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ABSTRACT 

Refractories are mineral and chemical based materials, with high heat resistance 

properties. Refractory manufacturing typically uses clay as the main raw material. 

The study aims to investigate six unexplored Nigerian clay based on the suitability of 

their chemical, physical, mechanical and thermal properties as refractories. Six clay 

deposit locations in Nigeria were selected namely Kpata, Riyom, Gombe, Aloji, 

Barkin-lade and Quan’pan. The samples were obtained through a two meters depth 

excavation method. Experimental specimens were produced from these samples 

through dry-pressing methods followed by firing at 900-1200°C. All specimens were 

tested to identify the chemical, physical, mechanical and thermal properties of 

ASTM standards. X-ray fluorescence (XRF) and X-ray diffraction (XRD) analysis 

show that all specimens contain alumino-silicates as the dominant composition, with 

10% loss on ignition. Through the Archimedes test, the percentage of porosity is 

found in the range of 20-30%, with bulk densities about 1.7-2.3g/cm
3
. Cold crushing 

strength (CCS) and modulus of rupture (MOR) give readings of 15-59 MPa and 6.2-

9MPa respectively. Meanwhile, the analysis on thermal properties found specimens 

having thermal shock resistance on a 20-30 scale cycle, pyrometric cone equivalence 

(PCE) at a temperature range of 1500-1700°C and thermal conductivity at a range of 

0.01-0.9W/m.K. The overall experiment results are within the range of ASTM 

standards and this illustrates that all of the clay is potentially a refractory material. 
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ABSTRAK 

Refraktori adalah bahan-bahan berasaskan mineral dan kimia, dengan sifat 

kerintangan haba yang amat tinggi. Pembuatan refraktori lazimnya menggunakan 

tanah liat sebagai bahan mentah utama. Kajian ini bertujuan menyelidik enam tanah 

liat Nigeria yang belum diterokai berdasarkan kesesuaian sifat kimia, fizikal, 

mekanik dan terma masing-masing sebagai refraktori. Enam lokasi deposit tanah liat 

di Nigeria telah dipilih iaitu Kpata, Riyom, Gombe, Aloji, Barkin-lade and 

Quan’pan. Sampel-sampel tersebut diperolehi menerusi kaedah penggalian sedalam 

dua meter. Spesimen ujikaji telah dihasilkan daripada sampel-sampel tersebut 

menerusi kaedah penekanan kering dan disusuli dengan pembakaran pada suhu 900-

1200°C. Kesemua sampel ini diuji bagi mengenalpasti ciri-ciri kimia, fizikal, 

mekanik dan terma berasaskan piawaian ASTM. Analisis pendafluor sinar-X (XRF) 

dan pembelauan sinar-X (XRD) menunjukkan bahawa kesemua spesimen 

mengandungi alumino-silikat sebagai komposisi dominan, dengan 10% kehilangan 

pada nyalaan. Menerusi ujian Archimedes, peratus keliangan pula didapati dalam 

julat 20-30%, dengan ketumpatan pukal sekitar 1.7-2.3g/cm
3
. Ujian kekuatan hancur 

sejuk (CCS) dan modulus pecah (MOR) masing-masing memberikan bacaan 15-59 

MPa dan 6.2-9MPa. Sementara itu, analisis ke atas sifat terma mendapati spesimen 

mempunyai rintangan kejutan terma pada skala 20-30 kitaran, kesetaraan kon 

pirometrik (PCE) pada julat suhu 1500-1700°C dan kekonduksian terma pada julat 

0.01-0.9W/m.K. Keseluruhan keputusan ujikaji adalah di dalam julat piawaian 

ASTM dan ini menggambarkan bahawa semua tanah liat tersebut berpotensi sebagai 

bahan refraktori.  
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1CHAPTER 1  

INTRODUCTION 

1.1 Background 

Heat recovery systems in the early human endeavors used water as a storage medium 

(Abhat et al., 1978). Therefore, solar energy source and household demands for it in 

general, did not match each other at any given time. This trend, have necessitated the 

use of thermal energy storage (TES) systems to resolve the mismatch so as to 

provide energy requirements (Abhat, 1983). Obviously, the potentials are huge for 

the application of thermal energy storage systems for our homes and industries. TES 

systems can facilitate an important role, as they provide great potential for 

facilitating energy savings and reduce environmental impact (Ibrahim and Rosen, 

2002). These systems of thermal energy storage were not used as it should and was 

due to many reasons. Most of these systems are not yet economically competitive 

with fossil fuels and their long term reliability is not yet ascertained.  

 It is very necessary to search for an alternative means by the use of thermal 

insulators around such storage systems in order to maintain high temperatures inside 

by preventing heat losses to the surroundings (Turner and Malloy, 1988). There are 

different insulating materials which come in various forms like loose fill rigid 

boards, pipe and insulating form. Proper and adequate selection of the insulating 

materials to be used is based on the thermal properties which include the thermal 

conductivity, specific heat capacity and thermal diffusivity.  

 The thermal insulation is provided by embedding insulation materials at least 

on the roof top areas of the furnace and vertical walls of the storage system (Novo et 

al., 2010). When thermal insulation of the heat storage system is poorly done, it leads 

to high heat losses (Bauer et al., 2010). Currently fibre glass and rock wool are used 
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as thermal insulation materials for the storage systems. Basically it is due to their low 

thermal conductivity values leading to good thermal insulation. These thermal 

insulators however contained siliceous and hazardous dust whose inhalation will 

increases the danger for the development of lung disease Gilham et al. (2016) and are 

expensive and also dangerous to human health as a result of exposure during 

handling especially those in fibrous form (Bardelli et al., 2017).  

