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ABSTRACT

Glass foams having a low bulk density, 0.22-0.36 g.cm-® were produced using waste glass as the raw material and SiC as the
foaming agent. The produced glass foam has very high insulation performance with a very low thermal conductivity of
0.045-0.065 W.m1.K-1, making it suitable for thermal and acoustic applications. Despite its highly porous structure, it
exhibits a very high compressive strength between 0.08-6.99 MPa and good dimensional stability. The environmentally
friendly glass foam produced in this study has the potential as a structural and insulation material in construction
applications. Nano-sized foaming agents enhance the efficiency of the reaction in the manufacturing process. The properties
such as volume change, weight loss, microstructure, mineralogical structure, sintered bulk density, and porosity of the
prepared samples were measured and analyzed. The characterization of the thermal and the mechanical properties of the
samples was performed by testing their compressive strength, and thermal conductivity.
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1. INTRODUCTION

Glass foam is an important heat and acoustic insulation material with high porosity, low bulk density,
low heat transfer coefficient, waterproof and non-flammable properties [1-9]. They are usually
classified by their bulk density (~0.1 g.cm™) due to their porous microstructure and hence lightweight
[1, 3, 4,10-12]. Glass foams have relatively high mechanical strength, chemical and dimensional
stability, and low water absorption due to the closed porosity [1, 3, 4, 11-13] when they were
compared to other insulation materials. They are biologically, thermally, and chemically inert
materials, not affected by many environmental effects, and do not deteriorate because glass is a natural
material [5, 14-17]. There is no linear relationship between density and the water absorption
properties, however, the type and concentration of the foaming agent and the pore structure have a
very significant effect on the water absorption values of the glass foams [1 ,3, 14, 18-20]. All these
properties depend on the microstructure of the glass foams (the size of the pores, the alignment, and
the thickness of the glass walls between the pores) and their relationship to the density.

Sintering begins at a certain temperature above the softening temperature of the glass, resulting in gas
emissions at the molten glass state and thus the foaming and pores are formed by the foaming agents.
The structure of these pores and the properties of the glass foams depend on the type of foaming
agents, the concentration, and the process conditions [3,21-23]. Many studies were performed in the
past to investigate the relationship between the microstructure of the products (the size and distribution
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of pores, the bulk density, etc.) [1-27]. Various raw materials, wastes, forming agents, and the
processing parameters (temperature, time, ramp rates) were studied to determine the suitable wastes
and to increase the usage of waste in the production of foams [1-27].

The glass foams produced by using carbonates as "neutralizing”" foaming agents cause CO. gas
outflow and therefore have larger pores and higher water absorption values (50-70%) [3,5]. However,
they show high performance in terms of sound insulation. The glass foams produced with carbon-
containing "reductive” foaming agents such as coke, soot, graphite, and SiC, have low water
absorption values (10-15%) and mostly closed pores were formed in the microstructure [3, 5, 28]. For
this reason, they are preferred in the production of glass foams for heat insulation. The reason for the
gas formation and the dissolution is due to the oxidation of the blowing agents of molten glass-
dissolved gases, mostly oxygen and sulfuric anhydride [3]. To obtain the desired microstructure and
good thermal insulation properties, the glass powder is expected to exhibit high oxidation potential,
and no tendency to crystallize. With this purpose in mind, glass powder should be ground to have a
specific surface area of at least 1500 m%kg. The surface tension between the glass viscosity and the
foaming temperature must be low [29]. The reaction temperature is generally higher than about
1000 °C when compared to other compounds such as carbonates, carbon, organic compounds.
According to DTA / TGA results of pure SiC, reactions (1) and (2) take place above 900 °C;

SiC 4 20, — Si0, + CO, 1)
SiC+ 0, — Si0 + CO )

Another possible reaction is;
SiC + Si0, — CO, + 2Si 3)

