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Abstract

In order to widen the application fields of a bioactive glass-ceramic (Bioverit®1), the possibility of preparing a glass-ceramic
matrix biocomposite, toughened by zirconia particles, was investigated. Two kinds of biocomposites were prepared, using as reinforcing
phase tetragonal yttria-stabilised zirconia (ZrO,—3%Y,03) and pure monoclinic zirconia particles, respectively. The composites were
prepared by viscous flow sintering. The sintered composites were characterised by optical and Scanning Electron Microscopy (SEM),
Energy Dispersion Spectroscopy (EDS) and X-Ray Diffraction (XRD). A mechanical characterisation of the sintered samples was carried
out by means of Vickers indentations, Young’s modulus measurements, fracture toughness and compressive strength determinations.
The chemical stability of the samples was evaluated by soaking them in Ringer solution.
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1. Introduction

Nowadays, ceramic and glass-ceramic materials are
currently used to repair bone and joint defects. Among
them, zirconia is one of the most promising ceramic
materials because of its exceptional inertness in biologi-
cal fluids, its high fracture toughness and high flexural
strength.! This ceramic, when put into the human body,
undergoes to a morphological fixation with the tissues,
i.e. a mechanical interlocking, and for that reason it is
considered a “‘nearly inert bioceramic”.

Several glass-ceramics show the property of directly
bonding to the human tissues by interfacial reactions,>>
providing a bioactive fixation to the tissues. Generally,
their mechanical properties, do not allow to use them
for load-bearing applications. For this reason some
authors addressed their efforts to toughen these materi-
als by adding a second high-strength biocompatible
phase.+ !

Bioverit®I is a machineable mica- and apatite-con-
taining glass-ceramic, used for bone substitutions in

* Corresponding author. Tel.: +39-011-564-4687; fax: +39-011-
564-4699.
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several fields of human surgery. It is produced by a
nucleation and growth heat treatment from the phase-
separated silico-phosphate base-glass. To date,!?>"!4 the
applications of pure Bioverit®I have been focused on
small bone substitutions in orthopaedics, stomatology
and for middle ear implants. In this work, the glass-
ceramic Bioverit®I has been chosen as matrix for the
preparation of bioactive composites, containing 20
wt.% zirconia particles as toughening phase. In this way
the bioactive properties of the glass-ceramic could be
combined with the high and reliable mechanical proper-
ties of zirconia. The composites were prepared by viscous
flow sintering.

It is well known from literature'>-!6 that pure zirconia
presents a stable monoclinic structure at room tem-
perature, which undergoes to a reversible structural
transformation to a tetragonal phase when heated
above 1000 °C. In details, this phase transformation is
characterised by an evident hysteresis loop, since it
happens at about 1100 °C during heating (mono-
clinic—tetragonal), and at about 950 °C during cooling
(tetragonal—>monoclinic). It is also known that this
phase transformation produces an appreciable volume
variation of about 7-9% (with expansion during cool-
ing). The volume increase during cooling might induce
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severe residual stresses if a zirconia-containing ceramic
is heated at temperatures above the transformation
range and than cooled down to room temperature. For
this reason zirconia is frequently stabilised adding small
amount of specific oxides aiming to partially maintain at
room temperature the tetragonal phase in a metastable
form.!”

It is well documented the possibility of inducing the
phase transformation by a mechanical stress.'® This
feature was successfully used to take advantage of it and
to obtain a reinforcing mechanism in ceramic materials
containing partially stabilised zirconia in the metastable
tetragonal state.!”

For comparative purposes, in this work, two different
kind of zirconia particles were used as reinforcing phase
in the sintered composites: yttria-stabilised tetragonal
zirconia (ZrO,-3%Y,03) and pure monoclinic zirconia
particles. The influence of the two different reinforcing
phases on the sintering behaviour and the final proper-
ties of the two composites was investigated. The prop-
erties of the sintered composites were compared with
those of pure Bioverit™I, sintered at identical time and
temperature conditions.

2. Experimental

The starting glass for Bioverit®I glass-ceramic, with
the wt.% composition of SiO, 30.5, P,Os 11.4, AlL,O3
15.5, CaO 14.4, MgO 14.8, K,0 5.8, Na,O 2.3, F-4.9,
was melted at 1500 °C in a two stage melting process.
The resulting glass was thermal treated for 1 h at
1000 °C to obtain the mica-apatite glass-ceramic.

