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ABSTRACT: An original technique of predominantly direct microwave heating was used in 

the current work as an energy efficient solution for the manufacture of cellular glass from glass 

waste as raw material, silicon carbide (SiC) as a foaming agent and red iron oxide (Fe2O3) as 

an oxygen-supplying agent for supplementing oxygen in the oven atmosphere. Expanding the 

glass waste and forming a porous structure take place at about 850 ºC, when SiC oxidizes 

releasing carbon dioxide (CO2) which remains blocked in the form of bubbles in the thermally 

softened mass of the glass. The SiC optimal ratio was between 3.5-4.4 % and the Fe2O3 addition 

was 0.3-0.5 %. The product has very good thermal insulation properties (apparent density 

between 0.19-0.25 g/cm
3
 and thermal conductivity between 0.049-0.059 W/m·K) and an 

acceptable compressive strength between 1.4-1.66 MPa, being suitable as a building material 

and competing with other materials existing on the market. The specific energy consumption 

was very low (0.684-0.691 kWh/kg) 
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1 INTRODUCTION (HEADING 1, 

TIMES NEW ROMAN 12 POINTS, 

BOLD, LEFT, ALL CAPS) 

The end of the last century and the first decades 

of the 21st century were characterized by an 

intensification of waste recycling (metals, plastics, 

glasses, textiles, paper and cardboard, etc.), which 

affects the environment and human health and also 

offers the possibility economic advantages (energy 

saving, cheaper raw materials). The glass waste, 

especially post-consumer container glass and 

window glass resulting from the building 

demolition, is an important source of recycled raw 

material in the manufacturing process of cheaper 

thermal insulation materials usable in construction 

with similar characteristics to materials existing on 

the market. Recycling the glass waste as a raw 

material in the glass industry for economic reasons 

was a common practice since a long time despite 

the disadvantage of high costs of color selection of 

waste. This selection of glass waste is not required 

in the case of the manufacture of building materials 

and thus the use of residual glass has already been 

assimilated in industrial processes for the 

manufacture of thermal insulation materials. 

The cellular glass properties are remarkable, 

being a simultaneous combination of the 

characteristics of a typical porous ceramic (light 

weight, low thermal conductivity) with those of a 

glass (durability, resistance to aggression of rodents, 

insects, bacteria, physical and chemical stability, 

non-deformability, fire and moisture resistance, 

frost resistance, etc.). 

 Several companies in European countries 

(Belgium, Austria, Germany, Czech Republic, 

Nordic countries) and the United States, including 

China, which has taken over manufacturing 

licenses, produce various types of cellular glass on 

an industrial scale using recycled glass waste as a 

basic raw material. According to the literature 

(Scarinci et al., 2005), the technique of cellular 

glass manufacturing involves the incorporation of a 

foaming agent in the powder mass of the glass 

waste and the heat treatment at high temperature 

(between 750-1150 ºC) of the mixture favoring the 

release of a gas as a result of chemical reactions of 

the foaming agent (decomposition, oxidation or 

other types of reactions). Due to the achievement of 

an adequate viscosity of the mixture by heating, the 

gas spreads in its mass forming bubbles. After the 

heating stops, the bubbles turn into pores, forming a 

porous structure.  

Depending on the nature of the foaming agent 

(coal, black carbon, calcium carbonate, silicon 

carbide, glycerol, etc.) as well as other mineral 
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additives (borax, sodium silicate, etc.), the 

cellular glass can have different physical, thermal 

and mechanical characteristics (Karandashova et al., 

2017). In general, due to their porous 

microstructure, the cellular glass has thermal 

insulation properties (low density between 0.15-

0.25 g/cm
3
 and low thermal conductivity between 

0.06-0.08 W/m·K). Some porous materials have a 

fairly low compressive strength (around 1 MPa), 

being used as thermal insulation boards without 

exposure to mechanical stress (Dias et al., 2017), 

others are denser and have higher mechanical 

strength, reaching in some cases around 6 MPa. 

