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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment
of the requirement for the degree of Doctor of Philosophy

EFFECTS OF ELECTRIC FIELD ON THE THERMAL DIFFUSIVITY OF
CONDUCTORS IN THREE-LAYER SOLID CONFIGURATIONS

By

SANI JIBRIN

March, 2015

Chair: Azmi Bin Zakaria, Ph.D.

Faculty: Science

In order to extract the thermal properties of thin films from their thermal responses
an analytical model is developed by solving the heat diffusion equation. In this study,
a novel mathematical theory essential for the experimental determination of thermal
diffusivity of conductors in three-layer solid configurations by the Converging Ther-
mal Wave Technique is developed. This is achieved by expressing the hyperbolic
Laplace associated solution of the derived equation in negative exponential form.
Binomial series expansion is then used to simplify the solution and hence, Laplace
conversion tables, in place of the tedious integral inversion technique are finally used
to retrieve the temporal temperature profile for the three-layer solid sample in real
space and time domains. The equation is plotted using Mathematica Software and
its accuracy is checked by performing sensitivity analysis on all the physical param-
eters contained in the derived equation. The result of the sensitivity analysis shows
that the mathematical model is sensitive to all relevant parameters needed for the
evaluation of the thermal diffusivity of the sample.

Using the Converging Thermal Wave Technique, three different sets of thermal dif-
fusivity experiments are performed on previously prepared samples. The first set of
experiment comprising four three-layer samples is performed to test the mathemat-
ical theory and calibrate the measuring scheme and apparatuses. Results obtained
in this series of experiments show that the mathematical model and the measuring
scheme adopted for the thermal diffusivity evaluation of the samples are accurate to
within about 5% error.
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The second set of experiments were performed on different three-layer solid sam-
ples when direct electric current pass across the samples. Results obtained here
indicate that the thermal diffusivity value of the metal foils in three-layer solid con-
figurations increase with the potential difference applied across the metal foils. It
is also observed in this series of experiments that the temperature of the metal foils
increases slightly as a result of the Joule heating effects.

When different three-layer solids are placed in a uniform static electric field and are
being charged either positive or negative as the PD is varied from 1.00 V to 10.00
V in a step of 1 V each, the effect of electrostatic field on the thermal diffusivity
of metal is investigated. At both positive and negative static charge on the sample,
ten different temperature signal readings are obtained as the potential difference of
the DC power source is varied. In this way, the free electrons in the conductor are
made to move either towards or away from the temperature signal detection point
respectively and hence the effect of the flow of free electrons in an open circuitry is
established. It is found out that free electrons flowing both normal and parallel to
thermal dissipation path in a metal affect its thermal diffusivity significantly. When
electrons flow towards the thermal dissipation path due to electrostatic repulsion,
the thermal diffusivity value of the metal is observed to increase and when the direc-
tion of electrons flow and thermal dissipation path due to electrostatic attraction are
opposite one another, the thermal diffusivity value for the sample decreases.

The last phenomenon is understood to be the results of the fact that electrons in
a metal behave like a collection of gas particles, ’Fermi-Gas’ such that they move
about through the metal unhindered and unaffected by the potentials of the ion core
and hence remained un scattered for quite a long time. Within the limit of the room
temperature at which the experiment is carried out, scattering of electrons in the
metal by phonons is negligible. Similarly, for metals free from point defects, impu-
rity and imperfections scattering by point defects and crystal imperfection is also
ruled out. Hence, the applied potential difference accelerates the electrons towards
or away from the temperature probe. When the electrons move towards the probe
the thermal diffusivity value for the metal increases, and decrease when the elec-
trons flow in the opposite direction. We also note that all these happened with no
additional heat in the solid as the phenomenon occur in an open circuitry such that
the Joule heating effects of flowing electrons are eliminated.
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai
memenuhi keperluan untuk ijazah Doctor Falsafah

KESAN MEDAN ELEKTRIK KE ATAS RESAPAN TERMA KONDUKTOR
DIDALAM KONFIGURASI PEPEJAL TIGA-LAPISAN

Oleh

SANI JIBRIN

March, 2015

Pengerusi: Azmi Bin Zakaria, Ph.D.

Fakulti: Sains

Satu model analitikal telah dibangunkan dengan menyelesaikan persamaan resapan
haba untuk mendapatkan sifat-sifat terma filem nipis daripada isyarat termanya.
Penyelesaian matematik yang novel ini adalah teras untuk menentukan resepan terma
konduktor dalam konfigurasi tiga-lapis secara eksperimen dengan menggunakan
Teknik Gelombang Terma Menumpu. Ia dapat dilakukan dengan mengungkapkan
penyelesaian yang berkaitan Laplace hiperbolik bagi persamaan yang diturunkan
dalam bentuk eksponential negatif. Pengembangan siri Binomial kemudian digu-
nakan untuk meringkaskan penyelesaian dan dari sini jadual penukaran Lapalce,
menggantikan teknik songsangan kamiran yang rumit, digunakan untuk memper-
olehi profil suhu temporal untuk sampel pepejal tiga-lapis dalam domain masa dan
ruang nyata. Kemudian persamaan tersebut diplot menggunakan perisian Mathe-
matica dan kejituannya diperiksa dengan melakukan analisis kepekaan ke atas pa-
rameter fizikal yang terkandung dalam persamaan yang diturunkan.

Dengan menggunakan Teknik Gelombang Terma Menumpu, tiga set eksperimen be-
rasingan telah dijalankan ke atas sampel yang disediakan. Set pertama eksperimen
yang terdiri dari empat sampel tiga-lapis dilakukan untuk menguji teori matematik
dan untuk penentukuran peralatan dan skema pengukuran. Hasil yang diperolehi
dari siri eksperimen ini menunjukkan model matematik dan skema pengukuran yang
ditetapkan untuk penilaian resapan terma sampel tersebut adalah jitu dalam lingkun-
gan ralat 5%.

