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New porous vitroceramic materials have been prepared by the controlled crystallization of
calcium aluminophosphate foam glasses for use in prosthetic bone replacement. The
technique of elaboration was developed using DTA measurements. A study was made of
their principal properties: porosity, average pore diameter, interconnections between the
pores and mechanical characteristics. The biological results are also briefly described.

1. Introduction

The possibility of replacing parts of a living organ-
ism with artificial substitutes has resulted in the
creation of a class of “biomaterials” which are
actively studied in various laboratories throughout
the world. In particular, attention is centred on
the preparation of polymers for bone-implants or
cardio-vascular applications and of special metal
alloys and ceramics for use in dental and ortho-
paedic surgery.

In the latter field, metals have been used for a
long time but recently the particular advantages
offered by ceramics have been considered, as
although bone prosthesis metals have a much
greater strength than the surrounding bone, the
living organism reacts unfavourably towards both
the metal and the cement used for fixation. This
has led to various attempts to use materials which
would promote a direct bond between the bone
tissue and the prosthesis.

One solution consists of replacing the metal by
a vitreous material or covering the metal by a thin
layer of glass which reacts chemically with the
surrounding tissue and secures a permanent bond
with the bone. This is essentially the technique
proposed by Hench and Paschall and Greenlee et al.

1694

0022-2461/79/071694—13 $3.30/0

in the USA [1,2] and in parallel developed in
Western Germany [3—5]. It is possible to modify
the geometry of the interface to promote better
adhesion. Some interesting results were obtained
by imprinting on the metallic implants the texture
of corals, to simulate the porosity of natural bone
[6,71.

Another solution is to use porous materials
with interconnected pores which permit tissue
ingrowth and thus a perfect anchoring of the
prosthesis with the surrounding bone. The success-
ful growth requires an open porosity with definite
minimal values of pore sizes and interconnections.
The implant may be either entirely porous or an
intermediate solution is used, consisting of a porous
layer deposited onto a non-porous substrate
possessing higher mechanical strengths.

Attempts to use porous alumina or calcium
aluminate showed that these ceramics were well
tolerated and successful bone ingrowths were
obtained [8—-11). Their mechanical strength,
however, was rather low, which resulted in a
search for materials which would be tolerated
equally well by the living tissues but which pos-
sessed improved mechanical properties. This led to
the idea of using glass-ceramics which are extremely

®© 1979 Chapman and Hall Ltd.



fine-grained ceramics obtained by controlled crys-
tallization of suitable glasses and which may be
tailored to possess excellent mechanical properties.

In the use of porous materials the principal
handicap is their mechanical weakness due to the
large size of the pores required for successful min-
eralized bone ingrowth. The minimum size of the
interconnections between the pores should be
about 100 um and this condition is to be satisfied
from the start in the case of biologically inert
(non-reacting) materials, such as alumina or
calcium aluminates, leading to structurally weak
components unsuitablé for most prosthetic appli-
cations. If however, the porous material could be
made partially biodegradable (some attempts have
already been made with tricalcic-phosphates
{12]), the size of the interconnections between the
pores could be reduced to about 15 um in order to
allow the initial ingrowth of the fibrous tissue. The
subsequent widening of the passages by biodegra-
dation could then allow the transformation of this
tissue into mineralized bone. Having smaller pores,
such a material would be initially stronger until
the mineralized bone ingrowth would compensate
for the widening of the pores by biodegradation.

This paper describes attempts to synthesize
such a porous, biodegradable glass-ceramic material
for use in orthopaedic surgery. The methods of
elaboration and characterization of the materials
will be presented; the biological results will only
be summarized, their detailed description will be
the subject of a separate paper [15].

2. Preparation

To obtain a glass-ceramic material, a base-glass of a
suitable composition containing a proper nucleant
is converted into a highly crystallized, fine-grained
material by thermal treatments which involve
nucleation and growth steps. If the final glass-
ceramic is to be porous, it is necessary to introduce
porosity into the base-glass by a method used
classically to make a “foam” glass [16] and which
consists of inducing a gas evolution in the viscous
glass. In the method of synthesis developed here,
the “foaming” and ceramization steps were re-
alized during a single heat-treatment.

