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Glass-ceramic-metal composites for making 
graded seals in prosthetic devices 

R. ROGIER*,  F. PERNOT 
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34095 Montpellier Cedex 05, France 

The possibility of using glass-ceramic-metal composites as graded seals between dense cores 
of prostheses and a porous glass-ceramic coating, which would promote a direct bond with 
the bone has been investigated, particularly with respect to thermal and elastic properties. 
Before binding them to a core, bulk composite materials have been prepared in order to study 
their properties. 

These materials have been obtained from powdered mixtures of a calcium alumino- 
phosphate glass (CAP) with increasing volume fractions (3.5-50%) of various metals or 
alloys: titanium, 316 L stainless steel, cobalt-chromium 788 alloy. They have been synthesized 
by hot pressing immediately followed by a heat treatment to obtain ceramicization of the glass 
matrix. 

Elastic and thermal properties have been determined. The values of elastic moduli and 
average linear thermal expansion coefficients lie within those of glass-ceramic CAP and those 
of the corresponding metal. Mechanical properties have been also measured. The material can 
withstand about four times the body weight when materials are bound to a more rigid metal 
or alloy. 

1. In t roduct ion 
During the last two decades, ceramics have been used 
more and more as medical and dental devices [1-4]. 
Among these materials, glass-ceramics [5], which are 
extremely fine-grained ceramics obtained by con- 
trolled crystallization of suitable glasses, have received 
particular attention since 1971 [6]. Such materials 
with an open porosity have previously been prepared 
from a calcium alumino-phosphate base glass (CAP) 
I-7, 8]. Living organisms show a good tolerance to 
these materials. Their porosity allows successful bone 
ingrowth, and thus a mechanical bond with the bone 
has been obtained [9]. Their Young's modulus 
(~  15 GPa) is close to that of bone (18-20 GPa [10]). 
All these properties lead to the conclusion that, such 
materials could be used to make a coating on the 
dense metal core of a prosthesis. 

The conditions which give a good bonding between 
the core and this special coating can be compared to 
those required in a glass-to-metal seal. These require- 
ments can be summarized as [11, 12]: a good adher- 
ence between both core and coating (this problem will 
not be considered in this paper); and a final combina- 
tion with compressive or very low tensile stresses in 
the coating. 

Stresses develop in a seal during cooling from the 
set point of the glass to room temperature, because of 
the thermal mismatch between metal and coating. 
Their magnitude depends both on thermal and elastic 

properties of both components [11, 13]. They can lead 
to fracture when the magnitude of tensile stresses in 
glass exceeds the strength of the glass. 

When an external stress is applied to the seal, the 
elastic mismatch between glass and metal produces 
stress concentrations at the interface, which can also 
induce fractures. This could be the case for a coated 
hip prosthesis when the patient walks or even remains 
motionless. 

Thermal and/or  elastic mismatches are of particular 
importance because the mechanical strength of the 
porous coating is rather low (-~20 MPa) [7, 8] and 
the most probable consequences of a direct b o n d  
between this coating and metals commonly used in 
orthopaedics (titanium and alloys, 316 L stainless 
steel, cobalt-chromium alloys) will be fractures 
of the coating or delamination near (or at) the 
interface. 

The coated stem of a femoral prosthesis can be 
compared to a bead seal, i.e. glass sealed over a metal 
wire in a concentric cylinder geometry. A method of 
preventing rupture in these systems consists of carry- 
ing out graded seals [12] which reduce the conse- 
quences of a too high thermal mismatch: transition 
glasses have progressively slightly different expansion 
coefficients. In the same way, in the case of elastic 
mismatch a gradient of elastic properties could have 
two effects - to allow a better transmission of stresses 
between the core and its porous coating and thus to 
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prevent fracture at the interface due to elastic mis- 
match; or to minimize bone atrophy due to mismatch 
between metal stiffness and surrounding bone [ 14, 15] 
which could not be totally damped by the coating. 

