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Abstract

The effect of a uniaxial compressive load on the sintering behaviour of 45S5 Bioglass® powder compacts was investigated by means of sinter-
forging. In comparison to free sintering, densification kinetics was enhanced and the degree of crystallization was reduced. Significantly lower
sintering temperatures, i.e. 610 °C instead of 1050 °C, can be employed to obtain dense Bioglass® parts when sintering is performed under uniaxial
load. The effect of mechanical loading on microstructure (pore density, shape and orientation) is discussed. The results of the investigation are
relevant in connection with the development of sintered Bioglass® substrates for bone replacement devices, where both porosity and crystallinity

of the part require careful control and low densification temperatures are sought.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In the family of biomaterials for orthopaedics and bone
regeneration, bioactive glasses offer invaluable advantages over
bioinert materials'?: they promote bone regeneration by a num-
ber of chemical and biochemical reactions occurring at the
interface between the implant and the human tissue. 45S5
Bioglass®, the oldest and most widely used material of the bioac-
tive silicate glass family, of composition (wt.%) 45 SiO,, 24.5
Nay0,24.5 CaO and 6 P05, was discovered by Hench in the late
60s.! This material has found use and lately in the development
of bone tissue engineering scaffolds.? The use of Bioglass® has
been shown to activate the upregulation of genes in bone cells
by controlled release of ionic products.* In the form of rigid
implants for bone grafting or replacement, or scaffolds for tissue
engineering, improved mechanical properties are required. This
can be achieved by approaching theoretical density for the solid
(struts in the case of scaffolds), reducing the defect size lead-
ing to fracture and eventually by controlling the crystallinity of
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Bioglass® derived glass-ceramics.> As shown by Clupper et al.®
the hardness and fracture toughness of Bioglass® are indeed very
moderate, typically 5GPa and 1 MPam!/?, respectively, for a
dense material. These properties are obviously reduced when
the material is not fully dense.

A problem related to the sintering of 45S5 Bioglass® is
that it tends to crystallize quickly above the glass transition
temperature, impeding full densification by viscous flow. It
was shown’~10 that significant crystallization occurs already
at ~580-650°C, leading to an almost fully crystalline solid.
Hence, much higher temperatures have to be applied to obtain
sufficient further densification, typically above 1000 °C. Finally,
at about 1200 °C the material melts. Sintering under mechani-
cal load at low temperatures can help overcome this issue, by
enhancing densification as well as by reducing the degree of
crystallinity. According to Chevalier and Gremillard,> a lower
degree of crystallinity may enhance glass bioactivity.

It is well known that a uniaxial or isostatic compressive
stresses enhance the densification kinetics of materials sintering
either by solid state sintering (diffusion processes), viscous flow
or liquid phase sintering.!'~!3 The additional pressure increases
the vacancy gradients naturally occurring during free sintering
by solid state sintering, leading to increased driving force for
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material transport along grain boundaries, help to redistribute
matter by viscous flow from regions of high local pressure
to regions of low pressure or to improve particle rearrange-
ment when a liquid phase is present. Glass based materials
are very sensitive to mechanical stresses applied during sinter-
ing, as evidenced by Ollagnier et al.'"* on Low Temperature
Co-fired Ceramics and demonstrated in previous studies from
dilatometric sintering data.!> Stress induced anisotropy charac-
terized by elongated pore shape and particular orientation could
be observed in such materials. Furthermore, the use of mechan-
ical loads may help to find a way to save energy in the process
of sintering Bioglass®, by lowering drastically the temperature
required for its densification by a few hundreds of degrees.
The aim of this paper is to characterize the effect of uni-
axial loading on the macroscopic densification behaviour as
well as microstructure evolution of Bioglass® powder compacts,
when sintering by viscous flow and concurrent crystallization
take place. To our knowledge, this has not been investigated yet
for this class of materials in general (silicate systems prone to
crystallization) nor for 4555 Bioglass® in particular.

