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ABSTRACT

Heat insulation plates of fumed silica were prepared by mixing fumed silica, SiC powder and chopped glass fiber by a high

speed mixer followed by pressing of the mixture powder in a stainless steel mold of 100 × 100 mm. Composition of the plates,

particle size of SiC, and type of inorganic binder were varied for observation of their contribution to heat insulation of the plate.

The plate was installed on the upper portion of an electric furnace the inside temperature of which was maintained at 400°C and

600°C, for investigation of heat transfer through the plate from inside of the electric furnace to outside atmosphere. Surface tem-

peratures were measured in real time using a thermographic camera. The particle size of SiC was varied in the range of

1.3 ~ 17.5 µm and the insulation was found to be most excellent when SiC of 2.2 µm was incorporated. When the size of SiC was

smaller or larger than 2.2 μm, the heat insulation effect was decreased. Inorganic binders of alkali silicate and phosphate were

tested and the phosphate was found to maintain the heat insulation property while increasing mechanical properties. 
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1. Introduction

eat insulating materials of high-temperature type have

been used as generally fiber-based or fumed silica-based

porous compacted insulation frequently for power genera-

tion plants, oil refinery plants, and steel mills. The fumed

silica based porous compact insulation is fabricated by dry

pressing of powder mixture. The insulation or mineral wool

is produced in a board type or in a quilt type with the outer

skin layer surrounded by glass fiber fabric, which contain

nano-sized fumed silica powders capable of greatly reducing

heat flows by conduction, convection and radiation as the

main composition, adding opacifiers shutting off infrared

radiation heat, and reinforcing with glass fibers and binders

to increase green compact strength. Fumed silica particles

as a type of silica powders form a structure with a few ten or

a few hundred primary particles of 7 ~ 40 nm in size loosely

agglomerated like a tortuous path to lower thermal conduc-

tivities by elongating the pathway for heat conduction and

suppressing heat transfer by convection of heat due to hav-

ing pore sizes of a nano level.1-3) Fumed silica at room tem-

perature is known to have low thermal conductivity values

of 0.01 ~ 0.03 W/m·K. Many studies have been performed

for improvement of heat insulation by adding opacifiers of

high refractive index such as TiO
2
, SiC, ZrO

2
, C, etc. capable

of reducing radiative heat transfer by scattering or absorb-

ing radiation.3-11) The infrared ray irradiated onto opacifiers

have difficulty in passing through the heat insulation plate

due to scattering and reflection or absorption, suppressing

radiative heat transfer. Therefore, the radiated energy is

affected by contents of opacifiers for heat insulation mate-

rial and plate thickness according to the Beer- Lambert law

stating that absorbance of light is proportional to the con-

centration and thickness of the medium through which light

is passing. As application temperature is raised, the radia-

tion spectrum intensity is increased by 4 orders of magni-

tude and the wavelengths of radiated rays are shortened so

that infrared extinction of the opacifier is an important ele-

ment for the heat insulating property. Since the radiated

rays have a continuous spectrum rather than a characteris-

tic spectrum, it is not easy to determine a specific particle

size having the greatest infrared extinction at a application

temperature. The particle size has also a distribution. Zhao

et al. have studied the effects of infrared wavelength or mea-

surement temperature on extinction coefficient by adding

TiO
2
, SiC, ZrO

2 
opacifier powders of various particle sizes

and particle forms to silica aerogel.5) In their study, the

result for SiC is presented where the infrared extinction

coefficient as a function of measurement temperature is the

largest for 4 µm at 400oC, and for 3 µm at 600oC. As green

compacts should have an appropriate strength to use materi-

als in powder form such as fumed silica as a high-temperature

heat insulation material, 2 ~ 20 wt% of glass fiber or silica

fiber is added as reinforcement.2,7) To prevent desorption of

fumed silica particles and to reinforce strength, inorganic

H
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binders such as water glass (alkali silicate), phosphates,

borates, etc. are being used.12,13) To grant initial green

strength, organic binders such as PVA, cellulose, etc. may

also be used. However, the use of the latter is limited to

200oC due to thermal stability problems. While mechanical

characteristics are improved by addition of fibers and inor-

ganic binders, negative effects on light weight and heat

insulation property of the fumed silica may be resulted.14)

Such compressed type of heat insulation is produced and

sold globally by Microtherm of UK, Porextherm of Ger-

many, and domestically by Morgan, Kyungdongone, KCC

etc. Products with low thermal conductivities of 0.02 ~ 0.04

W/m·K for the application in the temperature range of

200 ~ 800oC and with different mechanical strengths are

being produced.