 Previous studies have shown that people who manufacture fibre glass have 

sixty percent more fibre glass material in their lungs than those who had not been 

exposed (Merler et al., 2017). There is the need for finding alternative thermal 

insulating materials which are processed from clay which are cheap, reliable and do 

not pose a risk to human health, for example, kaolin fabricated into aluminium 

silicates (Al-Malah and Abu-Jdayil, 2007).  

 Thermal insulators are materials or combination of materials which are used 

in order to retard the flow of heat energy. The effective installation of thermal 

insulation can significantly reduce the thermal energy lost from thermal heat storage 

system surfaces. The energy lost for an insulating material depends largely on the 

thermal properties and thicknesses of the insulation. The choice of the type and form 

of the proper insulation materials depends on where the insulation is to be applied as 

well as the desired material’s physical and thermal properties (Al-Homoud, 2005).  

 The basic requirement for thermal insulation is to provide a significant 

resistance path to the flow of heat through the insulation material. In accomplishing 

this, the insulating material must reduce the rate of heat transfer by conduction. In 

the experimental determination of the thermal conductivity of solids, a number of 

different methods of measurement are required for the different ranges of 

temperature and for various classes of materials having different ranges of thermal 

conductivity values (Aksoz et al., 2012).  

 The knowledge and concept of heat transfer in insulating material or porous 

media has increasingly found relevance in science and engineering (Akinyemi et al., 

2011). Similarly, Sauer et al. (2003), have expressed that thermal properties of 

porous insulating material as of great importance to environmental sciences, 

agriculture and engineering, especially in relation to temperature and energy transfer 

which is better understood in the study of thermal conductivity of materials, its 
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measurement and predicting how much heat can be stored is a key to its utilization 

by the industries.  

 The increasing demand for high refractory materials to work on other at high 

temperatures coupled with the over reliance on the imported refractory has presented 

a rethink for the technological and industrial development of Nigeria. It is either 

Nigeria discontinue importation of these refractory bricks and develops its own 

technology or become import dependence with retrogressive economic implication. 

The raw materials for the manufacture of fireclay refractory largely contained 

alumina, silica and impurities. These raw materials deposits are found in very large 

commercial quantities all over the six geopolitical zones of Nigeria. The clay 

specimen used in this research were collected from two geopolitical zones that 

comprises of three states of Gombe, Plateau and Kogi as presented in Figure 3.2 

Nigerian Map indicating the clay samples deposit sites. 

 At the moment, the country depends largely on foreign insulating and 

refractory bricks even though, reviewed literatures have shown that these raw 

materials are dominate in its location and ground. Literatures have indicated some 

scanty works on Nigerian clays in an attempt to understand their properties, but it 

was not sufficient enough. The investigation of differient clays without their 

knowledge of thermal characteristics leave so much to be desired. The clay raw 

specimen when properly studied or investigated, the results can be utilized in 

manufacturing refractories, other engineering products and by so doing encourage 

local industrial development in Nigeria (Obadinma, 2003; Yakubu and Abdulrahim 

2014). 
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Table 1.1: Clay deposits and District 

Description Deposit District Local Geology Reference 

A Kpata Bassa local 

government 

area, Kogi East 

(Kogi State) 

Tropical in nature with dry and 

we seasons. Primary deposits of 

kaolin are generally formed by 

the alteration of alumino- silicate 

rich parent rock such as granite 

by weathering. Rocks which 

comprises of the various 

grouping of coarse grained 

granites  

Odigi, 

(2000); 

Imasuen et 

al. (2009), 

Imasuen et 

al. (2013) 

B Riyom Riyom local 

government 

area, Jos south 

(Plateau State) 

The Jos Plateau state has the 

highest mineral deposits in 

Nigeria which are in large 

quantity and among which are 

tin, coal, dolomite, kaolin, 

feldspar, calcium, iron ore, 

bauxite, tantalite and barite. The 

Riyom town is situated in the 

tropical zone.  

Hassan et 

al. (2015) 

C Gombe Gombe local 

government 

area, Gombe 

(Gombe State) 

Gombe is blessed with minerals 

in commercial quantity which 

includes uranium, gemstone, 

clay, feldspar, gypsum, kaolin, 

mica and limestone. It belongs to 

the tropical zone with wet and 

dry seasons. 

Mbaya et 

al.(2012) 

D Aloji Ofu local 

government 

area Kogi East 

(Kogi State) 

The soil within the clay deposit 

site is generally loamy having 

composed of silt, sand and clay. 

Kaolin deposits are generally 

located in this site as either 

primary (residual) or secondary 

(sedimentary). The mode of 

formation of the kaolin may 

have considerable influence on 

the mineralogy. Tropical 

Odigi, 

(2000); 

Imasuen et 

al. (2009), 

Imasuen et 

al. (2013) 

 

E Barkin-

ladi 

Barkin-ladi 

local 

government 

area Plateau 

South (Plateau  

State) 

There are also sizeable pockets 

of loamy soil of volcanic origin 

in the high Plateau. Currently in 

Barikin-ladi, minerals that are 

mined and processed in 

commercial quantity are the 

kaolin, tin, coal, dolomite, 

tantalite, clay, quartz and 

calcium. It temperate climate. 

