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Chapter 1 

 

General Introduction 
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1.1 Introduction  

 

Recently, accompanying with the rapid industrial growth, an extraordinary amount 

of greenhouse gas emission has been released into the atmosphere. The emission is 

mainly due to the carbon oxides generated from burning fuels, such as CO2 gas [1]. Well 

known as the global warming, the increasing of global surface temperature hence 

occurred and its tendency dramatically increased during late years [2]. Nowadays, the 

global warming has becoming a worldwide problem. Furthermore, the problems along 

with industrial growth and energy usage are not only the global warming but 

environmental issues such as heat energy pollution, acid precipitation, ozone depletion, 

and forest destruction. Especially, the issue of waste heat energy generated from 

industrial furnaces, incinerators, factories, buildings, and houses were receiving great 

attentions, by reason of their strong relation to the energy-saving. 

Therefore, how to reduce the amount of CO2 emission and waste heat energies 

more efficiently is of very important environmental subject facing the scientific and 

technology field today. New technologies for promoting the efficiency of using energy 

resources will become more and more important. The development of high performance 

thermal insulation materials is one of the keys to solve these problems. Because the 

thermal insulations are widely used in engineering fields such as electric power industry, 

nuclear plant, and space technology. So far, people have tried to make various kinds of 

thermal insulations. But the manufacturing processes are usually complicated. In 

particular, there are needs for economic and green methods to produce these materials 

efficiently. In this consideration, porous ceramics play an important role as the 

promising materials in thermal insulation field [3-5]. 
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1.3 Nanoporous ceramics for advanced thermal insulation materials 

 

1.3.1 Research background and problems 

As well known, the development of high performance thermal insulation materials 

is one of the keys to resolve the energy issue and environmental problem. In general, 

excellent thermal insulation materials are porous structure and represent very low value 

of thermal conductivity. From previous papers, it is reported that the supercritically 

dried silica aerogels is a very promising material [18,19]. It shows extremely low 

thermal conductivity, owing to its nanoporous structure. However, there are still several 

problems when in the use of silica aerogels to thermal insulation field. The compact 

board made of silica aerogels is very fragile. Besides, its thermal insulation ability will 

be lost while operating in high temperature range [18]. 

On the other hand, fumed silica is gathering great attention as in advanced 

materials recently. In previous study, D. R. Smith et al [20,21] had developed the 

compact made of fumed silica as the better candidate for high performance thermal 

insulation material. It was produced as a board of bonded composite particles made of 

fumed silica powder, ceramic fibers, and opacifiers [20,21]. The thermal conductivity of 

the fumed silica compact can be close to that of silica aerogels [18,19]. It is attributed to 

the high porosity and nanoporous structure decreasing the thermal conductivity of solid 

part and that of gas part effectively in the compact [20,21]. Despite the fumed silica 

compact shows highly efficient thermal insulation ability, the mechanical reliability of 

the compact is still low and is needed to be handled with great care [20,21]. For the 

improvement of the mechanical reliability, a large amount of ceramic fibers addition is 

one of a practice ways. Nevertheless, such addition may result in higher solid 
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without using any binders in dry process [22,23]. In stage (iii), the processed powders 

were compacted to form the shape of board [15]. Then, the compact board with 

nanoporous structure was obtained. 

The resulted fiber reinforced porous silica compact can be used as an advanced 

thermal insulation material. It shows efficient thermal insulation ability and enough 

mechanical strength [16]. This method does not include the steps such as dispersing 

nanoparticles in a solvent and drying of the solvent [9]. In addition to the intrinsic high 

surface reactivity of nanoparticles, the chemical bonding is achieved through the 

enhanced particle surface activation induced by mechanical energy in process. It means 

the processing method is very effective in manufacturing. With using this feature, 

desired composite particles can be successfully fabricated. It is considered that this 

method is a promising approach for producing other advanced nanoporous composite 

materials. 
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Fig. 1.1 Schematic illustration of the mechanical processing method for the fabrication 

of the compact with nanoporous structure. 
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(2) Introduction of mechanical processing apparatus 

Figure 1.2 shows the schematic image of the horizontal axis type shearing mixer 

conducted in mechanical processing. The apparatus mainly consist of 12 blades on a 

rotary rod, chamber, and motor. The space between the blade and inner side of chamber 

is 1 mm. The clearance between the rotating rotor and chamber is 3 mm [22]. The 

blades, rotary rod and chamber are made of SUS 304. During the rotor rotating, powder 

mixtures are compressed into the clearance and receive various kinds of mechanical 

stresses, such as compressive and shear stresses, without any media ball or solvent 

[16,17]. 

