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ABSTRACT

A process of fabricating the foamed glass that has closed pores with 8 ~ 580 µm sizes without a blowing agent by sintering 10

µm boron-free glass powder composed of CaO, MgO, SO3, Al2O3–83 wt% SiO2 at a molding pressure of 0 ~ 120 MPa and a sin-

tering temperature of 750 ~ 1000oC was investigated. To analyze the glass transition temperature of glass powder, thermogravi-

metric analysis–differential thermal analysis (TGA-DTA) method were used. The microstructure and pore size of foamed glass

were examined using the optical microscopy and field emission scanning electron microscopy (FE-SEM). For the thermal diffusiv-

ity and color of the fabricated samples, a heat flow meter and ultraviolet–visible–near-infrared (UV–VIS–NIR)-colormetry were

used, respectively. In the TGA-DTA result, the glass transition temperature of glass powder was confirmed to be 626oC. In the

microstructure result, closed pores of 7 ~ 20 µm were formed at 750 ~ 900oC, and they were not affected by the molding pressure

and sintering temperature. However, at 1,000oC, when there was 0 MPa molding pressure, closed pores of 580 µm were con-

firmed, and the pore size decreased as the molding pressure increased. Moreover, at a molding pressure of 30 MPa or higher,

closed pores of approximately 400 µm were formed. The porosity showed an increasing trend of smaller molding pressure and

larger sintering temperature, and it was controllable in the range of 5.69 ~ 68.45%. In the thermal diffusivity result, there was

no change according to the molding pressure, and, by increasing the sintering temperature, up to 0.115 W/m·K could be obtained.

The Lab color index (CIE-Lab) results all showed a similar translucent white color regardless of molding pressure and sintering

temperature. Therefore, based on the foamed glass without boron and blowing agent, it was confirmed that white foamed glass,

which has closed pores of 8 ~ 580 µm and a thermal diffusivity characteristic of 0.115 W/m·K, can be fabricated by changing the

molding pressure and sintering temperature.
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1. Introduction

oamed glass is also known as “foam glass” and “cellular

glass”. Uniform pores are formed inside, and thermal

insulation and sound absorption characteristics are shown

according to the pore shape.1) Foamed glass is monopolized

by Pittsburgh Corning, a US company, and based on its

manufacturing process, foamed glass is being manufac-

tured.2) In the manufacturing process, seed glass, in which

B2O3 of 10 wt% or less is added, is fabricated by melting at a

high temperature of 1,300 ~ 1,600oC. Afterward, the fabrica-

tion is performed through the following processes: a crush-

ing process that crushes the fabricated seed glass for

homogenization; a mixing process that mixes it with a blow-

ing agent; a molding and sintering process that puts a cer-

tain amount of pressure in a mold and develops foams by

heating; a slow cooling process, in which the foamed glass is

slowly cooled because heat transfer is very slow due to ther-

mal insulation; and a shaping process that cuts the foamed

glass, which has finished a cooling, into a certain size.2,3)

The foamed glass fabricated in this method is usually used

for thermal insulation of building structures, because it

does not combust and produce noxious fumes when fire

occurs owing to the insulation characteristic caused by

internal pores.4) Particularly, foamed glass with boron is

used for the inside of a chimney lining material for flue-gas

desulfurization (FGD) of thermal power generation. It is

installed inside a chimney and facilitates two protective

functions: the chimney support composed of concrete mate-

rial or steel material under a regular operation temperature

of 80oC is not deteriorated by heat or corroded by strong

acidic gas.

Carta et al.5) have reported that when 10% or more boron

is added to the glass, it interacts with surrounding elements,

and the heat stability and bond strength are improved.

However, because boron is an additional element that has a

relatively high cost, it is a main cause of increase in the

manufacturing cost of foamed glass. To solve this problem,

Lee et al.6) employed NaCO3, CaCO3, petroleum coke, graph-

ite, etc. as blowing agents to fabricate a foamed glass by

using waste glass without boron, and they reported that

foamed glass can be manufactured based on the blowing
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agent additive amount. Such foamed glass manufactured

without boron has the advantage that it can be produced at

a low process cost compared with the conventional foamed

glass, but, in the end, there is a problem that a process for

adding a blowing agent is required.

Cho et al.7) employed NaOH as a blowing agent and

reported that, in a case of more than 6 wt% addition, the

pore expansion coefficient increased, and the mechanical

strength decreased. This means that, when foamed glass is

fabricated by adding a blowing agent, the mechanical

strength can decrease if the pore size is too large due to the

blowing agent over-addition.