Set eksperimen kedua dilakukan untuk sampel pepejal tiga-lapis berbeza apabila
arus terus dilalukan menerusi sampel. Hasil yang diperolehi menunjukkan nilai re-
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sapan terma bagi kerajang logam dalam pepejal tiga-lapis bertambah dengan beza
keupayaan merentasi kerajang. Didapati juga suhu kerajang logam meningkat sedikit
hasil daripada kesan pemanasan Joule. Dalam siri ketiga eksperimen pepejal tiga-
lapis berkenaan ditempatkan dalam medan elektrik statik dan dengan demikian ter-
cas sama ada positif atau negatif sewaktu beza keupayaan berubah dari 1.00 V ke
10.00 V dengan setiap kenaikan 1 V, kesan medan elektrostatik ini telah dikaji. Pada
kedua-dua keadaan sampel tercas positif dan negatif, 10 bacaan isyarat suhu berbeza
telah diperolehi sebaik beza keupayaan DC diubah. Dengan cara ini, elektron be-
bas dalam konduktor digerak masing-masing sama ada ke arah atau menjauhi titik
pengesan isyarat suhu dan dengan ini kesan elektron bebas mengalir kedua-duanya
normal atau selari terhadap laluan susutan terma dalam sekeping logam memberi
kesan yang signifikan kepada resapan termanya. Apabila elektron mengalir ke arah
laluan susutan terma disebabkan tolakan elektrostatik, nilai resapan terma logam di-
dapati bertambah dan apabila laluan susutan terma melawan arah elektron mengalir
disebabkan tarikan elektrostatik, nilai resapan terma sampel berkurangan.

Fenomena terakhir ini dapat difahami sebagai natijah bahawa elektron dalam logam
pada kenyataannya merupakan sekumpulan zarah-zarah gas, ’Gas-Fermi’ sehingga
mereka bergerak menerusi logam tanpa halangan dan tidak terkesan oleh keupayaan
teras ion dan dengan demikian kekal tidak tersebar untuk masa yang agak panjang.
Dalam lingkungan suhu bilik yang mana eksperimen dijalankan, penyebaran elek-
tron oleh fonon adalah boleh diabaikan. Demikian juga, untuk logam yang bebas
dari cacat titik, bendasing dan ketaksempurnaan penyebaran oleh titik cacat dan
ketaksempurnaan hablur adalah boleh dinafikan. Dengan ini, beza keupayaan yang
dikenakan memecut elektron ke arah atau menjauhi penduga suhu. Apabila elektron
bergerak ke arah penduga nilai resapan terma bagi logam bertambah, dan berku-
rangan apabila elektron mengalir dalam arah berlawanan. Kami juga mendapati ke-
semua ini berlaku tanpa penambahan haba dalam pepejal kerana fenomena berlaku
dalan keadaan litar terbuka sehingga kesan pemanasan Joule kepada elektron yang
mengalir dapat dihapuskan.
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CHAPTER 1

INTRODUCTION

Recent advances in science and technology bring about sophistication in electronics,
photonics, sensors, photovoltaic and associated devices. These advances are made
possible not only as a result of miniaturization or scaling down of transistors and as-
sociated components but also due to the fact that corresponding advances have been
made in efficient heat removal from these systems. With less efficient heat removal
techniques from these devices, sudden breakdown and or malfunction are bound to
occur.

The use of layered materials in the efficient removal of heat from appliances is as
imperative as the advances themselves. The Thermal Interface Materials (TIMs) for
example used to remove heat from electronics and photonics devices is basically a
multilayer device placed between the heat source and heat sink. Essential part of
these TIMs is a metal or any thermal conducting material containing free electrons
and or phonons that carries the generated and unwanted thermal energy for dissi-
pation. In a situation where electrons are involved and also since most of these ap-
pliances work with applied Potential Difference (PD), the thermal diffusivity value of
the metals conducting heat energy will change as a result of a change in the number
and or velocity of the metals’ free electrons. When the direction of flow of conducting
electrons in a metal due to applied electric field coincides with the direction of heat
dissipation path, or when more of the conducting electrons are made to flow in that
direction, thermal diffusivity value of the metal is envisage to be enhanced. On the
other hand, when the applied electric field makes conducting electron to flow in a
path completely opposite to that of heat dissipation or when few electrons are made
to flow in that direction, the metal’s thermal diffusivity will likely be reduced greatly.

This work therefore, aims at using an extended version of Converging Thermal Wave
(CTW) technique initially developed by Cielo and his co-workers to evaluate the pos-
sible change in the value of the thermal diffusivity of a metal in a three-layer device
as the device carries Direct Current (DC) supply in both open and closed circuitries.
The present chapter therefore gives a short and brief introduction of the topics and
basic concepts to be covered in this thesis which include: thermal conductivity, ther-
mal diffusivity, relationship between them and other thermo-physical quantities and
classification of thermal conductivity into types and dimensions. Some highlights on
the significance of experimental determination of thermal diffusivity are also given
in this chapter. The general overview of the requirements for the experimental anal-
ysis of thermal diffusivity such as the heating source, the sample and sample holder,
as well as the temperature probe is also briefly discussed. The chapter ends with
the statement of our research problem, research objectives and an outline of our
research scope.
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1.1 Conduction of Heat in Solids

Sadik (1985) defines heat as the form of energy that crosses the boundary of a ther-
modynamic system by virtue of a temperature difference existing between the sys-
tem and its surrounding, (Sadik, 1985). Heat is therefore understood as energy in
transition and the potential that drives it along a certain path and or direction is the
temperature gradient. Although heat transfer happens to be a very complex phe-
nomenon in relation to processes through which it occurs, however three modes of
heat transfer mechanisms have been observed as basic. These are conduction, con-
vection and radiation. Temperature distribution in a medium is generally controlled
by the combined effects of these modes of heat transfer. It is not therefore very easy
to entirely isolate one mode of heat transfer from interactions with other modes.
However, since in solids convection is altogether absent at working temperature of
the present work while radiation is very negligible, (Carlslaw and Jaeger, 1959), only
conduction, as the basic heat transfer mechanism in solids will be considered in this
work.

Conduction of heat in solids is a microscopic phenomenon where more energetic
particles of a substance transfer their energies to their less energetic neighbours.
This energy transfer process in solids occurs by lattice vibrations (phonons) and or
by motion of free electrons. Transfer of heat by phonons in non-metallic substances
dominates that by free electrons in solids whereas electrons contributions dominate
thermal conduction in metals, (Balandin, 2011).

1.1.1 Conduction of Heat in Metals

Since there is abundance of free electrons in metals, electronic contribution to ther-
mal conduction dominates; with phonons contributing only about 1 - 2% of the total
thermal conduction. This explains why all metallic substances are good electrical as
well as good thermal conductors. The fact that free electrons are more numerous,
free, light and interact with one another less often as a result of shielding and Pauli
exclusion principle makes solids composed of electrons to conduct thermal energy
better than solid composed of any other conducting quasi particle. The only possi-
ble exception to this is the pattern of thermal conduction in the recently discovered
carbon-based materials where thermal conduction is extremely high, and yet brought
about mostly by phonons contributions to thermal conduction.