 

 

 

Fig. 1.2 Schematic image of the horizontal axis type shearing mixer conducted in 

mechanical processing. 
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1.3.4 Selection of the starting materials 

    The target nanoporous compact for advanced thermal insulation should be 

produced as a board of bonded composite particles, mainly made of ceramic 

nanoparticles, ceramic fibers, and opacifiers. While in selecting the starting materials, 

following approaches are considered. In selecting ceramic powders, silica is very 

promising due to its low cost and widely used in engineering field. Thus, the fumed 

silica nanoparticle is mainly considered in this study. In manufacturing, fumed silica is 

produced by the vapor phase hydrolysis process of silicon tetrachloride in hydrogen 

oxide flame [26]. By the manufacturing process, fumed silica powder used in this study 

shows an average particle diameter of around 10 nm. And its primary particles collide 

are aggregated together to build up a three-dimensional nanoscale chain-like (dendrite) 

structure with having pores of several tens nanometer [16,17].  

As well known in powder technology, the particle properties such as species of 

particle, particle size, and surface characteristics play an important role in developing 

the compact made of composite particles. Therefore, in addition to the above mentioned 

hydrophilic fumed silica, the surface type of hydrophobic one is also used to investigate 

the effects on the resultant compact board in this study. Also, the fumed alumina powder 

is selected to prepare the thermal insulation board for high temperature use.  

To improve the mechanical strength of the compact board, the ceramic fibers are 

added. Ceramics fibers of glass fibers and alumina fiber were tried. And for controlling 

its thermal conductivity at high temperature, the SiC powders were added to decrease 

the radiation heat transfer of the compact. 
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Fig. 1.4 Applicable measuring ranges of representative methods of thermal conductivity 

and thermal diffusivity measurement. 
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Table 1.1 Comparison of thermal property measurement methods. 

 Guarded hot plate 
method 

Cyclic heat 
method 

Laser flash 
method 

Hot wire  
method 

Classes of 
methods 

Steady-state 
method 

Transient 
method 

Transient 
method 

Transient 
method 

 
Merit 

It can measure the 
materials with 
low thermal 
conductivity. 

It can measure 
the materials  

at high 
temperature. 

It has short 
measuring 

time and small 
specimen. 

It can measure the 
thermal 

conductivity 
directily. 

 
Demerit 

It needs long 
measuring time. 

It needs long 
measuring 

time. 

It preferred 
densed 

specimen. 

Its results include 
information of 

various directions. 
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Fig. 1.5 Schematic image of the guarded hot plate (GHP) method apparatus. 
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Fig. 1.6 Schematic image of the measuring principle of the laser flash method. 
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1.4.2 Introduction of measuring methods of specific heat capacity 

The specific heat capacity (Cp) is one of the physical values in thermodynamics. 

Not similar to the thermal conductivity and thermal diffusivity, the specific heat 

capacity depends on the composition of materials and is not sensitive to the structure of 

the materials. Commonly, it is possible to find precise literature values of the specific 

heat capacity [41]. For the development of thermal insulation materials, it is one of the 

important performance indices. However, generally measuring the specific heat capacity 

of the thermal insulation materials is difficult. This is because they have usually high 

porosity with very low thermal conductivity and small specific heat capacity [42]. In 

this study, the following two representative methods are employed to measure the 

nanoporous thermal insulation materials: 

 

(1) Drop method 

In previous report, Ohmura et al developed a newly designed specific heat capacity 

measuring apparatus by using the drop calorimeter method [43,44]. The apparatus 

include the heater and water tank. At first, the water tank is kept at room temperature. 

After the heated specimen (10 mm × 10 mm × 10 mm) was dropped into tank, the water 

will reach higher equilibrium temperature. The specific heat capacity is then evaluated 

from measuring the temperature rise of the water tank. The measurement can be applied 

in the temperature range from 100 °C to around 1000 °C [45]. 