Foaming agents enable the formation of numerous small and closed pores and the separation of glass
particles [3]. SiC and SisN4 are typical foaming agents in the production of borosilicate-based glass
foam in a wide temperature range [2]. The size and structure of the pores were possible to modify by
the amount of SiC, SisN4, and oxides of transition metals [2]. For the waste glasses with 4-5 wt% of
SiC and TiN, the pores were small and completely bonded to one another and the TiN-doped samples
had a double-dispersed microstructure. The resulting bending and compression strengths were 4-68
MPa and 4-267 MPa, respectively, depending on the porosity [21]. The glass foams with a bulk
density of 8% (containing 92% porosity) were produced from the mixture (<37 pm sized) prepared by
using the soda-lime waste glass, SiC waste used in the polishing of the glass, and MnO; by heat
treatment at 950 °C [14]. The foaming of the waste glass powders was observed to start during the
glazing of the soda-lime glasses at 670-680 °C while the heat treatment range was 700-950 °C. The
products have the maximum volume expansion (600-700%) and low bulk density (0.21-0.38 g/cm?®) at
these temperatures (670-680 °C) [18]. This expansion was thought to be caused by the disintegration
of organic compounds in the oil-based refrigerant on the surface of the polished glass [18]. However,
it should be noted that the decomposition temperatures of the organic components are very low. The
pore distribution in the microstructure of the produced glass foam is not homogenous in the conditions
at 700-900 °C, using an admixture of the lead silicate glass and 1-7 wt% TiN or SiC. Pb (lI) in the
glass foam was reduced to Pb (0) with the increase in the amount of TiN or SiC [22]. The
microstructure of the glass foam produced at 750-950 °C using Pb-containing waste cathode ray tube
glass and 1-9 wt% TiN or SiC has been observed to have a bigger pore size due to an increase in the
reaction time, the sintering temperature, and the amount of reducing agent [23]. It was reported that
there is a direct linear relationship between the bulk density and the fracture strength of the glass foam
depending on the heating rate, the hold time, and the foaming effect. These properties could be
optimized with the duration of hold time and the amount of foaming agent [4].
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In this study, we have investigated the effect of the process parameters on the properties of the glass
foam produced from the industrial waste glass using silicon carbide (SiC) as the foaming agent. The
volume change, the weight loss, the microstructure, the mineralogical structure, the compressive
strength, the bulk density, the porosity, and the thermal conductivity of the produced glass foam
samples were all measured and analyzed.

2. EXPERIMENTAL PROCEDURES

Experimental studies on glass foam production were performed at Gebze Technical University (GTU)
laboratories.

2.1. Materials

The waste glass powders as raw materials from Cam Kirigi Co. Turkey, silicon carbide (SiC)
nanopowders as the foaming agents having a purity of 99.5% with grayish white color, also has an
average powder size of 202 nm from Company of Nanografi Turkey, and carboxymethylcellulose
(CMC) as a binder in form of white powder or fibers having a density of 1.45 g/cm® from Organik
Kimya Co., Turkey were used to produce the foam glass products.

2.2. Production of Glass Foam Materials

The sample codes/names are given according to the mixing ratios of the SiC, heat treatment
temperature, and hold time of samples given as a study plan in Table 1. For example; the H2 sample
represents the product of firing at 800 °C for 2 hours with 2 wt% SiC content and compacted by a
compaction pressure of 5, 10, and 15 MPa, and they were named as H2-5, H2-10, and H2-15
respectively. The heating rate of the furnace for all samples was 10 K/min.

Table 1: The definition of the glass foam samples made under different production conditions

Sample Heat treatment _ The SiC ratio, compaction pressure (5, 10, and 15 MPa)**
Hold time and sample codes in samples
Code* temperature
1 wt% 2 wt% 3 wt%
A 875 °C No hold Al** A2** A3**
B 850 °C No hold B1 B2 B3
C 850 °C 15 min Cl C2 C3
D 850 °C 30 min D1 D2 D3
E 825 °C 30 min El E2 E3
F 825 °C 60 min F1 F2 F3
G 825 °C 120 min Gl G2 G3
H 800 °C 60 min H1 H2 H3
J 800 °C 120 min J1 J2 J3
K 800 °C 180 min K1 K2 K3
L 775 °C 120 min L1 L2 L3
M 775 °C 180 min M1 M2 M3

* 3 samples were produced for each glass foam product (Namely; 27 samples were produced for each product group.).

