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ABSTRACT

In this study, fabrication method of inorganic insulation were studied to reduce CO, from buildings. Main materials for inor-
ganic insulation were used cement, blast furnace slag and aluminum powder as foaming agent. Mixing ratio of cement and slag
was controlled and physical properties of inorganic insulation were analyzed. When inorganic insulation was fabricated using
cement and slag, expanded slurries were not sunken and hardened normally. Pore size was 0.5 - 2 mm; mean pore size was about
1mm in inorganic insulation. Compressive strength of inorganic insulation increased with curing time and increased slightly with
cement fineness. However, specific gravity decreased slightly with curing time; this phenomenon was caused by evaporation of
adsorptive water. When inorganic insulation was dried at 60°C, compressive strength was higher than that of undried insulation.
The highest compressive strength was found with a mixture of cement (50%) and slag (30%) in inorganic insulation. Compres-
sive strength was 0.32 MPa, thermal conductivity was 0.043 W/mK and specific gravity was 0.12 g/cm®.
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1. Introduction

Greenhouse gas emission from buildings accounts for
about 25% of the total emission in South Korea. Since
the energy consumption at buildings will further increase
due to economic growth, the ratio of the greenhouse gas
emission from buildings is expected to grow to about 40%.%?
Accordingly, various methods of reducing energy consump-
tion at buildings have been conducted in South Korea.*?
Highly efficient and environment-friendly insulation mate-
rials have been developed in many countries, and the com-
petitiveness of insulation materials is considered as a
reference of national energy utilization efficiency. In advanced
countries, such as European countries and Japan, national
standards for insulation materials have been amended, and
problems of insulation materials (strength, economic feasi-
bility, fire resistance, buildability, human body hazard, etc.)
have been overcome.®

Insulation materials may be classified as organic and
inorganic materials; the organic insulation materials include
Styrofoam and polyurethane. These materials have excel-
lent thermal insulation properties and are available at a low
cost, but may result in large fires and generate hazardous
gases in the case of a fire.”™®

Inorganic insulation materials, such as glass fiber and
rock wool, are non-combustible materials that are safe in
the case of a fire, but may experience a decrease of insula-

fCorresponding author : Yong Sik Chu
E-mail : yschu@kicet.re.kr
Tel : +82-55-792-2463 Fax : +82-55-792-2469

—-61-

tion and exacerbation of durability when the materials
absorb water. To solve these problems, a novel inorganic
insulation material for which the water absorption may be
controlled needs to be developed. In Germany and other
countries, insulation materials having controllable water
absorptivity and that are safe against fire are already in
use. These materials are inorganic insulation materials
manufactured by hydrothermal synthesis at 180°C. A repre-
sentative example of these materials is Multipor®(Xella),
manufactured using cement, lime, and silica powder as raw
powder materials and aluminum powder as a foaming
agent.” In hydrothermal synthesis-based manufacturing,
these raw materials are mixed with water for foaming. In
European countries, a method of using high-fineness cement
and a vegetable foaming agent has been studied, but the
method has not been completed.'” The room temperature-
based method does not require a heat source, but method
development is still at the level of fundamental theory
because of the poor foaming performance and physical prop-
erties. Therefore, systematic research and development
work should be carried out continuously to develop a room
temperature-based method for manufacturing inorganic
insulation materials.

The present study was conducted to develop a room tem-
perature-based method for manufacturing inorganic insula-
tion materials without a heat source. The raw powder
materials used were cement and slag; the foaming agent
used was an aluminum-based foaming agent. The content of
the cement and slag was varied, and the physical properties
of the resulting material were analyzed depending on the
cement and slag content.
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2. Experimental Procedure

A fine slag powder was used to prepare a cement-based
inorganic insulation material, because such a powder may
effectively show strength at an old material age and provide
initial slurry stability (prevention of slurry collapse).