Due to the similarity between the thermal and electrical conduction in metals, a rela-
tion based on experimental facts exists between the two phenomena. The Weidemann-
Franz law gives this relationship and is stated as, the ratio of thermal and electrical
conductivities is the same for all pure metals at the same temperature and is directly
proportional to the absolute temperature of the metal. The constant of proportional-
ity here is called the Lorentz number and is constant for all pure metals. Any effect
which inhibits the flow of free electrons in a metal reduces both thermal and elec-
trical conduction. Hence thermal conduction in pure metals is impeded by: rise in
temperature of the metal, presence of impurities, mechanical forming and reduction

2
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in the density of the metal.

1.1.2 Conduction of Heat in Metallic Alloys

Electrons are also the majority carriers of thermal energy in this class of materials
owing to their large concentrations. Their motion which was hitherto free in pure
metals is however impeded by scattering with the introduced foreign atoms. Since
the free electrons can not move as free and as quickly as in pure metals, their con-
tribution to thermal conduction is greatly reduced. The thermal conductivity of pure
copper near room temperature, for example, is 401 W/mK, presence of traces of ar-
senic reduces the value to 142 W/mK, (Thirumaleshwar, 2006). Unlike pure metals
however, the thermal conductivity of alloys increases with temperature.

1.1.3 Conduction of Heat in Non Metallic Solids

These are the class of solid materials with less free conducting electrons. They are
therefore generally bad conductors of both heat and electric current. Thermal con-
duction in these materials is carried mostly by lattice vibrations (phonons), as such
conduction increases with increase in temperature. The contribution of electrons to
thermal conduction here is very small as very few of them can break free from the
potentials of the ion core holding them rigid. Other factors which can affect thermal
conduction of these class of materials include density and moisture contents.

1.1.4 Conduction of Heat in Carbon-Based Materials

These are the class of materials with less free conducting electrons like all non metal-
lic solids and hence supposed to behave in a similar manner. Yet, carbon-based
materials show a remarkable departure from other non-metallic materials as far as
thermal conduction is concerned. The thermal conductivity of graphite, for exam-
ple, is reported to be as high as 2000 W/mK, (Yan et al., 2012) and between 4840
W/mK to 5300 W/mK for single-layer graphene at room temperature (Balandin et al.,
2008). This high thermal conductivity is the sole contributions of phonons and is
explained by the strong covalent sp2 bonding resulting in efficient heat transfer by
lattice vibrations in these materials, (Balandin, 2011).

1.2 Photothermal Analysis

Solids can be heated by absorbing optical radiation which produces a thermal change
in the state of the solids. This process often called photothermal spectroscopy in-
volves absorption of modulated light energy and its subsequent liberation from the
solid. The liberated thermal energy usually contains information about the absorbed
energy as well as details in respect to the thermal properties of the solid. The fraction
of the absorbed thermal energy not only causes a change in temperature of the ma-
terial but also changes in other properties of the solid such as density and pressure.
Figure 1.1 shows the basic processes involved in Photothermal spectroscopy and the
three thermodynamic parameters which change as a result of optical absorption by
the solids.

3
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Figure 1.1: Processes involved in photothermal analysis

Each of these thermodynamic parameter is associated with some property/proper-
ties that can be measured from the interaction. If temperature is the thermodynamic
property that changes as a result of the optical absorption, for example, this change
can be measured in either of two ways. The temperature can be measured directly
through a technique called calorimetric analysis using probes like thermocouples,
thermistors, pyroelectric detection system, as done by majority of researchers in
this field, (Parker et al., 1961), (Cielo et al., 1986), (Murphy et al., 2005), etc, or the
temperature induced infrared emission can be measured through a process called
photothermal transient radiometry as demonstrated by some researchers including
(Vitkin et al., 1994), (Mandelis, 1991), (Imhof et al., 1998). Other measured proper-
ties and the detection techniques adopted for them are as summarised in Table 1.1.

Table 1.1: Common detection techniques used in photothermal spectroscopy

Thermodynamic Parameter Measured Property Detection Technique

Temperature Temperature Calorimetry

Infrared Emission Photothermal Radiometry

Pressure Acoustic Waves Photoacoustic Spectroscopy

Density Refractive Index Photothermal Lens

Photothermal Interferometry

Photothermal Deflection

Photothermal Refraction

Photothermal Diffraction

Surface Deformation Surface Deflection

4
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1.3 Thermal Diffusivity and Thermal Conductivity

Thermal and electric fields coexist in electronics and photonics components and de-
vices where electric field is needed and used to power the devices while thermal
field is generated mostly by Joule heating. This generated thermal energy need to
be removed from the devices for their proper functioning and most importantly to
avoid breaking down of the devices. Since electrons are the major carriers of ther-
mal energy in solids, their number, speed and direction will affect the amount of heat
energy dissipated in a particular direction. The existence of both electric and tem-
perature fields represents a closer approximation to the situation in any electronic
device while in operation where problems associated with overheating are a major
concern. As heat is therefore generated within current carrying materials, thermal
diffusivity of the material may change from its known value depending on the mag-
nitude and direction of the material’s free electrons in relation to the direction of
thermal dissipation in the material. To understand what really happens when elec-
trons conduct heat in both the direction of heat dissipation path and in its completely
opposite direction we need to understand some basics about heat conduction as enu-
merated below.

Whenever there is a temperature gradient within a body or when two or more bod-
ies at different temperatures are brought in to thermal contact with one another,
heat or thermal energy flows from the region of higher temperature to that at lower
temperature. Apart from the temperature difference between the regions or bodies
concerned, the most important intrinsic factor which determines the rate of thermal
energy flow is a material property called thermal conductivity. Thermal conductivity
may therefore be understood as that ability of a material which allows it to transport
(conduct) heat from one point to the other. It is a direct microscopic exchange of
kinetic energy of particles through the material boundary between two systems kept
at different temperatures. At such instances heat flows from the region or material
with highest temperature to that with lowest in accordance to the second law of
thermodynamics, (Serway and Jewwet, 2010). At room temperature and fixed lower
temperatures, electrons are the major carries of this heat energy in metals devoid
of lattice imperfection and defects, whereas in carbon-based materials at the same
temperature, phonons are the dominant carriers. Apart from conduction, convection
and radiation are other known methods of transferring heat from one material to the
other. However, in solids, convection is very negligible while radiation is all together
absent hence, as far as heat transfer in solids is concerned, conduction processes
are the leading methods.

The higher the thermal conductivity of a material, the better the material conducts
heat, and vice versa. Consequently, in pure metals at room temperature, the higher
the number of free electrons drifting in the direction of heat dissipation path, the bet-
ter the metal conduct heat in that direction, and vice-versa. At fixed temperatures,
thermal conductivity of a material is constant; otherwise it changes with a change in
temperature of the substance (Carlslaw and Jaeger, 1959). The S.I. unit of thermal
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conductivity is the Watt per metre Kelvin (W/mK) and its dimension is given as M L
T−3θ−1.