** Sample code: for example; sample Al which was prepared by addition of 1 wt% SiC was named as Al-5 for the
sample compacted by a pressure of 5 MPa and named as Al-15 for 15 MPa. The same rule was applied also to all
samples: M2-10 having 2 wt% SiC and compacted by a pressure of 10 MPa.

The glass parts collected from the waste were broken by a crusher and then ground by a ball mill to the

desired grain size. Pre-determined SiC was added to the milled glass powders. The glass and SiC were

mixed for 3 hours and a homogeneous mixture was formed. Then, 7 wt% binder was added to moisten

the dry mixture. The main purpose is to impart wet strength to the green body. The CMC binder

solution was prepared by adding 20 g of CMC to 1 liter of water and stirring for 30 minutes.

Subsequently, the mixture of SiC and glass powder moistened with binder was granulated through a
23



Sari et al. / Eskisehir Tech. Univ. J. of Sci. and Technology A — Appl. Sci. and Eng. 23 (1) — 2022

50 pum sieve to obtain a homogeneous mixture. The granulated powders were pressed at pressures
ranging from 5 to 15 MPa by using the stainless-steel mold pressing equipment to obtain the
compacted green pellets with a diameter of 30 mm. The pellets were removed from the mold and the
specimens were heat-treated at 775-875 °C with different hold times (0-180 min.) in the oven, then
were allowed to cool down by themselves.

2.3. Characterization of Produced Glass Foam Materials

The microstructures of the glass foam pellets were investigated by Philips XL30 SFEG scanning
electron microscope (SEM). Archimedes method was used by means of the following equation: p, =

WW;V - D, to investigate the sinterability and the densification by determining the open porosity and
c—Wh

the relative bulk density of the compacted green and sintered bodies of the produced glass foams.
Here, py is bulk density of the sample, W is the normal dry weight of the sample, W, is the weight of
the samples in the water after boiling in water, W. is the wet weight of the samples (in the air) after
boiling in water, and D is the density of the distilled water. Compressive strength tests were performed
using an Instron 5569 test machine on the five different examples for each sample to determine the
mechanical strength of the produced glass foam depending on the foaming agent, the heat treatment
temperature, and the porosity volume (bulk density). The dimensions of the samples were 20 mm x 20

mm x 30 mm. The compressive strength (o,) is calculated using the following equation: o, = %Where

Fi and A are the instantaneous compressive stress and the cross-section of the samples, respectively.
The crystal structure of the raw materials and the trace of the crystalline phase in the glass foam
products were determined by X-ray diffraction (XRD) on Rigaku Dmax 2200 Diffractometer using
Cu-K, radiation with a characteristic wavelength of A = 1.5406 A (20 = 10-70°) at room temperature.
Thermal conductivity measurements were performed with the device of C-Therm Technologies TCI-
2-A at room temperature and 0-10 W/(m-K) range. Dimensions for thermal conductivity
measurements; cylindrical samples with a diameter of 25 mm and a height of 5 mm were prepared.
The properties of the glass foam products were discussed in the results and discussion section.