The bulk glass-ceramic (named B1 from now on) was
ball-milled and sieved to a bimodal particle size (70
wt.% 37105 pm, 30 wt.% <37 pum) in order to opti-
mise the particle distribution during the green compact
preparation, according to the Furnas theory?® on pow-
der compacting, taking into account, for the green
composite compacts, the zirconia wt.% and its particle
size (<44 pm). A structural characterisation was carried
out on pure Bl and on the zirconia powders by X-Ray
diffraction (XRD, Philips PW 1710), in order to deter-
mine the crystalline phases present before the sintering
process. In the case of the two zirconia powders the
amount of tetragonal and monoclinic phase was deter-
minated using the Garvie and Nicholson method.?!

Two different mixtures of glass-ceramic powders and
reinforcing phase were obtained by the addition to Bl
of 20 wt.% of Yttria-stabilised zirconia (ZrO,—3%
Y,03, named Y-PSZ in this work, spherical granulated
particles) and pure zirconia particles (obtained by
atomization, named MZ in this work) (Tosoh).

The mixtures were prepared in a 15 ml ethanol sus-
pension, and stirred until complete evaporation of the
solvent. Cylindrical green compacts (3.14 cm diameter,

0.3-1.4 cm high, 5-25 g weight) of B1, B1/Y-PSZ and
B1/MZ were prepared by uniaxial cold pressing of the
mixed powders. Pressures ranging from 50 to 175 MPa
were investigated, and the pressure of 100 MPa was finally
chosen as the best compromise between high apparent
density (61% in respect of the theoretical one) and
absence of defects and cracks in the green compacts.

The linear shrinkage of each kind of green compact
was determined by Hot Stage Microscopy (Leitz II A)
on 3x3x3 mm?® greens in the temperature range
between 25 and 1150 °C. The sintering time and tem-
perature parameters were optimised by performing sev-
eral isothermal sintering processes in the temperature
range where the highest shrinkage was observed (from
1040 to 1130 °C), for different times (0.5-4 h).

Density measurements (Archimede’s method) were
performed on each sintered sample in order to evaluate
the degree of densification. The measured density of each
sintered specimen (p,,) was compared with the theore-
tical one (py,). The latter, in the case of the sintered
composites, was calculated by using the mixtures law:

Pe = pp1XB1 + pZrOrxZ1O;

,OZI'02 = ptZrozthrOg + ,OmZI'OQXmZI'Oz

where:

Pe density of composite;

PBI density of Bioverit®I;

XBI volume fraction of Bioverit®I;

02105 density of tetragonal zirconia;

xZ10» volume fraction of tetragonal zirconia;
pmZrO,  density of monoclinic zirconia;

XxmZrO,  volume fraction of monoclinic zirconia.

The values of x,ZrO, and xZrO, were determined by
means of the Garvie-Nicholson method. The morphol-
ogy of each sintered sample was observed by means of
optical microscopy and Scanning Electron Microscopy
(SEM, Philips 525 M). Compositional (EDS, EDAX
9100) and phase (XRD, Philips 1810) analyses were
performed in order to test if any modification occurred
in the glass-ceramic matrix and in the zirconia particles
during the sintering process.

Each kind of sintered composite was mechanically
tested by observing the propagation path of some
cracks induced by Vickers indentations. The Young’s
modulus was determined by means of resonance (Grin-
dosonic Lemmens-Electronika), following the ASTM C
62371 Standard Test Method.

The fracture toughness (Kjc) was determined by an
indentation technique, using the following formula:?>-23
Kic=A(E/H)"*(P/c}/*), where A4 is a constant (=0.016)
not depending on the tested material, £ is the Young’s
Modulus of the material, H the Vickers hardness of the
material, P the indentation load, ¢, the average value of
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Fig. 1. XRD patterns of Bl glass-ceramic, Y-PSZ powders and MZ powders.

the cracks length, measured from the centre of each
indent. The compressive strength of the sintered samples
was evaluated by using a Schenck—Trabel equipment on
cubic specimens (10x10x10 mm? size) obtained by cut-
ting the 1.4 cm high sintered cylinders, following the
indications of the ASTM C773-88 Standard Test
Method (the method was modified for the specimens
geometry because it was not possible to prepare cylind-
rical specimens, so the results reported in this work have
only comparative purposes).