In the present study, to investigate heat insulation prop-

erty of fumed silica based insulation, various compacted

plates were prepared by pressing the dried mixtures of

chopped glass fiber, fumed silica, and SiC powder using a

square steel mold of 300 × 300 mm, followed by evaluation

of thermal conductivities at 400 and 600oC by guarded hot

plate method. The compacts of mixed powders in 5 composi-

tions for the surface temperature measurement were

formed using a square steel mold of 100 × 100 mm. The sur-

face temperature measurement of the plates was performed

by exposing the plate bottom to the set temperature of an

electric furnace, 400 and 600oC. By checking for the correla-

tion coefficients between thermal conductivity and surface

temperature of heat insulation plates by using the indepen-

dent surface temperature measuring instrument, the evalu-

ation of heat insulation property was possible for the plates

of various compositions. By measuring surface tempera-

tures of the heat insulation materials with addition of SiC

powders in the range of 1.3 ~ 17.5 µm having 7 types of dif-

ferent sizes, the effects of SiC particles on heat insulation

property were discussed based on the correlation coeffi-

cients between thermal conductivity and surface tempera-

ture. In addition, heat insulation plates were prepared by

using inorganic binders including 3 types of alkali silicates

and 2 types of phosphates, and surface temperatures were

measured followed by evaluation of the effects of binders on

flexural strength and heat insulation property.

2. Experimental Procedure

2.1. Raw material characterization

As the raw materials for preparation of heat insulation

materials, fumed silica (Tokuyama), SiC (Sinxing advanced

material), and glass fiber of 12 µm in diameter (Owens

Corning) were used. The microstructure of the raw materi-

als was investigated by SEM (SEM300, Topcon) as shown in

Fig. 1. Particle size distributions of SiC powders were mea-

sured by PSA (Particle Size Analysis, LA-950, Horiba). Spe-

cific surface areas of SiC powders were measured by using

BET (Brunauer Emmett and Teller, TriStar3000, MICRO-

MERITICS) after pretreatment at 120oC for 24 h. The

fumed silica has a specific surface area of 312 m2/g and a

primary particle size of ~ 20 nm with an agglomerated-type

structure in 3D chain form. For SiC powders, 7 different

sizes including 1.3, 2.2, 3.9, 5.1, 8.2, 13.1, and 17.5 μm were

used. To improve green strengths of the specimens, 3 types

of alkali silicates including potassium silicate (PS) (27 ~

29%, Junsei chemical), sodium silicate (S.S-1) (R-300, Youn-

gil chemical), and sodium silicate (S.S-2) (ECO-300, Youngil

chemical) as well as 2 types of phosphates including alumi-

num phosphate (A.P-1) (542, Aremco) and phosphate com-

pounds (A.P-2) (503-VFG-C, Aremco)were used as inorganic

binders, which are shown in Table 1. 

2.2. Preparation of Mixtures

To study thermal conductivity of heat insulation plates as

a function of compositions, design of experiment (DOE) was

applied to mixing of the raw materials consisting of fumed

silica, glass fiber and SiC powders of 4.4 μm in size. 10 com-

positions of heat insulation plates in the range of 80 ~ 96

wt% for fumed silica, 2 ~ 18 wt% for glass fiber, and 2 ~ 18

wt% for SiC were prepared and their thermal conductivities

were measured. 5 representative compositions with distinc-

tive thermal conductivity values are selected from 10 com-

positions for measurement of surface temperature as shown

Fig. 1. SEM & TEM image of materials (a) SiC, (b) Glass
fiber, (c) Fumed silica.

Table 1. Properties and Types of Binder 

Sample name Binder type Phase Content (%) Viscosity (cP)

PS Potassium silicate liquid 27 ~ 29 80

S.S-1
Sodium silicate

liquid 36.71 >100

S.S-2 liquid 32.17 >100

A.P-1 Aluminum phosphate liquid 41 35-45

A.P-2 Phosphate compound liquid 76 5000-7000
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in Table 2. For binder mixing, 5 wt% and 10 wt% of binders

were added and mixed for the mixed powder having 80% of

fumed silica, 10% of glass fiber and 10% of SiC (composition

for Sample 2). 