 

(2) DSC method 

In thermodynamics, differential scanning calorimetry (DSC) is a reliable method to 

determine the specific heat capacity of materials. In measuring, the sample and 
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the bending strength decreased with increasing the porosity while the porosities ranged 

from 0.82 ~ 0.90. And the decreasing tendency became significantly with the porosity 

higher than 0.87. Such tendency can also be found in the condition of powder with 

aggregated structure. That is to say, the weak secondary aggregated particle structure 

was destroyed particularly with slightly increasing of the forming pressure. The 

densification referred to the contacts of primary particles increased significantly in 

resultant compact. From the result, it indicates that the strength of the nanoporous 

compact board may be determined by the number of contact points and adhesion forces 

among the coated silica layer surfaces on fibers [16]. 

 

1.5 Objective of this study 

 

1.5.1 Objective 

Although, the previous studies proposed the new processing method to prepare 

advanced nanoporous materials for high performance thermal insulation board [16,17], 

more details of processing conditions and mechanisms to control the thermal and 

mechanical properties of the compact still need to be made clear. For instance, to 

produce the better thermal insulation board by such processing method, controlling the 

surface morphology of (nanoparticle/fiber) composite particle is important. Therefore, 

changing the particle properties such as surface properties (hydrophilic surface or 

hydrophobic surface) or species are of interesting challenges. Besides, the effects of 

mechanical processing parameters such as processing time and rotating speed on the 

thermal and mechanical properties of resultant compact board should be more discussed. 

To achieve these subjects, further research works are conducted in this study. The scope 
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of the thesis is shown as below. 

 

1.5.2 Scope of thesis 

The thesis consists of 5 chapters. In Chapter 1, the general introduction of this 

study and the objectives are explained. 

In Chapter 2, it is focused on the surface properties of nanoparticles used to make 

the porous compact board. As a typical example, the effect of the hydrophilic or 

hydrophobic surface structure of fumed silica particles on the thermal conductivity and 

mechanical strength of the resultant compact board is investigated.  

In the first part of Chapter 3, a new method to obtain thermal conductivity by using 

small porous compact board is introduced. A laser flash method is applied to measure 

the thermal diffusivity of porous thermal insulation material at room temperature. Small 

sample size and short measuring time are major advantages of this method. In addition, 

a differential scanning calorimetry (DSC) is applied to measure the specific heat 

capacity of the sample. With known density, the thermal conductivity at room 

temperature is finally obtained. The results are compared with the data so far published 

in the paper. Consequently, it is concluded that this method is promising for rapid 

measurement of low thermal conductivity materials at room temperature. 

    In the second part of Chapter 3, the effect of addition ratio of hydrophobic silica to 

hydrophilic silica on the thermal conductivity of the fibrous silica compacts is 

investigated. The measurement is conducted using the method introduced in the first 

part. The effect of the above ratio on the mechanical property of the compacts is also 

investigated. 

    In the first part of Chapter 4, a method to measure the thermal conductivity of 
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specimen is introduced. It enables us to measure it from room temperature up to 350 °C 

by the simple structure. The thermal conductivity of porous compact board is measured 

by this method. Consequently, it is made clear that this method shows good agreement 

of the thermal conductivity with that obtained by the cyclic heat method.  

In the second part of Chapter 4, aiming at developing a thermal insulation compact 

board which is available at higher temperature, fumed alumina nanoparticles, ceramic 

fibers and silicon carbide (SiC) powder are used as starting materials for the porous 

compact board. Mechanical processing parameters to make the composite fibers by 

using them are examined. The thermal conductivity is measured by the apparatus 

introduced at the first part. The effect of the processing conditions on the thermal 

conductivity and mechanical strength of the resultant compact is evaluated, and the 

subjects for the developments of thermal insulation porous compact for higher 

temperature are discussed. 

In Chapter 5, the conclusions obtained through this study are summarized. 
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Chapter 2 

 

Effect of Fumed Silica Surface Properties on the Thermal 

Insulation Performance of Fibrous Silica Compacts 
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2.1 Introduction 

 

The issues of energy-saving and reduction of CO2 emissions are very important 

recently. High performance thermal insulation is one of the key to solve these problems. 

For example, the silica aerogel prepared by supercritical drying is a promising material. 

It shows nanoscale porous structure which leads to the extremely low thermal 

conductivity. But, there are several problems of using this material for thermal 

insulation. The thermal insulation compact board made of silica aerogel is very fragile. 

Besides, the thermal insulation ability of silica aerogel decreases at high temperature 

range [1]. 