The surface reactivity of the sintered samples was
evaluated by soaking them in Ringer’s Solution (NaCl
9.00 g; NaHCO; 0.20 g; KC1 0.43 g; CaCl, 0.24 g; dis-
tilled water to 1 dm?®), up to 14 days: samples of each
composite were soaked in 50 ml of solution, in poly-
ethylene bottles at 37 °C. Morphological (SEM), com-
positional (EDS) and phase (XRD) analyses were
performed on the samples after soaking in the solution.

Three point bending measurements were performed
on 20x2x2 mm? size composite bars, by using a mate-
rial testing machine, Zwick 1445 (I mm/min of defor-
mation rate). This test was performed on both B1/Y-
PSZ and B1/MZ sintered samples. Some measurements
of flexural strength were performed on B1/Y-PSZ com-
posite also after soaking in Ringer’s solution, in order to
evaluate the effect of this simulated biological medium on
its mechanical behaviour. At least 14 specimens were tes-
ted for each mechanical characterisation, and an average
value is reported in this work for each kind of material.

3. Results

The XRD characterisation of the glass-ceramics and
zirconia powders gave the results reported in Fig. 1. The
crystalline phases individuated in the Bl glass-ceramic
are fluorapatite and phlogophite. In the Y-PSZ powders

20% monoclinic and 80% thetragonal zirconia were
individuated, while in the MZ powders only monoclinic
zirconia was found.

Fig. 2 shows the linear shrinkage of Bl, B1/Y-PSZ
and B1/MZ green compacts respectively, obtained by
hot stage microscopy. For each kind of compact the
densification occurred starting from 900 °C with an
asymptotic behaviour up to temperatures close to the
liquidus range. For this reason the sintering temperature
range was chosen between 1040 and 1100 °C, in order to
assure the maximum shrinkage of the samples. Different
sintering times were investigated: 30, 60, 120, 240
minutes in air.

The average density values for each kind of sintered
samples are summarised in Table 1. The density values

——BI |
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—&— BIMZ

Linear shrinkage [%]
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Fig. 2. Linear shrinkage of B1, B1/Y-PSZ and B1/MZ green compacts.

Table 1
Density average values of the samples sintered at 1100 °C for 2 h

P (g/cm?) P (g/cm?) P/ P (%0)
Bioverit®1 2.72 2.66 97.8
Bioverit®1/Y-PSZ 3.03 2.95 97.4
Bioverit®I/MZ 3.09 2.99 96.8
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were reported as a function of the sintering time and
temperature conditions (see graphic of the B1/Y-PSZ
reported in Fig. 3).

By comparing these values, an optimised sintering
schedule of 1100 °C for 2 h was selected. The heating
rate from room temperature to 1100 °C and the cooling
rate after sintering was of 10 °C/min (B1, B1/Y-PSZ)
and of 5 °C/min (B1/MZ). These heating and cooling rates
were chosen in order to avoid as much as possible any
residual stress due to fast temperature modifications,
especially in the case of BI/MZ, because of the reversible
phase transformation (monoclinic—tetragonal) which
could occur in the chosen temperature range with
volume variation. On the samples sintered at the opti-
mised conditions, an XRD characterisation was carried
out, in order to observe if any additional phase was
formed in the samples due to the sintering process. Fig. 4
reports the XRD patterns of sintered B1, B1/Y-PSZ and
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Fig. 3. Density of the sintered B1/Y-PSZ sample as a function of time
and temperature.
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Fig. 5. Polished cross section of the B1/Y-PSZ composite (a); detail of
the interface between the Bl matrix and a Y-PSZ particle (b).
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Fig. 4. XRD patterns of Bl, BI/Y-PSZ and B1/MZ, sintered at 1100 °C for 2 h.
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B1/MZ respectively. No additional phases were individ-
uated in the sintered B1 sample. The B1/Y-PSZ composite
only showed the signals of fluorapatite, phlogophite,
monoclinic zirconia and tetragonal zirconia. Using the
Garvie and Nicholson method, the amount of monoclinic
and tetragonal zirconia was determined: it was the same as
in the unfired zirconia powders (20% ZrO5%-80% ZrO%).
The B1/MZ composite showed the signals of fluor-
apatite, phlogophite monoclinic zirconia and tetragonal
zirconia (25.5% ZrO5%-74.5% ZrO%").