1.4 Classification of Thermal Conductivity

Thermal conduction in solids may be classified into types and dimensionality as ex-
plained in the next subsections.

1.4.1 Types of Heat Conduction

Conduction of heat in solids may generally be categorized into transient or steady
state. Transient state conduction is that in which the rate of heat transfer changes
continuously with time and hence, the transfer rate is time dependent whereas,
steady-state heat conduction is that in which the heat transfer rate does not change
with time and hence the transfer rate can be said to be time independent. All natural
conduction transfer processes begin as transient and then steadily approach steady
state over time until equilibrium is attained.

1.4.2 Dimensionality of Heat Conduction

Depending on the magnitude of heat transfer rate in different directions of a solid,
heat transfer can take place in one of the following dimensions: one-dimension, two-
dimensions or three-dimensions. In one-dimensional heat transfer, the transfer rate
is more assertive and dominant in one direction than the others. Temperature distri-
bution, T is characterized by only one spatial component and the heat flux q charac-
terized by one dimensional component. One-dimensional heat transfer can happen
in all classes of materials depending on the material’s geometry, the level of accu-
racy desired, (Yunus and Afshin, 2011) and the direction of the vector normal to
isothermal surface drawn on the material. Examples of physical systems in which
the transfer rate is approximately one-dimensional include: the hot metal plate of a
pressing iron, electrical resistance wire, a cast iron steam pipe, etc. The Fourier’s
law of heat conduction in one-dimension for example, x-direction, through isotropic
material is written as (Thirumaleshwar, 2006);

∂ q
∂ t
=−kA

∂ T
∂ x

(1.1)

Here q = thermal energy, t = time, k = thermal conductivity, A = material’s cross
sectional area and T = temperature.

In two-dimensional heat transfer, the transfer rate is approximated to take place
more along two directions than the other remaining direction. Hence temperature
distribution, T is characterized by two spatial components and the heat flux q is also
characterized by two dimensional components; for example T x , T y and q x , q y for
heat transfer along the x and y directions respectively. The Fourier’s law of heat
conduction in the two-dimensions mentioned above and through isotropic material is
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written as, (Carlslaw and Jaeger, 1959),

∂ 2qx

∂ t2 +
∂ 2qy

∂ t2 =−kA(
∂ Tx
∂ x
+
∂ Ty

∂ y
) (1.2)

In most general case, heat transfer problem is three-dimensional, i.e. that in which
the heat conduction takes place through all the three principal directions (x, y, z in
Cartesian coordinates). Here the temperature distribution is characterized by three
different spatial components T x , T y , Tz while the heat flux term is characterized
by three different components q x , q y , qz . The three-dimensional heat conduction
equation for a transient conduction in which no heat is generated is given as (Ozisik,
1993);

∂ 2Tx

∂ x2 +
∂ 2Ty

∂ y2 +
∂ 2Tz

∂ z2 =
1
α

∂ T
∂ t

(1.3)

1.5 Thermal Diffusivity

Closely related to thermal conductivity is a quantity called thermal diffusivity which
specifies how fast a material conduct heat. The higher the thermal diffusivity value
of a material the faster the material conducts heat and vice versa. Like thermal
conductivity, thermal diffusivity is also a function of material’s temperature apart
from other physical quantities. Its S.I. unit is m2s−1 while its dimension is L2T−1.
Thermal diffusivity is mathematically related to thermal conductivity by the following
relation;

k=αρC (1.4)

Here k = thermal conductivity, α = thermal diffusivity, ρ = density and C = specific
heat capacity.
As a consequence of Equation (1.4) above, thermal diffusivity α is written as;

α=
k
ρC

(1.5)

As the denominator to Equation (1.5) above is equivalent to the volumetric heat
capacity of a material, thermal diffusivity can be thought to be a measure of the ratio
of the total amount of heat conducted away by the material to that retained in it.
Thermal diffusivity will also change when the direction of flow of metals’ conducting
electrons changes with that of the heat dissipation direction.

In the study of heat conduction in solids, thermal diffusivity is by far more important
not only because of its mathematical relevance as given by Equations (1.4) and (1.5)
above but, also because, it is more easier to determine experimentally than thermal
conductivity or even other thermo-physical quantities. Some other advantages of
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experimental determination of thermal diffusivity include:

1. All thermal diffusivity experiments are transient in nature hence, less time is
required to perform experiment.

2. They are much more accurate than thermal conductivity values.

3. Its determination makes the evaluation of other thermo-physical quantities eas-
ier.

4. Thermal diffusivity experiments make use of small samples sizes with different
geometry

5. They are usually non-contact and less prone to errors

1.6 General Overview of Thermal Diffusivity Measurement

All experimental determination of thermal diffusivity of materials involves transient
heating of a sample usually of small dimension but of almost any geometry. The
essential features of these types of experiments involves the heating source, the
heated sample, sample holder and temperature probe. These are briefly discussed
in the subsections that follow.

1.6.1 The Heating Source

This is the source of thermal energy which initiates the heating of the sample. It
is usually either a pulsed laser (coherent sources) or broad spectrum range sources
(incoherent sources) used to induced initial temperature profile in the sample. Some
of the coherent sources include: helium-neon gas, argon fluoride, Nd:YAG, argon
ion, gallium arsenide, semiconductor diode array, etc. The incoherent sources on
the other hand include: xenon-lamp, globar, nernst, and of recent camera flash, etc.
Five types of sample heating used in photo-thermal method of thermal diffusivity
experiments are as mentioned below (Park et al., 1995):

1. Large area surface heating.

2. Line heating.

3. Small spot heating

4. Grating heating and

5. Circular heating

In photo-thermal method of thermal diffusivity determination, the heating source is
usually in a form of light source of high intensity. At the surface of the sample, and
where the heating initiates, this light is converted to thermal energy and also causes
other physical changes in and around the sample as shown in Figure 1.2, (Almond
and Patel, 1996). Since after the first experiment in this series by Parker and his co-
workers in 1966 (Parker et al., 1961), laser flash became the main source of heating
in majority of transient thermal diffusivity experiments.
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Figure 1.2: Photothermal phenomenon caused by sample illumination

The use of camera flash in place of laser as sample heating source in thermal diffu-
sivity experiments is made possible due to the following reasons:

1. Camera flash is much cheaper to set up and maintain than laser flash appara-
tus.

2. It is much safer and easier to work with than the hazardous laser flash.

3. No much skill and or expertise is required to operate the camera flash set up.

4. It is small and portable and hence can be set up in almost all laboratories and
can as well be moved about easily.

5. It can be operated with dry cell batteries and hence save a lot of trouble and
energy in using electricity from the mains supply.