These cellular glasses can be used as cellular 

aggregates for exterior insulation (building 

perimeter, roof gardens, road or railway 

construction, drainage, sports fields, etc.) or 

underground insulation (thermal pipes and storage 

tanks, building foundations, etc.) (Hibbert, 2016).  

In the world, the industrial or experimental 

manufacturing processes of cellular glass were 

performed by conventional techniques using 

electricity through electrical resistances or thermal 

energy through fuel burning.  

Generally, the specific energy consumption of 

conventional processes is not provided in the 

literature only in very few cases. According to the 

Technical Bulletin of Energocell (Energocell, 

2014), the average energy consumption is 140 

kWh/m
3
-cellular glass, which means between 0.75-

1.15 kWh/kg.  

An advanced unconventional heating technique 

applied in the cellular glass manufacturing process 

was the objective of the current work. Known 80-90 

years ago, the use of the peculiarities of 

electromagnetic waves (microwaves) was 

manifested especially in telecommunications and 

radars. Their application in solids heating processes 

was done to a very small extent and only for 

processes of drying and low temperature heating 

(Linn & Mőller, 2016; Kharissova et al., 2010). 

Unlike all industrial or experimental processes of 

cellular glass manufacturing by conventional 

techniques, research teams including the authors of 

the current paper from the Romanian company 

Daily Sourcing & Research have performed in the 

last four years several experiments using an original 

technique of predominantly direct microwave 

heating and obtaining cellular products with similar 

characteristics compared to those of cellular glasses 

made by conventional methods. 

 

2 METHODS AND MATERIALS 

2.1 Methods  

The microwave radiation is associated with any 

electromagnetic radiation with frequencies between 
300 MHz-300 GHz. Industrial or household 
microwave ovens operate at 2.45 GHz. Microwave-
absorbing materials are called dielectrics. They 
have very few charge-free carriers and the 
molecules and atoms exhibit a dipole motion. 
Dipoles can exist naturally in a dielectric or can be 
induced. Distortion of the electron cloud around 
non-polar molecules or atoms by the presence of an 
external electric field can induce a dipole motion. 
The motion generates friction inside the dielectric 
and the energy is dissipated as heat (Jones et al., 
2002; Kitchen et al., 2014). 

Experiments performed in Daily Sourcing & 
Research Company in the case of direct heating of 
glass powder waste for its foaming showed that 
when using a domestic microwave oven of 0.8 kW 
and frequency of 2.45 GHz the process is 
inadequate causing severe destruction of the 
internal structure of material during expansion. The 
heat treatment performed in a silicon carbide (SiC) 
crucible with a wall thickness of 20 mm took place 
normally, but the energy efficiency of the process 
was reduced. The microwave field was completely 
absorbed in the crucible wall and the way of 
transmitting the heat to the material became 
conventional through the thermal radiation of the 
hot wall. The originality of the technical solution 
applied in the following experimental stages 
consisted in replacing the massive SiC crucible with 
a crucible made of a mixture of SiC and Si3N4 with 
a thin wall (between 2.5-3.5 mm). This wall size 
was optimal for a very efficient heating of the glass, 
because it was found experimentally that the 
microwave flow penetrates predominantly the 
crucible wall irradiating directly the glass waste 
and, at the same time, it is partially absorbed in the 
ceramic wall which is strongly heated transferring 
indirectly the heat by thermal radiation (Paunescu et 
al., 2017). This mixed microwave heating technique 
was applied in subsequent experiments and 
contributed to reducing the specific energy 
consumption in the cellular glass manufacturing 
process at least at the level of conventional heating 
techniques used in the industrial production of the 
same material. 