The suitable base-glass is ground to powder
(granulometry less than 270 mesh). A foaming
agent, i.e. a compound which gives off gas through
decomposition or reaction with the glass, is added

and thoroughly mixed with the glass powder.
mixture is then heat-treated at a temperature

above the transformation temperature, T, of the
glass to allow the sintering of the glass particles
which imprison the particles of the foaming agent.
If necessary, the temperature is then increased
until the foaming agent reacts. The gas evolved
inside the glass mass of a low viscosity produces a
foaming effect. It is only after the onset of foaming
that the ceramization steps should begin. Crystal-
lization has a two-fold function — it arrests foaming
when the pores have reached a suitable size and
brings about the general increase in mechanical
strength of the material due to the conversion of
glass into a microcrystalline phase.

In practice the method requires a careful choice
of base-glass, foaming agent and thermal treatment
cycle.

3. Choice of base glass

In the first instance, biological criteria are essential:
the base glass should be well accepted by the living
organism and, if possible, slowly biodegradable
within the bone tissue. Since the mineral substance
of the bone is essentially hydroxyapathite, systems
based on calcium phosphates were chosen for the
base glass.

In the binary system CaO-—P,0; glass forma-
tion occurs only up to 55 mol% CaO [17]; this
eliminated tricalcium phosphate ceramics pre-
viously mentioned [12—14]. Studies were made
essentially on glasses having the composition of
calcium metaphosphate Ca(PO;), and various cal-
cium alumino-phosphates.

Physical criteria governing the choice of a suit-
able glass composition stem from the method of
synthesis briefly outlined above. The heat-
treatments to which the mixture (glass + foaming
agent) is submitted should be in a temperature
range which promotes crystallization but sintering
of the glass particles and especially the foaming
should occur when the material is still sufficiently
viscous. It is, therefore, necessary that the selected
glass should possess a relatively small crystallization
rate at the heat-treatment temperatures, This is
even more imperative, as grinding glass into a
powder increases its crystallization tendency by
heterogeneous (surface) nucleation mechanisms. It
should also be mentioned that the addition of the
foaming agent (CaCO; in all studies) may bring
about a similar accelerating effect. The choice of a
biologically suitable base-glass having the required
physical properties was made using differential
thermal analysis (DTA) techniques.
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Figure 1 DTA curve of a calcium aluminium phosphate
glass (80 Ca(PO,),—20A1PO,)

In the studies presented below a micro DTA
analyser®* was used working at low heating rates
(10°C/min"!) to approximate effective isothermal
elaboration conditions.

3.1. Calcium-alumino-phosphate glasses
The best results were obtained with a glass of the
system P,05-Ca0-Al,0;5. Its composition is

chosen to fall at the intersection of the binary
joins: Ca0O, P,05—AL,0;, P,0; and 2Ca0,
P,05—~Al,0;, 3P,0; [18]. The base glass was
obtained by melting a mixture of Ca(H,PO,),
H,O+AIPO, in a Pt—10% Rh crucible at
1200°C. The batch was previously dehydrated at
100°C for 12 h.

The DTA curve of this glass (Fig. 1) shows an
endothermal feature ABC at the beginning of
which the glass transition temperature, T, =
525°C, can be located. After return to the base
line at about 630°C (point C) a pronounced exo-
thermal peak starts; point D at 960° C corresponds
to the onset of crystallization. According to -
Yamamoto [19] the average sintering temperature
of the glass (corresponding to a viscosity of 10°P)
is to be placed in the BC interval.

A mixture of this glass and CaCO; (foaming
agent) heated for 1 h at 650°C shows evidence of
sintering and foaming prior to crystallization. At
this temperature, the CO, release is due to the glass
being attacked by the carbonate, corresponding
schematically to the reaction:

glass CaOP, 05 + CaCO,

- glass 2Ca0, P, 05 + CO,.
At lower temperatures this reaction no longer
occurs and heating for 1h at 600°C resulted only
in sintering; additional heat-treatment for 45 min
at 650°C still induced foaming. Thus sintering and
reaction I occurred simultaneously in the first case

(1)

{a}

78°

{b}

0 x

n
0 10
28°

ﬁ'igure 2 X-ray diffraction spectra. (a) Porous material obtained from a mixture of calcium aluminium phosphate glass
and CaCO,, heat-treated for 1 h at 650°C. (b) Calcium aluminium phosphate glass, without CaCO,, heat-treated for
1 h at 650°C. (c) Pure calcium metaphosphate glass heat-treated for 1h at 650°C.

*BDL — type M2.
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and successively in the second case before the ma-
terial crystallized to an appreciable extent.

