirconia grains bright due to their different atomic number  contrast. The 
alumina grains appear dark in the zirconia grains. 

constant for each kind of composite. The increase in 
is considered to be the result of the increase in the 

fracture toughness. The increase ofzirconia content in 
zirconia-alumina ceramic was effective in increasing 
the bending strength of the glass-ceramic composite. 
According to this result, the existence of the phase 
transformation toughening of the material is sug- 
gested. 

Figs 3a and b show the crack profiles of a Vickers 
indentation introduced at a load of 1 kg. The fracture 
path in the glass-ceramic remained planar throughout 
propagation, whereas that of the glass-ceramic com- 
posite containing 20 vol % Z20A demonstrated crack 
deflection. It is supposed that such a crack deflection 
mechanism could be attributed to the increase in the 
fracture toughness and bending strength. 

3.3. Stability in simulated physiological 
solution 

Fig. 4 shows the strengths of the glass-ceramic 
composites containing 20 vol % Z20A soaked in simu- 
lated physiological solution at 100 °C for a few days. 
The glass-ceramic composite maintained its high 
strength after soaking for 14 days. In the Z20A 
zirconia ceramic, monoclinic phase was precipitated 
after soaking at 100°C for 7 days [18]. However, in 
this glass-ceramic composite, no phase transforma- 
tion of zirconia occurred even after soaking for 14 
days. This stability would be caused by the structure 
of this composite, that is, TZP are dispersed in the 
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Figure 4 Bending strength after soaking in simulated physiological 
solution at 100°C. 

glass-ceramic matrix and are sealed against the wet 
atmosphere. 

4. Conclusions 
Bioactive glass-ceramic composites reinforced by 
zirconia-alumina ceramics were fabricated. The bend- 
ing strength of the glass-ceramic composites was 
about twice as high as that of the matrix materials. 
Furthermore, the composites show bioactivity and 
have a high potentiality for biomaterial uses such as 
artificial bones or dental implants. 
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