The morphological characterisation of the sintered
samples revealed some differences between the two
kinds of composites. The B1/Y-PSZ composite shows a
good interface between the glass-ceramic matrix and the
zirconia particles, with very few pores. The zirconia
particles show an almost spherical geometry and are
well embedded in the glass-ceramic matrix. The residual
porosity is sometimes localised at the interface between
the matrix and the dispersed phase.

Fig. 5a shows a polished cross section of this compo-
site. In Fig. 5b a detail of the interface between the Bl
matrix and a Y-PSZ particle is reported: the micro-
structure of the zirconia particle is evidenced due to a
certain infiltration of the residual glassy phase of the
glass-ceramic B1. This feature is observable only at high
magnifications.

A general view of a B1/MZ composite is shown in Fig. 6.
This composite shows a higer infiltration of the matrix
inside the zirconia particles, which lead to a partial dis-
persion of the MZ particles into the B1 matrix: they par-
tially loose their globular geometry and appear as
“agglomerates” of sub-micronic zirconia granules.

Fig. 7a shows a polished section of a B1/Y-PSZ com-
posite, after chemical etching by a 1:1 HF/HNO; aqu-
eous solution (5 vol.%). The picture evidences the
crystalline phases of the glass-ceramic matrix and the
zirconia particles. A polished section of the B1/MZ
composite, after chemical etching by a 1:1 HF/HNO;

f

i/ Bioverit

Fig. 6. General view of a BI/MZ composite polished section.

aqueous solution (5 vol.%) is shown in Fig. 7b. The
zirconia particle is completely divided in small grains,
due to the chemical etching of the amorphous phase
infiltrated from the matrix.

EDS analyses were performed on the glass-ceramic
matrix and on the zirconia particles, in each kind of
composites, in order to evaluate the degree of infiltra-
tion of the matrix into the zirconia particles and to ver-
ify if any Zr*" diffused into the glass-ceramic matrix.
The results are summarised in Table 2. In the case of
B1/Y-PSZ composite, a little amount of Zr** was
detected in the glass-ceramic matrix (6.1 wt.%), and
similarly in the zirconia particles a certain amount of Si
and P was found. In the case of BI/MZ composite the
comparison between EDS result on the matrix and on
the particles was difficult to achieve, because of the
higher dispersion of zirconia particles into the matrix,
but it evidenced a deeper infiltration of a Si and P rich
phase inside the zirconia particles and the presence of Zr

10ym301KkY 240E3

(b)

Fig. 7. Polished section of a B1/Y-PSZ composite, after chemical
etching (a) and of the B1/MZ composite, after chemical etching (b).
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Table 2
EDS analyses performed on the glass-ceramic matrix and on the zir-
conia particles of the B1/Y-PSZ composite

Element Glass-ceramic matrix Y-PSZ particles
(Wt.%) (wt.%)

Si 22.7 7.5
Ca 20.2 <2
Na 2.5 <1

K 6.8 <1
Mg 12.7 <2

Al 12.3 <2

F 3.6 <1

P 11.4 29.7
Zr 7.8 55.5
Y - 2.1

in the glass-matrix. It was not possible, neither by aver-
age nor by punctual EDS analyses, to distinguish
between the dispersed ZrO, grains and the Zr*™ even-
tually diffused into the B1 matrix.

The mechanical behaviour of the sintered composites
was preliminary investigated by observing the induced

E. Verné et al. | Journal of the European Ceramic Society 23 (2003) 675-683

crack pattern, after Vickers indentations performed
with loads from 98.07 to 196.14 N. The composites
showed a tougher behaviour in comparison with the
pure glass-ceramic, as evidenced by comparing Fig. 8a—.
In the pure glass-ceramic (Fig. 8a) a brittle fracture can
be observed, with straight and ~ 500 micron long crack
propagation from the indent corners. The B1/Y-PSZ
composite did not show straight cracks (Fig. 8b), but
only short cracks stopped or deviated by zirconia parti-
cles. Moreover, in the composite the indent size is larger
than in the pure glass-ceramic. A similar behaviour was
observed in the BI/MZ composite (Fig. 8c).