For the prosthesis such a solution could be used, the 
intermediate coatings being made of superimposed 
layers of various glass-ceramic-metal composite ma- 
terials prepared from mixtures of the base glass CAP 
and particles of the same metal as the stem of the 
prosthesis. 

In the field of biomedical materials, glass-metal 
fibre composites have already been proposed as bulk 
materials [,14]. For this reason, high mechanical per- 
formances have chiefly been sought. In fact these 
materials show a marked increase of strength over the 
parent 45 S 5 bioglass [6] and fractographic analysis 
also suggests a substantial improvement in toughness. 

Materials intended for use as superimposed coat- 
ings of different properties do not require such 
strength and toughness. A prosthesis with its coatings 
can be considered as a constant strain system, where 
the most rigid element (the metallic core) imposes its 
strain on the others. As a result, each layer is subjected 
to stresses proportional to its elastic modulus. There- 
fore particulate composites with suitable thermal and 
elastic properties would be more convenient for this 
purpose. However, before binding them to core it is 
necessary to show the possibility of preparing such 
composites; to measure their thermal and elastic prop- 
erties, so that  their values are actually situated within 
those of the glass-ceramic and those of the corres- 
ponding metal; to determine their mechanical prop- 
erties for comparison with porous and dense 
glass-ceramics and metals, and to check that they are 
statisfactory for materials which must be bound to 
more rigid ones; and to ensure that their biocompatib- 
ility is at least as good as that of the components. 

This paper deals with the preparation of materials 
and the study of their thermal, elastic and mechanical 
properties. 

2. Mater ia ls  and methods 
2.1. The base products 
The base glass CAP of the nominal composition P205 
69.0, CaO 22.7, A120 3 8.3 in weight ratio, has pre- 
viously been used to prepare porous glass-ceramics 
[7, 8]. Its properties are summarized in Table I. Before 
melting the glass, the raw materials (calcium bis- 
dihydrogen phosphate [Ca(H2PO4)2H20 ] and hy- 
drated aluminium orthophosphate [-AIPO4xHzO , 
x _< 35% in weight, determined by TGA]) were mixed 
and dried at 100°C for 12 h. They were then intro- 
duced in a Pt-10% Rh crucible and melted at 1300 °C 
for 2 h. The glass was obtained by pouring the liquid 
onto a cold metal plate; it was then ground and sieved 
to obtain particles with a size lower than 50 gin. 

The metals and alloys were commercial products, 
their properties, as given by the manufacturers, are 
also shown in Table I. 

2.2. M e t h o d  of syn thes i s  
Suitable fractions of glass CAP and second phase 
particles were mixed for 1 h and vacuum hot pressed 
into composite discs. The pressing instrument and 
schedule were taken from Decottignies et  al. [16]. 

A qtiantity of mixture calculated to obtain a disc of 
about 5 mm thick was introduced into a graphite 
mould, and placed between two pressing pistons in 
a cylindrical die of 38 mm internal diameter. It was 
compacted at room temperature under a pressure of 
45 MPa. It was then introduced into the press, and 
when a vacuum of 5 x 10 .2 torr was obtained, the 
temperature was raised to 500 °C and kept constant 
for 1 h to obtain final dehydration. A densification 
pressure of 30 MPa was then applied, and the temper- 
ature increased up to total sintering ('flash pressing'). 

Densification was controlled using a micrometer to 
measure the displacement of the hydraulic ram. As 
soon as the sample was totally sintered, detected by 

TABLE I Properties of components for the preparation of glass-ceramic (CAP)-metal composites 

Materials properties Glass Glass Titanium 
CAP ceramic CAP 

316L 
Stainless 
steel 

788 
Cobalt- 
chromium alloy 

Density (g cm- a) 
Melting point (°C) 
Average linear 

expansion coefficients 
( 10  6 o C -  1 ) 

