
Journal of the Korean Ceramic Society 

Vol. 49, No. 4, pp. 347~351,  2012.

− 347 −

Reviewhttp://dx.doi.org/10.4191/kcers.2012.49.4.347

†Corresponding author : Young-Wook Kim

 E-mail : ywkim@uos.ac.kr

 Tel : +82-2-2210-2760 Fax : +82-2-2215-5863

Processing of Vermiculite-Silica Composites 
with Prefer-Oriented Rod-Like Pores

Jung-Hye Eom, Young-Wook Kim†, Seung-Seok Lee*, and Doo-Hoa Jeong**

Functional Ceramics Laboratory, Department of Materials Science and Engineering,
The University of Seoul, Seoul 130-743, Korea

*Hybrid Materials Research Department, Research Institute of Industrial Science & Technology, Pohang 790-600, Korea 
**POSCO, Pohang 790-300, Korea

(Received May 11, 2012; Revised June 11, 2012; Accepted June 12, 2012)

ABSTRACT

Vermiculite-silica composites with a layered structure were fabricated by adding cellulose fibers as a pore former and by a sim-

ple uniaxial pressing and subsequent sintering process. Three different combinations of additives were used and their effects on

the compressive strength and thermal conductivity of the composites were investigated. Both compressive strengths (42-128 MPa)

and thermal conductivities (0.75-1.48 W/m· K) in the direction perpendicular to the pressing direction (T) were higher than those

(19-81 MPa and 0.32-1.04 W/m·K) in the direction parallel to the pressing direction (S) in all samples. The anisotropy in both prop-

erties was attributed to the microstructural anisotropy, which was caused by the layered structure developed in the composites.
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1. Introduction

ermiculite is a natural mineral that expands with the

application of heat. The expansion process is called

exfoliation. Exfoliated vermiculite has many advantages,

including low bulk density, chemical inertness, refractory

nature, low thermal conductivity, absorption capacity, and

ease of handling. These properties make vermiculite suitable

for use in thermal insulations in various industries and

houses.1-3)  Since vermiculite has no plasticity, clay minerals,

phosphates, and/or borates are often used as binders in pro-

ducing vermiculite boards.1,4) However, such insulating

boards have poor compressive strength (1-4 MPa).1,5)

Progress in mechanical strength has been made in industrial

sectors over the last few decades.  State-of-the-art vermicu-

lite boards can be divided into two types, light weight and

high strength. The light weight type is purposely designed to

obtain the lowest possible thermal conductivity at the expense

of mechanical strength. The typical thermal conductivity and

compressive strength of such boards are 0.20-0.45 W/m·K and

1-5 MPa, respectively.  In contrast, the high strength type is

made to have the highest strength with the help of a binder(s)

at the expense of thermal conductivity. The typical thermal

conductivity and compressive strength of such boards are 0.50-

0.80 W/m·K and 10-20 MPa, respectively. 

The incorporation of ceramics in vermiculite is a new

approach that has received less attention. In a previous

work,6) vermiculite-ceramic (SiO2, Al2O3, ZrO2) composites

with a layered structure were prepared to improve the

mechanical strength of vermiculite-based boards and to

reduce the thermal conductivity in a particular direction.

The composites showed a trade off in improving both com-

pressive strength and thermal conductivity in the vermicu-

lite-ceramic composites. Lowering thermal conductivity

while maintaining high strength is a challenging issue in the

application of vermiculite-based ceramics for use in thermal

insulating boards for various industries.

In this work, vermiculite-silica composites with a layered

structure were fabricated by adding cellulose fibers as a pore

former and by a uniaxial pressing and subsequent sintering pro-

cess. Three different batches were prepared with a fixed vermic-

ulite, SiO2, cellulose fibers, and additive content at 40 wt%,

25 wt%, and 10 wt%. The additives were composed of two

types selected among Al2O3, ZrO2, TiO2, and SiC. ZrO2 has a

very low thermal conductivity (~2 W/m·K)7) and high tempera-

ture stability. In contrast, Al2O3, TiO2, and SiC have relatively

higher thermal conductivities (11.7 W/m·K, 30 W/m·K, and

290 W/m·K, respectively) than ZrO2,
7) but they are widely used

as refractory materials because of their excellent thermal and

chemical stability at high temperatures. Thus, the four ceram-

ics were selected in this study as additives for fabricating ver-

miculite-SiO2 composites with a layered structure.

