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bstract

he effect of a uniaxial compressive load on the sintering behaviour of 45S5 Bioglass® powder compacts was investigated by means of sinter-
orging. In comparison to free sintering, densification kinetics was enhanced and the degree of crystallization was reduced. Significantly lower
intering temperatures, i.e. 610 ◦C instead of 1050 ◦C, can be employed to obtain dense Bioglass® parts when sintering is performed under uniaxial

oad. The effect of mechanical loading on microstructure (pore density, shape and orientation) is discussed. The results of the investigation are
elevant in connection with the development of sintered Bioglass® substrates for bone replacement devices, where both porosity and crystallinity
f the part require careful control and low densification temperatures are sought.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

In the family of biomaterials for orthopaedics and bone
egeneration, bioactive glasses offer invaluable advantages over
ioinert materials1,2: they promote bone regeneration by a num-
er of chemical and biochemical reactions occurring at the
nterface between the implant and the human tissue. 45S5
ioglass®, the oldest and most widely used material of the bioac-

ive silicate glass family, of composition (wt.%) 45 SiO2, 24.5
a2O, 24.5 CaO and 6 P2O5, was discovered by Hench in the late
0 s.1 This material has found use and lately in the development
f bone tissue engineering scaffolds.3 The use of Bioglass® has
een shown to activate the upregulation of genes in bone cells
y controlled release of ionic products.4 In the form of rigid
mplants for bone grafting or replacement, or scaffolds for tissue
ngineering, improved mechanical properties are required. This

an be achieved by approaching theoretical density for the solid
struts in the case of scaffolds), reducing the defect size lead-
ng to fracture and eventually by controlling the crystallinity of

∗ Corresponding author. Tel.: +49 (0) 6151 166396; fax: +49 (0) 6151 166314.
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ioglass® derived glass-ceramics.5 As shown by Clupper et al.6

he hardness and fracture toughness of Bioglass® are indeed very
oderate, typically 5 GPa and 1 MPa m1/2, respectively, for a

ense material. These properties are obviously reduced when
he material is not fully dense.

A problem related to the sintering of 45S5 Bioglass® is
hat it tends to crystallize quickly above the glass transition
emperature, impeding full densification by viscous flow. It
as shown7–10 that significant crystallization occurs already

t ∼580–650 ◦C, leading to an almost fully crystalline solid.
ence, much higher temperatures have to be applied to obtain

ufficient further densification, typically above 1000 ◦C. Finally,
t about 1200 ◦C the material melts. Sintering under mechani-
al load at low temperatures can help overcome this issue, by
nhancing densification as well as by reducing the degree of
rystallinity. According to Chevalier and Gremillard,2 a lower
egree of crystallinity may enhance glass bioactivity.

It is well known that a uniaxial or isostatic compressive
tresses enhance the densification kinetics of materials sintering

ither by solid state sintering (diffusion processes), viscous flow
r liquid phase sintering.11–13 The additional pressure increases
he vacancy gradients naturally occurring during free sintering
y solid state sintering, leading to increased driving force for

dx.doi.org/10.1016/j.jeurceramsoc.2010.12.031
mailto:guillon@ceramics.tu-darmstadt.de
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1 pean

m
m
t
m
a
i
C
d
t
b
i
o
r

a
w
w
t
f
c

2

w
p
C
c
n
o
o
q
m
g

e
r
p
i
o
D
b
X
(

d
i
2
d
r
h
g

s
v
e
4

i
s
d
s
r
i
F
a
a
t
e
d
l

d
l
d
t
t
i
i
t
b
i
T
m
p
i

3

d
0
5
p
a
c
p
s
n
T
c
i
X
p

3

∼
c
i

000 O. Guillon et al. / Journal of the Euro

aterial transport along grain boundaries, help to redistribute
atter by viscous flow from regions of high local pressure

o regions of low pressure or to improve particle rearrange-
ent when a liquid phase is present. Glass based materials

re very sensitive to mechanical stresses applied during sinter-
ng, as evidenced by Ollagnier et al.14 on Low Temperature
o-fired Ceramics and demonstrated in previous studies from
ilatometric sintering data.15 Stress induced anisotropy charac-
erized by elongated pore shape and particular orientation could
e observed in such materials. Furthermore, the use of mechan-
cal loads may help to find a way to save energy in the process
f sintering Bioglass®, by lowering drastically the temperature
equired for its densification by a few hundreds of degrees.