Young's modulus 
(GPa) 
Poisson's ratio 

I 
~ 2 0 - 5 0 0  

~ 2 0 - 7 0 0  

Shear modulus (GPa) 
Bulk modulus (GPa) 
Fracture stress (MPa) 
Yield stress (MPa) 
Average radius of particles (gin) 

2.64 2.648 4.5 
- 910 1660 

9.3 16.7 8.8 
(8.9) 

- t6.4 
(9.0) 

64 68 t I0 
(lO7) 

0.256 0.180 0.340 
(0.335) 

25.5 29 41 
43.5 35.5 115 

536 [1185]* 
454 [1050] ~ 

50 10 

7.95 
> 1350 
17.5 

(16.8) 

(lVA) 
193 
(196) 

0.30O 
(0.290) 
74 

161 
52O 
284 
12.5 

8.3 
> 1400 

12.0 
(14.4) 

13.0 
(15.2) 

230 
(228) 

0.270 
(0.250) 
90.5 

166.5 
680 
470 

i1 

Experimental values in parentheses. 
* Both values correspond to TA 6 V titanium alloy. 
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the arrest of the micrometer, pressure was removed 
and the sample kept at 700 °C for 1 h to obtain total 
ceramicization of the matrix. 

For each composition, two dense discs were pre- 
pared in this way. 

2.3. M e t h o d s  of measurement  
2, 3, 1, Thermal properties 
Linear thermal expansion was measured with a differ- 
ential dilatometer (D.I. 10-2, Adamel-Lhomargy)  
using vitreous silica as a reference material. Measure- 
ments were made from room temperature to 750 °C. 
Square-shaped samples (15 mm < length _< 25 ram) 
were cut from hot-pressed discs. A linear heating rate 
of 3 °C min -  1 was chosen. From the recorded curves, 
one can deduce the relative expansion /~samp of the 
samples at each temperature 

Y 
A s a m p  - -  K L  ° "}- • s i l  (1) 

where Y = the expansion of the sample at the con- 
sidered temperature (given by the recorded curve); 
K = the amplification coefficient of the recorder; 
Lo = the initial length of the sample; and Asil = rela- 
tive expansion of the silica at the considered temper- 
ature. 

It is also possible to deduce the average linear 
thermal expansion coefficient ~ r2 - r ,  between two 
temperatures T1 and T2 

Y T 2  - -  Y T I  A s i I - T 2  - -  A s i I - T 1  
( ~ T 2 - T I  ~ -}- 

K L o ( T ~  - T~) T~ - T~ 

(2) 

2. 3 .2 .  E las t i c  p r o p e r t i e s  
Young's modulus, E, and Poisson's ratio, v, were 
determined using dynamic methods. Most measure- 
ments were performed by a method based on the 
magnetostrictive effect [17, 18]. However, a method 
based on the piezoelectric effect [19] was also used for 
the smallest samples. 

2.3.2.1. Resonance method based on the magneto- 
strictive effect. The magnetostrictive line consisted of 
a nickel wire, at one end of which a longitudinal 
reversible mechanical strain was created. The other 
end of the wire was introduced and firmly stuck in a 
small hole machined in the specimen resonator. The 
resonance frequencies were visualized on a scope from 
a typical echo. The specimen resonators may be 
chosen either as square-shaped bars or thin discs. 

In square-shaped samples, a small hole was ma- 
chined at one end along the axis; only longitudinal 
waves were produced, as long as the length/width 
ratio was higher than 10. Young's modulus was calcu- 
lated from the equation 

E = Dv~ - 21fn (3) 
n 

where D = density; l = length of the sample; n = or- 

der of the resonance frequency; f ,  = n order reson- 
ance frequency; and v e = velocity of the burst of waves 
in the sample. Only Young's modulus can be meas- 
ured using such samples. 