3. RESULTS AND DISCUSSION

Several experimental studies were carried out to produce the glass foam by using SiC as a foaming
agent in a research project. The production conditions of the glass foam, such as the pressing
conditions, the heat treatment temperatures and the hold times of the pellets in a furnace, and the mass
ratio of SiC and waste glass raw material were studied. The properties of the glass foam products, such
as the bulk density, the thermal conductivity, the microstructure, the porosity property, and the
mechanical strength were examined. The grain size and XRD analysis of SiC and waste glass raw
materials used in the preparation of all samples were presented in Figures 1 and 2, respectively. The
waste glass is in an amorphous form and does not contain any impurities in a crystal structure (Figure
2). The SiC powders are crystalline and pure as shown in Figure 2.
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Figure 1. Particle size analysis of the raw materials, SiC, and waste glass
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Figure 2. XRD analysis of the raw materials, (a) SiC and (b) the waste glass

Since numerous experimental studies have been carried out within the scope of the project, it is not
possible to handle all the parameters that affect the properties of the produced glass foam
independently of each other and to present the properties of the whole samples together in a few
graphs simultaneously. Therefore, some parameters of the samples were ignored and various
characteristics of the samples were examined by comparing the basic two or three parameters to
simplify the interpretation of a large amount of data obtained. The results of the analysis of some

samples and SEM microstructure images which are very important with the potential to shed light on
the whole studies, were analyzed in detail and presented here.

3.1 Physical Properties of Produced Glass Foam Materials

Firstly, the changes of the bulk density, volume expansion, and mass loss in the structure of all glass
foams were investigated independently of the parameters such as the effects of pressing pressure, hold
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time of samples in the furnace, and heat treatment temperature of the pellets, and the mass ratio of SiC
additive. These results were presented in Fig. 3. While the mass of the heat-treated samples decreased
very little (0-3.5%), there was a very large increase in volume expansion (113.6-732.5%) and
consequently a significant decrease in bulk densities (53.3-88.1%) as shown in Fig. 3. SiC was
degraded by heat treatment. There was a mass loss, albeit a small amount, and a large volume
expansion was occurred due to the pores formed, and thus the bulk density was reduced. Depending on
the production conditions, it was seen that the decrease of the bulk density in the products mostly was
by 60-85% and the increase of the volume expansion was by 300-600% as shown in Figure 3.
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Figure 3. Mass, volume, and sinter bulk density changes occurring in the structure of the produced glass foam samples.

Depending on the heat treatment temperature, the bulk density changes in the structure of the glass
foams produced are shown in Figure 4. The ellipsoid area on the graph shows the range in the sintered
bulk density obtainable depending on the sintering temperature, the hold time, the SiC ratio, and the
pressing pressure of the pellets. If the hold time at the sintering temperature is higher than required as
an example, 30 min. at 875 °C, 75 min. at 850 °C, 150 min. at 825 °C, 240 min. at 800 °C, 240 min. at
775 °C, the glass foam obtained has a high bulk density, and therefore, the loss of the insulating
properties is expected. On the other hand, the effect of hold time during heat treatment on the porosity
and bulk density exhibits itself at longer periods at lower temperatures (775 °C for 30-90 min.) and
shorter periods at higher temperatures (875 °C for 0-30 min.). Another parameter that must be
considered is the pressing pressure of the pellets. If the pellets are pressed under high pressure, the
diffusion of oxygen into the pellet, which will provide the oxidation of SiC, will be slow. This
situation was determined on the observations made during the the experimental studies. It has been
observed that pellets pressed with low pressure have high volume expansion in a very short period of
time, but volume expansion of pellets pressed with high pressure occurs too late. On the other hand, it
has been determined that the CO, gas formed in the pellets pressed with low pressure leaves the
structure easily due to the heat treatment conditions and the sample shrinks due to the sinter effect and
the shrinkage of the samples pressed under high pressure occurs very slowly and in a long time. It was
not possible to present an understandable relation/correlation in these results obtained due to this
opposite effect of pressing pressure. Therefore, the hold time at the same heat treatment temperature
has to be longer so that the reaction (SiC +O2 — SiO2+ CO2) can be completely realized in the

structure of all SiC grains in the pellet structure. For this reason, the pellets should not be pressed
under high pressure. It will provide no improvement in terms of low density and high insulating
properties in the final product. However, to avoid any deformation in the production process, it is
sufficient to press under a certain pressure to obtain sufficient green strength. In order to achieve the
desired sinter bulk density consistently, a lower sintering temperature should be preferred during heat
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treatment since the tolerance range at higher temperatures is very narrow. However, a long-term heat
treatment at low temperatures (eg, 180 min. at 775 °C) increases the cost, so the sintering temperature
should be somewhat higher. Therefore, the heat treatment conditions can be easily optimized over the
range of 800-850 °C depending on the duration and other parameters to target any desired sinter bulk
density.
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Figure 4. The bulk density changes in the structure of the produced glass foams depending on the heat treatment temperature
(Hold time and other parameters are ignored.).