The aim of this paper is to characterize the effect of uni-
xial loading on the macroscopic densification behaviour as
ell as microstructure evolution of Bioglass® powder compacts,
hen sintering by viscous flow and concurrent crystallization

ake place. To our knowledge, this has not been investigated yet
or this class of materials in general (silicate systems prone to
rystallization) nor for 45S5 Bioglass® in particular.

. Experimental procedure

As a starting material, a glass of nominal composition (in
t.%) 24.5 Na2O, 24.5 CaO, 6.0 P2O5 and 45.0 SiO2 was
repared by conventional melting of a 1 kg batch of Na2CO3,
aCO3, Ca3(PO4)2 and SiO2 (analytical grade) in a platinum
rucible at 1500 ◦C for 1 h, using an electrical resistance fur-
ace to avoid Pt dissolution in the glass melt. The composition
f this glass equals that of Bioglass type 45S5. Glass frit was
btained by quenching the melt in water. The frit was subse-
uently crushed, ball-milled and finally ground in an attrition
ill (EWTHV-0.5, Vollrath, Hürth, Germany) to obtain fine

lass powder.
Powder density was measured by means of helium pycnom-

try (POROTEC GmbH), the particle size measured by high
esolution SEM (XL30FEG, Philips). For that, 1 g of Bioglass®

owder was dispersed in 5 ml ethanol under powerful ultrason-
cation (UP 200 s, Dr. Hielscher GmbH) for 1 min. The absence
f crystallinity in the raw powder was checked by XRD (Bruker
8 Discovery) using Cu-K� radiation, angular step �2θ = 0.02
etween 20 and 90◦ and a time per step of 4 s. Analysis of the
RD-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-

er in two steps: first, a uniaxial pressure of 100 MPa was applied
n a cylindrical matrix, followed by cold isostatic pressing under
50 MPa for 90 s. Two sizes of specimens were used: 10 mm
iameter and height of 12 mm for high temperature dilatomet-
ic measurements at 1050 ◦C and 12 mm diameter and 14 mm
eight for the low temperature measurements at 610 ◦C. The
reen density was determined by the geometrical method.

The sintering experiments were carried out in a custom-made

inter-forging set-up, which has been described elsewhere.16 A
ertically split furnace mounted on a mechanical testing machine
nabled to apply a well-controlled uniaxial load between 0 and
0 N via alumina pushrods. The load was kept constant dur-
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a
t
s
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ng the whole thermal cycle from 400 ◦C and 590 ◦C, when the
intering temperature was 1050 ◦C and 610 ◦C, respectively. As
ensification does not start before 590 ◦C, this difference in the
tarting temperature does not induce any discrepancies in the
esults. Two laser scanners were used to measure in situ spec-
men height and diameter with a resolution better than 1 �m.
rom sample dimensions, strains were calculated and fitted with
polynomial function, which was derived to obtain strain rates

s a function of density. A heating rate of 25 ◦C/min and dwell
ime of 120 min at the maximum temperature were chosen for all
xperiments. The contact surfaces between sample and alumina
iscs transferring the mechanical load were coated with a thin
ayer of boron nitride, to reduce friction during sinter-forging.

Sintered specimens were characterized as following: their
ensity was measured by the Archimedes method, their crystal-
ographic structure identified by means of the same XRD set-up
escribed above (on the inner surface of cut specimens) and
heir microstructure examined by SEM on fracture surfaces and
horoughly polished sections (parallel to the loading direction,
n the middle of specimens). To achieve better surface polish-
ng, cut samples were embedded in an epoxy resin, which was
hereafter thermally etched at 500 ◦C for 20 min. This allowed a
etter contrast between solid and pore phases under SEM. The
mage analysis was done using Image J software (NIH, USA).
o prevent any bias from the binarization step, each pore was
anually controlled before and after binarization. At least 350

ores (500 when pore orientation was characterized) were taken
nto account for each type of sample.