Thin discs were used for the determination of both 
Young's modulus and Poisson's ratio. Two holes were 
drilled from the periphery along two perpendicular 
axes. E and v are obtained from the frequencies of two 
vibrational modes: radial and distorsional. Satisfac- 
tory measurements require a diameter/thickness ratio 
of about 10. Poisson's ratio is deduced from a para- 
meter kl obtained by the equation 

~,R -f,,3 
k 1 = (4) 

fL3 

where fLR = first radial mode frequency; and f~, 3 
= second distorsional mode frequency. 

Young's modulus was obtained from Equation 3 in 
which the velocity Ve is calculated by 

L1 e = / ) (1  - -  V 2 )  1 /2  ( 5 )  

where v = velocity of the waves in the isotropic disc, 
which is deduced from the expression 

2nr 
v - k2 f ( m , n )  (6) 

where f (m ,  n) = resonance frequency corresponding 
to m, nodal circle, and n, nodal diameter; r - - d i s c  
radius; and k z = frequency constant depending on 
resonance frequencies f (m, n). 

2.3.2.2. Pulse-echo method based on piezoelectric 
effect. The magnetostrictive effect method needs sam- 
ples with a certain volume and a definite form (square- 
shaped bars or flat discs). The method based on the 
piezoelectric effect can be used for smaller samples, 
provided that two polished-paralM flat faces can be 
obtained. 

A thickness vibrating lithium niobate transducer 
(50 MHz) was cemented to one end of the specimen. 
This transducer was specially cut to generate both 
longitudinal and shear waves, and is used both for 
transmitting and receiving. 

The Young's modulus E and Poisson's ratio v of 
the specimens were deduced from both velocities of 
longitudinal, G, and shear, v~, waves and from bulk 
density, D 

2 4 v 2) E = Dr2(3 De - -  

2 2 
U e - -  V s 

and v -  
2 2 2 V e - -  V s 

2(v~ - v~) 

(7) 

The knowledge of these two elastic constants per- 
mits calculation of the shear, G, and bulk, K, moduli 

E E 
G -  and K -  (8) 

2(1 + v) 3(1 - 2v) 

2. 3,3, Mechanical properties 
Hot-pressed discs were cut with a diamond saw into 
square-shaped specimens, which were then ground to 
exact dimensions. 
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Flexural strength % was determined with an In- 
stron testing machine. Most measurements were made 
on 1.5 x 3 x t5 mm bars using 3-point loading over a 
12 mm span; the loading rate was 0.1 mm ran- l ;  for 
each material, 7-16 specimens were thus fractured. 
Some limited 4-point bend tests were also performed 
at a loading rate of 0.2 mm rain- 1, on 2 x 5 x 32 mm 
bars (2 samples for each material); the inner and outer 
span were, respectively, 8 and 24mm. The ground 
surface of all specimens was stressed to failure. All 
experiments were carried out in air at room temper- 
ature. Three-point, ~,~ and 4-point, c~R4, fracture 
bending stresses were calculated to be 

3PL1 3P(L1 - L2) 
oR.3 - 2bw 2 or oR,4 = 2bw2 (9) 

where P = fracture load; L 1 = outer span; L2 = inner 
span; b = sample width; and w = sample thickness. 

With 2 x 4 x 24 mm bar specimens, the fracture 
toughness K~c was determined using the 3-point bend 
test of a single edge-notched bend specimen (SENB) 
over a 16 mm span. A notch as thin as possible and of 
about 1.3 mm depth was machined with a 0.05 mm 
thickness diamond saw, at the midpoint of one 24 mm 
edge of each specimen. Notch depth, a, and width, 9, 
were measured using special optical microscopes. 
Specimens were tested at a cross-head speed of 
0.05 mm rain- 1. All measurements were carried out in 
air at room temperature. F o r  each composite, 2-9 
specimens were tested. Fracture toughness was calcu- 
lated from specimen dimensions, notch depth, a, and 
fracture load, P, using the equation [20] 

3PL 
K1c - 2bw2 Ya-  1/2 (10) 

w = sample height. 