Hassan et 

al. (2015) 

F Quan’Pan  Plateau South 

(Plateau State) 

It has a temperate weather with 

temperature between 18-22 °C. 

Dolomite, coal, quartz, kaolin, 

clay and tin is still mined in 

large commercial quantity and 

processed on the plateau. 

Hassan et 

al. (2015) 
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According to Manukaji (2013) and Abuh et al. (2014) that there is no state in Nigeria 

without a clay deposit and not many of them have been thoroughly evaluated 

thermally and utilized for industrial purposes. The thermal conductivity measurement 

and other thermal properties analysis of refractory materials from Nigeria raw clay 

will promote but also enhance further studies of the clay abundance and help not to 

relay on importation of refractories Atanda et al. (2013) and this will certainly bring 

the much needed local industrial development.  

 Thermal conductivity is simply the measure of a material to conduct heat 

through its mass. Different insulating materials and other type of material have 

specific thermal conductivity values that can be used to measure their insulating 

effectiveness. Li et al. (2012) defined thermal conductivity as the amount of heat or 

energy (K) that can be conducted in unit time through unit area of unit thickness of 

material, when there is a unit temperature difference.  

 As indicated by Tiwari et al. (2013), there has been an increased awareness of 

the importance of accurately calculating the thermal conductivity of refractory and 

heat-insulating materials for furnace design, these values fluctuate considerably 

depending on the method and the measurement conditions. In their submission, 

Katsube et al. (2006), said that recent urgent demands for reduced energy 

consumption and efficient energy usage require high performance thermal insulation 

materials. Such demands have been made in the field of refractory materials. 

Conventional insulating brick and refractory bricks have good heat-resistance 

performance and can be produced at low cost (Shimizu et al., 2013) relatively with 

poor thermal insulating performance.  

 Schulle and Schlegel (1991) opined that research towards a better 

understanding of the physical properties of heterogeneous solids has both scientific 

and technological importance. Similarly, Kingery (1960) discussed that physical 

properties that determine much of the utility of ceramic (refractories) materials are 

those properties directly related to temperature changes. Litovsky et al. (1996) 

posited that particular class of these solids is constituted by materials containing a 

large volume fraction of porosity which are used in situations requiring very good 

thermal insulation.  

 Grandjean et al. (2005), expressed that prediction of their thermal properties 

and especially the effective conductivity by analytical or computer calculation is 
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therefore of strong interest. A specific investigation by Aksoz et al. (2012) indicated 

that thermal conductivity using the transient method is calculated from the thermal 

diffusivity with a further knowledge of the density and specific heat of the materials. 

This research seeks to investigate the methods of measuring thermal conductivity 

using the steady state method of the selected clay specimen from Nigeria and their 

thermal properties in an attempt to encourage its uses in the engineering practices in 

Nigeria. The properties with which the research was mainly concerned about are the 

chemical composition; physical (porosity, bulk density, firing shrinkage, water 

absorption, and specific gravity of the refractory material), mechanical (cold 

crushing strength and modulus of rupture), thermal (thermal conductivity, heat 

capacity, coefficient of thermal expansion at room temperature of all the clay 

deposits specimen. This was further collaborated by Kingery (1960), that a theory 

and practice to arrive at the heat capacity and thermal conductivity to determine the 

temperature changes in a refractory/insulating material should be a welcome idea. 

1.2 Problem statement 

Recent urgent demands for reduced energy consumption and efficient energy usage 

require high performance thermal insulation materials (Katsube et al., 2006). Such 

demands have been made in the field of insulating materials and refractories. At the 

moment it is often not enough getting approximate data from textbooks, but thermal 

measurements of materials are necessary and the rapid technology development for 

decades have generated an increasing effort to expand our knowledge of thermal 

properties (Papadopoulos, 2005). The uses of refractory and insulating materials that 

can withstand high temperature without deformation and for the prevention of heat 

losses (escape) respectively, in exchangers, boilers, reactors, ovens, and furnaces in 

industries where there application are required like in Nigeria and other parts of the 

world is the main concern. The results are analyzed using scientific methods. The 

findings are presented in an overview of the thermal properties and their performance 

characteristics. The main features of measurement and analysis of thermal 

conductivity of the clay and its applications in thermal energy storage should be 

studied to match the requirement of the industries because of its low thermal 

conductivity. 
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The usage of refractory bricks as well as thermal insulating material requires prior 

knowledge of all their thermal properties (Laaroussi et al., 2013). As indicated by 

Xaman et al. (2009) the common methods used for measuring and determining the 

thermal conductivity of insulating materials are based on steady state one-

dimensional measurements. Cengel and Ghajar. (2015) stated that there are two basic 

types of steady state measurements: the absolute and the comparison. The absolute 

method (accurate result) determines the thermal conductivity through a specimen 

directly by the electrical powered input measurement instrument. The comparison 

method uses a reference material of known thermal conductivity or heat flow meter. 

This modern thermal properties measurement equipment are not readily available in 

Nigeria and where they are available, it is absolete.  

 The in-depth assessment and evaluation of thermal properties of Nigerian 

clays for the production of insulating materials and refractories will enhance further 

studies of the abundance clay deposits and not depending on importation of 

insulating materials (Chukwudi, 2008; Aremu et al., 2013). Insulating refractories 

are very useful and play a very crucial role in the industrial development of any 

nation.  

