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Microstructure and mechanical properties of

sintered glass

L. CORONEL, J. P. JERNOT, F. OSTERSTOCK
LERMAT — ISMRa, Ura 1317, 14032 Caen Cedex, France

Glass microspheres have been sintered under argon in order to obtain sintered brittle bodies
over a large range of density. During sintering, the microstructure evolves from a stacking of
spheres to a body containing isolated pores. This evolution of the microstructure is described
using image analysis and mathematical morphology. Mechanical properties are also inves-
tigated as a function of density. Special attention was paid to fracture toughness because, due
to the isotropic behaviour of glass, internal stresses of the second order do not exist. A
maximum of G,; is observed and it can be correlated with changes in the morphological

parameters.

1. Introduction

The mechanical behaviour of brittle porous materials
becomes important especially in the case of fine
ceramics. Due to the kind of application or the con-
ditions of use, porosity is induced either during
fabrication in order to enhance the thermal shock
resistance, or may result from thermal shock as micro-
cracks or from creep as cavities. Thus the remaining
resistance of ceramic structural parts depends on their
thermomechanical history.

In the case of the rupture stress and toughness
values, mostly empirical laws have been proposed.
This is because in the case of polycrystalline ceramics
the influence of both internal stresses of the second
order, impurities and porosity is difficult to take into
account. As an example, the experimental results of
Evans and Tappin [1] and those of Pabst [2] used in the
geometrical model of Rice et al. [3, 4] seem to be
contradictory.

In this respect sintered glass appears to be an ideal
material able to yield phenomenological laws for such
problems.

2. Material and experimental procedure

2.1. Powder

The powder used is a commercial powder, Blastoline
70-100, (Vestglass, West Germany). A micrograph of
the powder is presented in Fig. 1. The size distribution
was determined by image analysis and a mean value of
100 um was obtained. A histogram and a cumulative
curve of the size distribution are shown in Fig. 2. The
apparent density and the tap density of this spherical
powder are, respectively, 1.44 and 1.58, corresponding
to volume fractions 0.58 and 0.63.

2.2. Sintering

The glass powder was introduced into graphite cru-
cibles and tapped to settle the powder. Sintering was
carried out in a Sedimmec furnace under argon at
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temperatures between 650 and 700° C for periods of 1
to 27 h. Discs (~ 15 mm diameter x 4 mm) and elon-
gated vplatelets (~45mm x 4mm x 8§mm) were
obtained in order to determine microstructural and
mechanical properties.

2.3. Image analysis
The discs were impregnated under vacuum with an
epoxy resin for metallographic purposes. The best

-results were obtained after polishing for a short time

with abrasive papers (grades 600 and 1200) followed
by a cloth impregnated with diamond paste (6 um). In
this way, the glass was polished and not the resin,
giving a good contrast for optical microscopy.

A Leitz texture analyser was used to determine the
microstructural properties of the sample (the phase of
interest being detected, digitized and stored in the
computer’s memory for analysis). The main stereo-
logical parameters accessible on the polished sections
are: the volumic fraction of the solid phase, V,(S); the
specific surface area of the solid/pore interface, S, (S/
P); the integral of mean curvature of the solid/pore
interface, M,(S/P). The mean value of the mean
curvature of the solid/pore interface, H, is accessible
from the last two parameters using the relation [5]

- (I

Other important parameters can be obtained using
mathematical morphology [6, 7]. Among them, the
star function derived from the P(/) function (cor-
responding to the probability for a segment of length
/to be included in the phase of interest) is of particular
importance for sintered materials [8, 9]. The star func-
tion in three-dimensional space allows definition of a
kind of mean free volume in a phase (the correspond-
ing star function in one-dimensional space — linear
analysis — defines in the phase a mean free path
weighted in measure). [6]
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Figure 1 Micrograph of the glass powder.

2.4. Mechanical testing

The platelets were prepared for mechanical charac-
terization and fractography. It was aimed to size the
specimens and to remove the outer skin and the pos-
sibly associated thermal residual stresses. Mechanical
testing was performed in three-point bending using a
Schenck-Trebel (100 RMC) universal testing machine.
Young’s modulus, £, and rupture stress, o,, were
calculated using the expressions derived from
continuum mechanics, 1.e.
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where F is the applied load, A the displacement cor-
responding to F in the elastic domain, and F, the
maximum load at rupture. Other parameters are as
defined in Fig. 3.

The dynamic Young’s modulus measurements were
made at IWW-TU Clausthal (West Germany) using
the resonance method.