Therefore, the purpose of this study was to fabricate

foamed glass economically without using boron and, partic-

ularly, to investigate whether it is possible to control the

closed pores’ average size, porosity, and thermal diffusivity

characteristics based on the molding pressure and sintering

temperature so that the physical properties of foamed glass

without boron and blowing agent were confirmed to have

the similar properties to those of conventional foamed glass.

2. Experimental Procedure

In this study, 2 mm bulk glass was prepared as a starting

material to examine the characteristics of foamed glass fab-

ricated according to the particle size, molding pressure, and

sintering temperature. The analysis of composition of sam-

ples was conducted by using scanning electron microscopy

(SEM)-energy dispersive X-ray spectroscopy (EDS) (JSM-

6010PLUS/LA, JEOL), and it was confirmed that the pre-

pared glass grits consisted of 82.64 wt%-SiO2, 9.43 wt%-

CaO, 4.91 wt%-MgO, 2.18 wt%-SO3, and 0.84 wt%-Al2O3.

The bulk glass was dry-crushed by using 10-mm-diameter

alumina balls and a planetary mill (Pulverisette 6, FRITSCH),

and then, by using a sieve, glass powder composed of parti-

cles with 10.7 µm average sizes was prepared.

Of the fabricated glass powder, 2 g was put into a cylindri-

cal metal mold 20 mm in diameter, and, by using a press

(HYDRAULIC Unit Model #3912, CARVER), uniaxial press-

ing was performed. Here, using molding pressures of 0, 30,

60, 90, and 120 MPa, the shape of a disk green body was

produced. 

The green body fabricated by changing the molding pres-

sure was sintered at 750oC, 775oC, 800oC, 900oC, and 1,000oC,

respectively by using a electric furnace (SK1700-B30, Thermo

Technology). 

As shown in Fig. 1, the sintering process was conducted at

a heating rate of 3oC/min, and, after the peak temperature

was maintained for 5 min, a cooling rate of 1oC/min was

applied.

To examine the glass transition temperature of the pre-

pared bulk glass, a thermogravimetric analysis–differential

thermal analysis (TGA-DTA) (DTG-60H Dong-il SHIMADZU,

Japan) analyzer was used, and, in a nitrogen condition of

nitrogen atmosphere (flow rate 30 ml/min), the glass transi-

tion temperature was examined by measuring with a heat-

ing rate of 3oC/min in the range of 0 ~ 1,000oC.

To examine the microstructure of the fabricated foamed

glass, an optical microscope (AX-10, ZEISS) and a field

emission scanning electron microscope (FE-SEM, S-4300,

Hitachi) were used. Using these, the average pore size,

porosity and the open pore or closed pore was checked. 

The porosity was determined from the area of pore per

observation area by using an image analysis program (iSo-

lution DT x64 (IMS digital)) for the analyzed cross-section

image. Along with the microstructure, the closed pore was

confirmed indirectly by dropping 0.3 ml H2O using a spoid

on the surface of the foamed-glass. For the component anal-

ysis of fabricated foamed glass, an SEM-EDS analysis was

performed by crushing the foamed glass with an alumina

mortar.

To examine the insulating characteristics, the thermal dif-

fusivity was analyzed by using a heat flow meter (HFM,

NETZSCH). Here, in an Ar atmosphere, the measurements

were taken three times repetitively with 260 V and a 600 µs

pulse width to represent the average value. 

For the color of the foamed glass, the CIE-Lab value was

examined by using an ultraviolet–visible–near-infrared

(UV–VIS–NIR) (UV-3150, SHIMADZU) color meter, and,

by measuring in the 300 ~ 800 nm spectrum, the color dif-

ference was analyzed according to the respective molding

pressure and sintering temperature based on the Lab index

(CIE-Lab) of 0 MPa−800oC foamed glass.8)

3. Results and Discussion

Figure 2 shows the TGA-DTA result of glass powder. In

the TGA result of approximately 182oC, a small number of

weight change was confirmed, and it is thought that this

occurred as the moisture of the glass evaporated. The DTA

result confirmed an endothermic reaction in the 626 ~

727oC, and this was determined to be the glass transition

temperature. Accordingly, at a temperature of 727oC or

higher, it was determined that some of the glass powder

components can overcome the bonding of the base material

and form pores. Therefore, it is determined that pores can

be developed at 727oC or higher without a blowing agent.2)