Fig. 9a shows a detail of a polished cross section of a
B1/Y-PSZ composite after Vickers indentation with
196.14 N kg load. The induced crack propagates around
the zirconia particles, being deviated by them. In Fig. 9b
a polished cross section of a BI/MZ composite indented
with the same load is reported. In this case the crack
propagate across the zirconia particle, being deviated by
the micronic grains (which are evidenced by the matrix
infiltration).

(©)

Fig. 8. Induced crack propagation on pure glass-ceramic (a), the B1/Y-PSZ composite (b), the BI/MZ composite (c).



E. Verné et al. | Journal of the European Ceramic Society 23 (2003) 675-683 681

(b)

Fig. 9. Detail of polished cross sections of a B1/Y-PSZ composite (a)
and a B1/MZ composite (b) after Vickers indentation (196 N load).

The results of the mechanical characterisation per-
formed on the sintered samples are reported in Table 3.
No significative variations of Young’s modulus were
observed for the B1/MZ composite in comparison with
the pure sintered B1, while in the case of the B1/Y-PSZ
composite a lower value was determined. An increase of
compressive strength was evident in the case of B1/MZ,
compared to the pure sintered B1. The fracture toughness
of both the composites was higher than that of the pure
sintered B1, with a very high value for the B1/Y-PSZ. A
higher value of flexural strength was determined in the B1/
MZ composite in respect to the B1/Y-PSZ one.

After 2 weeks of soaking in Ringer solution, the sin-
tered composite samples were characterised by a mor-
phological and structural point of view. No signs of
degradation were detected. The surface of each kind of
composite did not reveal appreciable modification (see
Fig. 10a and b). The XRD pattern of both B1/Y-PSZ
and B1/MZ composites did not revealed additional pha-
ses or differences in the peak intensities of the original

Table 3
Mechanical test results on pure sintered B1, B1/Y-PSZ and B1/MZ

E Ucomp Oflex KIC

(GPa) (MPa) (MPa) (MPaxm'/?)
Sintered Bioverit®I 77 182 - 1.3
Bioverit®1/Y-PSZ 59 118 48.7 2.5
Bioverit®1/MZ 78 232 96.3 1.7

®
|

Bioverit

e
18um3B808 kY

()

Fig. 10. Surface of a B1/Y-PSZ composite (a) and of a BI/MZ com-
posite (b) after 2 weeks of soaking in Ringer’s solution.

phases. The flexural strength measurements performed
on B1/Y-PSZ composite gave almost the same average
results before and after soaking in the solution (before:
48.7 MPa, after: 47.8 MPa).

4. Discussion
The sintering behaviour and the final properties of the

composites prepared in this work by viscous-flow sinter-
ing were deeply influenced by the different nature of the
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dispersed phase: Yttria-stabilised zirconia in a case (B1/Y-
PSZ) and pure monoclinic zirconia in the other (B1/MZ).

The use of whether partially stabilised tetragonal zirco-
nia particles or not stabilised monoclinic ones in the two
kind of composites realised in this work, involved some
differences in the sintered samples. These differences are
likely to be related to the different behaviour during heat-
ing of the two dispersed phases, and to their different ten-
dency to be infiltrated by the amorphous phase.

During the sintering process of the composite B1/Y-
PSZ no phase transformations were observed (compare
Figs. 1 and 4). On the contrary, in the case of BI/MZ a
phase transformation occurred and it strongly affected
the final properties of the composite, i.e. its morphology
and its mechanical behaviour.

By a morphological point of view, the sintered sam-
ples show some differences one from each other. The
infiltration phenomenon was particularly evident in the
B1/MZ composite, where the zirconia particle’s mor-
phology resulted not well defined. Each zirconia particle
can be considered a composite itself, because of the
infiltration of P,Os/SiO, rich amorphous phase, which
leads to a partial spreading of each particle into
agglomerates of small zirconia grains (about 1 um size).

Most of the differences among the sintered samples
concerned the mechanical behaviour.