The critical stress intensity factor, K., was
calculated using

E:

Kc = 0,Ya" 4)

where ¢ is the length of the introduced notch, and ¥
a geometrical factor
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Figure 2 Size distribution of the powder determined by image
analysis.
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Figure 3 Characteristics of the samples used for mechanical testing.

Observations were made after controlled crack propa-
gation or after rupture within a scanning electron
microscope, Jeol IMS-T330 A.

Notches were introduced using copper blades of
50 um thickness with deposited diamond powder. A
resulting notch in a sample with 27% porosity is
shown in Fig. 4; the shape and root radius of the
notches remained constant over the whole density
range.

3. Experimental results

3.1. Microstructure

The micrographs in Fig. 5 show different steps of the
densification of the powder during sintering (the black
phase corresponds to the pores and the white one to
the glass). Basically, the microstructural evolution is
similar to solid phase sintering of metallic powders
[10].

The evolution of the volumic fraction of the solid
phase, V,(S), for isothermal sintering is represented in
Fig. 6. The mechanism of densification is the viscous
flow and the transition from low densification rate to
high densification rate occurs over a narrow range of
temperatures (650 to 700°C).

Among the stereological parameters,.the specific
surface of the pore/solid interface (not represented
here) decreases regularly as a function of ¥,(S), when
sintering progresses. On the contrary, evolution of
the average mean surface curvature, H, is much less
regular (Fig. 7) and the different steps of sintering can

. a

Figure 4 Optical micrograph of a notched specimen.
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Figure 5 Microstructural evolution of the glass powder.

be recognized [11]. Up to a volume fraction ¥, (S) ~
0.7 to 0.8 the decrease in the curvature is linked to the
creation and growth of necks between the particles.
After this step, further reduction of the curvature can
be linked to the closure of the channels. At the very
end of sintering, the curvature will increase towards
zero with progressive elimination of the pores.

This quantitative description of the microstructure
can be completed efficiently with another parameter
accessible from mathematical morphology: the star
function in the three-dimensional space. The evolu-
tion of this parameter measured for the solid phase is
presented in Fig. 8. It can be seen that its value is low
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Figure 6 Densification of the powder by isothermal sintering.
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at the beginning, corresponding roughly to the volume
of the particles. Above the range V,(S) ~ 0.7 to 0.8,
it increases abruptly with the coalescence of the
particles.

3.2. Mechanical properties

3.2.1. Young’s modulus

The variation of E with the volume fraction of the
solid phase is shown in Fig. 9. At lower densities
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Figure 7 Average mean surface curvature as a function of relative
density.
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Figure 8 Evolution of the star function in the solid phase.

(< 70%), the resonance method could not be used,
and only static values are available. Both static {open
points) and dynamic values (solid points) may be
described by the same curve. As usual, the Young’s
modulus tends towards zero as the density of the
sintered body tends towards the density of the initial
powder.

3.2.2. Rupture stress

The values are plotted as a function of density in
Fig. 10. The measurements were run at two cross-head
speeds in order to take into account possible stress
corrosion effects. The scattering is rather large but the
values can be roughly described by a single curve.

3.2.3. Fracture toughness

The shape of the load-displacement curve depends on
the density. Two examples are replotted in Fig. 11.
Crack propagation was catastrophic in materials with
high density and stable in those with low densities. In
all cases, the critical stress intensity factor was cal-
culated from the maximum load. The tests were run at
a cross-head speed such that the maximum load was
reached within 10sec. This was also the time to rup-
ture of the unnotched specimens at a cross-head speed

of 300 um min~".
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Figure 9 Variation of Young’s modulus with relative density. (@)
dynamic, (0O0) static.
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Figure 10 Variation of rupture stress with relative density. (M)

300 um min~", (3d) 30 um min~".

First observation of the fracture surface showed
that crack propagation occurred in mode I. Fig. 12
shows the variation of the critical stress intensity fac-
tor, K¢, with density. A continuous decrease towards
zero at the initial powder density is observed. The
open points (density near the bulk) represent values
which are not valid because the notch root radius was
not sharp enough [12, 13]. They have thus been
ignored. In all three cases (o,, £ and K¢), the extra-
polation of experimental points to full density yields a
value corresponding to the bulk.

Calculating the critical strain energy release rate,
Gyc, using Irwin’s relationship and the Young
modulus of each sample, yields the plot in Fig. 13. On
the contrary to K-, Gic exhibits a maximum near a
relative density ~ 0.75.