Y = 1.93 - 3.07a/w + 14.53 [a/w] 2 

- 25.11 [a/w] 3 + 25.80 [a/w] 4 (11) 

As shown previously [20, 21] such conditions allow 
us to reach the 'true' initiating K~c factor. 

Knowledge of Ktc and Young's modulus, E, allow 
us to calculate initiating fracture energy F~, which is 
given by [22] 

F i - K~c(1 - v 2) (12) 
2E 

3. 1.2. H o t  p r e s s i n g  o f  c o m p o s i t e s  
Seven or eight compositions with increasing metal 
volume fractions, cp, were pressed for each of three 
types of inclusions (titanium, 316 L stainless steel and 
cobalt chromium 788 alloy). The final pressing tem- 
perature increased with increasing Cp reaching about 
750 °C for the richest mixtures; in the same time the 
sintering rate decreased. Ceramicization treatment fol- 
lowed hot pressing. 

For volume fractions up to 50%, all the hot-pressed 
samples were more than 95% theoretical density 
and appeared macroscopically homogeneous (Fig. 1). 
However, for the lowest volume fractions (35-10%),  
as for glass-ceramic, extrusion impeded disc removal 
from the die and the edges of the discs were slightly 
chipped. For higher volume fractions (20-50%), discs 
were easier to remove and their edges remained almost 
clean. 

3. Results and discussions 
3.1. Syntheses 
3.1.1. Hot-pressing of glass-ceramic CAP 
Pure glass CAP powder without any adjuvant was 
densified. Sintering begins at about 620 °C and takes 
place up to 670 °C. At this temperature, when samples 
thickness reaches a constant value, the viscosity of the 
glass is so low ( < 108 poises) as pressure must immedi- 
ately be suppressed to prevent extrusion. Ceramiciz- 
ation treatment was then performed and samples were 
allowed to cool directly to room temperature without 
any annealing treatment. In spite of precautions taken, 
a slight extrusion occurred during pressing, so that 
samples were difficult to remove from the die. 
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Figure I Typical polished surface of various glass-ceramic (CAP)- 
metal composites. (a) Titanium composites; (b) 316 L stainless steel 
composites; (c) cobalt--chromium 788 composites. 



For volume fractions higher than 50%, poor 
sintering was obtained and samples tended to 
crumble. 

3.2. The rma l  p roper t i es  
3,2, 1, Thermal properties of metallic 

components 
The results are also summarized in Table I (between 
brackets). In most cases, a good agreement is observed 
with the data given by the manufacturers; however, a 
significant difference is noticed for the average linear 
expansion coefficients of CoCr 788 alloy. 

3.2.2. Thermal properties of glass-ceramic 
CAP and composites 

The expansion curves of glass-ceramic CAP and com- 
posites (Fig. 2) show a shoulder between 100 and 
200 °C which corresponds to structural expansion of 
phosphates. It is due to c~# [3 transformation of 
A1PO 4 cristobalite form [23-26]. Sometimes other 
features occur at higher temperatures. Those which 
were observed close to 500 °C (Fig. 2al) could be due 
to the residual vitreous phase of the glass-ceramic 
matrix. 

From these curves, various average linear thermal 

expansion coefficients were calculated. ~2o-7oo be- 
tween 20 and 700 °C was chosen because it can give 
information about stresses produced in composites 
during cooling from ceramicization to room temper- 
ature. However the values of this coefficient are often 
disturbed by the features previously reported; that is 
why ~2o-5oo between 20 and 500 °C was also deter- 
mined. These coefficients are summarized in Table II. 

For glass-ceramic-titanium composites, ~xi is much 
lower than ~CAP in both temperature ranges 20-500 °C 
and 20-700°C (Table I). As a result, both thermal 
expansion coefficients of composites decreased as a 
function of the metal volume fraction cp. For 316 L 
composites, these coefficients did not show significant 
evolution as a function of metal content, since % 16 L is 
close to %AP (Table I). 

