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Abstract

Cellular glasses were synthesised by heat treatment (750-850 °C for 60—120 min) of waste cathode-ray tube (CRT) glasses (funnel and panel)
with a SiC or TiN reducing agent. Macro-size pores with a single distribution were formed after reduction with SiC, whereas a double distribution
was observed for TiN. The intrinsic properties of these materials were investigated. We found that the flexural strengths of the samples varied from
4 to 68 MPa depending on their porosity, and that the compressive strengths varied from 4 to 267 MPa. Our analysis shows that Ashby’s model is
more appropriate for these porous materials because their Poisson ratios are porosity-independent. The thermal conductivities of the materials were
determined from their thermal diffusivities at room temperature, obtained by means of laser flash experiments. We also determined the variation of
the conductivity with the porosity of the cellular glasses. The samples were found to have thermal conductivities in the range 0.08—
0.43 W m~' K™'. The dielectric constants of the materials were determined by impedance spectroscopy, and indicated that the materials are
insulators. The samples were found to have permittivities in the range 2.6-3.1 S cm™". These values varied with sample thickness, and appeared to
tend towards a limiting value determined by the porosity of the material, or more particularly, by the relationship between the volumes of air and
matter in the sample.
© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction to carry out a theoretical modeling study of the cellular glass
structures. Lastly, we present the thermal properties, obtained
This paper extends our previous characterisation of cathode- by means of laser flash measurements, and the electrical

ray tube (CRT) waste glasses, the foam glass elaboration  properties, obtained by impedance spectroscopy.
process, and physical and chemical properties of foam glasses
[1-4]. Here we report the mechanical, thermal and electrical
properties of foam glasses prepared from CRT waste glasses,
data that are essential to evaluating the possible applications of
these materials [4]. These properties have been studied by
Bernardo et al. [5-9]. In their work, the foam glass was
elaborated from just panel CRT’s glass (lead-free) or with a
small quantity of funnel CRT’s glass [9].

Firstly, we describe the foam glass elaboration process.
Secondly, we present the results of our density and porosity
measurements, as well as SEM micrographs from which we
determined the microstructures of the expanded materials. The
mechanical properties were determined by compressive and
flexural measurements. We used our results for these properties

2. Experimental procedures
2.1. Processing

Various mixtures of a glass powder sample and a reducing
agent were prepared. The glass powder samples used were
either funnel or panel glass, or a 2:1 mixture (by weight) of
panel and funnel glasses. Two reducing agents were used, TiN
(Alfa Aesar, ref. 014510, particle size <10 pm) or SiC
(Aldrich Chemical, ref. 409-21-2, particle size <63 pm), in
amounts of 4 and 5 wt.%, respectively. Granulometry [4] was
carried out on the glass powder mixtures (particle size
<63 wm) by using a Malvern Instruments Hydro 2000 MU
module and the data processing software Mastersizer 2000;
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dry-pressing into disc shapes with a diameter of 40 mm and a
thickness of 6 mm, using a pressure of 5 tonnes. Expanded
products were obtained in pebble form after heat treatment at
750 °C for 120 min under air atmosphere in an electrical
furnace. Previous TGA/DTA analyses have shown that the
reaction begins near 650 °C [10]. 750 °C was the chosen
because it allows to obtain homogeneous foam glass samples
with narrow pore size distribution [4,10] and is close to
temperature used by Bernardo et al. [7,9]. This temperature is
also higher than the T, of both funnel and panel glasses which
are close to 480 and 520 °C, respectively [1,4]. The diameter
expansion was found to be on the order of 10-100%, with a
thickness expansion on the order of 10-150%.

2.2. Microstructural characterisation

The pore surface and pore morphologies of the foam glasses
were investigated by scanning electronic microscopy using a
HITACHI S-4500 I. A voltage of 5-10 kV was used in all the
observations.