2. Experimental procedure

As a starting material, a glass of nominal composition (in
wt.%) 24.5 NayO, 24.5 CaO, 6.0 P,Os5 and 45.0 SiO, was
prepared by conventional melting of a 1kg batch of NayCOs,
CaCQOg3, Ca3(PO4), and SiO; (analytical grade) in a platinum
crucible at 1500 °C for 1h, using an electrical resistance fur-
nace to avoid Pt dissolution in the glass melt. The composition
of this glass equals that of Bioglass type 45S5. Glass frit was
obtained by quenching the melt in water. The frit was subse-
quently crushed, ball-milled and finally ground in an attrition
mill (EWTHV-0.5, Vollrath, Hiirth, Germany) to obtain fine
glass powder.

Powder density was measured by means of helium pycnom-
etry (POROTEC GmbH), the particle size measured by high
resolution SEM (XL30FEG, Philips). For that, 1 g of Bioglass®
powder was dispersed in 5 ml ethanol under powerful ultrason-
ication (UP 200 s, Dr. Hielscher GmbH) for 1 min. The absence
of crystallinity in the raw powder was checked by XRD (Bruker
D8 Discovery) using Cu-K,, radiation, angular step A26 =0.02
between 20 and 90° and a time per step of 4 s. Analysis of the
XRD-diagram was carried out with X’Pert High Score software
(Philips Analytical) using the PDF-Database-2004.

Cylindrical green bodies were obtained by dry pressing pow-
derin two steps: first, a uniaxial pressure of 100 MPa was applied
in a cylindrical matrix, followed by cold isostatic pressing under
250 MPa for 90s. Two sizes of specimens were used: 10 mm
diameter and height of 12 mm for high temperature dilatomet-
ric measurements at 1050 °C and 12 mm diameter and 14 mm
height for the low temperature measurements at 610 °C. The
green density was determined by the geometrical method.

The sintering experiments were carried out in a custom-made
sinter-forging set-up, which has been described elsewhere.!® A
vertically split furnace mounted on a mechanical testing machine
enabled to apply a well-controlled uniaxial load between 0 and
40N via alumina pushrods. The load was kept constant dur-

ing the whole thermal cycle from 400 °C and 590 °C, when the
sintering temperature was 1050 °C and 610 °C, respectively. As
densification does not start before 590 °C, this difference in the
starting temperature does not induce any discrepancies in the
results. Two laser scanners were used to measure in situ spec-
imen height and diameter with a resolution better than 1 um.
From sample dimensions, strains were calculated and fitted with
a polynomial function, which was derived to obtain strain rates
as a function of density. A heating rate of 25 °C/min and dwell
time of 120 min at the maximum temperature were chosen for all
experiments. The contact surfaces between sample and alumina
discs transferring the mechanical load were coated with a thin
layer of boron nitride, to reduce friction during sinter-forging.

Sintered specimens were characterized as following: their
density was measured by the Archimedes method, their crystal-
lographic structure identified by means of the same XRD set-up
described above (on the inner surface of cut specimens) and
their microstructure examined by SEM on fracture surfaces and
thoroughly polished sections (parallel to the loading direction,
in the middle of specimens). To achieve better surface polish-
ing, cut samples were embedded in an epoxy resin, which was
thereafter thermally etched at 500 °C for 20 min. This allowed a
better contrast between solid and pore phases under SEM. The
image analysis was done using Image J software (NIH, USA).
To prevent any bias from the binarization step, each pore was
manually controlled before and after binarization. At least 350
pores (500 when pore orientation was characterized) were taken
into account for each type of sample.

3. Results and discussion

The particles contained in the as-milled raw Bioglass® pow-
der are angular due to the milling step and have a size between
0.5 and 10 pm, leading to an average particle size smaller than
5 wm. This is about the same size as for the powder used in
previous studies.”” Its density was determined as 2.85 g/cm?
at 25 °C by helium pycnometry, and further taken as theoreti-
cal density under the assumption that no closed porosity was
present in the measured particles. The same density was mea-
sured for the sintered crystallized sample at 1050 °C, indicating
no significant effect of the crystallinity on the apparent density.
This can be rationalized by the fact that the density of the prin-
cipal crystal phase present in the heated samples (CaNa;Si>Og)
is 2.83 g/cm>. No crystalline phase could be found from the
XRD measurements, confirming the amorphous state of the raw
powder.