6. The fact that its width length is shorter than that of the laser flash affords the
researcher a new but simpler mathematical method of evaluating the temporal
temperature of the heated sample.

Generally, any other source of heating in the form of light may be used in as much
as the converted thermal energy is just enough to initiates heating of the sample,
high enough to be detected by the temperature probe and low enough so as not to
produce any phase change in the sample.

1.6.2 The Sample and Sample Holder

Majority of the samples in transient thermal diffusivity experiments are some portion
of solid, liquid or gas to be tested. The fluids are usually enclosed in a specially made
container depending on its volume, type and weather the experiment is intended to
be made for stationary or moving fluids. The solids on the other hand are most often
small, thin and of almost any geometry. It is mounted on to a special surface called
sample holder for the heating process.
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Depending on the type of heating needed for the sample, different sample hold-
ers are made to hold the sample for the desired heating. The essential feature of
all sample holders should be such that they held the sample fixed and rigid for the
experiment, they neither block, absorb or reflect the light before its incident on the
sample and also before it reaches the temperature probe, they should be appropriate
to the type of heating required for the sample as explained in section 1.6.1 above.

1.6.3 The Temperature Probe

Thermal waves are detected using three general schemes: acoustic, optical and ther-
mal, (Almond and Patel, 1996). Depending on whether the medium is solid or gas,
acoustic detection techniques make use of either a piezoelectric transducer or a gas
condenser microphone for the detection of thermoelastic waves in solid media or the
detection of pressure variation in gas respectively. Optical methods of temperature
probe makes use of probe beams and photo-detectors to monitor the variation in the
optical properties of the heated sample or that of a fluid medium placed close to the
heated sample. The last detection scheme listed above which is also employed in this
work and majority of similar experimental works makes use of wide range of ther-
mal detection apparatuses and appliances such as infrared detector, thermocouples,
thermistor, pyroelectric transducers, etc., to detect thermal waves from the heated
sample directly.

1.7 Research Question

In metals at room temperature, both phonons and electrons contribute to thermal
conduction. The electrons’ contribution however dominates with phonons contribut-
ing only about 1-2% of the total, (Balandin, 2011). In this class of materials therefore,
and at the stated temperature and lower, electrons are the major carriers of heat and
hence, their number, speed and direction of motion will affect the thermal conduc-
tivity and by extension thermal diffusivity of the material. The number, speed and
direction of electrons may be affected by flowing or static electric field, whereas,
temperature gradient is needed to initiate heat transfer process. The existence of
both electric and temperature fields represents a closer approximation to the sit-
uation in any electronic device while in operation where problems associated with
overheating are a major concern. As heat is therefore generated within current car-
rying materials, thermal diffusivity of the material may change from its known value
depending on the magnitude and direction of the current in relation to the direc-
tion of thermal dissipation in the material. Current literature is however deficient
on effect of flowing and static electric current on the thermal diffusivity of metals in
three-layer solid configuration similar to thermal interface materials.

1.8 Research Objectives

The objectives of this research are as follows:

1. To derive and solve the two-dimensional unsteady-state heat conduction equa-
tion for a single-layer, two-layer and three-layer solid samples using the In-
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tegral transform method so as to set up the basic theoretical scheme for the
research work.

2. To fabricate different three-layer solid composites using different techniques
and characterize same for use in the experimental determination of thermal
diffusivity of a layer in the three-layer solid configuration.

3. To experimentally determine the thermal diffusivity of metal foils in three-layer
solid configurations so as to calibrate the measuring scheme and apparatus.

4. To experimentally determine the effect of direct electric current passing across
metal foils on the thermal diffusivity of the foils in three-layer solid configura-
tions.

5. To experimentally determine the effect of static electric fields on the thermal
diffusivity of metal foils in three-layer solid configurations.

1.9 Research Scope

This work aims at evaluating the effect of static and flowing direct electric current
on the thermal diffusivity of metals occurring in three-layer solid composites. Unlike
the flow of DC through a metal, it has been established that the flow of AC makes
the sample’s temperature profile non-parabolic and the volumetric power generated
within the sample non-uniform, (Barletta and Zancini, 1995), (Abdel-Hamid, 1997),
hence, this work will not focus on the effect of AC fields on the thermal diffusivity
of the metal. Similarly, the work will concentrate more on the thermal diffusivity
of three-layer solid samples under the influence of the fields mentioned above, as
such single-layered and multi-layered solid samples with composite layers, N 6= 3 (N
being the number of layers in the composite) will not be considered in this work.
The work will only aimed at evaluating thermal diffusivity of the samples mentioned
above; hence, no any other thermal property of the said three-layer solid composite
will rigorously be evaluated in this work.

11



© C
OPYRIG

HT U
PM

REFERENCES

Abdel-Hamid, B. 1997. Transient temperature distribution of periodic heat diffusion
in a flat plate crossed by an alternating electric current. Applied Mathematical
Modelling 21: 387–393.

Achille, T. F., George, A. N. and Alphonse, K. 2007. Contribution to light transmit-
tance modelling in starch media. African Journal of Biotechnology 6 (5): 569–575.

Adamczyk, W., Filip, S., Pawel, K., Ryszard, B. and Tadeusz, K. 2013. CFD Estima-
tion of Heat Losses in Thermal Conductivity Measurements. Computer Assisted
Methods in Engineering and Science 20.

Almond, D. P. and Patel, P. M. 1996. Photothermal Science and Techniques. Chapman
and Hall.

Balageas, D. L. 1982. New Method of Interpretation of Thermograms for Determin-
ing the Thermal Diffusivity by the Pulse method (Flash). Applied Physics Review
(French) 17: 227–237.

Balandin, A. 2011. Thermal properties of graphene and nanostructured carbon ma-
terials. Nature Materials 10: 569–581.

Balandin, A. A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F. and Lau,
C. N. 2008. Superior Thermal Conductivity of Single-Layer Graphene. Nano Letters
8: 902–907.

Barletta, A. and Zancini, E. 1995. Steady Periodic Heat Transfer in a Flat Plate Con-
ductor Carrying an Alternating Electric Current. International Communications in
Heat and Mass Transfer 22: 241–250.

Blois, J. M. S. and Rieser, J. L. M. 1954. Apparent Density of Thin Evaporated Films.
Journal of Applied Physics 25 (3): 338–340.