2.3. Density-porosity

The bulk density was measured with helium pycnometry
(Micromeritics AccuPyc 1330). The total porosity was obtained
from the bulk density and the powder density using the
following equation (1):

)

bulk densit
% Porosity = (1 | drdenstty ) x 100

powder density

The open porosity and closed porosity were obtained with
helium pycnometry and mercury porosimetry using a Micro-
meritics Autopore II 9220 instrument. The results varied
depending on the initial composition. In all cases, lower
porosities were obtained for foam glasses derived from panel
glass and higher porosities were obtained for those derived
from funnel glass.

2.4. Mechanical testing

2.4.1. Flexural strength

The specimens were machined into 45 mm x 4 mm X 3 mm
test bars for bending strength measurements. All the surfaces of
the test bars were ground on an 800-grit diamond wheel, and their
edges were bevelled. The three-point bending strength was
measured for specimen bars with a span of 30 mm at a cross-head
speed of 2 mm min ', using a Dynamat X101 testing machine.
Each final result was the average of five measurements.

2.4.2. Compressive testing

Square foam glass samples of 12.5mm length and
5mm X 5 mm section area were subjected to uniaxial com-
pressive loading. The tests were conducted at a cross-head speed
of 2 mmmin~" on the same testing machine as used for the
flexural strength measurements. The edges of each traction
surface were chamfered using 800-grit SiC paper before testing.

2.5. Thermal and electrical properties

2.5.1. Electrical conductivity measurements

The ac conductivity, o,.(w, T), of each sample was measured
using a dielectric spectrometer (Novocontrol, BDS 4000)
working at a variable frequency f (where f = 27/w) in the range
1072 Hz to 1 MHz in air and room temperature. The sample
was placed in the measuring cell of a dielectric spectrometer
[11]. Measurements were performed on disc-shaped samples,
which were obtained using a diamond disc saw (Buehler Isomet
2000). The maximum diameter of the samples was 40 mm and
their thickness varied from 1 to 10 mm.

2.5.2. Thermal conductivity measurements

The laser flash method was used to determine the thermal
conductivities of the samples at room temperature. In this
method, a short pulse (0.5 ms) of a laser beam (considered in
theory as a Dirac function) is used to heat the front face of a
cylindrical sample (10 mm diameter and 2 mm thickness). The
absorbed heat diffuses throughout the sample and an infrared
detector is used to monitor the evolution of the back face
temperature. Samples were coated with a thin graphite layer to
improve their laser beam absorption and the emitted thermal
signal from the back face.

The thermal conductivity of each sample was calculated
from its thermal diffusivity o, heat capacity C,, and density p,
using the following standard expression:

L =aCyp 2

The specific heat capacity of each foam glass sample was
measured using a differential scanning calorimeter (Netzsch
DSC 200) for the temperature range from room temperature to
about 1200 K.

3. Results and discussion
3.1. Microstructural characterisation

Fig. 1 shows SEM micrographs of foam glasses elaborated
from funnel glass with the SiC and TiN reducing agents,
respectively. Microstructural characterisation has been more
developed in a previous paper, where effects of temperature,
reaction time and reducing agent content on the synthesis of
macroporous foam were studied [12].

The micrograph of the sample reduced with SiC shows the
presence of very fine cells. Mercury porosimetry indicates a
single and very narrow pore size distribution, which in fact
reflects the size of the “windows” between the connected cells
[13] (the black stain on the cell surface); this single distribution
of pores was determined by SEM. We observed a fully
interconnected uniform structure with cells connected to all
their neighbours.

The micrograph of the sample reduced with TiN reveals it
has a double distribution of cells. It appears that the material
have both ““cell windows” and ‘““pores’: the voids in the cell
walls. Mercury porosimetry was used to characterise this
double distribution of cells sizes. In this sample, the smaller
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Fig. 1. Foam glass sample elaborated from funnel glass with (a) SiC (750 °C for 120 min) and (b) TiN (750 °C for 120 min).

cells are distributed throughout the regions between the larger
cells. This distribution could induce coalescence phenomena or
coarsening phenomena, when smaller pores are likely to be
dissolved in larger pores which are favoured by a decrease of
the surface energy of the system [7]. This microstructure is
similar to that of other foams, including those not elaborated
from glasses, such as metallic foams, polymer foams and
ceramic foams [14,15]. In these materials, the heterogeneous of
the cell size is conserved. On the other hand, the metallic foam
microstructure can be controlled and the foams feature cells of
relatively uniform size [16].