3.1. Densification behaviour

The green samples had an average relative density of
~70 £ 1%, which is relatively high when using dry pressing as
compaction method. Due to glass brittleness, the particle pack-
ing of the compact is likely to be enhanced by powder crushing,
which may be a positive effect for the further sintering step. The
axial and radial true strains measured during the high tempera-
ture cycle (up to 1050 °C) are plotted in Fig. 1. Curves for free
sintering and sinter-forging under 1 and 5N (corresponding to
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Fig. 1. Radial and axial strain curves measured by sinter-forging as function of
the applied load (maximal temperature: 1050 °C).

0.014 MPa and 0.073 MPa, respectively) are shown. For all data
sets, after a linear thermal expansion step up to ~580 °C, the
samples start to densify quickly up to about 700 °C and then
show again linear thermal expansion behaviour without further
densification. Only when reaching 1050 °C further shrinkage
occurs with a reduced rate compared to the first stage. For free
sintering, the first densification step is close to isotropic, with
a linear shrinkage of ~4%. An additional 3% shrinkage can be
gained after a dwell time of 2h at 1050 °C. At the end of the
process, noticeable shrinkage anisotropy can be measured, as
&le;=0.93, where ¢, is and ¢, are the radial and axial shrinkage
strains, respectively. This anisotropic effect may be due to the
initial particle orientation induced by uniaxial pressing, which
nevertheless was not completely removed by the isostatic press-
ing step. The results for the free sintering experiments can be
compared to data available in the literature on Bioglass® sinter-
ing. It appears that some similar characteristics can be observed,
but also some discrepancies develop, especially at high tem-
peratures. First, the temperature range and extent of the first
densification step are in agreement with the work of Bretcanu
et al.? and Lefebvre et al.!? In the latter work, the extent of den-
sification is larger, probably because of the smaller particle size
used by Lefebvre et al.!” (average particle size of 1.6 wm). With
a heating rate of 20 °C/min, Bretcanu et al.? measured never-
theless further limited densification above 700 °C, which was
not observed by Lefebvre et al.!? nor in the present study. But
the main difference between our work and the literature lies in
the second densification step, which begins at about 850 °C for
Lefebvre et al.'” with a heating rate of 5°C/min and at 950°C
for Bretcanu et al.? with a heating rate of 20 °C/min, which is
much lower than for our experiments (start of second densifica-
tion stage at 1050 °C with a heating rate of 25 °C/min). It seems
that the higher the heating rate is, the higher the onset tempera-
ture for the second densification step is, as already observed up
to 15 °C/min by Lefebvre et al.'!? This second densification step
was attributed to a second glass transition of the remaining glass
phase.? The corresponding glass transition temperature should
however be constant and not change with the heating sched-
ule. The reason for the observed discrepancies might be that the
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Fig. 2. Density curves as function of the applied load (maximal temperature:
1050°C).

occurrence of viscous flow in the remaining glass phase is possi-
bly hindered by the crystallites, whose amount and size depend
on the heating schedule, initial particle size, and particle packing
in the green compacts.

When applying a mechanical load, the degree of shrinkage
anisotropy mentioned above was seen to increase, as expected
from literature,!” but the onset temperature for densification
not. Even the smaller load of 1 N (~0.014 MPa) has a profound
effect on the densification behaviour, promoting axial shrinkage
while reducing radial shrinkage (final ¢,/¢, =0.46), as expected
from literature results.'%-14 A load of 5N (~0.073 MPa) is suf-
ficient to inhibit radial shrinkage. Higher loads were found to
lead to a barrelled specimen shape. Experiments carried out on
a LTCC glass-ceramic material (Si02—Al,03—-Ca0-B,03 sys-
tem) have shown a similar extreme sensitivity of densification to
mechanical loading,'# pressures of 0.02 MPa and 0.3-0.6 MPa
being sufficient to induce shrinkage anisotropy and zero radial
strain conditions, respectively. In earlier studies, the induction of
shrinkage anisotropy in powder compacts sintered in dilatome-
ters under low uniaxial loads has been also reported.!> As a
comparison, significantly higher stress levels are required to
induce anisotropy in materials densifying by solid state sintering,
like alumina.'®

In order to compute relative density during the sinter-
ing cycle, the thermal expansion has to be removed from
the total strain. It appears that the linear thermal expansion
coefficient of Bioglass® is isotropic and it remains almost con-
stant as determined from the densification-free segments (up
to 550°C, between 700 °C and 1000 °C and during cooling):
14.6 x 1070K~1.