2.3. Plate preparation and characterization

After mixing the raw materials at a speed higher than

2000 rpm in a dry mixer of 1 m3 capacity and placing the

powder in a square mold of 300 × 300 mm, square plates of

~ 25 mm thickness were prepared by compression at 20 atm

using a biaxial press. To remove water contained in the

plates, they were subjected to drying at 120oC for more than

24 h. After cutting the heat insulation plates into a size of

250 × 250 mm, thermal conductivity was measured at tem-

peratures of 400oC and 600oC, respectively, using the

Guarded Hot Plate method (GHP 456 Titan, Germany). For

evaluation of mechanical strengths for the prepared heat

insulation plates, measurements were made by using a uni-

versal tester (R&B Co., Ltd., RB 301) after the heat insulation

plates were cut into a size of 3 cm × 9 cm × 0.6 (± 0.3 cm).

2.4. Surface temperature measurements

To prepare the specimens for surface temperature mea-

surement, 20 g of raw powders was placed in a 1 L mixing

pulverizer and mixed at about 1000 rpm for 5 min. To find a

difference in mixedness between the powder mixed at

2000 rpm in a dry mixer of 1 m3 capacity and the powder

mixed at 1000 rpm in a 1 L mixing pulverizer, heat insula-

tion plates were prepared per formulation and surface tem-

peratures were compared at 400oC and 600oC. Here, no

large problem is considered to exist in the mixedness as the

surface temperatures of heat insulation plates differed by

less than 1%. Square plates were prepared by placing the

mixed powder in a square mold of 110 × 110 mm followed by

compression molding using a press so that the thickness of

heat insulation plate became 0.6 ± 0.3 cm. To remove water

contained in the specimens, drying was conducted at 120oC

for more than 4 h. Surface temperature of heat insulation

materials was measured by fixing a thermographic camera

on the electric furnace connected to a controller. The rele-

vant temperature for electric furnace was set at a tempera-

ture rise rate of 20oC/min for inside temperatures and of

4oC/min for outside temperatures by using the controller,

and was held for 4 h to stabilize temperatures of the electric

furnace. After stabilization, the heat insulation material

specimens were placed on an aluminum substrate to be sta-

bilized for 20 minutes, followed by measurement of surface

temperatures for the heat insulation material. Schematic

diagram for the employed apparatus to measure surface

temperatures is shown in Fig. 2. The surface temperature is

a value of average temperature measured for the area of

70 ×  70 mm in the heat insulation plate for 1 minute using

a thermographic camera.

3. Results and Discussion

3.1. Thermal conductivity vs. surface temperature

Since the specimens for measurement of high tempera-

ture thermal conductivity have a large size of 250 × 250 ×

25 mm taking 1 ~ 2 days for measuring one specimen, a

long time is required for measuring several specimens. Sur-

face temperature measurement method drastically reduces

the specimen size and the measurement time for evaluation

of heat insulation properties. In Table 2, measured values of

thermal conductivity and the corresponding surface tem-

perature values of the specimens at 400oC and 600oC. Here,

the values represent an average of 4-time measurements of

surface temperature for 2 types of specimens per composi-

tions by using a thermographic camera, with the specimen

thickness being 6 ± 0.3 mm. At 400oC, the surface tempera-

tures of the specimens were measured to be 102 ~ 110oC,

while the surface temperatures of 150 ~ 180oC were mea-

sured at 600oC. As the temperature was increased, differ-

ences in surface temperatures per compositions were shown

Table 2. Thermal Conductivity and Surface Temperature of Heat Insulation Plates with 5 Representative Compositions

Sample 
Composition (wt%) Thermal conductivity (W/m·K) Surface temperature (

oC)

SiC Ceramic fiber Fumed silica 400
oC 600

oC 400
oC 600

oC

1 12.67 4.67 82.67 0.028 0.026 102.0 154.6

2 10.00 10.00 80.00 0.034 0.041 103.4 158.7

3 4.67 12.67 82.67 0.039 0.056 106.2 162.9

4 2.00 18.00 80.00 0.046 0.075 107.4 170.3

5 2.00 2.00 96.00 0.054 0.092 110.8 180.4

Fig. 2. Experimental set up for measuring surface tempera-
ture. 
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to be large. Shown in Fig. 3 are the average and the stan-

dard deviation for 4-time measurements of surface tempera-

ture at 400oC and 600oC using a thermographic camera.