Borden, P. G. 1980. A Novel Method for Measuring the Thermal Conductivity of Elec-
trodeposited Gold Films. Journal of The Electrochemical Society 127 (11): 2454–
2457.

Brorson, S. D., Fujimoto, J. G. and Ippen, E. P. 1987. Femtosecond Electronic Heat-
Transport Dynamics in Thin Gold Films. Physical Review Letters 59 (17): 1962.

Bruls, R. J., Hintzen, H. T. and Metselaar, R. 2005. A New Estimation Method for
the Intrinsic Thermal Conductivity of Nonmetallic Compounds: A Case Study for
MgSiN2, AlN and beta-Si3N4. Journal of the European Ceramic Society 25: 767–
779.

Cape, J. A. and Lehman, G. W. 1963. Temperature and finite pulse time effects in
the flash methods for measuring thermal diffusivity. Journal of Applied Physics 34:
1909–1913.

134



© C
OPYRIG

HT U
PM

Carlslaw, H. S. and Jaeger, J. C. 1959. Conduction of Heat in Solids. 2nd edn. Walton
Street, Oxford: Oxford University Press.

Chen, G. and Hui, P. 1999. Pulsed Photothermal Modelling of Composite Samples
Based on Transmission-Line Theory of Heat Conduction. Thin Solid Films 339 (58-
67).

Chen, L. and Clarke, D. R. 2009. A Numerical Solution Based Parameter Estimation
Method for Flash Thermal Diffusivity Measurements. Computational Materials Sci-
ence 45 (2): 342–348.

Cielo, P., Utracki, L. A. and Lamontagne, M. 1986. Thermal Diffusivity Measurements
by the Converging Thermal Wave Technique. Canada Journal of Physics 64: 1172
– 1177.

Clark, L. M. and Taylor, R. E. 1975. Radiation loss in the flash method for thermal
diffusivity. Journal of Applied Physics 46: 714–719.

Claudia, S., M., O., Silvina, R., C., D. and E., M. T. 2014. Electrophoretic deposition
of ZnO nanostructures: Au nanoclusters on Si substrates induce self-assembled
nanowire growth. Material Science and Engineering B 187: 21–25.

Cowan, R. D. 1963. Pulse Method of Measuring Thermal Diffusivity at High Temper-
atures. Journal of Applied Physics 34.

Daegyu, P., Heemoon, K. and Wooseok, R. 2008. Finite Pulse Time Effects for High
Thermal Diffusivity Material. In Transactions of the Korean Nuclear Society Spring
Meeting.

Dean, M. l. 1996. Effect of Specimen Thickness on the Thermal Diffusivity of (Sr, K)
Zr4(PO4)6 Ceramic via a Laser-Flash Technique. Journal of Material Science 31:
86–89.

Deem, H. W. and Wood, W. D. 1962. Flash Thermal-Diffusivity Measurements Using
a Laser. Review of Scientific Instruments 33.

Degiovanni, A. and Laurent, M. 1982. A New Technique for the Identification of the
Thermal Diffusivity for the Flash Method. Applied Physics Review (French) 21:
229–237.

Enguehard, E. D., D., B. A. and Balageas, D. 1990. Measurement of the Thermal
Radial Diffusivity of Anisotropic Materials by the Converging Thermal Wave Tech-
nique. Materials Science and Engineering 127–134.

Florescu, D. I., Mourikh, L. G., Pollak, F. H., Look, D. C., Cantwell, G. and Li, X. 2006.
High spatial resolution thermal conductivity of bulk Zinc Oxide. Journal of Applied
Physics 91 (2): 890–892.

135



© C
OPYRIG

HT U
PM

Gaal, P. S., Thermitus, M. A. and Stroe, D. E. 2004. Thermal Conductivity Mea-
surements Using the Flash Method. Journal of Thermal Analysis and Calorimetry
78 (1): 185–189.

Galdeano, M. C., Wilhelm, A. E., Mali, S. and Grossmann, M. V. E. 2013. Influence
of Thickness on Properties of Plasticized Oat starch Films. Brazillian. Archives of
Biological Technology 56.

Gesele, G., Linsmeier, J., Drach, V., Fricke, J. and Fischer, R. A. 1997. Temperature
Dependent Thermal Conductivity of Porous Silicon. Journal of Physics: D Applied
Physics 30.

Groetzinger, G. 1935. Influence of an Electric Field on the Thermal Conductivity of a
Solid. Nature 135: 1001.

Groot, H. 1988. Thermal Conductivity 20 . Plenum Press, New York.

Hall, D. M. and Sayre, J. G. 1973. A Comparision of Starch Granules as Seen by Both
Scanning Electron and Ordinary Light Microscopy. Starch 25: 119–123.

Hartmann, J., Voigt, P., Reichling, M. and Matthias, E. 1996. Photothermal Mea-
surement of Thermal Anisotropy inPpyrolytic Graphite. Applied Physics B 62 (5):
493–497.

Hasselman, D. P. H. and Donaldson, K. Y. 1990. Effects of Detector Nonlinearity
and Specimen Size on the Apparent Thermal Diffusivity of NIST 8425 Graphite.
International Journal of Thermophysics 3.

Haydari, M., Moksin, M. M., Abdelrahman, A. E., Deraman, M., Deraman, W. M. M.,
Yunus, W. M. M. and Grozescu, I. V. 2008. Thermal Diffusivity of Carbon Pellets
(CPs) Treated with KOH. American Journal of Applied Sciences .

Heckmann, R. C. 1973. Finite pulse time and Heat loss effects in pulse thermal dif-
fusivity measurements. Journal of Applied Physics 44: 1455–1460.

Holt, V. E. 1966. Thermal Resistivity at Interfaces Between Metal and Dielectric
Films at 1.5 to 4.2 K. Journal of Applied Physics 37 (2): 798–802.

Hui, P. and Tan, H. S. 1993. Modelling of thermal diffusivity of diamond thin films
using a pulsed laser technique. Surface and Coating Technology 62 (361-366).

Hui, P. and Tan, H. S. 1994. A Transition-Line Theory for Heat Conduction in Mul-
tilayer Thin Films. In IEEE Transaction on Components, Packaging and Manufac-
turing Technology.

Huttner, B. 1998. On the temperature dependence of the electronic thermal conduc-
tivity in metals when the electron and phonon subsystems are not in local equilib-
rium. Journal of Physics 10: 6121–6126.

136



© C
OPYRIG

HT U
PM

Imhof, R. E., Whitters, C. J., Birch, D. J. S. and Thornley, F. R. 1998. Rapied com-
munication: New opto-thermal radiometry technique using wavelength selective
detection. Journal of Physics. E.: Scientific Instruments 21: 115–117.