. Results and discussion

The particles contained in the as-milled raw Bioglass® pow-
er are angular due to the milling step and have a size between
.5 and 10 �m, leading to an average particle size smaller than
�m. This is about the same size as for the powder used in
revious studies.7,9 Its density was determined as 2.85 g/cm3

t 25 ◦C by helium pycnometry, and further taken as theoreti-
al density under the assumption that no closed porosity was
resent in the measured particles. The same density was mea-
ured for the sintered crystallized sample at 1050 ◦C, indicating
o significant effect of the crystallinity on the apparent density.
his can be rationalized by the fact that the density of the prin-
ipal crystal phase present in the heated samples (CaNa2Si2O6)
s 2.83 g/cm3. No crystalline phase could be found from the
RD measurements, confirming the amorphous state of the raw
owder.

.1. Densification behaviour

The green samples had an average relative density of
70 ± 1%, which is relatively high when using dry pressing as

ompaction method. Due to glass brittleness, the particle pack-
ng of the compact is likely to be enhanced by powder crushing,

hich may be a positive effect for the further sintering step. The

xial and radial true strains measured during the high tempera-
ure cycle (up to 1050 ◦C) are plotted in Fig. 1. Curves for free
intering and sinter-forging under 1 and 5 N (corresponding to
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ig. 1. Radial and axial strain curves measured by sinter-forging as function of
he applied load (maximal temperature: 1050 ◦C).

.014 MPa and 0.073 MPa, respectively) are shown. For all data
ets, after a linear thermal expansion step up to ∼580 ◦C, the
amples start to densify quickly up to about 700 ◦C and then
how again linear thermal expansion behaviour without further
ensification. Only when reaching 1050 ◦C further shrinkage
ccurs with a reduced rate compared to the first stage. For free
intering, the first densification step is close to isotropic, with
linear shrinkage of ∼4%. An additional 3% shrinkage can be
ained after a dwell time of 2 h at 1050 ◦C. At the end of the
rocess, noticeable shrinkage anisotropy can be measured, as
r/εz = 0.93, where εr is and εz are the radial and axial shrinkage
trains, respectively. This anisotropic effect may be due to the
nitial particle orientation induced by uniaxial pressing, which
evertheless was not completely removed by the isostatic press-
ng step. The results for the free sintering experiments can be
ompared to data available in the literature on Bioglass® sinter-
ng. It appears that some similar characteristics can be observed,
ut also some discrepancies develop, especially at high tem-
eratures. First, the temperature range and extent of the first
ensification step are in agreement with the work of Bretcanu
t al.9 and Lefebvre et al.10 In the latter work, the extent of den-
ification is larger, probably because of the smaller particle size
sed by Lefebvre et al.10 (average particle size of 1.6 �m). With
heating rate of 20 ◦C/min, Bretcanu et al.9 measured never-

heless further limited densification above 700 ◦C, which was
ot observed by Lefebvre et al.10 nor in the present study. But
he main difference between our work and the literature lies in
he second densification step, which begins at about 850 ◦C for
efebvre et al.10 with a heating rate of 5 ◦C/min and at 950 ◦C

or Bretcanu et al.9 with a heating rate of 20 ◦C/min, which is
uch lower than for our experiments (start of second densifica-

ion stage at 1050 ◦C with a heating rate of 25 ◦C/min). It seems
hat the higher the heating rate is, the higher the onset tempera-
ure for the second densification step is, as already observed up
o 15 ◦C/min by Lefebvre et al.10 This second densification step

as attributed to a second glass transition of the remaining glass
hase.8 The corresponding glass transition temperature should
owever be constant and not change with the heating sched-
le. The reason for the observed discrepancies might be that the

t
w
T
t

ig. 2. Density curves as function of the applied load (maximal temperature:
050 ◦C).