Table 1 shows the component analysis results of green

body and foamed glass fabricated with 1,000oC−5 min. The

Fig. 1. Sintering process condition of the prepared specimen.
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green body’s component analysis result confirms that the

compositions of SiO2, CaO, MgO, SO3, and Al2O3 are 82.64

wt%, 9.43 wt%, 4.91 wt%, 2.18 wt%, and 0.84 wt%, respec-

tively. Afterwards, however, in the foamed glass’s compo-

nent analysis result, only SiO2, CaO, and MgO components

were confirmed. Here, a small amount of Al2O3 existed in

the green body, but no trace of it was found in the foamed

glass due to the limitation of resolution of EDS. However, in

the case of SO3, it is determined to have disappeared due to

SO3 → SO2 + 1/2 O2 decomposition reaction. This is consis-

tent with the report of Meng et al.9) for decomposition reac-

tion of SO3 → SO2 + 1/2 O2 at 800 ~ 900oC and the report of

W. E. Wentworth et al.10) regarding the formation of SO2

and O2 due to reaction of SO3 at 500 ~ 1,000oC.

Therefore, SO3 was not detected after sintering because,

as confirmed in the reports of Meng and Wentworth, it was

a reaction result of SO3 at 750oC or higher, and it was

expected that the pore size would become larger because of

volume expansion.

Figure 3 shows the microstructure images of the foamed

glasses that were fabricated by sintering the green bodies at

750oC and 1,000oC; the green bodies were fabricated with 0

MPa and 120 MPa molding pressures, respectively. An image

examined with the left-side FE-SEM and an image exam-

ined with the right-side optical microscope are shown.

Figure 3(a) shows the microstructure image of the 0 MPa–

750oC condition, and, for the pores, it was confirmed that

closed pores of a spherical shape were formed. Here, the

Fig. 2. TGA-DTA data of a glass powder.

Table 1. Properties of Green Body and Foamed Glass.
(%)

Elements Green body Sintered body

SiO2 82.64 83.52

CaO 9.43 11.74

MgO 4.91 4.74

Al2O3 0.84 -

SO3 2.18 -

Total 100.00 100.00

Fig. 3. Microstructure image (left) and optical microscopy image (right) of sintered material with molding pressure and sintering
temperature: (a) 0 MPa−750oC, (b) 120 MPa−750oC, (c) 0 MPa−1000oC, (d) 120 MPa−1000oC.
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average pore size was 9.7 µm. Fig. 3(b) shows the image in

the 120 MPa–750oC condition, and closed pores of spherical

shape were formed, just like those of Fig. 3(a). Here, the

average pore size was 8.0 µm, which was a similar pore size

in the margin of error. It is determined that, at the rela-

tively low 750oC sintering temperature, the molding pres-

sure does not affect the pore size.

Figure 3(c) shows the microstructure image in the 0 MPa–

1,000oC condition, and it was confirmed that closed pores of

spherical shape formed. Here, the average pore size was

578.5 µm. Fig. 3(d) shows the image in the 120 MPa–

1,000oC condition, and, as with Fig. 3(c), spherical closed

pores formed. Furthermore, the average pore size was 341.7

µm, which decreased by approximately 41%. It was deter-

mined that the pore size was smaller because compressive

stress, which increasing the viscosity of the porous wall was

produced as the molding pressure increased. Therefore, it is

determined that the average pore size is affected more by

the change in the sintering temperature than the change in

the molding pressure.

Figure 4 shows the average pore sizes according to the

respective molding pressure and sintering temperature

with respect to the results of Fig. 3. Samples fabricated at a

sintering temperature of 750 ~ 900oC showed the formation

of pores with a maximum size of 25.0 µm. In the tempera-

ture range of 750 ~ 900oC, as the temperature increased

regardless of molding pressure, the pore size was 8.0 ~ 23.2

µm, which was proportional to the temperature. In the case

of samples fabricated at a 1,000oC sintering temperature,

when fabricated with 0 MPa molding pressure, pores of

about 580.0 µm were formed; when fabricated with a 30

MPa molding pressure, pores of about 400.0 µm were

formed. Particularly, in the molding pressure range of 60 ~

120 MPa, pores of about 350.0 µm average were formed,

confirming that the pore size decreased as the molding pres-

sure increased at 1,000oC sintering temperature. This con-

firms that, when the molding pressure is in the 60 ~ 120

MPa range, because the densification occurs, the porosity

decreases by 35%.