2. Experimental Procedure

Commercially available exfoliated vermiculite ((Mg,Fe,Al)3(Al,Si)4

O10(OH)2·4H2O, ~1.2 mm, density 130-160 kg/m3, Yuhwa M. S.
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Co., Inchon, Korea), SiO2 (~7 nm, Aerosil 300, Evonik

Degussa Co. Frankfurt, Germany), Al2O3 (~0.4 µm, 99.9%

pure, Sumitomo Chemical Co., Tokyo, Japan), ZrO2 (~20 µm,

Kanto Chemical Co., Tokyo, Japan), TiO2 (~2 µm, 99.9%

pure, Kojundo Chemical Laboratory Co., Sakado, Japan), SiC

(~10 µm, Matsumi Kemmazai, Kyoto, Japan), and cellulose

fiber (BE600/3PU, length 40 µm, thickness 20 µm, density

220 kg/m3, Nycon Materials Co., Ltd., Seoul, Korea) were

used as raw materials. Three batches of the powder mixtures

were prepared, as shown in Table 1. All batches were milled

separately in a polypropylene jar for 24 h using ethanol and

ZrO2 grinding balls. The milled slurry was dried and pressed

uniaxially under a pressure of 30 MPa. The resulting com-

pacts were then sintered at 1100oC for 2 h in air. Details of

the experimental procedures are shown in a previous work.8) 

The bulk density of each sample was calculated from the

weight-to-volume ratio. The porosity was determined from

the bulk density relative to the true density ratio. The true

density was calculated using the rule of mixtures. X-ray dif-

fractometry (XRD) was performed on the samples using Cu

Kα radiation for identifying crystalline phases in the sam-

ples. The fracture surface morphology was observed by scan-

ning electron microscopy. The compressive strength of the

samples with a normal size of 5 mm × 5 mm × 10 mm was

measured at a crosshead speed of 0.5 mm/min. The thermal

conductivity was measured on plate-shaped samples (10 mm ×

10 mm × 2 mm) using a laser flash method (LFA 437,

MicroFlashTM, Netzsch-Geratebau GmbH, Germany).

3. Results and Discussion

All the samples consisted of their raw materials, and no

noticeable reaction products among the vermiculite, SiO2,

and additives were found in the XRD patterns, indicating

that the materials were vermiculite-SiO2 composites.

The densities of the sintered samples, VS1, VS2, and VS3

were 1.34 g/cm3, 1.48 g/cm3, and 1.81 g/cm3, respectively. The

porosities of the samples were 53.5% for VS1, 48.1% for VS2,

and 36.2% for VS3. The results suggest that the ZrO2-SiC

additive system is more effective than the Al2O3-ZrO2 and

Al2O3-TiO2 systems in achieving partial densification of the

composites. 

The microstructures of the sintered samples were observed

parallel (surface T) or perpendicular (surface S) to the press-

ing direction. The microstructures of surface T consisted of

vermiculite-SiO2 composite grains and aligned pores (Fig. 1).

In contrast, the microstructures of surface S consisted of

plate-shaped grains and irregularly shaped pores (Fig. 2).

The pores were replicated from the cellulose fibers and were

preferentially aligned perpendicular to the pressing direc-

tion, indicating the alignment of cellulose fibers during press-

ing. The typical length of pores was ~38 µm, which is almost the

same size as the length of the cellulose fibers (40 µm). In con-

trast, the typical thickness (~10 µm) of the pores in the

direction parallel to the pressing direction was smaller than

that of cellulose fibers (20 µm). This was due to (i) the possi-

bility of fracture at the smaller thickness region of pores

rather than the maximum thickness region (the center of

pores) and (ii) the plastic deformation of cellulose fibers dur-

ing uniaxial pressing in the direction parallel to the pressing

direction. The SiO2 and additive powders were not clearly

observed in the microstructure, indicating the formation of

vermiculite-SiO2 composite grains. The vermiculite-SiO2 com-

posite grains were preferentially aligned perpendicular to the

pressing direction due to the alignment of cellulose fibers.

This result suggests that the addition of cellulose fibers as a

Fig. 1. SEM images of the fracture surfaces of the vermiculite-SiO
2
 composites taken parallel to the pressing direction: (a) VS1,

(b) VS2, and (c) VS3 (refer to Table 1).

Fig. 2. SEM images of the fracture surfaces of the vermiculite-SiO
2
 composites taken perpendicular to the pressing direction: (a)

VS1, (b) VS2, and (c) VS3 (refer to Table 1).
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pore former is an efficient way to produce a layered structure

in vermiculite-SiO2 composites.

Fig. 3 shows the compressive strengths of the samples. The

compressive strengths (42-128 MPa) in the direction perpen-

dicular to the pressing direction (T) were higher than those

(19-81 MPa) in the direction parallel to the pressing direction

(S). The higher strength in the direction perpendicular to the

pressing direction was due to the more robust strut structure

and lack of a layered pore structure in the perpendicular

direction compared to those in the parallel direction, i.e., due

to anisotropy in the microstructure.6,8) The VS3 sample

showed the highest strength (81 MPa in the direction paral-

lel to the pressing direction and 128 MPa in the direction

perpendicular to the pressing direction) among the samples

investigated. This may be due to the lowest porosity (36%)

and thicker vermiculite-SiO2 layer of the VS3 sample than

those of the others, as shown in Figs. 1 and 3. It is well docu-

mented that the mechanical strength of porous ceramics gen-

erally increases with decreasing porosity.9-11) The VS2 sample

showed the second highest strength (38 MPa in the direction

parallel to the pressing direction and 68 MPa in the direction

perpendicular to the pressing direction) among the samples

investigated. The better strength of the VS2 was due to the

lower porosity (48%) of the sample compared to that of the

VS1 (54%) sample.