Commercially available ordinary Portland cement (OPC,
S Company) was pulverized using a vibration mill, con-
trolling the fineness at 7,500 and 10,000 cm?g. A fine pow-
der of commercially available slag was obtained and
pulverized to a fineness of 7,000 cm*g. The lime used in the
present study was purchased from B Company; anhydrite
was from J Company. Table 1 shows the mixing ratios of the
cement and slag for the investigation of the properties of the
resulting inorganic insulation material. The slag content
was varied at 10%, 15%, 20%, 25%, 30%, and 35%; the
cement content was varied from 45% to 70%. The content of
the lime was fixed at 10% and that of the anhydrite was
either 5% or 10%. The ratio of SMK 1311, a chemical admix-
ture for removing gigantic foams and securing foam stabil-
ity, was fixed at 0.06%, and the content of a silicone-based
water-repellent was fixed at 0.1%. The content of the alumi-
num powder foaming agent was also fixed at 0.6%.

To prepare the primary slurry, powders of OPC, slag,
lime, and anhydrite were mixed together. Then, water was
mixed in at a ratio of 130% of the binder weight and SMK
1311 was added to prepare the slurry. The mold for the for-
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mulation of the slurry was a Styrofoam mold of dimensions
220 %X 220 X 220 mm.

The aluminum powder was added to the slurry and the
resulting mixture was sufficiently mixed to prepare the
final slurry, which was then kept in the air. After about two
hours, the slurry expanded to a maximum volume because
the reaction between the aluminum powder and the
hydrates to produce hydrogen gas was completed within
about two hours. Fig. 1 is an image of the final slurry after
the foaming was completed. The prepared specimens were
removed from the mold 24 h after the preparation of the pri-
mary slurry. The specimens removed from the mold were
cured at the indoor temperature of 25 + 2°C and a relative
humidity over 60%. The curing period was fixed at 3, 7, 15,
and 28 days. After each of the curing periods had passed,
the density, compressive strength, and thermal conductivity
of the specimens were measured, and the pores in the speci-
mens were also observed.

3. Results and Discussion

3.1. Slurry Preparation Properties

As shown in Fig. 1, all the slag-mixed slurry specimens
showed good foaming without slurry setting or collapse
(backing, etc.). The internal temperature of all the samples
of foaming slurry was below 45°C, but slightly increased as
the slag content was increased. However, no correlation

Table 1. Mixing Ratios of Slurry for Thermal Insulation (Unit : %)
No. oPc Slag Lime Anhydrite Water SMK 1311 Water Al Powder
10,000 7,500 Repelling Agent
1 50 35 10 5 130 0.06 0.1 0.6
2 50 30 10 10 130 0.06 0.1 0.6
3 45 35 10 10 130 0.06 0.1 0.6
4 50 30 10 10 130 0.06 0.1 0.6
5 55 25 10 10 130 0.06 0.1 0.6
6 60 20 10 10 130 0.06 0.1 0.6
7 65 15 10 10 130 0.06 0.1 0.6
8 70 10 10 10 130 0.06 0.1 0.6

Fig. 1. Hardened slurries according to mixing ratios after 24

h.
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Fig. 2. Pore structure of hardened slurry after 24 h.

between the internal slurry temperature and the slag con-
tent was clearly derived. That the foaming slurry showed
neither cracking in the cured slurry, nor collapse, even after
24 h, indicated that the cured slurry remained very stable
even after 24 h.

Figure 2 shows the pores in the Nos. 2 and 4 slurry speci-
mens after 24 h of curing. The size of the pores in the Nos. 2
and 4 slurry specimens was in a range from about 0.5 to 2
mm; the average pore size was about 1 mm. Some of the
pores were connected pores and open pores, while others
were closed pores. The close pores may have a positive effect
on the insulation performance; they may also contribute to
an increase of the compressive strength.!?