When the results obtained by ignoring all other parameters that can affect the glass foam properties in
the production process are evaluated, it is noted that there is a linear relationship between the raw
densities (sinter bulk density) and the thermal conductivities of the produced glass foams (Fig. 5).
According to the results, the sintered bulk densities of the glass foams produced were found to be
concentrated in the range of 0.22-0.36 g.cm™ and the thermal conductivity values in the range of
0.045-0.065 W.m1. K1 As stated above, these results are presented independently of all other
parameters. It is possible to obtain the same or similar results at a different set of production
conditions. For example, it is possible to obtain the same or similar results by heat treatment at 875 °C
for 15 min. or 800 °C for 120 min.
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Figure 5. Linear relationship between sintered bulk densities and thermal conductivities of glass foams produced (All
parameters are ignored and considered as a whole.).

Although the prepared samples with different pressing pressures and SiC additive ratios were heat-
treated under the same conditions, there may be differences in sinter bulk density Figure 6 and thus
thermal conductivity values Figure 7. Although the pressing pressure does not have a direct effect on
sinter bulk density, it causes a longer heat treatment time as it delays the diffusion of air in the heat
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treatment medium into the pellet. Therefore, if the pressing pressure is high when all conditions are the
same, the heat treatment time must be greater to obtain the same sinter bulk density value. The effects
of the parameters that are effective in the production process on the sinter bulk density Figure 6 and
hence thermal conductivity values Figure 7 of the produced glass foams are grouped separately.
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Figure 6. Effects of process parameters (SiC content, pressure, temperature, and hold time) on the sinter bulk density of the
glass foams produced using 1, 2, and 3 wt% SiC as a foaming agent.

Depending on the process conditions, especially the heat treatment temperature and the duration of the

exposure, the degree of softening of the glasses, the wetting of the SiC particles, and the oxidation

reaction (SIC + 02— SiO2+ COz2) are changing. If the lack of heat treatment temperature and the

hold time is insufficient, the desired low sintered bulk density cannot be obtained because the

oxidation is not realized completely (Figure 6). On the other hand, when the heat treatment
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temperature and the hold time are high, it is found that the viscosity of the glass decreases, the gas
discharge occurs easily, and consequently the condensation increases (Figure 6).

In general, there is a linear relationship between the sinter bulk density and thermal conductivity,
therefore the thermal conductivity increases as the sinter bulk density increases (Figs. 5 and 6).
However, as shown in Figure 6, there is no one-to-one linear relationship between all sinter bulk
density and the thermal conductivity values. Depending on the heat treatment conditions and the
foaming agent additive proportions, the porosity of some glass foams specimens is large and has a low
sinter bulk density value (Figure 6) resulting from their incorporation into each other. It has been
found, however, that the thermal conductivity values of the same samples are much lower (Figure 7).
This is because the heat transfer is much lower due to the destruction of the walls between the pores
resulting from the association of the pores with each other. Process conditions for producing the glass
foams with a low coefficient of thermal conductivity to provide excellent thermal insulation can be
predicted based on the results presented. To reach targeted sinter bulk density and thermal
conductivity values, the heat treatment temperature can be optimized in the following range of
conditions; 800-850 °C, 30-60 min. hold time and 1 wt% SiC foaming agent (Figure 7).
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Figure 7. Effects of process parameters (SiC content, pressure, temperature, and hold time) on the thermal conductivity of
glass foams produced using 1, 2, and 3 wt% SiC as a foaming agent.
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3.2. Microstructural Properties of Produced Glass Foam Materials