For CoCr 788 composites, C~2o_5o o slightly decreases 
with metal content. Whatever the values adopted for 
~78s, say: 1 2 x 1 0 - 6 ° C  -1 (the value given by the 
manufacturer) or 14.4 x 10 - 6  °C-1 (the measured val- 
ues), all the experimental data eventually fall within 
the coefficient of glass-ceramic and of CoCr 788 alloy. 
However, some of these experimental coefficients 
nearly reached cz788 when it is taken equal to the 
measured value. It can then be wondered whether the 
experimental value of czTS 8 measured on a dense cylin- 
der is the true coefficient of powdered 788 alloy. 
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Figure 2 Linear thermal expansion curves of glass-ceramic (CAP)-metal  composites, (a) Glass-ceramic with (al) or without (a2) feature close 
to 500 °C; (b) titanium compositesi (c) 316 L stainless steel composites; (d) cobal t -chromium 788 composites. 
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T A B L E  II  Average linear expansion coefficients of glass-ceramic (CAP)-metal composites 

Metal volume Ti composites 316 L composites 
fraction % 

788 composites 

~20-500 ~20-700 ~20 500 ~ 2 0 - 7 0 0  ~20-500 ~20-700 

0 16.7 16.4 16.7 16.4 16.7 16.4 
3.5 16.1 15.5 16.5 19.7 16.0 15.7 
6 15.9 15.7 16.2 17.8 15.9 16.2 

10 14.4 13.8 16.5 16.1 15.6 15.5 
20 14.1 13.4 17.1 16.6 15.2 15.3 
30 12.0 11.5 17.2 17.5 14.6 14.8 
37 12.2 11.7 16.6 16.9 14.6 14.5 
50 11.5 11.4 17.5 18.0 14.5 15.0 
Ti 8.9 9.0 - 
316 L - - 16.8 17.4 - - 
788 . . . .  14.4 15.2 

(12.0) (13.0) 

3.3. Elastic properties 
3.3. 1. Elastic properties of base metals or 

alloys 
The elastic properties of some of the base metals or 
alloys were controlled; these were measured using the 
pulse-echo method. The results are summarized (be- 
tween brackets) in Table I; in all cases, a good agree- 
ment was obtained with data of the manufacturers. 

3.3.2. Elastic properties of glass-ceramic 
CAP and composites 

Samples of glass-ceramic CAP and composites was 
cut from hot-pressed discs: square-shaped bars (3 x 5 
x 35 ram) and flat discs (diameter, 32 ram; thickness, 
3.2 mm). They were used for resonance measurements. 

Measurements carried out from both holes drilled 
at 90 ° in the discs gave identical resonance frequencies 
which confirm the homogeneity and isotropy of all 
materials. A good agreement was obtained between 
measurements of Young's modulus made on square- 
shaped bars and discs of the same composition, 
although these samples were cut from different hot- 
pressed discs. Good agreement is also noticed between 
values obtained by resonance and by pulse-echo. 

Whatever the system studied, Young's moduli in- 

] ,4o ",,,,, 

 4t6o 
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Ib) 

- - {  { 
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V o l u m e  f r a c t i o n  (%) 

Figure 3 Strength of glass-ceramic (CAP)-metal composites. (a) 
Titanium composites; (b) 316L stainless steel composites; (c) 
cobalt-chromium 788 composites, 

creased with the volume fraction of metal Cp and thus 
were eventually placed within that of glass-ceramic 
and that of the corresponding metal. Experimental 
results are summarized in Table III. 

T A B L E  I I I  Elastic properties of glass-ceramic (CAP)-metal composites 

Metal volume Ti composites 316 L composites 788 composites 

fraction (%) 
Young's Poisson's Young's Poisson's Young's Poisson's 
modulus ratio modulus ratio modulus ratio 
(GPa) (GPa) (GPa) 

0 68 0.180 68 0.180 68 0,180 
3.5 69.5 0.185 72 0.192 70.5 0,191 
6 70 0.199 72 0.192 71.5 0.193 

10 71 0.195 74 0.196 77.5 0.198 
20 71.5 0.203 79 0.204 87.5 0.204 
30 73 0.209 88 0.219 98 0.215 
37 77 0.220 95 0.222 107 0.223 
50 80 0.229 102 0.235 124.5 0.233 

Ti 110 0.340 - - 
316 L - 193 0,300 - - 

- - 230 0.270 788 
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3.4. Mechanical properties 
The mechanical properties of three series of com- 
posites were studied as a function of the metal volume 
fraction c o . 