3.2. Mechanical testing

An example of the shape curve obtained during compression
testing is shown in Fig. 2. This curve indicates the variation of the
deformation of material with the applied stress. This shape is very
similar to those obtained by Tasserie [17] in case of expanded
materials. In our cases, we only observed the initial stages of
compression. The plateau and subsequent increase in density
suggested by Gibson and Ashby [18], have not been observed.

Three zones can be distinguished:

e Zone I: for low compressions, the material is deformed
elastically.

e Zone II: the discontinuity in the curve in zone II indicates the
rupture of the weakest individual elements of the material, in
this case the celled wall face of the material. The fracture of
an element leads to the redistribution of the compression (of
stronger intensity) in its vicinity. At the end of zone II, the
material has incurred more or less marked damage.

e Zone III: this local damage leads to total fracture.
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Fig. 2. Shape of the curve obtained from a compression test.
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Table 1

Results of the failure stress under compression tests for samples of various compositions

Compressive test SiC (5 wt.%)

TiN (4 wt.%)

Panel Funnel Mixed Panel Funnel Mixed
Porosity (%) 3.7 (0.1) 84.5 (1.7) 46.5 (0.9) 50.1 (1.0) 86.1 (1.7) 67.9 (1.4)
o (MPa) 267 (17) 4 99 (11) 4 24
K (GPa) 5.4 (0.1) 0.5 (0.2) 4.4 (1.0) 4.7 (0.8) 0.4 (0.1) 1.9 (0.2)
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Fig. 3. Compressive strength and flexural strength vs. porosity for various
samples.

The results for the failure stress obtained from the
compression tests are shown in Table 1. Weibull statistic is
used to provide compressive strength values [10,17]. This
statistic study requires at least twenty mechanical tests. In the
case of panel CRT’s glass (porosity is higher), on the other
hand, we have only used the average of 10 tests.

It has been observed that the reaction process (following the
reaction: PbO + SiC — Pb + SiO, + CO,) is limited to panel
glass because the reaction involves lead oxide [4,10]. The lead
oxide content in the initial panel glass is higher and therefore so
is the resulting metallic lead content, this has the effect of
making the cell size diameter larger. The compressive strength
is shown as a function of the volume fraction of porosity in
Fig. 3a). As the porosity increases, the compressive strength
decreases; the lowest value recorded was 4 MPa. Exponential
function was found to provide the best fit to the decrease in
compressive strength with increase in porosity.

The results of the flexural strength measurements are shown
in Table 2. The values were found to vary with the volume
fraction of porosity. The flexural strength was found to be

Table 2
Results for the flexural strengths of samples of various compositions

Relative density p*/p_

Fig. 4. Variation with porosity of the Young modulus E and the bulk modulus K.

lowest for the highest porosity; the lowest value recorded was
4 MPa. The flexural strength is shown as a function of the
volume fraction of porosity in Fig. 3b).

As used in the case of compressive strength, an exponential
function provides the best fit. The failure trends follow the
exponential equation proposed first by Ryshekewitch and
Duckworth [19,20] (Eq. (3)):

or = age " 3

where oy is the strength of the porous structure with respect to
compression, o the strength of the non-porous structure, P the
volume fraction of porosity, and b is an empirical constant
[19,20].

In Fig. 4, we show the variations with porosity of the Young
modulus E and the bulk modulus K for the foams obtained with
the TiN and SiC reducing agents. K and E were computed from
stress/strain curves, without taking into account the rigidity of
the equipment itself in regard to the relatively low values
obtained. There is no significant difference between the results

Flexural strength SiC (5 wt.%)

TiN (4 wt.%)

Panel Funnel Mixed Panel Funnel Mixed
Porosity (%) 3.7 (0.1) 84.5 (1.7) 46.5 (0.9) 50.1 (1.0) 86.1 (1.7) 67.9 (1.4)
o (MPa) 68 (12) 5(0.9) 19 (1) 21 (1) 4(D) 9 (1)
E (GPa) 1.30 (0.20) 0.07 (0.01) 0.45 (0.03) 0.41 (0.02) 0.07 (0.02) 0.22 (0.02)
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for the two reducing agents; the differences lie within the
experimental error. From E and K we can determine the Poisson
ratio v:

1 E
"T27 6k “)

The Poisson ratio v determined from this equation was
found to be porosity-independent, approximately 0.475 &
0.015. This value is very close to 0.5, which is the value for
incompressible materials such as liquids, and is different from
that predicted by Gibson and Ashby (v = 0.33) [18]. However,
it is well known that it is difficult to determine v precisely,
notably in the case of static indirect measurements [18]. Thus,
it must be kept in mind that v only appears to be porosity-
independent.

Some previous experimental and theoretical studies have
concluded that v is porosity-independent [18,21,22], whereas
other studies [23-25] have reached different conclusions.
However, following Rice [21] we believe that observations of
variation with porosity of v could be due to inhomogeneities of
the porosity in their samples. Therefore, in our study, we
analyse the porosity dependences of the other elastic properties
of our glass foams by excluding theoretical models that use
porosity-dependent Poisson ratio v [23-25]. From v we can
determine the shear modulus G:

G E 5
~2(1+v) )
Because v is porosity-independent and close to 1/2, G = E/3,

and has exactly the same porosity-dependence as E. Thus, only

the porosity dependence of E need be analysed.

From a general point of view, the physical and in particular
the mechanical properties of porous materials and foams are
dependent on the type of porosity and the amount of pores
(porosity P). Previous studies of porous materials and foams
have not examined the effect of cell size on the mechanical
properties of these materials, likely because pore size is
expected to have an insignificant effect on these properties.

The mechanical properties of foams and porous materials
have been widely studied. Many authors have studied the
variation of mechanical properties with porosity using simple
phenomenological models in which the parameters do not
have any physical meaning, for example, f (Eq. (6)), [25,26]
or using models taking into account only one type of porosity
[21,25-29], which is obviously not very realistic. Some
authors, however, have tried to build models in which the
parameters include information about the type of porosity
(open or closed) [18], the shapes of the pores (cylindrical or
spherical) [21-24,30] and the growth mechanisms of these
materials [31].

These models predict different types of porosity-depen-
dence. The first model we discuss makes use of scaling laws.
For the general case of the percolation model [26]:
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Fig. 5. Comparison of the experimental variation with porosity of the Young
modulus E with the predictions of the models of (a) Scaling and Ashby and (b)
Sudduth and Ashby.

where P, is the critical porosity at which E = 0 (which can be
different to 1), and E; is the Young modulus of the bulk material
(P = 0). For the materials we are discussing, £, = 1. If a double-
logarithmic plot of E versus 1 — P (Fig. 5b)) is drawn, we find
f=1.57. This value is slightly larger than that found for porous
ThO, by Kovacik (f =1.20 & 0.07) [31], but smaller than the
value of f=2.1, which is the theoretical prediction when the
dimensions of the system go to infinity [31].

Other authors [23,29] have also developed similar models
for the variation of properties with porosity. However, the
model of Arnold et al. [23] requires that the majority of the
pores must be spherical and that the porosity must be essentially
closed (even in the case of high porosity), which is not in accord
with our experimental data. Moreover, this model predicts that
the Poisson ratio is not independent of P [23].

Wagh’s model [29] for the case of cylindrical pores predicts
that, in this case, n (empirical parameter without physical
signification such as f) should be greater than or equal to 2, in
agreement with Ashby’s model [18,29]. Thus, for our samples,
both spherical and cylindrical pores should be present (if we
consider only the case of ideal pores), with both closed and
open porosity in our foams, as observed experimentally.

Ashby’s model [18] is better than other models because it
can be used to determine the ratio ¢ between the open and the
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total porosity by making the approximation that this ratio
remains constant in the complete porosity range (which is not
obviously the case in reality). In this model, we have:

*

E (0 p
E_ g (p_> sa-o)f )

where p; is the bulk density (for P =0), p* the density of the
foam, and ¢ is the volume fraction of the solid contained at the
cell edges; the remaining fraction (1 — ¢) is on the faces [18]. If
the foam is open-celled, the pores are fully interconnected, with
no material in the hypothetical walls, so that ¢ =1, on the
contrary, for a closed-cell foam, ¢ =0 [7]. P is the porosity
content, therefore: 1 — P = p'/p,.