Figures 8-10 show that pores are very large (eg 300-500 pum) in the microstructure of low-density
glass foam, the walls between the pores are very thin like a membrane, and the other pores are located
above and below the connection points of the three pores. In the microstructure of the glass foams with
high density, the pore sizes are small (< 300 um), the walls between the pores are thicker, and there
are dense vitreous structures below or above the connection points where three pores are connected
(Figures 8-10). The size, size distribution, and amount of SiC particles, as well as the heat treatment
temperature and the hold time at this temperature, affect the size and size distribution of the pores in
the foam glass products. When the results from all the studies were compared, the products with the
lowest and highest sinter bulk density were measured at 850 °C, 15 min. hold time, with 2 wt% SiC
foaming agent addition and at 850 °C, 0 min. hold time, 3 wt% SiC foaming agent additive (Figure
10). On the other hand, the cristobalite form was observed in very small amounts as a crystalline
structure (Figure 11).

The glass foam products fabricated previously from the recycled glass powders using the propyl
gallate as a foaming agent have a compressive strength between 0.85-5.92 MPa [12]. The glass foam
products obtained by using TiN and SiC as a foaming agents have a compressive strength between 4-
267 MPa [21]. These values are much higher than the calculations of compressive strength Méar et al.
[21] according to Gibson and Ashby’s model [30]. The glass foam products manufactured in our study
have a compressive strength between 0.08-6.99 MPa as shown in Figure 12, which were determined
according to the standard calculation method. Figure 13 shows the relationship between the
compressive stress and strain of the glass foams produced under different conditions. It was
determined that the glass foam products have an average compressive strength of around 1.5 MPa and
a very different stress-strain property as shown in Figures 12 and 13, respectively.

A very small amount of Cristobalite and SiC phases were observed as a crystalline phase in the glass
foam products as shown in Figure 11. Although a desired low sinter bulk density can be achieved at
temperatures as low as 850 °C and long hold times, the weak peaks of SiC were observed in the XRD
analysis of some of the glass foam products according to heat treatment temperature and duration (Fig.
11). This result means that SiC is not completely converted to SiO; (oxidation reaction) because the
desired temperature has not been reached and/or no heat treatment has been performed for a sufficient
period of time. Therefore, a sufficient temperature (825-850 °C) must be used and a sufficient time
(30-60 min.) must be allowed for the complete oxidation of SiC during the production process.
However, the temperature should not exceed 850 °C to keep the viscosity and avoid condensation.
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Figure 8. The SEM micrographs of the glass foams produced under different process conditions.
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Figure 10. The SEM micrographs of the glass foam products; (C2): 10 MPa, 2 wt% SiC, 850 °C, 15 min.; (B3): 15 MPa, 3
wt% SiC, 850 °C, 0 min.
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Figure 12. The effects of process parameters on the compressive strength of the glass foams produced under different
conditions.
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Figure 13. The relationship between the compressive stress and strain of the glass foams produced under different
conditions.

4. CONCLUSION

SiC can be used as an effective foaming agent material to produce the glass foams having a low bulk
density, 0.22-0.36 g.cm™ and a very low thermal conductivity of 0.045-0.065 W/(m-K), by using the
waste glass as raw material. An optimum SiC ratio to obtain desired glass foam properties such as
thermal conductivity, the bulk density, and a microstructure with open or closed porosity was
determined. The long hold times during heat treatment at high temperatures cause the size of porosities
to shrink and the bulk density to increase. In heat treatments at high temperatures (850-875 °C), very
short periods of hold time (15-30 min.) have a very important effect. And this effect occurs only in
very long periods of time (60-180 min.) at low-temperature (775-800 °C) heat treatments. For this
reason, when the heat treatment conditions are optimized, the hold times at high temperatures should
be closely controlled. The pressing pressure of the pellets does not directly affect the properties of the
glass foams, and to achieve the desired bulk density the time of heat treatment could be extended.
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