 Virtually all the refractories requirements in all the pyro-metallurgical 

industries in Nigeria are imported,  while the raw material for the production of these 

refractories materials are available in large quantity in Nigeria (Aderibigbe, 1989; 

Atanda et al., 2012). In Nigeria, kaolin clay deposits are available but they remained 

under-utilized (Omowumi, 2001; Manukaji, 2013).  

 Almost all Nigerian clays previously studied, showed inadequacy in terms of 

application of thermal properties measurement and methods. There was an evidence 

of some findings carried out but mainly on their chemical and physical 

characterization. The in-depth investigation of their thermal characteristics and 

critical areas of material clay behaviour like reaction and interaction with heat were 

not ascertained. Hence, the Nigerian clay thermal properties were not ascertained 

especially in the measurement of thermal conductivity (TC), energy absorption 

through use of differential scanning calorimeter (DSC), thermal expansion using 

coefficient of thermal expansion (CTE), weight loss using thermogravimetry analysis 

(TGA) and reaction by use of differential thermal analysis (DTA) methods. 
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The submission of Aremu et al. (2013) that clay is abundant in Nigeria and the 

deposits are in commercial quantities can be upheld that for a prospective industrial 

nation and that the clay deposit includes magnesite, dolomite and Kaolin. As 

expressed by Yakubu and Abdulrahim (2014); Hassan (2000), there is large reserves 

of silica, fireclay and kaolin clays in Nigeria that can be used for refractory materials 

if adequate investigation on the abundant natural resources were carried out.  

Similarly, Atanda et al. (2012) expressed that there are vast reserves of untapped clay 

mineral materials in Nigeria. The indication by Nigerian raw material research 

development council RMRDC (2010) emphasized that there were considerable data 

on Nigeria clays showing the deposits and locations in all the regions of the country 

for industrial and economic sustainability.  

 In view of these re-echoing of the clay availability, inadequacies in terms of 

any strong research group to undertake this researchable area, coupled with 

Nigerian’s high dependance on imported refractory products, the enormous cost of 

importing refractories annually according to Hassan et al. (2014) and Yakubu and 

Abdulrahim (2014) was to the tune of $2.9 billion USA dollars, the under-utilized 

abundance of clay (refractories raw materials) deposits can be used for production of 

refractory. All these have necessitated, motivated and justified this study.  

 These six clay specimen were chosen because of their geographical locations 

which means their closeness to the prospective end users; ceramic companies, 

metallurgical industry and largely, the specimen were unexplored clay deposits in 

Nigeria specifically for refractory application. 

1.3 Research objectives 

The aim of this research is to investigate, evaluate and analyze the physical, 

mechanical and thermal properties of the unexplored Nigerian clays for their uses as 

refractory and insulating materials. To achieve this, these are the objectives:  

i. To determine the chemical composition of all clay deposits specimen for 

their suitability for production of insulating and refractory material. 

ii. To determine the best physical properties of the clay specimen through 

apparent porosity, bulk density, firing shrinkage, water absorption at 

firing temperatures of 900°C, 1000°C, 1100°C and 1200°C. 
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iii. To evaluate the best mechanical strength properties of the specimens at 

varied firing temperatures for their suitability as thermal insulator and 

refractory fireclay bricks. 

iv. To determine the thermal properties of the clay specimen. 

       v.      To propose the potential application for the clay specimen as refractory or 

       thermal insulators.    

1.4 Research scope  

The scope of the study is in the following areas:   

i. Removal of top soil and digging 2 meters beneath the earth surface using the 

digger and were collected into plastic containers. 

ii. Crushing and grinding of clay deposits carried out using the ball-mill and 

mono-mill respectively. 

iii. Performed sieve shaking process for the clay deposits ASTM E11-500 (2015) 

using sieve sizes of 70, 63, 50 (µm) and a pan. All the clay that passed sieve 

50 µm used for the entire tests procedure in the study.   

iv. Particle sizes analysis of the clay deposits performed according to Analysette 

22 techniques. 

v. Performed the chemical composition (XRF) test using the of all clay deposits 

and ascertain their suitability for production of insulating and refractory 

materials.  

vi. Firing of all specimens was done at varied firing temperatures of 900°C, 

1000°C, 1100°C and 1200°C at the heating rate of 2.5°C/min. 

vii. Physical properties of firing shrinkage, water absorption, apparent porosity, 

bulk density of all fired specimens according to ASTM C20-00. 

viii. Preparation and production of test specimens according to ASTM standards.  

ix. Evaluate the mechanical properties of the fired specimen through cold 

crushing strength (CCS) and modulus of rupture (MOR) according to ASTM 

C133-97. 
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x. The unfired raw material specimen and fired specimen for phase and phase 

changes respectively were analyzed and characterized.  

xi. EDX test carried out using SEM method for surface morphology and 

characterized. 

xii. The steady state technique for thermal conductivity measurement at room 

temperature was performed using the hot guided plate apparatus technique 

according to ASTM 203-93.  

xiii. Investigation and analysis of thermal properties of all clay deposits was 

 conducted according to engineering standards such as:  

a. Performed refractoriness test for the specimens using PCE techniques to 

ascertain their fusion temperatures and their suitability for refractory 

application and insulating materials. 

b. Evaluated the thermal shock resistance of the specimen and the effects 

of sudden changes in temperature during service. 

c. Measured the thermal conductivity of the clay specimen, analyzed the 

specimen and established their suitability for production of refractory 

fireclay bricks. 

d. Differential scanning calorimeter (DSC) for energy absorption.   

e. Evaluate the clay specimen specific heat capacity (CP) that will rise it 

temperature. 

f. Thermogravimetry analysis (TGA) to study the weight loss. 

g. Differential thermal analysis (DTA) for exothermic and endothermic 

reactions in the clay specimen. 

h. Investigate and evaluate the thermal expansion (CTE) rate against 

temperature of the clay specimen.  