3.4. 1, Fracture bending stress 
For titanium composites, 0.R slightly increased for 
low-volume fractions (% _< 10%). For higher metal 
content (Cp > 20%), 0.R remained nearly constant at 
values lower than the fracture stress, 0.R=, of pure 
glass-ceramics (Fig. 3a). For 316 L composites, c& de- 
creased from 0% to just above 10% inclusions; then it 
also remained nearly constant between 20 and 50% 
inclusions (Fig. 3b). For CoCr 788 composites, 0.rt did 
not show significant evolution, remaining close to 
0.Rm (Fig. 3c). 

Comparing the three series of composites, it can be 
seen that for low volume fractions (% _ 10%) 

0.Ti > 0.CAP ' ~  0"788 ~> 0 . 3 1 6 L  

and for higher volume fractions (% > 20%) 

0.CAP ~'~ 0"788 > O'316L "~ 0.Ti 

3.4.2. Fracture toughness and fracture 
energy 

For titanium composites, KIC and F~ showed similar 
trends (Fig. 4a and b); they increase from 0-3.5% 
inclusions; then they decrease UP to about 30% inclu- 
sions; finally they increase again from 30% inclusions. 

For 316 L composites (Fig. 5a and b), Kic and F~ 
also increased from 0 to 3.5% inclusions. A discon- 
tinuity was then observed between 3.5 and 6% inclu- 
sions on both curves. Finally K~c slightly increases, 
while F i slightly decreased from 6 to 50%. 

For CoCr 788 composites (Fig. 6a and b), K~c re- 
mained nearly constant from 0 to 50% inclusions, 
while F~ continuously decreases. A comparison,be- 
tween the three series of composites shows that 

(K1c)Ti > (K1c)788 ~ (KIc)CAP > (Klc)316L 

(Fi)CA P "~ (Fi)Ti > 

(FI)788 > (Fi)316L for cp _< 3 0 %  

(Fi)316L > (Fi)vss for % > 30% 

4. Discussion 
None of these mechanical properties show any signi- 
ficant increase with respect to those of pure dense 
glass-ceramic. The question arises as to whether they 
are high enough for coating materials. This is difficult 
to answer about toughness and fracture energy; how- 
ever, comments can be made on the strength. 

In a first approximation, a stem of a prosthesis 
surrounded by a well-bound coating can be con- 
sidered as a constant strain system. The most rigid 
component (the central metallic core) imposes its 
strain on the others. Accordingly, each layer is sub- 
jected to a stress proportional to its Young's modulus, 
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Figure 4 Fracture toughness (a) and fracture energy (b) of glass- 
ceramic (CAP)'titanium composites. 
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Figure 5 Fracture toughness (a) and fracture energy (b) of glass- 
ceramic (CAP)-316 L stainless steel composites. 

since it has an elastic behaviour 

Elayer 
0.layer -~- 0.metal - -  (13) 

Emetal 

The maximum tensile stress, 0.metal, along the stem of 
hip prostheses depends both on design and material. 
These stresses are listed in Table IV for various stem 
types when they are implanted in fresh cadaver femur 
and loaded at 3000 N (about four times average body 
weight) on special equipment [15, 27]. Assuming these 
stems are surrounded by corresponding glass- 
ceramic-metal composite layers, each layer would 
withstand a tensile stress, %ayer, given by Equation 13. 
These values are compared to the fracture stress erR, 3 
of composites: in all cases OR, 3 is greater than 0.layer' 
However, 0.R, 3 often overestimates the tensile strength 
of materials and therefore a comparison has been also 
made with 0.R, 4, which better takes into account the 
distribution of microstructural flaws; in most cases, 
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TABLE IV Maximum tensile stress along the stem of various prostheses [27] 