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

When applying a mechanical load, the degree of shrinkage
nisotropy mentioned above was seen to increase, as expected
rom literature,17 but the onset temperature for densification
ot. Even the smaller load of 1 N (∼0.014 MPa) has a profound
ffect on the densification behaviour, promoting axial shrinkage
hile reducing radial shrinkage (final εr/εz = 0.46), as expected

rom literature results.10–14 A load of 5 N (∼0.073 MPa) is suf-
cient to inhibit radial shrinkage. Higher loads were found to

ead to a barrelled specimen shape. Experiments carried out on
LTCC glass-ceramic material (SiO2–Al2O3–CaO–B2O3 sys-

em) have shown a similar extreme sensitivity of densification to
echanical loading,14 pressures of 0.02 MPa and 0.3–0.6 MPa

eing sufficient to induce shrinkage anisotropy and zero radial
train conditions, respectively. In earlier studies, the induction of
hrinkage anisotropy in powder compacts sintered in dilatome-
ers under low uniaxial loads has been also reported.15 As a
omparison, significantly higher stress levels are required to
nduce anisotropy in materials densifying by solid state sintering,
ike alumina.18

In order to compute relative density during the sinter-
ng cycle, the thermal expansion has to be removed from
he total strain. It appears that the linear thermal expansion
oefficient of Bioglass® is isotropic and it remains almost con-
tant as determined from the densification-free segments (up
o 550 ◦C, between 700 ◦C and 1000 ◦C and during cooling):
4.6 × 10−6 K−1.

This value is in good agreement with the empirical prediction
or a glass of equivalent composition using the SciGlass software
ackage,19 i.e. 15.1 × 10−6 K−1.

Typical densification curves are shown in Fig. 2, for the same
pecimens as in Fig. 1. First, for free sintering, it appears that

he first rapid densification step leads to a density of ∼80%,
hereas under load the achieved density is even higher, ∼88%.
he sudden stop in densification is attributed to the onset of crys-

allization of the Bioglass® particles, which has already been
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The specimen sintered freely at 610 ◦C for 2 h show some
rather weak and broad peaks related to the CaNa2O6Si2 phase,
which correlates well with previous results.8,9,21 The amorphous
002 O. Guillon et al. / Journal of the Euro

eported in previous studies8–10 and confirmed here by further
RD measurements. Under load very moderate increase in den-

ity can be observed between 700 ◦C and 1050 ◦C (up to 1%
elative density). Interestingly, at 1050 ◦C, the further gain in
ensity is more or less independent of the applied load. The
rystallized material has a higher viscosity than the original
lass composition (even at 1050 ◦C), hence the load has to be
ncreased to observe any densification enhancement. The gain in
nal density measured for sinter-forged specimens comes almost

otally from the first densification step, below 700 ◦C. To obtain
ully dense specimens (instead of maximum 92% relative density
nder 5 N) a two step loading scheme could be conceived.

Scherer11 developed a model for the densification of glass
sing a continuum mechanical description, according to the
ollowing equations:

˙r = ε̇free − νp

Ep

σz (1)

˙z = ε̇free + 1

Ep

σz (2)

here ε̇free is the free strain rate, Ep = 3ηρ[3ρtheo − 2ρ] is the
niaxial viscosity and νp = (1/2)[ρ/(3ρtheo − 2ρ)]1/2 the viscous
oisson’s ratio. This framework, detailed and further developed
y Olevsky,20 enables to compute the compressive stress σz

equired to get zero radial shrinkage during sinter-forging:

z = − ε̇freeEp

νp

(3)

By combining Eqs. (1)–(3), the unknown scaling factor η can
e calculated from the sinter-forging experiments by:

= σz(1 + νp)

12ν2
p(ε̇z − ε̇r)

(4)

It can also be obtained from Eq. (3), if the stress required for
ero radial shrinkage and free strain rate are known. Finally, for a
ensity between 75% and 80%, the modelled stress lies between
.07 and 0.08 MPa, which corresponds to the experiment with
N, suppressing any radial shrinkage. This confirms that the

intering behaviour of Bioglass® can be modelled by this contin-
um mechanical approach (at least for very low applied stresses).
his was not the case for LTCC glass-ceramic compositions (e.g.
ee Ref. 14), for which large discrepancies between the isotropic
odel and experimental results were found, presumably due to

evelopment of large microstructural anisotropy.
According to these first results, a low temperature schedule

as used, in order to focus on the first step of sintering and max-
mize it while reducing the degree of crystallization. Resulting
train curves are presented in Fig. 3. For free sintering, densi-
cation stops after ∼10 min during the dwell time at 610 ◦C,
robably due to the concurrent crystallization. A load of 10 N
∼0.093 MPa) is sufficient to ensure zero radial shrinkage con-
itions, whereas a higher load of 40 N (∼0.37 MPa) leads to

xpansion of the sample diameter during densification and axial
train of more than 40%. Nevertheless, even under load no fur-
her deformation is observed during the dwell time. As no data
n isothermal sintering behaviour of Bioglass® powder has been