4. Discussion

The main observation which can be made from the
experimental results is that G exhibits a maximum
value when it is plotted as a function of density
(Fig. 13). This behaviour can be confirmed by the
comparison of areas under the load-displacement
curves in Fig, 11. This variation of G, does not follow
the classical variation of physical properties of sin-
tered materials. Usually, a regular increase towards
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Figure 11 Load—displacement curves for two samples with different
relative densities.
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Figure 12 Variation of K| with relative density.

the property value of the bulk is observed as sintering
progresses. This usual behaviour can be found in
Figs 9 and 10 for Young’s modulus, E, and rupture
stress, o,.

Physical properties, such as Young’s modulus, elec-
trical conductivity or rupture stress, can be described
by taking into account the volumic fraction of the
solid phase, i.e. the quantity of matter [14-16]. More
refined models making use of the size of the necks [17]
or the load-bearing area [18, 19] can be found in the
literature. All these descriptions show a regular
increase of the properties with density: none of them
predicts a maximum.

In variance with other properties, Gy is not a
volume property but it deals with a creation of sur-
faces. In this respect, a model was proposed by Rice
and Freiman [3]. They based their derivation on the
assumptions of Knudsen [20] using the shortest frac-
ture path concept (see Fig. 14). Their work yields an
exponential decrease of G, with increasing porosity.
This does neither fit the results of Fig. 13. In fact, they
used Gy¢ as a quantity and multiplied it by the relative
fracture area. Thus, two basic points are missing.

Firstly, Gy is not a quantity of energy but an energy
rate [21, 22]. Secondly the influence of the micro-
mechanisms of crack front pinning and crack deflec-
tion on Gy of the bulk material are not taken into
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Figure 13 Variation of G with relative density.
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Figure 14 llustration of the shortest fracture path concept (from
Rice and Freiman {3]).

account. In other words, it is assumed that the crack
propagation in the solid phase occurs at the same
value of Gy as porosity varics. Indeed, the contri-
bution of all these micromechanisms and the way they
are influenced by the microstructure is very difficult to
describe.

In addition, as can be seen in Fig. 5, discussion of
a single microstructure has little physical meaning.
The different steps of sintering lead to large changes in
the morphology of the sintered body. These changes
corresponding to the successive steps of sintering can
be followed quantitatively with the mean value of the
mean curvature of the pore/solid interface, H, reported
in- Fig. 7 [11]. At the beginning of sintering, the
positive radii or curvature of the particles are linked to
the positive values of H. Then, concave surfaces
appear with the creation and growth of necks: H
decreases rapidly. A further increase in the size of the
necks does not affect appreciably the whole curvature
and the rate of diminution of H falls. As the sintering
progresses, the closure of the channels created in the
porous body brings new concave surfaces to the struc-
ture and H decreases again abruptly. After this step,
coalescence and elimination of the pores leads to an
increase in A towards zero at the end of the sintering.
The step of closure of the channels corresponding to
a coalescence of the particulate structure is confirmed
by the evolution of the star function, V*(S), of the
solid phase (see Fig. 8). From a relative density
~ (.75 the mean free path in the solid phase increases
considerably.

Schematically, two types of structures can be distin-
guished: (i) At low densities, a particulate structure is
observed. Its resistance stems from the contacts (num-
ber and size) between the particles and the multiple
interactions between the rows of particles as can be
observed in a granular medium [23]. Moreover, the
growth of the necks increases the load-bearing area.
(1) At high densities, the microstructure can be
described as a bulk containing pores.

These two structures interact in a different way with
the stress field, as can be seen in Figs 15 and 16. This
distinction between the two microstructures may help
to describe the behaviour of G in terms of two
increases. At low densities the strengthening of the
structure associated with the growth of necks leads to
an increase of Gi¢. At high densities the augmentation
of porosity induces more and more obstacles to crack
propagation (crack pinning and crack deflection).
These two reinforcement mechanisms meet roughly
at a relative density ~0.75 and correspond to the
transition between the two limiting microstructures.
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Figure 15 Similarities between the microstructural and the mechanical behaviour.
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Figure 16 Fracture surface of three samples with increasing relative densities.

5. Conclusion

All but one of the measured properties of sintered
glass evolve as usually observed on sintered materials.
The critical strain energy release rate, Gyc, exhibits a
peculiar behaviour: its evolution passes through
a maximum as density increases. This surprising
behaviour can be qualitatively correlated with the
morphology of the sintered glass. Two limiting micro-
structures can be considered: particulate at low
densities and porous bulk at high densities. They cor-
respond to two different mechanisms of strengthening
meeting at 2 maximum for the transition between the
two microstructures.
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