Type of prostheses Material Young's modulus Maximum tensile 
(GPa) stress (Mpa) 

Charnley curved standard Forged 316 L 193 200 
Mfiller curved standard Cast CrCo (Hs21) 230 180 
Charnley Kerboull No. 4 Forged 316 L 193 120 
Mfiller straight 12.5 Forged MP35N 230 115 

(CoNiCr alloy) 
Osteal DN Forged TA 6 V 110 80 

(titanium alloy) 
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Figure 6 Fracture toughness (a) and fracture energy (b) of glass- 
ceramic (CAP)-cobalt-chromium 788 composites. 

~R, 4 is also greater than ( 3 " l a y e r .  The best results are 
obtained with cobalt-chromium composites on the 
Mfiller straight stem: the ratio R = erR, 4/Oh.yet, which 
will be considered as a factor of security, is always 
greater than 2 and sometimes than 3, This ratio is 
about 2 for most other combinations. Only the most 
rigid 316 L and 788 composites on Charnley and 
Mfiller curved stems are definitely unsatisfactory 
(R _< t.5). 

5. Conclusions 
Bulk glass-ceramic CAP-metal particulate com- 
posites can be obtained from mixtures of calcium 
alumino-phosphate glass and various metals or alloys 
(titanium, 316 L stainless steel and cobalt-chromium 
788 alloy) commonly used in orthopaedic or ortho- 
dontic surgery. They are prepared by hot pressing 
using a flash pressing technique. In each of the three 
systems, materials with various metal volume frac- 
tions (up to 50%) have been synthesized in this way. 
The elastic and thermal properties are within those of 
glass-ceramic CAP and those of corresponding metal. 

Although their mechanical strength remains close 
to that of dense glass-ceramics, a simple calculation 
leads us to conclude that most composites could with- 
stand about four times body weight when bound to 
suitable rigid metallic cores. However, this result 
should be confirmed by more accurate computations. 
To account for this approximation and for the fatigue 
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phenomena, which have not yet been studied, and thus 
to increase the factor of safety, improvements could be 
made. 

In glass-ceramic-titanium systems, as-received 
angular particles (Fig. la) should be replaced by small 
spherical ones. The probability of microcracking due 
to high thermal mismatch (Acz = + 7.4 x 10 - 6  ° C - l ) ,  

which depends both on the shape [28, 29] and the 
radius of particles [30-33], would be reduced and 
thus the mechanical properties would be increased 
significantly [33]. In other systems (CAP-316L 
and CAP-788), the creation of an optimum 
matrix-particle bond, by suitably pre-oxidizing par- 
ticles, would improve both strength and toughness 
[34,35]. Preliminary experiments on a glass- 
ceramic-cobalt-chromium system give promising re- 
sults. All these solutions would have the advantage of 
keeping particulates as reinforcement and thus mak- 
ing the use of special techniques easier, such as plasma 
spraying to bind composites to the stems. 

The biocompatibility of composites, which has not 
yet been studied, should also appear as good as that of 
the components. With all these improvements and 
controls, such materials could be suitable to realize a 
thermal and elastic transition between a dense metal- 
lic stem and a porous glass-ceramic coating. A new 
type of direct anchoring prosthesis would thus be 
obtained which would compete favourably with por- 
ous metal coating devices. 

Without regarding their prosthetic applications, 
such materials can also be studied as composite ma- 
terials. The values of their elastic moduli and average 
linear thermal expansion coefficients can be compared 
with various theoretical curves, which give the evolu- 
tion of these properties as a function of metal volume 
fraction, %, and the properties of individual phases. 
This will allow us to obtain information about the 
textures of various systems. 
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