James, H. M. 1980. Some Extensions of the Flash Method of Measuring Thermal
Diffusivity. Journal of Applied Physics 51: 4666–4672.

Jasper, C., Edwin, J., Preyah, S., Natalya, G. and Wayne, E. J. J. 2013. Thermal Dif-
fusivity and Thermal Conductivity of Epoxy-Based Nanocomposites by the Laser
Flash and Differential Scanning Calorimetry Techniques. Open Journal of Compos-
ite Materials 3: 51–62.

Jesus, M. E. P. and Imhof, R. E. 1995. Thermal Diffusivity Measurement of Thermally
Conducting Films on Insulating Substrates. Applied Physics A 60 (6): 613–617.

Joo, Y., Park, H., Chae, H. B., Lee, J. K. and Baik, Y. J. 2001. Measurement of thermal
diffusivity for thin slabs by a converging thermal wave technique. International
Journal of Thermophysics 22.

Kading, O. W., Skurk, H. and Matthias, E. 1994. Thermal Diffusivities of Thin Films
Measured by Transient Thermal Gratings. Le Journal de Physique IV 4 (C7): C7–
619.

Kaiser, V., Bramwell, S. T.and Holdsworth, P. C. W. and Moessner, R. 2013. Onsager’s
Wien Effect on a Lattice. Nature Materials 12: 1033–1037.

Kakac, S. and Yener, Y. 1985. Heat Conduction. 2nd edn. Hemisphere.

Kant, R. 1998. Laser-induced heating of a multilayered medium resting on a half-
space: Part I-stationary source. Journal of Applied Mechanics 21.

Kim, S. W., Kim, J. C. and Lee, S. H. 2006. Analysis of thermal diffusivity by parameter
estimation in converging thermal-wave technique. International Journal of Heat
and Mass Transfer 49: 611–616.

Kurien, K. V. and Ittyachen, M. A. 1980. Effect of Electric Field on the Growth of
Barium Molybdate Crystals in Silica Gel. Journal of Materials Science 15: 1724–
1729.

Langer, G., Hartmann, J. and Reichling, M. 1997. Thermal Conductivity of Thin Metal-
lic Films Measured by Photothermal Profile Analysis. Review of Scientific Instru-
ments 68 (3): 1510–1513.

Larson, K. B. and Koyama, K. 1968. Measurement by the Flash Method of Ther-
mal Diffusivity, Heat Capacity, and Thermal Conductivity in Two-Layer Composites
Samples. Journal of Applied Physics 39.

Lechner, T. and Hahne, E. 1993. Finite Pulse Time Effects in Flash Diffusivity Mea-
surements. Thermochimica Acta 218: 341–350.

137



© C
OPYRIG

HT U
PM

Li, J., Berke, T. G. and Glover, D. V. 1994. Variation of Thermal Properties of Starch
in Tropical Maize Germ Plasm. Cereal Chemistry 71.

Lu, G. and Swann, W. T. 1991. Measurement of thermal diffusivity of polycrystalline
diamond film by the converging thermal wave technique. Applied Physics Letters
59.

Mandelis, A. 1991. Photothermal Applications to the Thermal Analysis of Solids. Jour-
nal of Photothermal Analysis 37: 1065–1101.

Milosovic, N. D. and Raynaud, M. 2002. A parameter estimation procedure in thermal
diffusivity measurements using the laser flash method. Applied Physics Review
(French) .

Mingwen, B., Fangwei, G. and Ping, X. 2014. Fabrication of thick YSZ thermal bar-
rier coating using electrophoretic deposition. Ceramics International 40: 16611–
16616.

Moksin, M. M., Grozescu, I. V., Wahab, Z. A. and Yunus, W. M. M. 1999. Thermal Diffu-
sivity Measurement of Black and Metallic Graphite Paints Coatings. Measurements
Science and Technology 10: 7–10.

Morgan, V. T. and Barton, N. G. 1986. The time-dependent temperature distribution in
a cylindrical conductor with Joule heating and temperature-dependent properties.
Journal of Physics D: Applied Physics 19 (6): 975.

Murphy, F., Kehoe, T., Pietralla, M., Winfield, R. and Floyd, L. 2005. Development
of an Algorithm to Extract Thermal Diffusivity for the Radial Converging Wave
Technique. International Journal of Heat and Mass Transferl 48: 1395–1402.

Olmstead, M. A., Amer, N. M., Kohn, S., Fournier, D. and Boccara, A. C. 1983. Pho-
tothermal Displacement Spectroscopy: An Optical Probe for Solids and Surfaces.
Applied Physics A 32 (3): 141–154.

Olorunyolemi, T., Birnboim, A., Carmael, Y., Wilson, O. and Loyd, J. 2002. Thermal
conductivity of Zinc Oxide from green to sintered state. American Ceramic Society
85 (5): 1249–1253.

Owen, W. L. 1970. Transient Temperature Distribution in a Flat Plate and Cylinder
with Periodic Joulian Heating. In Proceedings of the 1970 Heat Transfer and Fluids
Mechanics Institute, Standford .

Ozisik, M. N. 1993. Heat Conduction. 2nd edn. John Willey and Sons Inc.

Park, H. K., Grigoropoulos, I. C. P. and Tam, A. C. 1995. Optical Measurements of
Thermal Diffusivity of Materials. International Journal of Thermophysics 16 (4).

Parker, W. J.and Jenkins, W. J., Butler, C. P. and Abbott, G. L. 1961. A Flash Method of
Determining Thermal Diffusivity, Heat Capacity and Thermal Conductivity. Journal
of Applied Physics 32.

138



© C
OPYRIG

HT U
PM

Pawlowski, L. and Fauchais, P. 1986. The least square method in the determination
of thermal diffusivity using a flash method. Applied Physics Review (French) 21:
83–86.

Potter, W. G. 1975. Uses of Epoxy Resins. Newness-Butterworth.

Preisler, E. 1976. Semiconductor properties of manganese dioxide. Journal of Applied
Electrochemistry 6: 311–320.

Raynaud, M., Beck, J. V., Shoemaker, R. and Taylor, R. 1989. Sequential estimation
of thermal diffusivity for flash tests, Thermal Conductivity 20 . Plenum Publishing
Corporation.

Robertson, W. C. 2005. Electricity and Magnetism. Virginia: National Science teach-
ers Association Press.

Sadik, K. 1985. Heat Conduction. Hemisphere Publishing Coorperation.

Sahin, A. Z.and Yilba, B. S. and Al-Garni, A. Z. 1994. Transient Heat Conduction in
a Slab During Direct Resistance and Induction Heating. International communica-
tions in heat and mass transfer 21 (2): 199–206.