1.5 Summary 

This chapter presented the background information. It expressed the problem 

statement that motivated the study.  Despite the abundance of the raw materials in 

Nigeria for refractory manufacture, Nigeria still imports all her refractory from 

Germany, China and Great Britain. The research aim was to investigate and 

ascertained the suitability of the six selected unexplored Nigerian clays for 
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production of refractory. The objectives were achieved through the performance of 

these experimental procedures and tests for the chemical, physical, mechanical and 

thermal properties of the specimens. The scopes were limited to the performance of 

the various tests as stated in the objectives of the study. 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter discussed the literature as relating to theories of thermal conductivity of 

refractories; standard terminology relating to refractories, definition of clays, types 

and their uses, physical properties of fireclay bricks, the standard values for apparent 

porosity, water absorption, specific gravity, firing shrinkage, and bulk density, 

mechanical properties of fireclay bricks using cold crushing strength (CCS), modulus 

of rupture (MOR) methods for refractory and the standard  values; thermal properties 

of refractory fireclay bricks using thermal shock resistance, refractoriness (PCE), 

thermal conductivity (K), energy absorption using DSC technique, specific heat 

capacity (CP), coefficient of thermal expansion (CTE), thermogravimetry (TGA), 

differential thermal analysis (DTA) and clay deposits characterization through using 

SEM for morphology, the use of EDX study the dominate elements  and finger prints 

or phase changes using XRD techniques. 

2.2 Thermal transport and methods 

The thermal transport and methods of thermal conductivity measurement for solid 

materials are key issues to achieve optimum performance for a particular thermal 

application These instruments are the special types of guarded hot-plate apparatus, 

guarded heat-flow meter, transient hot-wire and hot-plane instruments as well as 

laser flash devices (Hammerschmidt et al., 2015; Lype et al., 2016). Zhang et al. 

(2010) that thermal conductivity is the key property of film specimen, such as proton 

exchange membrane, gas diffusion and refractories. The steady state method and 
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transient method are developed to measure the thermal conductivity of powder and 

other substances but may differ greatly from bulk specimen because of the phonon 

scattering at the surface and different manufacturing process (Zhang et al., 2014). As 

outlined by Hammerschmidt et al. (2015) that over the years a number of 

measurement techniques have been developed for this purpose and collaborated by 

Cengel and Ghajar (2012) submitted that the earliest group of measurement 

techniques is the steady state techniques.  

 The technique is based on establishing a temperature gradient over a known 

thickness of a specimen and controlling the heat flux from one side to the other 

(Xaman et al., 2009). The Steady-state techniques are primarily suitable for 

analyzing materials with low or average thermal conductivity at moderate 

temperature (Cengel and Ghajar (2012). The transient techniques measure 

temperature-time response of the specimen when a signal is sent out to create heat in 

the body. These methods can be used for measuring thermal conductivity for broader 

range of temperatures and thermal properties (Kubicar, 1990). As the temperature 

decreases the situation worsen since the thermal conductivity of most materials 

decreases rapidly. A low thermal conductivity is essential for materials used as 

thermal insulators (Rajput, 2010).  

2.3 Background theory  

In heat transfer, we are primarily interested in heat, which is the form of energy that 

can be transferred from one system to another as a result of temperature difference. 

According to Cengel (2012) heat transfer is the science that deals with the 

determination of the rates of energy transfer in a substance or body. One of the most 

fundamental laws of nature is the conservation of energy principle. It simply states 

that during an interaction, energy can change from one form to another but the total 

amount of energy remains constant. That is, energy cannot be created or destroyed. 

The conservation of energy principle also forms the backbone of all the engineering 

fields. A person who has a greater energy input (food) than energy output (exercise) 

will gain weight (store energy in the form of fat) and a person who has a smaller 

energy input than output will lose weight. The change in the energy content of a 

body or any other system is equal to the difference between the energy input and the 
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energy output and the energy balanced. Askeland et al. (2011) expressed that the 

energy gap in insulating ceramic materials is too large for many electrons to be 

excited into the conduction band except at very high temperatures.  

 Thus, the theory is that the transfer of heat in ceramics occurs primarily by 

lattice vibrations (phonons). Since the electronic contribution is absent, the thermal 

conductivity of most ceramics is much lower than that of metals. The main reason 

why the experimentally observed conductivity of ceramics is low, however, is the 

level of porosity. Porosity increases scattering. The best insulating brick, for 

example, contains a large porosity fraction. Effective firing reduces porosity (and 

therefore increases thermal conductivity). Consequently, the transfer of heat in 

ceramics occurs primarily by lattice vibrations (phonons). Materials with a close-

packed structure and high modulus of elasticity produce high energy phonons that 

encourage high thermal conductivities.  