In particular, the pore size increased sharply from approx-

imately 340.0 to 580.0 µm as the sintering temperature

increased to 1,000oC because the volume expansion of SO2

and O2 were accelerated as the temperature increased, as

described earlier.

In the case of the molding pressure, because of the effect of

densification, the size of pores developed from SO2 and O2

were relatively limited due to increase of the viscosity of the

porous wall. For example, especially at 1,000oC, the com-

pressive stress increases as the molding pressure increases.

So the viscosity of the glass forming a porous wall may

increase. It is determined that the pore becomes small when

the molding pressure is relatively high.

Therefore, the results of this study confirm that it is possi-

ble to fabricate foamed glass formed with closed pores by

controlling the molding pressure and sintering tempera-

ture, without boron and a blowing agent. Moreover, it was

confirmed that at a sintering temperature of below 900oC,

closed pores with a maximum size of 25.0 µm are formed

regardless of the molding pressure.

Figure 5 shows the porosity for each condition of fabri-

cated sample. When the molding pressure is constant and

the sintering temperature increases, the porosity increases.

As described earlier, this is because, as the sintering tem-

perature increases, SO2 and O2 gas produced from SO3

forms large pores through sufficient expansion. In the sin-

tering temperature range of 750 ~ 900oC, even if the mold-

ing pressure increases, there is no significant change in the

porosity, as shown in Fig. 4. However, at a 1,000oC sintering

temperature, as the molding pressure increases, the poros-

ity decreases, and this is because, as described in Fig. 4, as

the molding pressure increases from 0 to 120 MPa, the aver-

age pore size becomes smaller and the relative pore area

decreases as well. 

Figure 6 shows the thermal diffusivity analysis result

according to the molding pressure and sintering tempera-

ture. The thermal diffusivity result shows that the depen-
Fig. 4. Pore size of foamed glass with molding pressure and

sintering temperature.

Fig. 5. Porosity of foamed glass with molding pressure and
sintering temperature.
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dency on the molding pressure is not large; when the

sintering temperature increased, it became lower, and in

the 0 MPa–1,000oC condition, a value of 0.115 W/m·K was

shown. This result is consistent with the changes in the

pore size and porosity confirmed earlier. 

The thermal diffusivity of thermal insulation usually used

for building structures is approximately 0.035 ~ 0.160 W/

m·K,11) and the thermal diffusivity of about 0.115 W/m·K

confirmed in this study demonstrates potential as thermal

insulation.12) Styrofoam, which is widely used convention-

ally and has excellent thermal conductivity characteristics

of 0.036 W/m·K,13) but, when fire occurs, it is easily com-

busted and toxic gas is produced. Therefore, considering the

flame resistance characteristics of thermal insulation, the

proposed foamed glass can be employed as a safe thermal

insulation for building structures.

Table 2 shows the color difference calculated based on the

Lab of samples fabricated at 0 MPa–800oC for each condi-

tion. Based on the molding pressure and sintering tempera-

ture, the color differences of all the samples were 8 or less,

confirming that the colors were all similar. This result

agrees with the report of Park et al.,14) which stated that a

color difference of 10 or less is difficult to distinguish clearly

with the naked eye. Therefore, it was confirmed that simi-

larly translucent white foamed glasses can be obtained

regardless of molding pressure and sintering temperature.

Furthermore, for regular foamed glass, it is known that

inorganic compound pigment can be added to materialize a

black color, but the result of this study is significant in that

the same white color can be materialized regardless of the

manufacturing process.

4. Conclusions

It was possible to fabricate foamed glass that had the

desired pore size, porosity, thermal diffusivity, and color

from a boron-free glass grits without a blowing agent. To

develop the foamed glass without a blowing agent, it is

important to include the SO3 component into the glass

material, and the increase in the molding pressure and sin-

tering temperature can become important pore control vari-

ables. The average pore size of foamed glass can be controlled

in the range of 8.0 ~ 580.0 µm, and, in all cases, closed pores

were confirmed. The porosity can be controlled in the range

of 5.69 ~ 68.45%. Furthermore, by adjusting the sintering

temperature, the thermal diffusivity can be also controlled

in the range of 0.115 ~ 1.113 W/m·K. As for the color, trans-

lucent white foamed glass can be obtained in all the pro-

cesses. Therefore, even without boron and a blowing agent,

the fabrication conditions of translucent white foamed glass

consisting of closed pores were confirmed, whereby the pore

size, porosity, and thermal diffusivity can be controlled.
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