Correlation coefficients between thermal conductivity and

surface temperature at 400oC and 600oC are high as 0.96

and 0.97, respectively. Thus, it was confirmed that surface

temperature measurements of the specimen could be an

easy and convenient means for evaluation of heat insulation

property of the specimens.

According to thermal conductivity results as a function of

compositions, low thermal conductivities were obtained for

the compositions where SiC content was high, ceramic fiber

content was low and fumed silica content was increased. For

heat transfer at high temperature of 600oC the radiative

heat transfer was more dominant than conductivity heat

transfer, suggesting that SiC plays an important role in

heat transfer. 

3.2. Density vs. surface temperature

Relationship between density and surface temperature in

heat insulation plates produced by pressurization of the raw

materials mixed by compositions of Sample 1 at 2 atm ~

30 atm is displayed in Fig. 4. As shown in the figure, surface

temperatures were proportionately increased by an increase

in heat transfer due to an increase in contact points as the

specimen density was increased. The increase in surface

temperatures in correspondence to a proportionate reduc-

tion in moving distance of heat with an increase in density

of the heat insulation material was confirmed, in agreement

with the previous report.15) 

3.3. SiC particle size vs. surface temperature

To investigate the effects of the particle size of SiC con-

tained in heat insulation plates, surface temperatures of the

plates were measured for 7 different sizes of SiC powders.

Fig. 5 represents particle size distribution graphs for the

SiC powders used, with an average particle diameter shown

to be 1.3 ~ 17.5 μm. 

Heat insulation plates were prepared by using composi-

tion of Sample 1 (SiC 12.67%, glass fiber 4.67%, fumed silica

82.67%). Fig. 6 shows a change in the specific surface areas

and the surface temperatures of plates as a function of the

particle size of SiC powders. Specific surface areas were

increased with a decrease in the particle size of SiC powders

as expected. As the particle size of SiC was reduced down to

2.1 μm, the surface temperatures of heat insulation plates

were reduced along with an increase in the specific surface

area of SiC. While the surface temperature was expected to

be the lowest in the specimen of 1.3 μm having the largest

specific surface area, it was rather increased slightly. This

is attributed to the effect of the particle size on Rosseland

average extinction coefficients. The particle size is consid-

ered to be too small to sufficiently scatter the infrared spec-

trum. 

Although the differences in surface temperatures as a

function of SiC particle size were larger at the measurement

temperature of 600oC rather than that of 400oC, the trend

was similar. According to the report by Zhao et al., the

Fig. 3. Correlation between thermal conductivity and sur-
face temperature.

Fig. 4. Variation of surface temperatureas a function ofden-
sity of thermal insulation plate, measured at 600oC.

Fig. 5. Particle size distribution curves of SiC powders. 
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Rosseland average extinction coefficient was large in the order

of 3 μm > 4 μm > 5 μm > 6 μm > 1 μm in average particle size

at temperatures in the range of 400 ~ 600oC for SiC

particles of f
v

= 3%. The Rosseland average extinction

coefficient was drastically increased with an increase in

temperatures for the size of 2 μm.5) According to the

measurement results at 600oC, the Rosseland average

extinction coefficient was large in the order of 3 μm > 2 μm

≒ 4 μm > 5 μm > 6 μm > 1 μm in average particle size.

Thus, in the present study, the lowest surface temperature

was observed in the heat insulation plate using a SiC

particle size of 2.2 μm, although the surface temperature

was expected to be lower in the plate using the particle size

of 3.9 μm than 2.2 μm. The above results are slightly

different from the results of Zhao et al., which is presumed

to be a change in the extinction coefficient due to the shift of

infrared radiation spectrum distribution as a function of

measurement temperature by the differences in content,

particle size and distribution of opacifiers. The previous

study by Lee et al.,3) showed an increase in thermal

conductivity with an increase in particle size by evaluating

thermal conductivities with SiC particle size (10, 22, 31 µm)

for the mixture of fumed silica powder by 75%, ceramic fiber

by 10%, and SiC particles by 15%. Similar results were

derived here although the composition in the present study

was different. It appears that an increase in radiative heat

transfer resulted as the particle size of SiC was increased to

be larger than 2.2 μm which is considered combined effects

of the peak intensity wavelength of blackbody radiation and

the surface area of powders.