This value is in good agreement with the empirical prediction
for a glass of equivalent composition using the SciGlass software
package,!” i.e. 15.1 x 1070 K~1.

Typical densification curves are shown in Fig. 2, for the same
specimens as in Fig. 1. First, for free sintering, it appears that
the first rapid densification step leads to a density of ~80%,
whereas under load the achieved density is even higher, ~88%.
The sudden stop in densification is attributed to the onset of crys-
tallization of the Bioglass® particles, which has already been
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reported in previous studies® !0 and confirmed here by further

XRD measurements. Under load very moderate increase in den-
sity can be observed between 700 °C and 1050 °C (up to 1%
relative density). Interestingly, at 1050 °C, the further gain in
density is more or less independent of the applied load. The
crystallized material has a higher viscosity than the original
glass composition (even at 1050 °C), hence the load has to be
increased to observe any densification enhancement. The gain in
final density measured for sinter-forged specimens comes almost
totally from the first densification step, below 700 °C. To obtain
fully dense specimens (instead of maximum 92% relative density
under 5 N) a two step loading scheme could be conceived.

Scherer!! developed a model for the densification of glass
using a continuum mechanical description, according to the
following equations:

Vv

. . [)

Er = Efree — 150z (H
EP

) ) 1

& = Efree T 02 )
EP

where & fr. is the free strain rate, E, =310[3ps00 —2p] is the
uniaxial viscosity and v’ = (1/2)[0/(3 psheo — 2,0)]1/ 2 the viscous
Poisson’s ratio. This framework, detailed and further developed
by Olevsky,?? enables to compute the compressive stress o
required to get zero radial shrinkage during sinter-forging:
_ErrecEp

3

O0; =
Vp
By combining Egs. (1)—(3), the unknown scaling factor  can
be calculated from the sinter-forging experiments by:

_ o (1 +vp)
- 12v2(¢, — &)

“

It can also be obtained from Eq. (3), if the stress required for
zero radial shrinkage and free strain rate are known. Finally, for a
density between 75% and 80%, the modelled stress lies between
0.07 and 0.08 MPa, which corresponds to the experiment with
5N, suppressing any radial shrinkage. This confirms that the
sintering behaviour of Bioglass® can be modelled by this contin-
uum mechanical approach (at least for very low applied stresses).
This was not the case for LTCC glass-ceramic compositions (e.g.
see Ref. 14), for which large discrepancies between the isotropic
model and experimental results were found, presumably due to
development of large microstructural anisotropy.

According to these first results, a low temperature schedule
was used, in order to focus on the first step of sintering and max-
imize it while reducing the degree of crystallization. Resulting
strain curves are presented in Fig. 3. For free sintering, densi-
fication stops after ~10min during the dwell time at 610°C,
probably due to the concurrent crystallization. A load of 10N
(~0.093 MPa) is sufficient to ensure zero radial shrinkage con-
ditions, whereas a higher load of 40 N (~0.37 MPa) leads to
expansion of the sample diameter during densification and axial
strain of more than 40%. Nevertheless, even under load no fur-
ther deformation is observed during the dwell time. As no data
on isothermal sintering behaviour of Bioglass® powder has been
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Fig. 3. Shrinkage curves as function of the applied load (maximal temperature:
610°C).

reported in the literature, no comparison with previous exper-
imental data can be made. It seems, however, that at 610°C
a degree of crystallinity preventing further densification even
under 40 N may be quickly reached.

Resulting densification curves are plotted in Fig. 4. Under free
sintering conditions the maximal density remained below 79%
and at 1050 °C mechanical load increased densification. Under
40 N a maximal density of ~85% was reached, which is equal
to the one obtained at 1050 °C under free sintering conditions.