The constructive scheme of the experimental 
equipment presented in Fig. 1 includes: the 
microwave oven (1), the pressed powder material 
(5) deposited free on a metal plate (4) raised by 
about 15-20 mm from the thermal insulation bed 
from ceramic fiber mattresses (7) from the oven 
base through a metal support (6), the SiC and Si3N4 
ceramic tube (2) with the outer diameter of 125 
mm, the height of 100 mm and the wall thickness of 
2.5 mm, provided with a ceramic lid (3). The 
microwave field is distributed inside the oven by a 
single waveguide (8). The hot material temperature 
is controlled with a radiation pyrometer (9) 
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mounted above the oven at about 400 mm. 
The 0.8 kW-microwave oven was constructively 

adapted for high temperature operations (above 

1000 ºC). The initial rotation mechanism of the 

oven has not been preserved. 

 

Fig. 1 Constructive scheme of the experimental 

equipment 

1 – microwave oven; 2 – ceramic tube; 3 – lid; 4 – 

metal plate; 5 – pressed powder material; 6 – metal 

support; 7 – thermal insulation; 8 – waveguide; 9 – 

radiation pyrometer. 

 
An overview of the experimental equipment is 

shown in Fig. 2. 

 

Fig. 2 Overview of the experimental equipment 

(Reproduced by permission of Daily Sourcing & 

Research) 

 

As noted above, the decisive material component 

of the starting mixture for the foaming process of 

glass waste is the foaming agent. From the long list 

of materials that have the necessary ability for this 

process, silicon carbide (SiC) is the most 

commercially used due to the possibility of control 

and reproducibility of the distribution of the glass 

foam cellular structure and its homogeneity 

(Scarinci et al., 2005). 

In terms of chemistry, SiC embedded in the 

powder mixture is oxidized using mainly oxygen 

from the oven atmosphere. Several types of 

oxidation reactions are possible between 1000-1500 

K, but the reaction that benefits from the most 

adequate thermodynamic conditions to take place is 

reaction (1): 

 
                                             (1) 
 
According to Rawlings et al., 2006, the 

temperature range in which the SiC oxidation 

reaction (1) occurs is 900-1150 ºC, being influenced 

by the SiC weight proportion, its granulation and 

the gain size of glass waste, the nature of the used 

additives, the heating rate and the holding duration 

at the foaming temperature. 

The technique of using only SiC (approx. 2 %) 

together with glass waste without other additives 

(Environmental Product Declaration, 2014) in a 

process of heating to 900 ºC leads to obtaining 

cellular glass aggregates with a fine porous 

structure and resistant to high compression (up to 6 

MPa) suitable for insulation in road construction 

and draining layer. 

The addition of an industrial by-product (coal fly 

ash) in a proportion of about 20 % in the glass-

based mixture and the incorporation of approx. 2 % 

SiC allows to obtain a cellular glass with an 

apparent density between 0.2-0.4 g/cm
3
, a porosity 

of 70-90 % and a satisfactory compressive strength 

of 1.5 MPa suitable for use as thermal insulation 

material. The coal fly ash has an appreciable 

contribution to obtaining a structure with uniform 

and homogeneous cell distribution, but has the 

disadvantage of the need for a higher heating 

temperature in order to foam the glass in the range 

1000-1050 ºC (Wu et al., 2006). 

Another method used to improve the SiC 

foaming process of glass waste (Abbasi et al., 2014) 

is the addition of oxides with the role of oxygen 

supplier (Fe2O3, Co3O4). The optimal proportion of 

SiC in the starting mixture was 4 % and the addition 

of Fe2O3 with the best results for the physical 

characteristics of the cellular glass was 0.4 %. The 

most indicated heating temperature for sintering and 

foaming process was 850 ºC. The apparent density 
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of the product could be reduced to 0.25 g/cm
3
 and 

the material porosity reached almost 90 %. 