The catalysing role of the foaming agent is evi-
dent from the X-ray diffraction spectra of the
porous materials (Fig. 2a) which show that they
are crystallized to a great extent. The crystalline
phase corresponds to calcium metaphosphate
(Fig. 2c¢).

The same base-glass powder heat-treated at
650°C without the foaming agent leads to com-
pact glass with only traces of crystallization. The
corresponding X-ray diffraction spectrum (Fig. 2b)
shows that an important quantity of glass phase
remains.

The process of crystallization of the porous
material may be explained as follows: initially,
before the carbonate starts reacting, the sintering
of glass particles encloses CaCO; particles; Reac-
tion 1 occurs and the crystailine phase formed
promotes bulk crystallization of the glass. This
makes the system more rigid and arrests foaming
at a point when the pores reach the size required
for biological application. The following example
will make more evident the importance of the
crystallization process and the precise moment
when it occurs.

3.2. Calcium metaphosphate glass

This glass was similarly obtained by melting
at about 1200°C monocalcium phosphate
Ca(H,P0O,),, H,0 which had been previously de-
hydrated at 110°C for 12h. The DTA curve of
this glass is shown in Fig. 6; contrary to the case of
calcium alouminophosphate (Fig.32) it can be
seen that the portion CD is not present, and crys-
- tallization occurs before the return to base line is
achieved. This is evident in the small shoulder at
610°C preceding the important peak culminating
at 657°C.

A heat-treatment indentical to the one given for
the preceding batch (1h at 650°C) leads to inad-
equate sintering and absence of foaming. The glass
crystallizes faster than it sinters which results in
cracks observable in the end product. Reaction
with the foaming agent occurs once the material
has become more rigid through crystallization; the
higher viscosity prevents the pores from enlarging
and the released CO, escapes through small cracks
distributed throughout the material.

This fast crystallization behaviour is evident
even in the absence of CaCO;. Heat-treatment of
pure vitreous metaphosphate powder for 1h at

650°C results in a fully crystallized (Fig. 2¢) and
slightly sintered material. X-ray diffraction spectra
correspond to CaP,04 in agreement with the
literature [20] and are identical to the previous
case (Fig. 2a).

3.3. Calcium—sodium—silicate glass

The previous example corresponded to the case
where crystallization occurs too rapidly. To illus-
trate the opposite case, when crystallization does
not readily occur, industrial Si0O,, Na, O, CaO
glass may be chosen. The corresponding DTA
curve is shown in Fig. 3c. The material remains
viscous during the sintering and foaming stages. As
no crystallization occurs to stop the bubbles
growing, the final product is very light with large
pores. It lacks mechanical strength and can be
crushed by hand.

Systematic study has shown that of all the dif-
ferent glasses, calcium aluminophosphates (CAP)
give the most satisfactory results; efforts were
therefore centred on this type of material. Mixtures
of CAP glass and CaCO; were treated in Au~—5% Pt
boats to provide oblong samples suitable for
mechanical tests. The lack of adherence of the ma-
terial to this alloy makes the retrieval of the
samples straightforward.

657° 3
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Figure 3 D.T.A. curve of some glasses which have been
tested for the preparation of porous glass-ceramics. (a)
Calcium aluminium phosphate glass. (b) Pure calcium
metaphosphate glass. (c) sodium—calcium—silicate glass.
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TABLE I Summary of the tests to obtain porous calcium aluminium phosphate glass-ceramics

CAP DTA temperatures of the basic glasses CaCO, Sintering Heat-
materials °C) (Wt %) and treatment
foaming times
Ty B ¢ D temperature (h)
(°C)
CAP1 525 581 634 690 5 648 1%
2 525 581 634 690 5 650 14
3 525 581 634 690 5 650 1L @
4 525 581 634 690 5 650 1
5 525 581 634 690 5 600 and 650 1+2
6 525 581 634 690 5 600 and 650 1+2 (b)
7 528 581 634 690 5 600 and 650 1+3
8 525 581 634 690 2 650 1
9 528 581 634 690 2 650 1
10 525 581 634 690 2 650 2 @
11 525 581 634 690 2 650 2
12 524 573 623 658 2 643 1
13 524 573 623 658 2 646 1
14 524 573 623 658 2 649 1
15 524 573 623 658 1 655 1 ©
16 524 573 623 658 1 662 1
17 524 573 623 658 1 677 1
18 524 573 623 658 1 678 1
19 524 573 623 658 1 678 1
20 524 573 623 658 1 679 1
21 524 573 623 658 0.5 678 1

(a) Sintering and foaming are achieved in a single step: CAP 1 in an alumina boat, the others in a Au—5% Pt alloy boat.
(b) Heat-treatment in two steps: sintering and foaming at different temperatures.