A previous work on vermiculite-ceramic composites6) reported

that the composite fabricated from 35 wt% vermiculite,

30 wt% SiO2, 5 wt% Al2O3, 5 wt% ZrO2, and 25 wt% cellulose

fibers showed compressive strengths of 47 and 35 MPa when

measured perpendicular and parallel to the pressing direc-

tion, respectively. In contrast, the vermiculite-SiO2 compos-

ites (VS1) fabricated from 40 wt% vermiculite, 25 wt% SiO2,

5 wt% Al2O3, 5 wt% ZrO2, and 25 wt% cellulose fibers in this

study showed compressive strengths of 42 and 19 MPa when

measured perpendicular and parallel to the pressing direc-

tion, respectively. Comparison of the compressive strengths

suggests that the decrease in SiO2 content from 30% to 25%

and the increase in vermiculite content from 35 wt% to 40 wt%

decreased the compressive strengths by 11% and 46%,

respectively, perpendicular and parallel to the pressing direc-

tion. However, the strengths (81-128 MPa) of the VS3 sample

were three times higher in both directions than those in the

previous works (22-47 MPa) on vermiculite-ceramic (SiO2-

Al2O3-ZrO2) composites.6) This indicates that judicious selec-

tion of the ceramic additives is very important for improving

the compressive strength of the vermiculite-based compos-

ites.

The typical compressive strengths of commercially avail-

Fig. 3. Compressive strength of the vermiculite-SiO
2
 com-

posites as a function of porosity. S and T denote the
directions parallel and perpendicular to the press-
ing direction, respectively.

Fig. 4. Micrograph of a typical vermiculite-SiO
2
 composite

(VS3). 

Table 1.  Batch Composition of Vermiculite-SiO
2
 Composites with Layered Structure

Sample Designation
Batch Composition (wt %)

Vermiculite1 SiO
2

2 Al
2
O

3

3 ZrO
2

4 TiO
2

5 SiC6 Cellulose Fiber7

VS1 40 25 5 5 - - 25

VS2 40 25 5 - 5 - 25

VS3 40 25 - 5 - 5 25

1 ~1.2 mm, density 130-160 kg/m3, Yuhwa M. S. Co., Inchon, Korea
2 ~7 nm, Aerosil 300, Evonik Degussa Co. Frankfurt, Germany
3 ~0.4 µm, 99.9% pure, Sumitomo Chemical Co., Tokyo, Japan
4 ~20 µm, Kanto Chemical Co., Tokyo, Japan
5 ~2 µm, 99.9% pure, Kojundo Chemical Laboratory Co., Sakado, Japan
6 ~10 µm, Matsumi Kemmazai, Kyoto, Japan
7 BE600/3PU, length 40 µm, thickness 20 µm, density 220 kg/m3, Nycon Materials Co., Ltd., Seoul, Korea
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able vermiculite insulation boards are in the range of 5-20

MPa. However, the vermiculite-ceramic composites (VS2 and

VS3) fabricated in the present study showed 2-6 times higher

strength (38-128 MPa) than the commercial vermiculite

insulation materials. The improved strength of the samples

was attributed to (1) a lower porosity than the previous and

commercial materials and (2) a homogeneous microstruc-

ture. Fig. 4 shows a lower magnification micrograph of the

VS3 sample, which demonstrates a very homogeneous micro-

structure, i.e., a homogeneous distribution of aligned pores

and lack of macroscopic defects. 

Fig. 5 shows the thermal conductivity of the samples. As

shown, anisotropy in thermal conductivity was observed in

all samples, as observed in previous studies.6,8) The thermal

conductivities (0.32-1.04 W/m·K) of the samples parallel to

the pressing direction (S) were lower than those (0.75-1.48

W/m·K) of the samples perpendicular to the pressing direc-

tion (T). The lower thermal conductivity parallel to the

pressing direction was attributed to the larger number of dis-

continuities in the vermiculite-SiO2 composites, i.e., the pres-

ence of aligned pores. The aligned pores made heat

conduction more difficult in a direction parallel to the press-

ing direction (S) than that perpendicular to the pressing

direction (T). Therefore, the anisotropy in thermal conduc-

tivity was attributed to the microstructure anisotropy.