The Young’s modulus of the composite BI/MZ is
higher than that of B1/Y-PSZ and close to the not-
reinforced glass-ceramic one. This feature is likely to be
related to the more uniform distribution of the micronic
zirconia granules (i.e. better stress transmission between
the Bl matrix and the dispersed phase) of BI/MZ com-
pared to B1/Y-PSZ (in the latter case the zirconia par-
ticles, not disgregated, present the original coarser
morphology). Moreover, in the B1/Y-PSZ composite
the residual porosity is sometimes localised at the inter-
face between the matrix and the dispersed phase, lead-
ing to a less effective stress transfer.

Further differences are evidenced by the analysis of
the induced crack patterns and of the Kjc values. Both
the composite materials present Kjc values higher than
that of the pure glass-ceramic. This is particularly evi-
dent in the case of B1/Y-PSZ, according to its low
Young’s modulus. Moreover, the Vickers indentations
revealed a different mechanical behaviour of the pure
B1 in comparison to the two composites. Some inden-
tations at 196 N load on the sintered pure glass-ceramic
produced the propagation of very long crack and brittle
fracture of the surface around the indent. On the con-
trary the sintered composites showed a tougher beha-
viour: very few cracks and no brittle behaviour were
observed on indenting the sample with the same load
used for the not reinforced B1.

The toughening mechanism was very different for the
two composites. In the B1/Y-PSZ composite the crack
deflection mechanism around the zirconia particles is

clearly evident (see Fig. 9a). In the BI-MZ a different
mechanism can be noticed: the cracks are stopped by
crossing through the zirconia agglomerates, and during
their path they are deflected by the small zirconia granules
(Fig. 9b). In this latter case the fracture energy absorption
is likely to be related both to crack deflection around the
micronic zirconia granules and to phase transformation
from the metastable tetragonal to a monoclinic structure
which could occur when a crack tip interact with small
tetragonal zirconia grains. Since the firing treatment was
carried out above the transformation temperature, the
monoclinic zirconia of the BI-MZ composite was trans-
formed to the tetragonal form. This transformation
should be reversible, but during cooling it was prevented
by the viscosity increase of the densified glass-matrix, as
can be evidenced by the higher volume fraction of tetra-
gonal zirconia in the sintered BI-MZ composite com-
pared to the green one. The transformation toughening
mechanism could be observable only in the B1-MZ sin-
tered composite (and not in the B1/Y-PSZ one) because
only in this case the zirconia particles are highly infiltrated
by the glass-matrix, leading to the above mentioned
agglomerates, which are easily crossed by the crack tips.

The compression strength results for the B1 glass-cera-
mic and the two composite revealed remarkable differ-
ences, according to these considerations. The B1-MZ
composite showed a higher value than the not reinforced
glass-ceramic and the B1/Y-PSZ composite. This latter
one is even less resistant than the pure B1. The same trend
is observable in the flexural strength values of the two
composites. The better particle dispersion and their smal-
ler size in the B1-MZ composite compared to the B1/Y-
PSZ one can explain these differences. It seems that the
pure crack deflection mechanism noticed in the B1/Y-PSZ
is not so effective to induce a good toughening effect. For
this reason this composite is not useful for applications
that involve strong compressive stresses. The residual
porosity localised at the interface between the matrix
and the zirconia particle (Fig. 5a) can strongly affect the
mechanical properties in terms of Young’s modulus,
flexural strength and compressive strength, and can also
explain the high value of Kj¢ as it influences the induced
crack propagation. On the contrary, no residual poros-
ity is observable inside the zirconia agglomerates of the
B1-MZ composite, leading to a more effective fracture
energy dispersion.

The morphological and mechanical characterisation
after soaking in Ringer solution was useful to state that
the sintered composites can be considered as durable
material in physiological media.

5. Conclusions

A pressureless viscous flow sintering process was used
to prepare two kinds of Bioverit®I-matrix composites
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reinforced by yttria-stabilised zirconia (B1/Y-PSZ) and
pure zirconia particles (B1-MZ) respectively. The
mechanical characterisation showed a better behaviour of
the composite containing pure zirconia particles as starting
dispersed phase. The best performance of this composite is
related to the high dispersion of the zirconia particles in the
matrix (due to the infiltration in the starting particles of
an amorphous phase) and to the best effectiveness of
these small grains in the toughening mechanism. A par-
tial contribute of a phase transformation mechanism
could be supposed, on the basis of the morphological and
structural characterisation of the BI-MZ composite. By
soaking the composites in Ringer solution it was evi-
denced their chemical stability in physiological media.
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