(c) Sintering and foaming in a single step, at the same temperature.

(d) For all these materials, the pore size distribution seems rather homogeneous. They appear to be larger for CAP 1 to
CAP 11 than for the others CAP 12 to CAP 21. These latter are prepared from a type-II glass which crystallizes faster

than type-I glass.

Table I presents the characteristics of the various
CAP materials according to the different heat-
treatment schedules. Although the base-glasses
were always prepared from identical batches, they
do not all have the same DTA curve. Fig. 4 shows
the two main types encountered, For “type 1I”
glasses (Fig. 4b) the CD interval is smaller and the
exothermal peak sharper. This results in a more
rapid arrest of foaming through crystallization
(CAP 12 to 25 in Table I).

The difference in crystallization rates could be
due to the variation of OH content from glass one
to another. It has already been shown that OH
radicals influence the crystallization kinetics of
calcium metaphosphate glass [21]. During the
melting of batches, OH could not be evolved in
the same proportions, and two facts seem to con-
firm the hypothesis:

(1) the lighter the weight of the batches, the
higher the DTA crystallization peak temperature;

(2) this temperature is also higher when the
glass is remelted.
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To induce porosity changes, the proportion of
the foaming agent was varied between 5 and
0.5 wi%.

In most of the materials prepared, sintering and
foaming occurred at the same temperature. In the
case of CAP 5, 6 and 7, these operations were car-
ried out at different temperatures. This resulted in
only slight differences in the end products.

For several CAP materials prepared from “type
1I” base-glasses, it proved more advantageous to
shift the temperature of the heat-treatment slight-
ly beyond point D. The corresponding increase in
crystallization rate was apparently compensated
by a much quicker increase of the reaction rate
between the glass and CaCOs.

4. Characterization of the materials

The intended use of these materials in ortho-
paedics imposes mechanical and biological con-
straints. Their porosity should suit bone tissue
growth requirements. At the same time, however,
they should have sufficiently high initial mech-
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Figure 4 DTA curves of two calcium aluminium phos-
phate glasses, with the same composition, prepared from a
mixture of Ca(H,PO,), -H,0, AIPO,.

anical strengths compatible with their use as bone
implants. A series of physical tests was performed
to characterize the texture of the materials and
measure their mechanical constants to permit
optimization.

4.1. Porosity tests

Most of these tests followed the directions issued
by the European Federation of Refractory Manu-
facturers (P.R.E.) [22]. The following character-
istics were measured: bulk density (pycnometric
method); apparent density, open porosity
(Archimedes’ method); total porosity from appar-
ent volume; fractions of total and closed porosity;
pore size evaluation by scanning electron mi-
croscopy; and interconnection pore size distri-
bution, by mercury porosimetry [8, 23] . This last
technique is based on the fact that increasing
pressure is needed to force mercury into smaller
and smaller pores. The corresponding absolute
pressure, P, required is related to the intercon-
nection pore size, d, by the relation:
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P

where d is expressed in um and P in gem™2.

A specimen of a known bulk volume is placed in
a pycnometer chamber, evacuated to 1072 gcm™2.
Mercury is then admiited and the pressure in-
creased stepwise up to atmospheric pressure. The
mercury volume admitted during each pressure
increase is recorded. Interconnection pore size dis-
tribution is then obtained from a plot of the
incremental volumes, Vo, of the mercury intruded
versus the absolute pressure required to produce
each volume increment. This method allows the
measurement of the interconnection pore sizes be-
tween 450 and 15um. Since biological appli-
cations require minimal interconnection pore sizes
of about 15um, it is evident that most of the

pores should be filled by mercury when atmos-

pheric pressure is reached.

The results of these tests are shown in Table II.
The following remarks may be made.

(1) For heat-treatments at the same tempera-
tures (e.g. 650°C), the total porosity decreases
from 75% to 35% when the proportion of the
foaming agent (CaCO;) decreases from 5% to 1%.