In Fig. 5a, we show on a double-logarithmic scale a fit of the
experimental data with Eq. (7) wusing ¢=0.82 and
Eo=1.62 GPa (experimental values).

Among the other models found in the literature, only
Sudduth’s model [26] provides a good fit of the experimental
data. In this model, we have:

G A"

where P, is the critical porosity with £=0 and P. =1, E, the
bulk Young’s modulus (Ej = 1.4 GPa), o the particle interaction
coefficient and also a fitting parameter (o = 0.67), and [E] is the
intrinsic modulus (we use this parameter only as a fitting
parameter ([E] = —2.1)); these two parameters provide some
information about the growth mechanisms of the foam glasses.
The value of o found here is very close to that found in the case
where the particle compaction that occurs at the start of the
appearance of the pores occurs in an undistorted manner.
However, the value of [E] lies between the value obtained in
this case and that obtained for the misalignment of the particles
(and therefore of the pores) with a shearing component. In fact,
[E] is closer to that obtained for this latter case. Thus, we
propose that either there is no distortion during the formation of
the pores, or there is a weak distortion with a shear component.
These results seem to be in good agreement with the SEM
microstructures, in which we see no or only weak distortion of
the spherical and cylindrical pores present in our samples.
The results of fitting the data with Eq. (8) are given in
Fig. 5b) for a semi-logarithmic scale, along with the fit using

Table 3
Thermal conductivities obtained from laser flash experiments

0.5 - T : T T T T T T

= = =
N~ w =
1 Il 1

1 1 I
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=
1
| ]

=
=)

50 60 70 80 90 100
Porosity (%)

s
=

Fig. 6. Thermal conductivity vs. porosity for various samples.

Eq. (7). Finally, we unsuccessfully tried to fit the experimental
variation of E with porosity with combinations of the formula
suggested by Rice [30], E=E, + E,, where E| x e ° and
E; 1 —e @~ P implement the minimum solid area model
of Rice [30] at low and high porosities, respectively.

Indeed, Rice [30] has shown that many materials follow this
law for low porosities (typically P < 0.5). If we assume that this
is true for our materials, we find b= 2.5 for P < 0.5; in this
porosity range, the proportion of closed pores (and therefore of
spherical pores) will be higher than for the previously studied
case of P > 0.5. This value for b lies between that for cubic (or
random) stacking of spherical pores (b =3) and that for
cylindrical pores (b = 1.4) [30].

3.3. Thermal and electrical properties

3.3.1. Thermal properties

The results for the thermal conductivity are shown in
Table 3. The thermal conductivity was found to vary from 0.08
(funnel CRT’s glass and 4 wt.% TiN) to 0.43 (panel CRT’s glass
and 4 wt.% TiN) with increasing porosity.

The variation of the thermal conductivity with porosity is
shown in Fig. 6. The thermal conductivity increases with
decreasing porosity. As can be seen, this decrease is linear; this
variation is different to that of the mechanical properties with
porosity, in that the variations of the compressive and flexural
strengths with porosity were exponential. The thermal

Sample Density Porosity Specific heat Thermal diffusivity Thermal conductivity
(kgm™) (%) Jkg 'K (m*s™" Wm™' K™

Composition T (°C) t (min)

Mixed-SiC 850 60 375 79.5 800 474 x 1077 0.14

Mixed-TiN 850 60 499 78.0 800 474 x 1077 0.19

Funnel-SiC 750 120 460 84.5 800 473 x 1077 0.10

Funnel-TiN 750 120 378 86.1 800 473 x 1077 0.08

Mixed-TiN 750 120 878 67.9 800 475 x 1077 0.24

Panel-TiN 750 120 1350 50.1 800 478 x 1077 0.43
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Fig. 7. (a) Logarithmic conductivity vs. logarithmic frequency for various
sample thicknesses. (b) Permittivity vs. logarithmic frequency for various
sample thicknesses.

conductivity of air at room temperature is 0.023 Wm ™' K",
As the porosity increases, the thermal conductivity tends
towards the thermal conductivity of air; its largest value is equal
to bulk glass values (0.75-1.45 W m K.