F
6

ig. 3. Shrinkage curves as function of the applied load (maximal temperature:
10 ◦C).

eported in the literature, no comparison with previous exper-
mental data can be made. It seems, however, that at 610 ◦C

degree of crystallinity preventing further densification even
nder 40 N may be quickly reached.

Resulting densification curves are plotted in Fig. 4. Under free
intering conditions the maximal density remained below 79%
nd at 1050 ◦C mechanical load increased densification. Under
0 N a maximal density of ∼85% was reached, which is equal
o the one obtained at 1050 ◦C under free sintering conditions.

.2. Crystallization behaviour

Fig. 5 presents diffractograms obtained on different spec-
mens. It confirmed the amorphous character of initial glass
owder. Moreover it became apparent that the lubricant pow-
er used (boron nitride) did not contaminate the samples during
intering, as shown by XRD analysis performed on bulk and at
he contact surface with the pushrod.
ig. 4. Density curves as function of the applied load (maximal temperature:
10 ◦C).
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Fig. 5. XRD measurem

ump in the 2θ range 25◦ < 2θ < 40◦ is still noticeable. As a
omparison, the XRD spectrum of a sinter-forged specimen sin-
ered under 40 N is displayed: peak position and amplitude are
imilar, which means that this level of applied stress primar-
ly affects densification kinetics. The crystallization process as
uch and, hence, the type of precipitated crystal species, on
he other hand, are assumed to remain unaffected by pressure
ithin the considered pressure regime. Typically, significantly
igher stress levels would be required to affect phase stability in
lass.22–24

Double peaks present at 2θ ∼ 34◦ and 26◦ in the standard dia-
ram merged into one single peak in the investigated specimens.
his may be related either to the small size of the crystallites

eading to a broadening of diffraction peaks or to the distortion
f the lattice cell. Similar behaviour was observed by Boccacini
t al.21 as function of temperature. Above 800 ◦C double peaks
ere observed and additional characterization with better reso-

ution techniques would be required to highlight the progressive
ariation of the lattice parameters. Nevertheless, the Scherrer’s
ormula can be used to estimate the CaNa2Si2O6 rhombohedral
rystallite size x from high intensity single peaks (for example
t 2θ ≈ 48.9◦):

= kλ

β cos θ
(5)

here k is the Scherer’s constant for spherical crystal-

ites (k = 0.9), λ the wavelength of the Cu-K� radiation
1.5406 × 10−10 m), and β is the full width at half maximum
f the considered peak. This gives an average size x = 16 nm. As
comparison, Lefebvre et al.8 using the same equation evalu-

c
s
t
a

or different specimens.

ted the Na2CaSi2O6 crystal size to be 18 nm after heating at
50 ◦C, and 35 nm at 850 ◦C. Fracture surfaces under SEM such
s the one shown in Fig. 6a indicate that fine crystals develop
n the surface of glass particles, as proposed by Clupper and
ench.7 They found for a similar initial particle size an Avrami

xponent of 1 which means that a surface crystallization mecha-
ism is dominant for Bioglass®. More recently, Bretcanu et al.9

lso confirmed this result.
At 1050 ◦C, the main crystalline phase is still CaNa2Si2O6

ut a very weak signal originating from the phosphorus rich
hase Na2Ca4(PO4)2SiO4 can be seen in the XRD pattern. This
nalysis is confirmed by the fracture surface in Fig. 6b, for which
few of these elongated orthorhombic crystals can be observed.
he fracture mode is no longer conchoidal, which conveys the

dea that the body is crystallized to a large extent, as evidenced by
he strong and clear XRD reflection peaks. Similarly to the find-
ng on samples sintered at 610 ◦C, no differences are observed
n the diffractograms between sinter-forged and freely sintered
pecimens are found.