3.4. Inorganic binders vs. surface temperature and

strength

For the mechanical strength glass fiber reinforcement

may be used but the amount should be limited to avoid the

substantial increase in the thermal conductivity. For the

high temperature heat insulation materials inorganic bind-

ers such as alkali silicates, phosphates, calcite salts etc. can

be used instead of the organic binders for low temperature

application. Selection of binders which enhance the

mechanical strength but not deteriorate the thermal insula-

tion is very important. Square plates were prepared for

investigation of surface temperatures by adding 5% and

10% of each binder to the mixed powder having composition

of Sample 2, composed of fumed silica by 80%, glass fiber by

10%, and SiC by 10%. Fig. 7 shows the measurement

results for the surface temperature as a function of binder

type by selecting the standard specimen without addition of

binders (Sample 2 composition) and the specimens with 5

types of binders as shown in Table 1. The surface tempera-

tures for 2 types of plates based on phosphates binder were

lower than those for 3 types based on alkali silicates, among

which the surface temperature was found to be the lowest

exhibiting favorable heat insulation characteristics when

A.P-2 binder was used. Thermal conductivities are expected

to be increased when the gap between particles or between

particle and fiber is connected by binder to have a structure

for increased heat transfer. On the other hand, if the bond-

ing structure is not dense, then heat transfer is considered

to be suppressed so as to maintain low thermal conductivity

values. Consequently, a loose bonding structure is predicted

when the A.P-2 binder is used.

Figure 8 shows average values of flexural strengths mea-

sured for 6 times for the plates with inorganic binder type.

As compared with the standard specimen without addition

(Sample 2 composition), flexural strengths of the plates with

addition of inorganic binders were increased, and an

Fig. 6. Effect of specific surface area and size of SiC on sur-
face temperature. 

Fig. 7. Effect of inorganic binder on surface temperature of
plate at (a)400oC and (b) 600oC.
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increase in the flexural strengths with an increase in the

added amounts was observed for all  inorganic binder types.

The increase in flexural strengths were relatively larger

when 3 types of binders based on alkali silicate were added

in comparison with the case where phosphate binders were

used, consistent with the surface temperature measure-

ments shown in Fig. 7. The results confirmed that binders

increase the surface temperatures of the specimens by

increasing heat transfer due to an increase in contact points

and at the same time contribute to an increase in flexural

strengths by reinforcing bonding between particles, and

between particle and fiber.

4. Conclusions

With fumed silica powder, glass fiber and SiC powder as

the raw materials, green compacts of 300 × 300 mm plate

having 10 different compositions were prepared and ther-

mal conductivities were measured. Among those, five types

of mixing ratios were selected to prepare 100 × 100 mm

plates and surface temperatures were measured to confirm

the correlation between thermal conductivity and surface

temperature. Correlation coefficients between thermal con-

ductivity and surface temperature at 400oC and 600oC were

high as 0.96 and 0.97, respectively, suggesting that evalua-

tion of heat insulation property was possible for the com-

pacts of various mixing ratios by measuring the surface

temperatures for green compacts of much smaller size than

the specimens for evaluation of thermal conductivity by

guarded hot plate method. The surface temperatures of the

heat insulating plates decreased as the particle size of SiC

opacifiers reduced from 17.5 µm to 2.1 µm and then slightly

increased for 1.3 µm. The trends were similar although the

differences in surface temperature as a function of SiC par-

ticle size were larger at the measurement temperature of

600oC than those at 400oC. The Surface temperature was

low to exhibit good heat insulation properties when phos-

phate binder types were used compared to silicate types.

The flexural strength was however correspondingly poorer. 