Sahu, N., Parija, B. and Panigrahi, S. 2009. Fundamental understanding and model-
ing of spin coating process : A review. Indian Journal of Physics 83: 493–502.

Saka, M., Sun, Y. X. and Ahmed, S. R. 2009. Heat Conduction in a Symmetric Body
Subjected to a Current Flow of Symmetric Input and Output. International Journal
of Thermal Sciences 48 (1): 114–121.

Sameshima, T. and Ozaki, K. 2001. Crystallization of Silicon Thin Films by Current-
Induced Joule Heating. Thin Solid Films 383 (1): 107–109.

Serway, A. R. and Jewwet, W. J. 2010. Physics for Scientists and Engineers. 20 Davis
Drive, Belmont, CA94002-3098, USA: Books/Cole.

Shibata, H., Okubo, K., Ohta, H. and Waseda, Y. 2002. A Novel Laser Flash Method
for Measuring Thermal Diffusivity of Molten Metals. Journal of non-crystalline
solids 312: 172–176.

Shinzato, K. and Baba, T. 2001. A Laser Flash Apparatus for Thermal Diffusivity and
Specific Heat Capacity Measurements. Journal of Thermal Analysis and Calorime-
try 64: 413–422.

Sing, V., H., O., H., T., S., I. and K., O. 2000. Thermal and physicochemical properties
of rice grain, flour and starch. Journal of Agricultural Foods and Chemicals 7:
2639–2647.

Singh, N. 2004. Relaxation of Femtosecond Photoexcited Electrons in a Metallic Sam-
ple. Modern Physics Letters B 18 (18): 979–986.

139



© C
OPYRIG

HT U
PM

Sopa, C., Cumnueng, W., Thavachai, T., Juntanee, U. and Jatuphong, V. 2008. Effects
of temperature and concentration on thermal properties of cassava starch solu-
tions. Songklanakarin Journal of Science and Technology 30 (3): 405–411.

Sundqvist, B. and Backstrom, G. 1976. Thermal Conduction of Metals Under Pres-
sure. Review of Scientific Instruments 47 (2): 177–182.

Takahashi, Y., Yamamoto, K., Ohsato, T. and Terai, T. 1988. Usefullness of Logarith-
mic Method in Laser-Flash Technique for Thermal Diffusivity Measurement. In
Proceedings of the Ninth Japan Symposium on Thermophysical Properties.

Taylor, R. E. 1998. Thermal conductivity Determinations of Thermal Barrier Coatings.
Material Science and Engineering A245 (4): 160–167.

Thirumaleshwar, M. 2006. Fundamentals of Heat and Mass Transfer. 482 FIE, Pat-
pargani, Delhi, India: Dorling Kindersley.

Thorn, R. J. and Simpson, O. C. 1953. Temperature Gradients in Inductively Heated
Cylinders. Journal of Applied Physics 24 (3): 297–299.

Ugo, F., Henk, V. Z. and Sybrand, V. D. Z. 2012. Increasing the reliability of solid state
lighting systems via self-healing approaches: A review. Microelectronics Reliability
52 (4): 71–89.

Uzgur, U., Gu, X., Chevtchenko, S., Spradlin, J. and Cho, S. 2006. Thermal Conductiv-
ity of Bulk ZnO After Different Thermal Treatments. Journal of Electronic Materials
35 (4).

Vageswar, A., Balasubramaniam, K. and Krishnamurthy, C. V. 2010. Extending Flash
Thermography Method for Thermal Diffusivity Measurements using Finite Pulse
Widths. In 10th International Conference on Quantitative InfraRed Thermography.

Vitkin, I. A., Wilson, B. C., Anderson, R. R. and Prahl, S. A. 1994. Pulsed photothermal
radiometry in optically transparent media containing discrete optical absorbers.
Physics in Medicine and Biology 39.

Volklein, F. 1990. Thermal Conductivity and Diffusivity of a Thin Film SiO2/Si3N4
sandwich system. Thin Solid Films 188 (1): 27–33.

Volklein, F. and Thomas, S. 1997. Thermal Conductivity of Thin Films - Experimen-
tal Methods and Theoretical Interpretation. In 16th International Conference on
Thermoelectrics.

Walter, A. J., Dell, R. M. and Burgess, P. C. 1970. Measurements of Thermal Diffusivi-
ties using a Pulsed Electron Beam. International Review of High Temperature and
Refractory 7.

Watt, D. A. 1966. Theory of thermal diffusivity for pulse technique. British Journal of
Applied Physics 17: 230–231.

140



© C
OPYRIG

HT U
PM

Weast, R. C. 1994. Handbook of Chemistry and Physics. CRC press.

Wesley, M. D. and Scott, W. D. 2013. Thermal expansion of manganese dioxide using
high-temperature in situ X-ray diffraction. Journal of Applied Crystallography 45.

Worner, E., Wild, C., Muller-Sebert, W., Funer, M., Jehle, M. and Koidl, M. 1998.
Electrically induced thermal transient experiments for thermal diffusivity mea-
surements on chemical vapor deposited diamond films. Review of Scientific In-
struments 69.

Wrobel, G., Pawlak, S. and Muzia, G. 2011. Thermal diffusivity measurements of
selected fiber reinforced polymer composites using heat pulse method. Archives
of Material Science and Engineering 48 (1): 25–32.

Xue, J., Liu, X., Lian, Y. and Taylor, R. 1993. The Effects of a Finite Pulse Time in the
Flash Thermal Diffusivity Method. International Journal of Thermophysics 14.

Yakaman, J. M., Munir, Z. A., Ocana, T. and Hirth, J. P. 1979. Sublimation of ionic
crystals in the presence of an electrical field. Applied Physics Letters 32: 727–
728.

Yan, Z., Liu, G., Khan, J. M. and Balandin, A. A. 2012. Graphene quilts for thermal
management of high-power GaN transistors. Nature Communications .

Young, J. H. 1986. Steady state Joule heating with temperature dependent conduc-
tivities. Applied Scientific Research 55-65: 387–393.

Yunus, A. C. and Afshin, J. G. 2011. Heat and Mass Transfer: Fundamentals and
Applications. McGraw-Hill.

Ziman, J. M. 1979. Principles of the Theory of Solids. Cambridge University Press,
Cambridge.

141


	EFFECTS OF ELECTRIC FIELD ON THE THERMALDIFFUSIVITY OF CONDUCTORS IN THREE-LAYER SOLIDCONFIGURATIONS
	Abstract
	TABLE OF CONTENTS
	CHAPTER 1
	REFERENCES