As shown in Fig. 5, the thermal conductivity generally

decreased with increasing porosity. The VS1 sample showed

lower thermal conductivity (0.32 W/m·K and 0.75 W/m·K for

the direction parallel and perpendicular to the pressing direc-

tion, respectively) than the other samples. The sample con-

tained Al2O3-ZrO2 as additives, and those constituents have

lower thermal conductivities than TiO2 and SiC, as men-

tioned in the introduction. Thus, the lower thermal conduc-

tivities of ceramic additives (Al2O3, ZrO2) in the VS1 sample,

as well as higher porosity (53.5%), led to a lower thermal con-

ductivity of VS1 compared to those of the other samples. In a

previous work,8)  vermiculite-SiO2 composites sintered with

TiO2-SiC additives showed lower thermal conductivities (0.45

W/m·K and 1.33 W/m·K for the directions parallel and per-

pendicular to the pressing direction, respectively) than VS3

(1.04 W/m·K and 1.48 W/m·K for the directions parallel and

perpendicular to the pressing direction, respectively), although

their porosities (36.2% for VS3 vs. 36.8% for the composites

in Ref. 8) and microstructures are similar. Thus, the differ-

ence in thermal conductivity was attributed to the difference

in additive composition. The difference in ceramic composi-

tion was 5 wt% ZrO2 in the VS3 sample and 5 wt% TiO2 in

the composites in Ref. 8. Generally, ZrO2 has a lower thermal

conductivity than TiO2; however, when TiO2 was added with

SiC into vermicuite-SiO2 composites, it was more effective

than ZrO2 in lowering the thermal conductivity of the com-

posites with a layered structure.

A previous work on vermiculite-ceramic composites6)

reported that the composite fabricated from 35 wt% vermicu-

lite, 30 wt% SiO2, 5 wt% Al2O3, 5 wt% ZrO2 and 25 wt% cellu-

lose fibers showed thermal conductivities of 0.57 W/m·K and

1.13 W/m·K when measured parallel and perpendicular to

the pressing direction, respectively. In contrast, the VS1 sam-

ple fabricated from 40 wt% vermiculite, 25 wt% SiO2, 5 wt%

Al2O3, 5 wt% ZrO2 and 25 wt% cellulose fibers showed ther-

mal conductivities of 0.32 W/m·K and 0.75 W/m·K when mea-

sured parallel and perpendicular to the pressing direction,

respectively. Comparison of the thermal conductivities of the

two samples suggests that the increase in vermiculite con-

tent from 35 wt% to 40 wt%, and the decrease in SiO2 con-

tent from 30% to 25% decreased the thermal conductivities

by 44% and 34% when measured parallel and perpendicular

to the pressing direction, respectively. This result suggests

that a higher amount of vermiculite is beneficial for lowering

the thermal conductivity of vermiculite-SiO2 composites.

However, addition of more SiO2 is beneficial in improving the

mechanical strength of vermiculite-SiO2 composites. Fur-

thermore, judicious selection of the additive composition is very

important for manufacturing low thermal conductivity vermic-

ulite-SiO2 composites with a minimum loss in compressive

strength. The compressive strength and thermal conductivity

of the VS1 sample were 19 MPa and 0.32 W/m·K, respectively,

when measured parallel to the pressing direction. The ther-

mal conductivity of the VS1 sample was comparable to that

(0.20-0.45 W/m·K) of the light weight-type insulation boards,

but the compressive strength the sample was comparable to

that (10-20 MPa) of the high strength-type insulation boards.

4. Conclusions

Adding cellulose fibers into vermiculite-silica-additive mix-

tures was an efficient way to fabricate vermiculite-silica com-

posites with a layered structure. The layered structure

produced anisotropy in both thermal conductivity and com-

pressive strength. The composite (VS3) fabricated from 40

wt% vermiculite, 25 wt% SiO2, 5 wt% ZrO2, 5 wt% SiC, and

25 wt% cellulose fibers showed the highest compressive

Fig. 5. Thermal conductivity of the vermiculite-SiO
2
 compos-

ites as a function of porosity. S and T denote the
directions parallel and perpendicular to the press-
ing direction, respectively.
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strength: 81 MPa and 128 MPa when measured parallel and

perpendicular to the pressing direction, respectively. The

composite (VS1) fabricated from 40 wt% vermiculite, 25 wt%

SiO2, 5 wt% Al2O3, 5 wt% ZrO2, and 25 wt% cellulose fibers

showed well balanced properties: 19 MPa of compressive

strength and 0.32 W/m·K of thermal conductivity when mea-

sured parallel to the pressing direction. The present results

suggest that judicious selection of additive composition is a

potential way to overcome the trade off phenomenon in

improving both compressive strength and thermal conductiv-

ity observed in the vermiculite-based ceramic composites.
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