Acknowledgments

The authors are grateful as the present study has been

performed under the auspices of Hyundai NGV Co.,Ltd.(A

Research on Preparation of High Thermal Insulation for

Vehicle, CPA 14074) and Construction Project for Ceramic

Fibers Commercialization Center, and thank for support of

Kyundongone on preparation of thermal insulation plate

samples for thermal conductivity measurement.

REFERENCES

1. R. Caps and J. Fricke, “Radiative Heat Transfer in Silica

Aerogel,” pp. 110-15 in Aerogels edited J. Fricke, Springer,

Heidelberg, 1986.

2. W. Ahn, “Fabrication and Thermal Properties of Fumed

Silica/Ceramic Wool Inorganic Composites,” J. Korea Acad.

Industr. Coop. Soc., 15 [6] 4007-12 (2014).

3. Y. P. Kwon, H. C. Kwon, S. Park, and J. C. Lee, “Effect of

Ceramic Fibers and SiC Opacifiers on Thermal Conductivi-

ties of Fumed Silica-Based Thermal Insulation Media,” J.

Korean Ceram. Soc., 44 [12] 747-50 (2007).

4. D. Lee, P. C. Stevens, S. Q. Zeng, and A. J. Hunt, “Thermal

Characterization of Carbon-Opacified Silica Aerogels,” J.

Non-Cryst. Solids, 186 285-90 (1995).

5. J. J. Zhao, Y. Y. Duan, X. D. Wang, X. R. Zhang, Y. H. Han,

Y. B. Gao, and B. X. Wang, “Optical and Radiative Proper-

ties of Infrared Opacifier Particles Loaded in Silica Aero-

gels for High Temperature Thermal Insulation,” Int. J.

Therm. Sci., 70 54-64 (2003).

6. S. Park, Y. P. Kwon, H. C. Kwon, H. W. Lee, and J. C. Lee,

“Effect of Composition on Thermal Conductivity of Silica

Insulation Media,” J. Nanosci. Nanotechnol., 8 [10] 5052-56

(2008).

7. B. Yuan, S. Ding, D. Wang, G. Wang, and H. Li, “Heat

Insulation Property of Silica Aerogel/Glass Fiber Compos-

ites Fabricated by Press Forming,” Mater. Lett., 75 204-6

(2012).

8. X. D. Wang, D. Sun, Y. Y. Duan, and Z. J. Hu, “Radiative

Characteristics of Opacifier-loaded Silica Aerogel Compos-

ites,” J. Non-Cryst. Solids, 375 31-9 (2013).

9. J. Wang, J. Kuhn, and X. Lu, “Monolithic Silica Aerogel

Insulation Doped with TiO
2
 Powder and Ceramic Fibers,”

J. Non-Cryst. Solids, 186 296-300 (1995).

10. J. P. Feng, D. P. Chen, W. Ni, S. Q. Yang, and Z. J. Hu,

“Study of IR Absorption Properties of Fumed Silica-Opaci-

fier Composites,” J. Non-Cryst. Solids, 356 480-83 (2010).

11. H. Singh, M. Geisler, and F. Menzel, “Experimental Inves-

tigations into Thermal Transport Phenomena in Vacuum

Insulation Panels (VIPs) Using Fumed Silica Cores,”

Energy and Buildings, 107 76-83 (2015).

12. S. Jang and S.-M. Jeon, “Core Material for Vacuum Insula-

tion Panel and Method of Manufacturing the Same”; US

Patent 8,961,843 (February 24, 2015).

13. O. K. Abdul-Kader, M. D. Mortimer, and T. Yamamuro,

“Granular Fibre-Free Microporous Thermal Insulation

Fig. 8. Effect of inorganic binder on flexural strength of
insulation plate.



392 Journal of the Korean Ceramic Society - Hye Youn Jo et al. Vol. 53, No. 4

Material and Method”; US Patent 11/855,718 (November

23, 2005).

14. C.-T. Lee, M. Jang, and T.-M. Park, “A Foamed Body

through the Complexation with the Sepiolite and

Expanded Pearlite,” Appl. Chem. Eng., 23 [1] 77-85 (2012).

15. R. Coquard and D. Quenard, “Modeling of Heat Transfert

in Nanoporous Silica-Influence of Moisture”; pp. 1-13 in

Proceedings of the 8th International Vacuum Insulation

Symposium. September 18-19, 2007.