 Askeland et al. (2011) agreed that the absence of electrons contribution in 

heat transfer in refractory material make it suitable for use as energy storage 

material. These authors also emphasized that glasses have low thermal conductivity. 

The amorphous loosely packed structure minimizes the points at which silica chains 

contact one another, making it more difficult for the phonons to be transferred. 

However, the thermal conductivity increases as the temperature increases; higher 

temperatures produce more energy phonons and more rapid transfer of heat. The uses 

of different coatings on glass to make buildings and cars more energy efficient are all 

engineering achievement. Some ceramics have thermal conductivities approaching 

that of metals. The fundamental mechanisms of thermal conduction are lattice waves 

(phonons) and the emission and absorption of radiant energy (photons) within the 

bulk of the material. These processes and their temperature dependence are examined 

and the expected thermal conductivity for insulating and refractory materials is 

approximated over the desired temperature range. Methods for determining the 

thermal conductivity of similar materials at elevated temperatures are evaluated to 

determine the most suitable for measuring the thermal conductivity of materials 

(Askeland et al., 2016). 
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2.4 Phonon contribution to thermal conductivity 

Phonon contribution is the quantized lattice waves that are indication of the presence 

of Phonons in a material. There are four different modes or phonon waveforms: 

longitudinal optical, transverse optical, longitudinal acoustic and transverse acoustic. 

Longitudinal phonons are quantized compression waves and transverse phonons are 

quantized shear waves (Regner et al., 2013; Zhou et al., 2015). Phonons are lattice 

vibrations in which the atoms in the unit cell oscillate relative to each other with the 

phonon contribution to a material's thermal conductivity (Cengel and Ghajar, 2015). 

The transfer of energy by phonons depends on three variables; the specific heat, the 

average phonon velocity and the mean free path of the phonon. In the temperature 

range to be tested, the specific heat and the average phonon velocity are essentially 

constant (Zhou et al., 2015). The mean free path of the phonons may change slightly 

over the desired temperature range. The mean free path refers to the distance the 

phonons can travel without being scattered. 

2.5 Scattering of phonons 

The scattering of phonons in ceramic causes a vibrations and excitations that help to 

store energy than conducting heat. In terms of scattering phonons, the excitations of 

principle concern are other phonons, specifically anharmonic phonon-phonon 

scattering. There are two types of anharmonic phonon-phonon scattering: N-type or 

normal processes, scattering with no net change in phonon momentum, and U-type 

or umklapp processes, scattering that results in a change in momentum. In both of 

these processes energy must be conserved. Anharmonic phonon-phonon scattering 

can be explained in terms of the interaction of two phonons thus, a phonon passing 

through a crystal lattice displaces the atoms of the lattice from their equilibrium 

positions, thereby introducing strain fields locally around these atoms. A second 

phonon passing through this region experiences a periodic variation of the elastic 

properties, in effect, a periodic variation in the material's refractive index. As a result 

a third phonon is produced. Anharmonic phonon-phonon scattering and scattering by 

defects are sources of thermal resistance that lead to the establishment of thermal 

gradients in materials. While the mean free path of both normal and umklapp process 
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change with temperature, only umklapp processes contribute to the thermal 

resistance of a lattice (Cengel and Ghajar, 2015). The disordered structure increases 

the mean path of the phonons and therefore reduces the amount of energy transported 

by the phonons. The thermal conductivity contribution of phonons in a porous 

material is much less than it is in crystalline materials. The expected thermal 

conductivity of ceramic base porous materials (CBPIM) should be similar to the 

values obtained for clear fused silica (Tiwari et al., 2013). The thermal conductivity 

of fused silica over the temperature range of 50 to 1100°C depends on two modes of 

conduction, the sum of the phonon and photon contributions to thermal conductivity. 

The thermal conductivity near the low end of the temperature range is primarily due 

to phonon conduction. The phonon contribution to thermal conductivity increases 

slightly as the temperature increases, but it does not change significantly. 

2.6  Thermal conductivity  

Thermal conductivity is the amount of heat conducted in a unit time through a unit 

area normal to the direction of heat flow (Budinski and Budinski, 2010). Refractories 

are non-metallic materials capable of enduring high temperatures and suitable as 

construction materials for industrial furnaces (Aramide and Seidu, 2013). Heat flows 

through solids due to elastic vibration of atoms or molecules or due to transfer of 

energy by the free electrons. Insulators have lower conductivities as they depend 

entirely on the lattice vibration of atoms and molecules. In dielectrics (thermal 

insulators) thermal conductivity is caused alone by the atomic or molecular vibration 

of the lattice representing a certain type of crystal structure. Budinski and Budinski 

(2010) explained that the rate of heat flow per unit time in a homogeneous material 

under steady-state conditions per unit area, per unit temperature gradient in a 

direction perpendicular to area. The thermal conductivity K is therefore, a measure of 

the rate at which heat is transferred through a material (Askeland et al., 2011).  

 

 Q/A = K    =   ∆T/∆X                                                                                          (2.1) 

 The heat flux has to be uniaxial in all these methods and hence radial heat 

loss or gain must be minimized by methods such as insulation. Consider a specimen 

of cross bar section A across which a thermal gradient exists. T2 and T1 are the 
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temperature measured over a length. Let Q be the quantity of heat flowing through A 

as shown in Figure 2.1. Thermal conductivity K is given by the ratio of the heat flux 

Q/A to the thermal gradient ∆T/∆L. The measurement of heat flux can be directly or 

indirectly. 