Given that the technique of heating the raw 

material is unconventional by applying the 

microwave irradiation, the incorporation into the 

starting powder mixture of SiC, a material with high 

microwave susceptibility, is the optimal solution for 

improving the microwave absorption in the mass of 

irradiated material. On the other hand, an addition 

of Fe2O3 as an additional oxygen supplier has also 

another role related to the fact that this oxide, 

present in a very low proportion in the glass 

composition, is a very good microwave absorber at 

room temperature (Jones et al ., 2002). Due to the 

very high proportion of SiO2 (over 70 %) as a 

microwave transparent material at low temperature 

(below 400-500 ºC), the glass benefits from the 

addition of Fe2O3 and can be microwave heated 

with normal energy efficiency from the beginning 

of the heating process. 

 

2.2 Materials 

The main material used in experiment is 

recycled glass waste. The waste comes from post-

consumer container glass, the predominant color 

(about 70%) being green. The other colors of glass 

waste are colorless (15%) and amber (15%). 

The processing of glass waste consisted of 

cleaning, breaking, grinding in a ball mill and 

sieving, the final grain size being reduced below 63 

μm. The chemical composition of each type of 

recycled glass is shown in Table 1. 

 

Table 1. Chemical composition of glass  

Chemical    
composition 

Green    
glass 

Colorless 
glass 

Amber   
glass 

SiO2 71.7 71.6 71.1 

Al2O3 1.9 2.0 2.0 

CaO 11.9 11.9 12.0 

Fe2O3 - 0.1 0.2 

MgO 1.1 1.0 1.0 

Na2O 13.2 13.2 13.1 

K2O 0.1 - 0.1 

Cr2O3 0.05 0.05 - 

SO3 - - 0.05 

 

The foaming agent was SiC purchased from the 

market. Its granulation was very fine below 20 μm. 

The red iron oxide (Fe2O3) was commercially 

purchased. The particle size was about 30 μm.      

The manufacturing recipe adopted for this 

experiment includes post-consumer container glass 

as raw material, red iron oxide (Fe2O3) as an oxygen 

supplying agent, SiC as a foaming agent and water 

addition as a binder. The weight ratios of the 

mixture components are shown in Table 2. The 

variation interval limits of the component 

proportions were adopted based on previous own 

experience and information from the literature 

(Abbasi et al., 2014). 

 

Table 2. Experimental manufacture recipes 

composition 

Manufacture 

recipe 

Glass 

waste 

(%) 

Fe2O3 

 

 (%) 

SiC 

 

(%) 

Water 

addition 

(%) 

1 96.2 0.3 3.5 10.0 

2 95.9 0.3 3.8 10.0 

3 95.5 0.4 4.1 10.0 

4 95.1 0.5 4.4 10.0 

 

 

3 RESULTS AND DISCUSSION  

3.1 Results  

A constant amount of dry and wet mixture (470 

g and 517 g, respectively) was prepared for the 

experiments. The material was pressed into a 

cylindrical metal die at about 10 MPa, then 

removed from the die and deposited freely on a 

metal plate in the microwave oven according to the 

method described above. The final microwave 

heating temperature controlled by the radiation 

pyrometer had a constant value (850 ºC) for all 

tested variants. Thus, both the duration of the 

heating process and the heating rate had the same 

values in all variants (30 min and 27.7 ºC/min, 

respectively). The cellular glass cooling after 

stopping the microwave supply of the oven was 

performed in two stages: about 30 min inside the 

oven with the hot material protected into the 

ceramic tube covered with ceramic fiber and about 

60 min outside the oven without the ceramic fiber 

protection and without the ceramic lid. The average 

cooling rate of the material was 8.8 ºC/min, of 

which between 5-5.5 ºC/min was the cooling rate in 

the first stage. The material loss of the glass waste 

foaming process was between 3-4 %, the final 

product having the following measured amounts (in 

order of the four tested variants): 455.9; 453.9; 

454.1 and 451.2 g. The electricity consumption 

metered during the heating process was 0.312 kWh. 