(2) For the highest CaCO3 content (5%) the po-
rosity decreases with the length of heat-treatment
(CAP1and 7).

(3) For up to 2% CaCOj, duration of heat-
treatment for more than 1h does not seem to play
any role (CAP 9 and 11).

(4) The porosity is almost entirely an open one
~there is seldom a difference of more than 2% be-
tween the open and total porosity. This difference
increases, however, when the porosity decreases
which may be explained by the difficulties of es-
tablishing interconnection when the distribution
density of bubbles gets smaller.

The interconnections between the pores may be
easily observed on scanning electron micrographs
(Fig. 5).

The interconnection pore size distributions are
not directly related to the porosity; their maxima
are situated between 70 and 15um (Fig. 6b and
c), exceptionally the maximum is situated between
110 and 60 um for the CAP 7 material, elaborated
in two steps (Fig. 6a). On each sigmoidal curve, an
average diameter, dy,,, can be defined when half of
the pore volume is filled with mercury. In the pre-
sent case, one can notice that dg, 5 > dm b > dm.c-
This last result can be related to pore size evalu-
ation made by scanning electron microscopy
(Fig. 7). The. pores can be considered as inter-
connecting spheres with diameter D, the intersec-
tion diameters of which correspond to d, previously
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measured. In a given material, with a porosity P,
an average diameter Dy, can be defined, the aver-
age distance of the centres being constant. These
different hypotheses result in two conclusions.

(1) If, in a more porous material such as CAP 7
(65%) (Fig. 7a), pores reach a size approximately

Figure 5 Scanning electron micrographs of a porous glass-
ceramic (50% porosity). (a) General view of the surface.
(b) More detailed view of pore S. (¢) More detailed view
ofhole T.

similar to CAP 9 material (50%) (Fig. 7¢) (D o =
Dm,c), interconnections will be of a greater size.
Such an observation was made by comparing
Fig. 6a and c: the interconnection diameter dy, ,
of the 65% material is greater than d,, . for the
50% material.

(2)In another case, some materials such as
CAP 7 (Fig. 7a) may have larger pores than those
of CAP 1 (Fig. 7b) (Dgy,a > Dy ), but their po-
rosity is rather similar, respectively 65% and 70%.
In that case the interconnection diameter dp,
varies as Dy, . This can be observed in Fig. 6a and b
(dm.a > dm.b)-

Apart from these observations which are gen-
eral, one should mention differences between

Figure 6 Interconnection pore size distribution
curves, established by mercury porosimetry. Po-

10 5
pressure {Torr)

&'M.

B
b Q.(,._

rosities of glass-ceramics studied: (a) 65%; (b) 70%;
{c) 50%.

150 200 250
diameter {micrans}
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Figure 7 Scanning electron microgréphs of some porous glass-ceramics; porosity of the materials: (a) 65%; (b) 70%; (c)

50%j; (d) 50%.

CAP 1 to 11 materials and CAP 12 to 15, prepared
from type-II glass. In thé latter series, porosity size
decreases with the fraction of foaming agent, but
for the same quantity of CaCOj the porosity tends
to be higher. These resulis cannot be explained
merely by differences in the heat-treatment tem-
peratures; other factors such as the glass and car-
bonate’s granulometry should also be included.

4.2. Mechanical properties

To evaluate the mechanical properties of the ma-
terials, the fracture bending stress and Young’s
modulus were measured using two types of sample
of approximate dimensions (in mm): (A) 80 x
10 x 5 and (B) 40.x 5 x 3. The longer samples
were cut thick enough to minimize effects due to
inhomogeneities of pore distribution in the frac-
ture surface. The samples were subjected to a
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bending test in a four-point loading mode on an

Instron machine with a crosshead speed of

0.5 mm/min™" for sample (A), 0.2 mm/min~! for

sample (B). The load—deflection curves are not -
uniformly linear over the whole test interval

(Fig. 8a), they are sometimes sigmoidal (Fig. 8b),

or present features found in controlled crack

propagation (Fig. 8c). The experimental results are

given in Table JII.