3.2. Physical Properties Depending on Number of
Curing Days

As described above, the density, compressive strength,
and thermal conductivity of the cured slurry specimens
were measured after curing for 3, 7, 15, and 28 days. The
prepared specimens were cured during each of the curing
periods at a temperature of 25 + 2°C and a relatively humid-
ity of over 60%. Fig. 3 shows the appearance of the speci-
mens after 15 days of curing. All the specimens were in a
good condition without cracks.

Figure 4 shows the density of the specimens depending on
the curing period. As the curing period was increased, the
density decreased. In particular, the density greatly decreased

Fig. 3. Apparent conditions of specimens after 15 days.
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from the material age of 3 days to 7 days. The density
slightly decreased when the curing period was increased
from 14 days to 28 days. The density was not affected by the
slag mixing conditions, while the density was strongly
affected by the curing period. This may be because the
water included in the cured slurry specimens may have
been evaporated more rapidly in the earlier stage of curing.

Figure 5 shows the variation of the compressive strength
depending on the cement fineness and the curing period.
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Fig. 5. Compressive strength with cement fineness.
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The compressive strength generally increased with the
increase of the curing period and the OPC fineness. Com-
paring the No. 2 and 4 specimens, having respective fine-
ness values of 10,000 cm*/g and 7,500 cm?/g, the compressive
strength of the No. 2 specimen was slightly higher, indicat-
ing that the compressive strength slightly increased with
the increase of the cement fineness (The compressive
strength values of the No. 2 and 4 specimens after the mate-
rial age of 28 days were 0.3 MPa and 0.28 MPa, respec-
tively). Since the porosity was about 90% and the volume
occupied by the matrix was as little as about 10%, the con-
tribution of the matrix was very small, and thus the com-
pressive strength was not significantly dependent on the
matrix fineness.

Figure 6 shows the compressive strength depending on
the mixing ratios shown in Table 1. As can be seen in Fig. 6,
the compressive strength increased with the increase of the
curing period. The highest compressive strength values
were found at a slag content of 30% (cement content 50%)
after 15 days and 28 days of curing period. As the curing
period was further increased, the compressive strength
gradually decreased as the slag content was decreased and
the cement content was increased. The decrease of the com-
pressive strength was caused by both the decrease of the
slag content and the increase of the cement content. Gener-
ally, when a slag is used, the Pozzolanic reaction occurs,
improving the strength. The Pozzolanic reaction is generally
known to be enhanced as the curing period increases. How-
ever, this is true only when an appropriate amount of slag is
used, and thus the Pozzolanic reaction may be dependent on
the properties of the specimens and the curing conditions.
As shown in Fig. 6(a), the difference of the compressive
strength between the specimens was more after 28 days of
curing than after 3 days and 7 days of curing. This may be
because of the appropriate slag content condition and the
difference of the Pozzolanic reactivity.'? Hence, considering
the Pozzolanic reactivity, the optimal mixing ratio may be
slag 30% and cement 50%. Fig. 6(b) shows the compressive
strength data for only a curing period of 28 days, more spe-
cifically indicating the gradual decrease of the compressive
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Fig. 6. Compressive strength with mixing ratios.
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strength after the peak of the No. 4 specimen mixing condi-
tion.

3.3. Physical Properties of Dried Specimens

After completing each of the curing periods, the specimens
prepared according to the method described in Section 3.2
were dried and their physical properties were analyzed. The
specimens were dried by increasing the temperature by
10°C per hour from 30°C to 60°C. Then, to minimize heat
shock to the specimens, the specimens were sufficiently
dried at 60°C until the weight became constant. No cracks
due to heat shock were found on the specimens after drying.
The compressive strength, over-dried density, and thermal
conductivity were measured after the drying to review the
possibility of using the material as an insulation material.