Dividing this consumption by the amount of each 

cellular product, the specific energy consumption 

was calculated. This economic parameter had very 

low values (between 0.684-0.691 kWh/kg). Table 3 

summarizes the values of the main functional 

parameters of the experimental cellular glass 

manufacturing process. 
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Table 3. Main functional parameters of the heating 

process 

Parameter Var. 1 Var. 2 Var. 3 Var. 4 

Dry raw material/ 

cellular glass 

amount (g) 

470/ 

455.9 

470/ 

453.9 

470/ 

454.1 

470/ 

451.2 

Sintering/foaming 

temperature (ºC) 

850 850 850 850 

Heating time 

(min) 

30 30 30 30 

Heating rate 

(ºC/min) 

27.7 27.7 27.7 27.7 

Cooling rate 

(ºC/min) 

8.8 8.8 8.8 8.8 

Index of volume 

increasing 

1.60 1.70 1.80 2.10 

Specific energy 

consumption 

(kWh/kg) 

0.684 0.687 0.687 0.691 

 

The appearance of the section of the four cellular 

glass samples manufactured by the predominantly 

direct microwave heating technique is shown in Fig. 

3. 

 

 

a b 

  

c d 

Fig. 3 Appearance of the section of cellular glass 

samples 

a – recipe 1; b – recipe 2; c – recipe 3; d – recipe 4. 

The pictures in Fig. 3 shows the increasing 

tendency of the cells size that compose the matrix 

of the product corresponding to the increase of the 

proportion of foaming agent (SiC) from 3.5 to 4.4 

% as well as of the slight increase of the proportion 

of oxygen supplying agent (Fe2O3) from 0.3 to 0.5 

%. 

Further, the investigation of the physical, 

thermal, mechanical and morphological 

characteristics of cellular glass samples is needed.  

Generally, the investigation methods are well 

known being performed both in the Daily Sourcing 

& Research Company and in the University 

"Politehnica" of Bucharest. The gravimetric method 

(Manual, 1999) was used to determine the apparent 

density. The porosity was measured by the 

comparison method of the apparent density and the 

compact material “true” density (Anovitz & Cole, 

2005). The compressive strength was measured 

with an analyzer TA.XTplus Texture type. The 

guarded-comparative-longitudinal heat flow method 

(ASTM E1225-04) was used to determine the heat 

conductivity. The water absorption of the cellular 

glass was measured by the method of its water 

immersion (ASTM D570) and the microstructural 

investigation of the porous products was carried out 

with a Smartphone Digital Microscope ASONA 

100X Zoom type. 

The main features of the cellular glass samples 

are presented in Table 4. 

Table 4. Main features of the cellular glass samples 

Feature Var. 1 Var. 2 Var. 3 Var. 4 

Apparent 

density 

(g/cm
3
) 

 

0.25 

 

0.22 

 

0.19 

 

0.21 

Porosity (%) 88.1 89.5 91.0 90.0 

Thermal 

conductivity 

(W/m·K) 

 

0.059 

 

0.054 

 

0.049 

 

0.052 

Compressive 

strength 

(MPa) 

 

1.66 

 

1.62 

 

1.48 

 

1.40 

Water 

absorption 

(vol. %) 

 

2.35 

 

2.40 

 

2.18 

 

1.96 

Cell size 

(mm) 

0.2-0.9 0.3-1.1 0.3-1.2 0.5-2.0 

 

According to the data in Table 4, the thermal 

insulation properties of the four cellular glass 

samples are excellent. The apparent density has low 

values (between 0.19-0.25 g/cm
3
) and also the 

thermal conductivity is within very advantageous 

limits (0.049-0.059 W/m·K). The porosity values 

(88.1-91 %) are very high. All these properties 

favorable influence the thermal insulation character 

of the material. 



ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL.19, ISSUE 4/2021 

59 

Analyzing previously experimental results 

reported in literature by Abbasi et al., 2014, in 

foaming process of a soda-lime glass waste with 

SiC and Fe2O3 addition resulted that their optimal 

values are around 4 % and 0.4 %, respectively and 

below or above values lead to significant increase of 

density and thermal conductivity. Certainly, the 

experimental conditions differed quite a lot, but 

they allowed the restriction of the starting 

parameters. 

On the other hand, the compressive strength had 

more than acceptable values for a light thermal 

insulation material (between 1.40-1.66 MPa), 

especially in the case of products made with 3.5-

3.8% SiC and 0.3% Fe2O3 (recipes 1 and 2). Water 

absorption was within normal limits with values 

below 2.40 vol. %. 

The microstructural configuration of the cellular 

glass samples is shown in Fig. 4. 

  

a b 

  

c d 

Fig, 4 Microstructural appearance of the cellular 

glass samples 

a – recipe 1; b – recipe 2; c – recipe 3; d – recipe 4. 
 

The samples microstructure was almost 

homogeneous. The cell size was sufficiently low, 

the cellular glasses made with 3.5-4.1 % SiC and 

Fe2O3 addition of 0.3-0.4 % (variants 1-3) having a 

fine porous structure (0.2-1.2 mm). The product 

made with 4.4 % SiC and 0.5 % Fe2O3 (variant 4) 

had larger cell size reaching 2.0 mm. 

3.2 Discussion  

This experiment confirmed the energy efficiency 

of the unconventional technique based on 

microwave heating. Worldwide, this parameter has 

a lower importance, the product quality being the 

priority. 

Although the microwave heating rate was much 

higher (27.7 ºC/min) than that used in conventional 

processes (around 10 ºC/min), the physical, thermal, 

mechanical and morphological characteristics of the 

product were not affected having values similar to 

those of reference products. 

4 CONCLUDING REMARKS 

The paper objective was to apply an original 

unconventional technique of predominantly direct 

microwave heating of solids, tested in recent years 

in the Romanian company Daily Sourcing & 

Research, to the experimental manufacture of a light 

cellular glass by high temperature foaming of 

recycled glass waste. Although the peculiarities of 

the microwave field and its ability to heat quickly, 

"clean" and economically a solid material with 

dielectric properties have been known in the world 

for many decades, so far the application of 

microwaves as an alternative to conventional 

heating techniques has been made to a small extent, 

without addressing industrial processes that require 

high temperatures.  The application field in which 

the mentioned unconventional technique was tested 

was the achievement of cellular glass as a thermal 

insulation material at the quality level of existing 

similar materials, having additionally a very good 

resistance to fire, humidity, frost or aggression of 

external factors (rodents, insects, bacteria, acids), 

physical and chemical stability, durability, etc. 

The experiment used a manufacturing recipe 

composed of post-consumer container glass (95.1-

96.2 %) as raw material, red iron oxide (Fe2O3) as 

an oxygen-supplying agent (0.3-0.5 %), SiC as a 

foaming agent (3.5-4.4 %) and water addition as a 

binder (10 %). The heating temperature was 850 ºC 

in all variants, the process time was 30 min and the 

heating rate was 27.7 ºC/min. The cellular glass 

manufactured under these conditions had excellent 

thermal insulation properties (apparent density 

between 0.19-0.25 g/cm
3
 and thermal conductivity 

between 0.049-0.059 W/m·K) and a more than 

acceptable compressive strength between 1.40-1.66 

MPa. The product is suitable as a building material, 

competing with other existing conventional 

materials. The specific energy consumption was 

very low (0.684-0.691 kWh/kg) being more 

economical than the energy consumption of 

conventional industrial products (0.75-1.15 

kWh/kg). 

For future research stages, the authors' concerns 

are focused on expanding the processing capacity of 

the microwave oven in the field of cellular glass 

manufacturing and creating the possibility of 

producing cellular materials on a significantly wider 

irradiated surface. 

3

mm 
3

mm 

3

mm 

3

mm 
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