4.2,1. Fracture bending stress

It can be seen that the fracture bending stress,
which is about 400 x 10° Nm™ for a material
with 35% porosity, falls to 70 x 105 Nm™ for the
75% porosity. For the sake of comparison, values
were included relative to alumina of comparable
porosity (Table IV); it can be seen that CAP ma-
terials compare favourably with this material. The
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Figure 8 Load versus strain § curve for some samples ob-
tained with an Instron tester at 0.5 or 0.2 mmmin™'
cross-head speed. (a) The most common aspect: a linear
part followed by a slight curvature before fracture. (b)
Sigmoidal aspect: curvature at the beginning and at the
end, linear part in the middle. (c) Half-stable fracture
(specimen B; cross-head speed: 0.2 mmmin™").

difference noted for a 50% porosity material is due
to alumina having a more open structure: inter-
connection pore size is greater than 200 um for
more than 73% pores, which for CAP is less than
100 pum for 90% pores. At equal porosity, the
strongest material seem to be that with the smaller
interconnection pore size.

4.2.2. Young’s modulus determination
Young’s modulus was obtained from the linear
. portion of the load—deflection curves. It depends
directly on porosity (Table IIT). For the CAP 2, 4,
6 and 10 materials, a dynamic mode of determi-
nation using Cabarat’s elasticimeter [24] was used.
Young’s modulus is then calculated from the res-
onance frequency of transverse vibrations in the
kHz range. Values obtained in this way are higher
than those from static measurements. This is due
to the particular texture of the samples.

4.2.3. Dependence of Young’s modulus on
porosity

For porous materials, the dependence of Young’s

modulus, £, on porosity, P, is commonly fitted to
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TABLE IV Comparison between fracture bending stress
values relative to calcium aluminium phosphate glass-
ceramics and alumina of comparable porosity

Open Fracture bending stress

(Nm? X 10°%)

Al,OFf CAP
15 ) 60 _ 68
65 111 111
50 114 237

*These materials have been prepared by “Société Fran-
caise de Céramique” for a contract A.T.P. 3/73/24
entitled “Les Céramiques Implantables” which took place
between D.G.R.S.T. and I.N.S.E.R.M. (U 103).

an empirical relation [25] derived from a formula
of the type:

E = E, exp (—bP) 2)

where E, and b are constants determined exper-
imentally. First order developments such as:

E = E, (1L—bP) 6]

are also used. Fig. 9 and 10 show, respectively, the
application of these relationships to the results ob-
tained in this study; results obtained for long and
short specimens were plotted seperately. The
simple Equation 3 is seen to be well verified for
porosities between 40 and 70%. For longer speci-
mens, deviation is less than 10%; it reaches 20%
for short specimens.

Values of E, and b obtained from these plots
are, respectively:

Ey b
4400 x 10" Nm™ 1.28
3500 x 107 Nm™  1.26

The b values are lower than those obtained for
other porous materials [22] which range from 2 to
3. The F, values do not correspond to the Young’s

8 8

Log E
LogE

il

6 6
porosity ¢, porosity s,
40 50 60 70 40 50 80 70

Figure 9 A plot of log E versus porosity, (a) for (A)
specimens, (b) for (B) specimens.
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Figure 10 A plot of Young’s modulus, £, versus
porosity, (a) for (A) specimens, (b) for (B)
specimens.
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Figure 11 Observation of bone growth outside (a) and inside (b) the implants of glass-ceramics, CAP. GC glass ceramic;
LB lamellar bone; WB woven bone; AT adipose tissue; C capillary

modulus of CAP material with zero porosity which
is 6400 x 107 Nm™. This confirms that the linear
approximation is insufficient in the whole P range.
The same applies to the exponential Equation 2
which leads to much higher values of b and E,.

5. Biological studies
Samples of porosity ranging from 50 to 70% were
implanted in the greater trochanter and under the
tibial plate of experimental animals (rabbits). The
animals were killed after periods of 1 to 3 months;
samples embedded in hard plastic were cut into
slices of 0.5 to 1 mm and then ground down to
50 um thickness. The samples were stained with
Masson’s trichrom and Villanueva’s osteochrom.

Whatever their degree of porosity, the implants
showed from the first month the beginnings of
embedding in a fibrous tissue in which appear tra-
beculae of lamellar bone directly continuous with
those of the neighbouring bone (Fig. 11a). The
pores of the implants were totally invaded by a
vascular-fibrous tissue in which appeared primary
woven bone. This phenomenon was more pro-
nounced after the second month.

At the third month, embedding of the implant

was complete; a giant-cell reaction with resorption
was noted at the periphery. The pores were totally
filled by primary woven bone (Fig. 11b).

In the case of implants with 70% porosity, frac-
turing of the material was observed.,
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