3.2. Crystallization behaviour

Fig. 5 presents diffractograms obtained on different spec-
imens. It confirmed the amorphous character of initial glass
powder. Moreover it became apparent that the lubricant pow-
der used (boron nitride) did not contaminate the samples during
sintering, as shown by XRD analysis performed on bulk and at
the contact surface with the pushrod.

The specimen sintered freely at 610 °C for 2h show some
rather weak and broad peaks related to the CaNa;O¢Si, phase,
which correlates well with previous results.®?2! The amorphous
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Fig. 4. Density curves as function of the applied load (maximal temperature:
610°C).



O. Guillon et al. / Journal of the European Ceramic Society 31 (2011) 999-1007

1003

26

ﬂs-mw,
100 -

0 1510 ree buk
100
Y Wb rniitppag i b

o - .é.’..o.;i.o‘N.s.‘:‘v;.A.A.‘..............................._ﬁ. e ————
400 - il
£ M—JM \\W A
£ 100 T — s
]
o 0 17650 free buk T
900 - ) i| A
400 - 1 Iﬁ,'l | )'l
100 - —u._.z'\"w' ‘\«_.4-/ 'W/\ww"“/ K""\"‘ g ‘-J‘-‘ \/\-" R I W “'wf T \"'/ \--/"\-
1]
“aNn:0651: I
p— Cn!\n-O:l i | I i.
N i I\ \
2500 J’:j'\ N :.\ b & L Aon A NAANA Jo N AA N | o W Y
0=
10000 NCa(PO)SIOs th
=015 _h_ Y% J\_A_."A_J\..A.A_ ./\A:\.
o T 'l T T T T Ll L L T T Ll Ll LE L Ll L L T L T T T Ll L T T L T I’ T T Ll L L T T L T I T Ll T
20 30 40 50 60

Positions [°2Theta]

Fig. 5. XRD measurements for different specimens.

hump in the 26 range 25° <26 <40° is still noticeable. As a
comparison, the XRD spectrum of a sinter-forged specimen sin-
tered under 40 N is displayed: peak position and amplitude are
similar, which means that this level of applied stress primar-
ily affects densification kinetics. The crystallization process as
such and, hence, the type of precipitated crystal species, on
the other hand, are assumed to remain unaffected by pressure
within the considered pressure regime. Typically, significantly
higher stress levels would be required to affect phase stability in
glass.2>24

Double peaks present at 26 ~ 34° and 26° in the standard dia-
gram merged into one single peak in the investigated specimens.
This may be related either to the small size of the crystallites
leading to a broadening of diffraction peaks or to the distortion
of the lattice cell. Similar behaviour was observed by Boccacini
et al.>! as function of temperature. Above 800 °C double peaks
were observed and additional characterization with better reso-
lution techniques would be required to highlight the progressive
variation of the lattice parameters. Nevertheless, the Scherrer’s
formula can be used to estimate the CaNaySi»Og rhombohedral
crystallite size x from high intensity single peaks (for example
at 20 ~ 48.9°):

kA
"~ Bcosd

where k is the Scherer’s constant for spherical crystal-
lites (k=0.9), 1 the wavelength of the Cu-K, radiation
(1.5406 x 1071%m), and B is the full width at half maximum

of the considered peak. This gives an average size x=16nm. As
a comparison, Lefebvre et al.® using the same equation evalu-

&)

ated the NayCaSiyOg crystal size to be 18 nm after heating at
650 °C, and 35 nm at 850 °C. Fracture surfaces under SEM such
as the one shown in Fig. 6a indicate that fine crystals develop
on the surface of glass particles, as proposed by Clupper and
Hench.” They found for a similar initial particle size an Avrami
exponent of 1 which means that a surface crystallization mecha-
nism is dominant for Bioglass®. More recently, Bretcanu et al.?
also confirmed this result.

At 1050 °C, the main crystalline phase is still CaNa,SipOg
but a very weak signal originating from the phosphorus rich
phase Na;Cas(PO4),S104 can be seen in the XRD pattern. This
analysis is confirmed by the fracture surface in Fig. 6b, for which
a few of these elongated orthorhombic crystals can be observed.
The fracture mode is no longer conchoidal, which conveys the
idea that the body is crystallized to a large extent, as evidenced by
the strong and clear XRD reflection peaks. Similarly to the find-
ing on samples sintered at 610 °C, no differences are observed
in the diffractograms between sinter-forged and freely sintered
specimens are found.