.3. Microstructure characterization

Typical microstructures of sintered specimens are shown in
ig. 7. After binarization with Image J software, the pore distri-
ution was analyzed, as shown in Table 1. The global porosity

ontent correlated well (within 1%) with density values mea-
ured by the Archimedes method, confirming the suitability of
he evaluated snapshots as well as the reliability of the image
nalysis method used.
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ig. 6. SEM of fractured surfaces (a) free sintering at 610 ◦C and (b) free
intering at 1050 ◦C.

It was found that the number of pores per unit area
ncreases with relative density, either achieved by higher sin-
ering temperatures or applied loads. It is usually expected from
implified micromechanical sintering models that the number
f pores remains constant for a unit cell throughout the sinter-
ng process.25 For real and more heterogeneous materials, this

ay not be the case. It was for example observed on alumina

ayers that the number of pores per area decreases for densities
bove 90%,26 meaning that smaller pores disappear. Here, on
he opposite, the number of pores per unit area increases sig-

w

i
q

able 1
haracteristics of pore distributions (dwell time 2 h).

intering temperature [◦C] 1050

oad [N] (stress [MPa]) 0 (0) 1 (0.014)

ores per unit area [pore/�m2] 0.020 0.047
verage pore area [�m2] 8.09 3.04
verage pore circularity 0.61 0.87
roportion of elongated pores 0.97 0.48
verage pore aspect ratio 2.61 1.55
ore orientation factor k 0.40 0.43
elative density 0.85 0.89
Ceramic Society 31 (2011) 999–1007

ificantly especially for the specimens sinter-forged at 1050 ◦C.
evertheless, this result has to be correlated with the typical
ore size, characterized by the average area of the pore sections.
t appears that pore size is also largely affected by temperature
s well as applied load. On one hand, samples sintered at 610 ◦C
ave large pores (cross sectional area of around 30 �m2) when
intered freely but by applying a compressive load of 40 N, the
ore area decreases down to less than 5 �m2. As at the same time
elative density and number of pores per unit area increases, this
eans that uniaxial loading leads to the closing of large and com-

lex shaped pores and their division into smaller ones. The same
rend is also seen at 1050 ◦C, whereas the initial mean pore area
or free sintered samples is already smaller than that measured at
10 ◦C. High temperature sintering and mechanical loading lead
oth to refinement and homogenization of the microstructure
nd enhanced densification. Nevertheless, mechanical pressure
eems to be more efficient in reducing pore size than sinter-
ng temperature, as for the same density, specimens sintered at
10 ◦C under 40 N have a mean pore area about half of the one
easured for samples freely sintered at 1050 ◦C.
The crystallization occurring at the surface of particles at

10 ◦C seems to be highly detrimental to pore closure, as the
iscous flow may be hindered by deposits of crystals on the
lass particle free surfaces. Opposite to glass-ceramic compos-
tes, for which rigid inclusions are mixed in the glassy matrix
n the bulk, the hindrance of viscous flow here leads to a het-
rogeneous microstructure composed of large voids covered by
rystalline phase and homogeneous dense regions which had
roperly densified. As shown in Fig. 7, these solid regions are
p to 50 �m long, which means that they are more than 10 times
he initial particle size. The uniaxial mechanical load contributes
o the reduction of the largest pores, as the specimen sintered
nder 40 N at 610 ◦C has a maximal pore cross sectional area of
10 �m2 and the specimen sintered freely at 1050 ◦C with the
ame final density is characterized by pores of 303 �m2 in cross
ectional area. Besides that, pore circularity (being equal to 1
or a perfect circle) increases with density achieved by sinter-
orging. Again, this is simply explained by the fact that pores
n less densified specimens have a complex shape. The positive
ffect of sinter-forging on the reduction of flaw size and number

as already reported by Boutz et al. on tetragonal zirconia.27

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

610

5 (0.073) 0 (0) 10 (0.093) 40 (0.37)