In recent research, the fumed silica has been used for thermal insulation field. The 

thermal conductivity of the compacts made of fumed silica is near that of silica aerogels. 

It is mainly attributed to high porosity and the nanoscale porous structure in the 

compact. To improve the mechanical property, the glass fibers were added to increase 

the strength of resulted compacts. A dry mechanical processing method was also 

developed to fabricate fiber reinforced fumed silica compact. The silica nanoparticles 

were first coated onto the fiber to form fumed silica/glass fiber composite. Then, the 

processed powder mixtures were compacted to form the thermal insulation board [2,3]. 

By using such mechanical treatments, the nanoscale pores remained in the compact. 

This method minimizes the fiber-fiber contacts through the coating of silica. Therefore, 

a highly uniform dispersion of fibers in the compact was achieved. For controlling the 

thermal conductivity at high temperature, the SiC particles were added to decrease the 

radiation heat transfer of the compact.  

Although the compacts show excellent thermal insulation ability, the effect of the 
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(a)  

 

(b)  

 

(c)  

 

Fig. 2.1 Starting materials: (a) TEM image of fumed silica powder [2], (b) SEM image 

of glass fibers and (C) SiC particles. 

  









41 
 

 

 

 

 

 

 

  
 

Fig. 2.2 SEM images of the coated glass fibers, (a), (c): glass fiber with hydrophilic 

silica particles; (b), (d): glass fiber with hydrophobic silica particles. 
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Table 2.2 Density and porosity of the fibrous fumed silica compacts. 

 Apparent density 

/(STD) 

(kg/m3) 

Porosity 

/(STD) 

(%) 

Compact using hydrophilic silica 405 /(4.0) 85.5 /(0.15) 

Compact using hydrophobic silica 395 /(3.6) 85.9 /(0.12) 

Compact using hydrophobic silica 

(after heating at 400°C) 

384 /(6.5) 86.3 /(0.21) 

*STD: Standard deviation. 
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Fig. 2.3 Thermal conductivity of the fibrous fumed silica compacts under atmosphere 

condition. 
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Fig. 2.4 Thermal conductivity of the fibrous fumed silica compacts under vacuum 

condition. 
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2.3.3 Strength measurement 

In Table 2.3, the compact using hydrophilic silica shows the fracture strength of 

0.30 MPa. This strength value is sufficient for the subsequent machining of the 

compacts compared to conventional fumed silica board [8]. However, the strength of the 

compact using hydrophobic type silica is only 0.03 MPa. The value is much lower than 

that of the hydrophilic one. After heating at 400 °C for 12 hs, its strength increases to 

0.08 MPa. From the result, it is suggested that the functional group on the surface of 

silica particle is the key affecting the strength of the resulted compact. 

 

Table 2.3 Fracture strength of the fibrous fumed silica compacts. 

 Fracture strength 

/(STD) 

(MPa) 

Compact using hydrophilic silica 0.30 /(0.007) 

Compact using hydrophobic silica 0.03 /(0.001) 

Compact using hydrophobic silica 

(after heating at 400°C) 

0.08 /(0.001) 

*STD: Standard deviation. 
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2.3.4 FTIR analysis 

    Figure 2.5 exhibits the result of IR transmittance for the hydrophilic type silica 

before and after mechanical processing. More Si-O bondings are found after the 

mechanical processing. Previous study demonstrated that the converting O atoms and 

silicon wafer to Si-O bonding needed a temperature above 700 °C in an oxidizing 

atmosphere condition [9]. However, mechanical processing in this experiment was 

conducted at room temperature. The mechanical forces during the processing may 

produce localized high temperature between particles. Other study indicated localized 

high pressure may assist the phase transformation of lead oxide common rutile form (I) 

to denser orthorhombic form (II) through the use of mechanical mixer [10]. Therefore, 

localized high temperature and high pressure could affect the particles to form the 

chemical bonding of Si-O. Such bonding situation was not observed in the mixture 

using hydrophobic type silica. 

 

 

  



48 
 

 

 

 

 

 

 

 

Fig. 2.5 IR transmittance caused by Si-O stretching (a) before and (b) after the 

mechanical processing for the mixture using hydrophilic type silica. 
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Fig. 2.6 Relation between the third power of absolute temperature and thermal 

conductivity of the compacts, under vacuum condition. 

 

 

 

 

  






















































































































