3.3. Microstructure characterization

Typical microstructures of sintered specimens are shown in
Fig. 7. After binarization with Image J software, the pore distri-
bution was analyzed, as shown in Table 1. The global porosity
content correlated well (within 1%) with density values mea-
sured by the Archimedes method, confirming the suitability of
the evaluated snapshots as well as the reliability of the image
analysis method used.
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Fig. 6. SEM of fractured surfaces (a) free sintering at 610°C and (b) free
sintering at 1050 °C.

It was found that the number of pores per unit area
increases with relative density, either achieved by higher sin-
tering temperatures or applied loads. It is usually expected from
simplified micromechanical sintering models that the number
of pores remains constant for a unit cell throughout the sinter-
ing process.?> For real and more heterogeneous materials, this
may not be the case. It was for example observed on alumina
layers that the number of pores per area decreases for densities
above 90%,%6 meaning that smaller pores disappear. Here, on
the opposite, the number of pores per unit area increases sig-

nificantly especially for the specimens sinter-forged at 1050 °C.
Nevertheless, this result has to be correlated with the typical
pore size, characterized by the average area of the pore sections.
It appears that pore size is also largely affected by temperature
as well as applied load. On one hand, samples sintered at 610 °C
have large pores (cross sectional area of around 30 wum?) when
sintered freely but by applying a compressive load of 40 N, the
pore area decreases down to less than 5 um?. As at the same time
relative density and number of pores per unit area increases, this
means that uniaxial loading leads to the closing of large and com-
plex shaped pores and their division into smaller ones. The same
trend is also seen at 1050 °C, whereas the initial mean pore area
for free sintered samples is already smaller than that measured at
610 °C. High temperature sintering and mechanical loading lead
both to refinement and homogenization of the microstructure
and enhanced densification. Nevertheless, mechanical pressure
seems to be more efficient in reducing pore size than sinter-
ing temperature, as for the same density, specimens sintered at
610 °C under 40 N have a mean pore area about half of the one
measured for samples freely sintered at 1050 °C.

The crystallization occurring at the surface of particles at
610 °C seems to be highly detrimental to pore closure, as the
viscous flow may be hindered by deposits of crystals on the
glass particle free surfaces. Opposite to glass-ceramic compos-
ites, for which rigid inclusions are mixed in the glassy matrix
in the bulk, the hindrance of viscous flow here leads to a het-
erogeneous microstructure composed of large voids covered by
crystalline phase and homogeneous dense regions which had
properly densified. As shown in Fig. 7, these solid regions are
up to 50 wm long, which means that they are more than 10 times
the initial particle size. The uniaxial mechanical load contributes
to the reduction of the largest pores, as the specimen sintered
under 40 N at 610 °C has a maximal pore cross sectional area of
110 wm? and the specimen sintered freely at 1050 °C with the
same final density is characterized by pores of 303 wm? in cross
sectional area. Besides that, pore circularity (being equal to 1
for a perfect circle) increases with density achieved by sinter-
forging. Again, this is simply explained by the fact that pores
in less densified specimens have a complex shape. The positive
effect of sinter-forging on the reduction of flaw size and number
was already reported by Boutz et al. on tetragonal zirconia.?’

For densities at least equal to 85%, pore sections were assim-
ilated to ellipses, whose aspect ratio and orientation could be
quantified. Only pores with an aspect ratio (major axis divided

Table 1

Characteristics of pore distributions (dwell time 2 h).