Figure 7 shows the over-dried density of the specimens.
The over-dried density of the specimens was not dependent
on the mixing ratios. The density values of all the dried
specimens were similar, in a range of 0.11 to 0.12 g/cm?®. Fig.
8 shows the compressive strength of the dried specimens.
The compressive strength increased with the increase of the
curing period. The compressive strength of some specimens
was higher than 0.3 MPa after 28 days of curing. The com-
pressive strength of the dried specimens was slightly higher
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Fig. 7. Specific gravity of dried specimen at 60°C.
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Fig. 8. Compressive strength of dried specimen at 60°C.
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Fig. 9. Thermal conductivity of dried specimen at 60°C.
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than that of the specimens before drying, indicating that the
hydration reaction between the slag and the cement
occurred more during the drying process. However, the com-
pressive strength values of each specimen were not different
before and after drying. The thermal conductivity of the
dried specimens was dependent on neither the curing period
nor on the mixing ratio (Fig. 9).

The thermal conductivity of all specimens was in the
range of 0.041 to 0.043 W/mK for all the curing periods. In
addition, the thermal conductivity values of the No. 3 and 5
specimens were similar at 0.043 W/mK. This shows that the
thermal conductivity is not dependent on the hydration
reaction between the cement and the slag, but on the pore
properties (pore volume and pore type, etc.). Fig. 10 shows
the pore characteristics of the No. 4 specimen after drying,
as analyzed using an image analyzer (IA). The blue region
represents the pores, while the gray region represents the
matrix. The image shows that many pores were included in
the specimen. The porosity analyzed by the IA was 90.0%,
and the average pore size was 0.84 mm. The pore character-
istics are consistent with the pore characteristics observed
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Fig. 10. Pore characteristics of No.4, obtained by image
analyzer.
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Fig. 11. Compressive Strength of dried specimen at 80°C.

in the slurry cured for 24 h, as shown in Fig. 2. The experi-
mental results verified that the compressive strength was
dependent on the drying temperature. Therefore, the drying
temperature was increased from 60°C and 80°C. The dryer
temperature was increased at a rate of 10°C per hour, and
kept at 80°C until the weight became constant. Fig. 11
shows the compressive strength after drying at 80°C.

With the drying temperature of 80°C, the compressive
strength did not increase but decreased. After 28 days of
curing, the maximum compressive strength was 0.25 MPa,
and the minimum compressive strength was 0.17 MPa,
indicating that the compressive strength decreased slightly
after drying. The decrease of the compressive strength after
drying at 80°C may be because of crack generation due to
heat shock during drying. The heat shock might have
caused thermal degradation of hydrates, such as ettringite,
a cement hydrate, as well as shrinkage of the specimen.
Therefore, the drying temperature necessary to acquire the
maximum compressive strength may be 60°C.
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4. Conclusions

In the present study, an inorganic insulation material was
prepared at room temperature using cement, lime, and sil-
ica powder as raw powder materials, and aluminum powder
as a foaming agent. The contents of cement and slag were
varied, and the physical properties of the resulting material
were analyzed depending on the cement and slag content.
The following conclusions were obtained from the present
study.

1. When the insulation material was prepared using
cement and slag, the foaming slurry was normally cured
without setting. The sizes of the pores in the insulation
material were about 0.5 to 2 mm, and the average pore size
was about 1 mm.

2. The compressive strength of the insulation material
generally increased with the increase of the curing period.
The compressive strength of the insulation material also
slightly increased with the increase of the cement fineness.
On the other hand, the density gradually decreased as the
curing period increased, which may be because the water
included in the material evaporated.

3. At the drying temperature of 60°C, the compressive
strength increased after drying. The highest compressive
strength was found under the mixing condition of slag 30%
and cement 50%. Under that condition, the compressive
strength was 0.32 MPa, the thermal conductivity was 0.043
W/mK, and the over-dried density was 0.12 g/cm?®. However,
as the drying temperature was increased to 80°C, the com-
pressive strength decreased, which may be because the
hydrates existing in the insulation material had been ther-
mally degraded.

The present study showed that an inorganic insulation
material may be successfully prepared at room temperature
by appropriately mixing slag and cement. In addition, the
inorganic insulation material prepared at room tempera-
ture showed proper compressive strength and thermal con-
ductivity, indicating that the material may be applied to
buildings.
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