Samples with conductivity lower than 0.25 W m~' K~ ! are
classified as insulating materials, which was found to be the

4| Mam\|7
—| Air
A —l Matrix

11
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case for all the samples analyzed except those containing panel
glasses, which have low porosity and strong thermal
conductivity (043 Wm™' K™').

3.3.2. Electrical properties

The variations of the dielectric conductivity of the samples
with frequency obtained with impedance spectroscopy are
shown in Fig. 7a) for various sample thicknesses; these
variations are not dependent on the reducing agent, so only
results for samples elaborated with funnel CRT’s glass and
5 wt.% SiC are shown.

Note that the thickness does not have any influence on the
conductivity, and that the logarithm of conductivity increases
linearly with log f. This result is explained by the absence of
diffusive phenomena, as shown by Fig. 8. In this case:
o' () = Tl (®).

The variations of the ““apparent real permittivity” ¢ with the
logarithm of the frequency are shown in Fig. 7b). For the same
samples (same compositions), the real permittivity varies from
2.5to 3.1 Fm ™" with increasing thickness of the material. It
increases for initial increases in the thickness of the sample,
then for greater thickness does not appear to increase any
further. The permittivity thus seems to tend towards a limiting
value determined by the porosity of the material, or more
particularly, by the relationship between the amounts of air and
matrix in the sample (Fig. 8).

As the sample thickness increases, the capacity C, in the case
of “linear-isotropic-homogenous’ samples, models by a stack
capacities with alternating matter (vitreous matrix) and air
(pore). With this model the variation of the permittivity with
thickness can be explained, which in the case of “linear-
isotropic-homogenous” materials should theoretically not
increase.

Using the model developed by Maxwell-Eucken, thermal
conductivity of the materials is also calculated using the simple
rule of mixture [32]. Using this model, the permittivity of the
material could be determined precisely.

Unlike the mechanical and thermal properties, the pore
diameter has only a negligible effect on the electric conductivity

H
l Matrix
| Air
1

| Matrix
1

R’

log(G.c)

Sdc

Log Frequency

Fig. 8. Theoretical logarithmic conductivity vs. logarithmic pulsation for the conductivity oy4. determination and schematic electrical modeling.
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Table 4
Relative permittivities of various reference materials

References and materials Relative permittivity

(25°C)
Foam glass elaborated from CRT 2.1-3.1
Air 1
Foamglas [34] 5-7.2
Polyurethane foam 1.7
Thin layer of porous silice [35] 1.70
Panel glass 10.2
Glass CaO-B,05-Si0, [36] 4.97

(and permittivity) of the foam glasses [33]. Table 4 presents the
relative permittivity values of some materials for comparison.

4. Conclusions

In this study, we determined the specific properties of foam
glasses obtained from waste CRT glasses. The fragile character
of glasses remains in this material. In spite of its high porosity,
these materials exhibited high rupture stresses: 4-267 MPa for
the compressive strength and 4-68 MPa for the flexural
strength.

Our modelling of the cellular structure showed, by taking
into account the porosity-independence of the Poisson ratio,
that the model suggested by Gibson and Ashby [18] is the most
appropriate for these materials.

Our results regarding the thermal properties of the foam
glasses indicated that the thermal conductivity is strongly
affected by the porosity. Specifically, the conductivity was
found to decrease linearly with the porosity. These results
(values lower than 0.25W m 'K ') indicate that these
materials, except the panel glass elaborated samples, are heat
insulators.

Lastly, our investigation of the dielectric properties of these
materials showed that their conductivity (oy.) (referring to the
diffusive phenomena of the charge carriers) is lower than that of
window glass (=1.0 x 107"* Scm™").

The absence of the o4 plateau, as we can see in Fig. 8 in this
interval of frequency, characterized absence of charge carriers
in our samples.
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