Sintering temperature [°C] 1050 610

Load [N] (stress [MPa]) 0(0) 1(0.014) 5(0.073) 0(0) 10 (0.093) 40 (0.37)
Pores per unit area [pore/wm?] 0.020 0.047 0.043 0.008 0.010 0.014
Average pore area [pum?] 8.09 3.04 2.24 28.27 12.87 4.62
Average pore circularity 0.61 0.87 0.88 0.53 0.56 0.63
Proportion of elongated pores 0.97 0.48 0.55 - - 0.99
Average pore aspect ratio 2.61 1.55 1.56 - - 2.63
Pore orientation factor k 0.40 0.43 0.39 - - 0.53
Relative density 0.85 0.89 0.93 0.78 0.81 0.85
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Fig. 7. Polished and thermally etched cross sections (vertical axis is the loading direction, dwell time 2 h): (a) freely sintered at 1050 °C, (b) under 5N at 1050 °C,

(c) freely sintered at 610 °C and (d) under 40N at 610°C.

by minor axis) larger than 1.05 were considered for this further
evaluation. It appears that for 85% of density, independently of
the way this density was reached, almost all pores are highly
anisometric, as shown in Table 1. Similar aspect ratio values
were found for the specimen sintered freely at 1050 °C and the
one sinter-forged at 610 °C. Pore orientation may however by
affected by the uniaxial pressure, as discussed below. On the
other hand, for higher densities obtained under compressive
loading at 1050 °C, only about half of the pores exhibit mea-
surable anisotropy; therefore the average is smaller (aspect ratio
~1.5).

The pore orientation distribution was calculated adding the
pore maximal Feret’s diameter multiplied by its aspect ratio
along different angle ranges.?® First, all anisometric pores were
taken into account, without consideration of their size, as shown
in Fig. 8. Qualitatively, pores are less oriented along the load-
ing direction than normal to it, especially for the specimen
sintered under 40 N at 610°C. Here a clear pore orientation
can be defined, apparently larger than for specimens sintered
at 1050 °C. In order to quantify pore orientation, the pore ori-
entation factor k was defined as the cumulated pore length lying
perpendicularly to the applied load (angle segments 0-30° and
150-180° divided by the total pore length between 0 and 180°).
In a randomly oriented isotropic material, a value of 0.3 would

be expected. The higher values presented in Table 1 found for all
specimens mean that there is a preferred pore orientation nor-
mal to the loading direction. As expected, the largest value is
found for the specimen sintered under the largest load (40 N) at
610 °C. The other specimens sintered at 1050 °C have a similar
pore orientation (k ~ 0.4), indicating that the applied load of SN
does not have a significant effect on pore orientation.

It was experimentally observed that for zirconia (§YSZ) den-
sifying by solid state sintering, there is a critical pore size above
which pores deform according to the macroscopic strain state by
creep.?? Below this critical size, small pores were found to align
consistently along the loading direction, as necks under com-
pression grow faster. This asymmetrical neck growth rate leads
indirectly to an oriented anisometric porosity in sinter-forging
oxides.3? This critical size was about 2 times the particle size
in the case of 8YSZ, under an applied load of 1 MPa. In the
case of glass, such a critical pore size may be questionable.
Even if no well defined pore geometry was artificially intro-
duced in the present specimens, the pore orientation distribution
was also calculated for pores larger than the 80% fractile of
the pore section distribution p80 (i.e. the 20% largest pores).
No clear trend can be derived from these new distributions,
except that large pores are more likely to be aligned horizontally
during free sintering at 1050 °C. Additional characterization
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Fig. 8. Pore orientation distribution (90° is the loading direction, dwell time 2 h): (a) under 40 N at 610 °C, (b) freely sintered at 1050 °C and (c) under 5 N at 1050 °C.

with artificial spherical defects may be of interest to tackle this
question.

4. Conclusions

The effect of uniaxial loads on the sintering of 45S5
Bioglass® powder compacts was investigated by means of sinter-
forging experiments. During free sintering at low temperature
(610°C), densification stops quickly due to surface crystal-
lization which hinders viscous flow of the glass. A second
densification step takes place only by further heating up to
1050 °C. However, application of a very moderate compressive
load enables to densify Bioglass® powder compacts possibly
preventing radial shrinkage at 610 °C. By assisting densification,
the uniaxial load homogenises the microstructure, reducing the
mean pore size and at the same time increasing the pore number
by division. In addition, pores tend to flatten perpendicularly to
the load direction under stress. To reach final densities larger
than 90%, a temperature of 1050 °C is not required (as is the
case for free sintering samples). The maximum of anisotropy
is met at a relative density of 85%. Anisotropic microstructure
seems to develop during the first low temperature densification
step and disappears with further densification, even under load,
at 1050 °C.
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