 

Figure 2.1: Heat Flux in calorimeter (Cengel and Ghajar, 2015) 

2.7 Thermal conductivity measurement techniques 

Thermal conductivity measurement methods are of steady state and transient 

methods (Hammerschmidt et al., 2015). Conventionally, steady state techniques were 

most widely used as they are mathematically simpler. Steady state is frequently used 

for materials of low thermal conductivity but can be time consuming and requires 

expensive equipment (apparatus) but the result of the measurement is usually 

accurate and widely acceptable (Cengel and Ghajar, 2015).  

 The methods of transient have an advantage of experimental procedure in 

which once the difficult mathematical processes or treatment has been sorted out, the 

application becomes easier. The transient method has the potential of determining the 

thermal diffusivity directly. The result of thermal conductivity measurement using 

this technique comes with a lot of errors and as such not accurate as in the cases of 

steady state techniques especially with dry materials. The level of error can affect the 

sense of its acceptability. Lype et al. (2016) gave the two methods as transient and 

steady state methods. Highlighted by Cengel (2012) these methods are used for 

measurement of thermal conductivity for solids, liquids and gases. Hammerschmidt 

et al. (2015) further reiterated that the steady-state techniques of measurements of 
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thermal conductivity by the guarded-hot-plate typically employed specimens as 

much as one hundred times larger than the transient method, although it is time 

consuming because of the time required to establish steady-state conditions at each 

test temperature. Tiwari et al. (2013) stated that there are two major methods for 

determining the thermal conductivity of solids, liquid and gas materials.  The most 

suitable method for a given material depends largely on the properties of the material 

and the conditions under which the measurements are performed experimentally. The 

standard values expected for thermal conductivity of the ceramic base porous 

insulating material is within the range of 0.03-3.5W/mK for thermal insulators 

(Tiwari et al., 2014). Alumina clay is a hard material and as such, specimen with 

complex shapes that require a lot of machining are practically not easy but can be 

produced. The process required to manufacture the alumina fireclay bricks, restricts 

the thickness of the test specimen to less than 0.5mm. The alumina brick is rigid and 

electrically non-conducting. It is desired to have thermal conductivity data over a 

temperature range of 50-1100 °C when carrying out the experiment (Tiwari et al., 

2013; Lype et al. (2016). The main mode of thermal conductivity at the lower 

temperatures would be by phonons. As the temperature is increased, the thermal 

conductivity would depend on the combined effects of phonons and photons. A 

method to obtain accurate thermal conductivity data at a reasonable cost is desirable. 

The hardware required for this method should easily be obtainable and inexpensive 

to manufacturers which should be an attempt to further understand in detailed the 

experimental approach for measurement of thermal conductivity in insulating and 

refractory bricks.   

2.8 Steady-state method  

Steady-state methods use Fourier's Law to directly measure the thermal conductivity 

of the test materials. In their research, Cengel and Ghajar (2015) stated that in 

Fourier’s law, the heat flux is equal to the negative temperature gradient multiplied 

by a constant of proportionality, the thermal conductivity of the medium; the 

negative sign is indicative of the fact that the heat flow is in the opposite direction to 

the temperature gradient. In this method, the heat flux crosses a specific cross-

sectional area in the volume element of a clay specimen material which is usually 
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determined and the temperature gradient across this volume element is measured. 

Steady state thermal analysis requires only the thermal conductivity (Schacht, 2004). 

Thermal conductivity is then calculated using Fourier’s Law. Steady-state methods 

include the envelop method, the radial heat flow method, the calorimeter, the 

guarded hot plate method (Cengel and Ghajar, 2015).  

2.8.1 Envelop method  

In the envelope method, a specimen is made around a heater in a shape similar to the 

heater as presented in Figure 2.2. Thermal conductivity is determined using envelope 

methods (Adams and Loeb, 1954; McQuarrie, 1954). The immediately steady state 

has been achieved, the heat flow via the envelope is equivalent to the power P 

dissipated by the heater. The temperature gradient ΔT is measured using 

thermocouples situated on diverse isothermal layers, and the shape factor B is 

determined by the shape of the envelope. There are different shapes used in the 

envelope method. The spheroidal method uses the mathematically simplest shape 

factor. Specimens are not easily formed for the cylindrical envelope method, it is 

rarely being used but it is appropriate for measuring the thermal conductivity of pipes 

and tubes insulation (Adams, 1954; Kingery, 1954, McQuarrie, 1954).  

 

 

Figure 2.2: Schematic diagram of envelop technique (Adams, 1954) 
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2.8.2 Radial heat flow technique  

The radial heat flow method is a steady state technique. The method necessitates the 

fabrication of hollow cylinder-shaped test specimen. An elongated heater is placed 

beside the axis of the specimen and thermocouples are placed at two radial positions 

syrnmetrically around the specimen usually at 120 degree intervals. The simpIest 

locations are the inner and outer exteriors of the specimen. The area between the 

specimen and the heater is packed with a granular or bubbled insulation. This 

material is placed between the outside of the specimen and the furnace case. Heaters 

are placed along the outside of the case to heat the whole furnace environment. A 

draft of this furnace is shown in Figure 2.3. The longer the specimen being tested the 

more the heat flow is limited to purely radial. Guard heaters at the ends can be used 

to restrict any axial heat flow that may be present. The thermocouple arrangement is 

repeated at intervals along the axis to measure the temperature gradient and discover 

any axial heat flow that may be present (Speyer, 1994; Cengel and Ghajar, 2015).   