0.043 0.008 0.010 0.014
2.24 28.27 12.87 4.62
0.88 0.53 0.56 0.63
0.55 – – 0.99
1.56 – – 2.63
0.39 – – 0.53
0.93 0.78 0.81 0.85
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ig. 7. Polished and thermally etched cross sections (vertical axis is the loadin
c) freely sintered at 610 ◦C and (d) under 40 N at 610 ◦C.

y minor axis) larger than 1.05 were considered for this further
valuation. It appears that for 85% of density, independently of
he way this density was reached, almost all pores are highly
nisometric, as shown in Table 1. Similar aspect ratio values
ere found for the specimen sintered freely at 1050 ◦C and the
ne sinter-forged at 610 ◦C. Pore orientation may however by
ffected by the uniaxial pressure, as discussed below. On the
ther hand, for higher densities obtained under compressive
oading at 1050 ◦C, only about half of the pores exhibit mea-
urable anisotropy; therefore the average is smaller (aspect ratio
1.5).
The pore orientation distribution was calculated adding the

ore maximal Feret’s diameter multiplied by its aspect ratio
long different angle ranges.28 First, all anisometric pores were
aken into account, without consideration of their size, as shown
n Fig. 8. Qualitatively, pores are less oriented along the load-
ng direction than normal to it, especially for the specimen
intered under 40 N at 610 ◦C. Here a clear pore orientation
an be defined, apparently larger than for specimens sintered
t 1050 ◦C. In order to quantify pore orientation, the pore ori-

ntation factor k was defined as the cumulated pore length lying
erpendicularly to the applied load (angle segments 0–30◦ and
50–180◦ divided by the total pore length between 0 and 180◦).
n a randomly oriented isotropic material, a value of 0.3 would

t
N
e
d

ction, dwell time 2 h): (a) freely sintered at 1050 ◦C, (b) under 5 N at 1050 ◦C,

e expected. The higher values presented in Table 1 found for all
pecimens mean that there is a preferred pore orientation nor-
al to the loading direction. As expected, the largest value is

ound for the specimen sintered under the largest load (40 N) at
10 ◦C. The other specimens sintered at 1050 ◦C have a similar
ore orientation (k ∼ 0.4), indicating that the applied load of 5 N
oes not have a significant effect on pore orientation.

It was experimentally observed that for zirconia (8YSZ) den-
ifying by solid state sintering, there is a critical pore size above
hich pores deform according to the macroscopic strain state by

reep.29 Below this critical size, small pores were found to align
onsistently along the loading direction, as necks under com-
ression grow faster. This asymmetrical neck growth rate leads
ndirectly to an oriented anisometric porosity in sinter-forging
xides.30 This critical size was about 2 times the particle size
n the case of 8YSZ, under an applied load of 1 MPa. In the
ase of glass, such a critical pore size may be questionable.
ven if no well defined pore geometry was artificially intro-
uced in the present specimens, the pore orientation distribution
as also calculated for pores larger than the 80% fractile of
he pore section distribution p80 (i.e. the 20% largest pores).
o clear trend can be derived from these new distributions,

xcept that large pores are more likely to be aligned horizontally
uring free sintering at 1050 ◦C. Additional characterization
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ig. 8. Pore orientation distribution (90◦ is the loading direction, dwell time 2 h)

ith artificial spherical defects may be of interest to tackle this
uestion.

. Conclusions

The effect of uniaxial loads on the sintering of 45S5
ioglass® powder compacts was investigated by means of sinter-

orging experiments. During free sintering at low temperature
610 ◦C), densification stops quickly due to surface crystal-
ization which hinders viscous flow of the glass. A second
ensification step takes place only by further heating up to
050 ◦C. However, application of a very moderate compressive
oad enables to densify Bioglass® powder compacts possibly
reventing radial shrinkage at 610 ◦C. By assisting densification,
he uniaxial load homogenises the microstructure, reducing the

ean pore size and at the same time increasing the pore number
y division. In addition, pores tend to flatten perpendicularly to
he load direction under stress. To reach final densities larger
han 90%, a temperature of 1050 ◦C is not required (as is the
ase for free sintering samples). The maximum of anisotropy
s met at a relative density of 85%. Anisotropic microstructure
eems to develop during the first low temperature densification
tep and disappears with further densification, even under load,
t 1050 ◦C.
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