 

 

Figure 2.3: Schematic diagram of Radial heat flow method (Speyer, 1994) 
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2.8.3 Calorimeter technique 

The calorimeter method has been a standard test method since 1945 and was 

designated (Speyer, 1994; ASTM C201-93, 1996). The steady state method uses the 

principle of Fourier's law to directly determine the thermal conductivity of materials. 

The equipment consists of specimen brick surrounded by guard bricks of the same 

material as presented in Figure 2.4. They are situated in between the calorimeter and 

the heating elements. The heat flows from the heaters into a SiC slab positioned over 

the guard bricks to normalize the temperature gradient. The bricks are arranged on 

water Calorimeter cooled base with separated water cooling for the calorimeter, 

internal guards and external guards. The test specimen sits on top of the calorimeter, 

overlying onto the internal guards. The temperature of the calorirneter and internal 

guards are maintained in steady state at a constant temperature.  

 

 

Figure 2.4: Schematic working principle of calorimeter method (Speyer, 1994) 

2.8.4 Guarded hot plate technique  

The guarded hot plate is a steady state method used to measure the thermal 

conductivity of ceramic materials that can be formed into a disk shape (Cengel and 

Ghajar, 2015). The furnace is design according to ASTM Cl77-85 (1996) and ASTM 

C202-93 (2013) is shown in Figure 2.5. A single or two specimens can be placed 

above and below a smaller disk shaped heater in the middle of a cylindrical guard 

heater whose temperature is matched to that of the heater. During the measuring, the 
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temperature changes the specimen and thermocouples are located above and below 

positions. The heaters are placed to regulate the amount of the gradient through the 

specimen. Heat irons are placed at the top of the stack to assist in axial heat flow. 

The temperature difference across specimen can be used to determine the heat flux 

through the specimen and verify the thermal conductivity of specimen. When large 

uniform specimen is being produced, the guarded hot plate method is an excellent 

method for determining the thermal conductivity of a material. It is necessary that 

any heat flow through the specimen is axial, hence the control and monitoring of the 

guard heaters is important (Francl and Kingery, 1954; Vasilos and Kingery, 1954, 

Sheffield and Schorr, 1991).  

                                 

 

Figure 2.5: Schematic diagram of guarded hot plate (Sheffield and Schorr, 1991) 

2.9 Transient method 

Generally, transient techniques are mathematically complex when measuring the       

thermal diffusivity. They require advanced mathematical approaches such as Bessel 

functions, Fourier series analysis, Laplace transforms, and other graphical or 

numerical (finite element or finite difference) computational methods. With regard to 

transient thermal analysis, the required thermal material properties include the 

density, specific heat and thermal conductivity (Schacht, 2004). The clay specimen 

material has no tabulated specific heat or density data. Both would have to be 

determined, in addition to the diffusivity, over the complete temperature range. 

Under these conditions, the transient methods for measuring thermal conductivity 
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can be used for ceramic based porous materials (Brodkey and Hershey, 1988). The 

transient methods: hot wire method, laser flash technique and hot-disk transient plane 

source (TPS).  

2.9.1 Hot wire technique 

The hot wire method involves placing an electrically heated wire into a specimen 

material as demonstrated in Figure 2.6. This intrusive method is inadequate to testing 

fluids, melted plastics and foams. The temperature of the wire is measured as heat 

flows out radially from the wire into the specimen. Plotting the temperature of the 

wire versus the logarithm of time, thermal conductivity can be calculated. In general 

the technique is restricted to lower temperature range and the minimum accurate of 

techniques mentioned (Murshed et al., 2005; Hwang et al., 2006). 

 

 

Figure 2.6: Schematic and principle of Hot wire method (Murshed et al., 2005) 

2.9.2 Laser flash technique 

The laser flash method is that in which a short pulse of heat, given by a laser flash, is 

applied to the front surface of a specimen. On the back surface of the specimen, an 

infrared (IR) detector is used to measure the change in temperature as displayed in 

Figure 2.7. The monitored temperature data, which act as a function of time are used 

to determine thermal diffusivity (Dos Santos et al., 2005; Lin et al., 2012). If the heat 

capacity and density of the specimen are known, the thermal conductivity can be 

calculated. The method is usually conducted according to ASTM E1461.  
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Figure 2.7: Schematic and principle of laser flash method (Lin et al., 2012) 

2.9.3 Transient plane source (TPS) 

The hot disk is referred to as transient plane source (TPS) technique that utilizes a 

hot disc sensor and a patented mathematical model of Gustafson in the year 1991 

(Al-Ajlan et al., 2006; Solorzano et al., 2008). He combined electronics to derive the 

thermal conductivity. This method requires two identical specimens which sandwich 

the sensor, pressing heavily the specimen in the process as revealed in Figure 2.8. 

The operator is responsible for developing the necessary timing, power parameters 

and selecting the appropriate data consequently building a linear regression in 

satisfying the model's requirements.  

 

 

Figure 2.8: Schematic principle of transient plane source (Solorzano et al., 2008) 
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