WILEY .»vcH

Edited by Xingyou Tian

Thermal Management
Materials for Electronic

Packaging

Preparation, Characterization, and Devices

52 v
e HbY
.. ;_._. .“.. ) *
ogad : o
¢ N & :.__'*, = i‘ -
ST T s
-, g * am h a .q: % o2 .::
- . P .'. L == ":.'--
I‘ -'Q.‘h. .--’ ot "' t I'-
¥ L ™ 1 ‘a l. - % ( ™
L™ ’ s _°® og %o . Y
. --‘:‘l tag ¢ - ° 0
'. ° ;
° *%e
> p e
® ¢ o
O
o O






Thermal Management Materials for
Electronic Packaging






Thermal Management Materials for
Electronic Packaging

Preparation, Characterization, and Devices

Edited by Xingyou Tian

WILEY «vcH



Editor

Prof. Xingyou Tian

Chinese Academy of Sciences
Institute of Solid State Physics
Hefei Institutes of Physical Science
350 Shushanhu Road

230031 Hefei

China

Cover Image: © Xuanyu Han/Getty
Images

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists

this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2024 WILEY-VCH GmbH, Boschstrafie 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form - by
photoprinting, microfilm, or any other

means - nor transmitted or translated into a
machine language without written permission
from the publishers. Registered names,
trademarks, etc. used in this book, even when
not specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-35242-5
ePDF ISBN: 978-3-527-84311-4
ePub ISBN: 978-3-527-84310-7
oBook ISBN: 978-3-527-84312-1

Typesetting Straive, Chennai, India


http://dnb.d-nb.de
http://dnb.d-nb.de

Contents

Overview of Works xv
Acknowledgments xvii

1 Physical Basis of Thermal Conduction 1
Xian Zhang, Ping Zhang, Chao Xiao, Yanyan Wang, Xin Ding, Xianglan Liu,
and Xingyou Tian
1.1 Basic Concepts and Laws of Thermal Conduction 1
1.1.1 Description of Temperature Field 1
1.1.2 Temperature Gradient 2
1.1.3 Fourier’s Law 2
1.14 Heat Flux Density Field 2
1.1.5 Thermal Conductivity 3
1.2 Heat Conduction Differential Equation and Finite Solution 3
1.2.1 Heat Conduction Differential Equation 3
1.2.2 Definite Conditions 5
1.3 Heat Conduction Mechanism and Theoretical Calculation 5
1.3.1 Gases 6
1.3.2 Solids 6
1.3.21 Metals 6
1.3.2.2  Inorganic Nonmetals &8
133 Liquids 11
1.4 Factors Affecting Thermal Conductivity of Inorganic Nonmetals 12
1.4.1 Temperature 12
1.4.2 Pressure 13
1.4.3 Crystal Structure 14
1.4.4 Thermal Resistance 14
1.4.5 Others 15
References 15



vi

Contents

2.1

2.1.1
2.1.2
2.1.3
2.2

2.2.1
2.2.2
223
2.3

2.3.1
2.3.2
2.33
2.4

24.1
24.2
243
244

31

3.2
321
3.2.2
3.3
331
332
333
3.4
341
34.2
3.4.3
3.5
3.51
3.51.1
3.5.1.2
3.5.1.3

Electronic Packaging Materials for Thermal Management 19
Xian Zhang, Ping Zhang, Chao Xiao, Yanyan Wang, Xin Ding, Xianglan Liu,
and Xingyou Tian

Definition and Classification of Electronic Packaging 19
Definition of Electronic Packaging 19

Functions of Electronic Packaging 20

The Levels of Electronic Packaging 21

Thermal Management in Electronic Equipment 22
Thermal Sources 22

Thermal Failure Rate 23

The Thermal Management at Different Package Levels 23
Requirements of Electronic Packaging Materials 24
Thermal Interface Material 24

Heat Dissipation Substrate 25

Epoxy Molding Compound 26

Electronic Packaging Materials 27

Metal Matrix Packaging Materials 27

Ceramic Matrix Packaging Materials 30

Polymer Matrix Packaging Materials 33

Carbon-Carbon Composite 36

References 36

Characterization Methods for Thermal Management
Materials 39

Kang Zheng and Xingyou Tian

Overview of the Development of Thermal Conductivity Test
Methods 39

Test Method Classification and Standard Samples 40
Steady-State Measurement Method 41
Non-Steady-State Measurement Method 42
Steady-State Method 42

Longitudinal Heat Flow Method 43

Guarded Heat Flow Meter Method 44

Guarded Hot Plate Method 44

Non-Steady-State Method 46

Laser Flash Method 46

Hot-Wire Method 46

Transient Planar Heat Source (TPS) Method 47
Electrical Properties and Measurement Techniques 48
Electric Conductivity and Resistivity 49

Testing Resistivity of Bulk Material 50

Four-Probe Method 50

The Van der Pauw Method 51



3.5.2
3.6
3.6.1
3.6.2
3.6.2.1
3.6.2.2
3.6.2.3
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.6.8
3.7
3.7.1
3.7.11
3.7.1.2
3.7.1.3
3.7.1.4
3.7.2
3.7.21
3.7.2.2
3.7.2.3
3.7.2.4
3.7.2.5
3.7.2.6
3.7.2.7

3.7.2.8
3.8

4.1

411

Contents

Dielectric Constant and Its Characterization 52
Material Characterization Analysis Technology 54
Optical Microscope 54

X-ray Diffraction 55

Phase Analysis 56

Determination of Crystallinity 56

Precise Measurement of Lattice Parameters 56
Scanning Electron Microscope 57

Transmission Electron Microscope 58

Scanning Acoustic Microscope 60

Atomic Force Microscope 62

Thermal Mechanical Analysis (TMA) 64

Dynamic Mechanical Analysis (DMA) 66
Reliability Analysis and Environmental Performance Evaluation 68
Failure Modes and Mechanisms 69

Residual Stress 69

Stress Void 70

Adherence Strength 70

Moisture 70

Reliability Certification 71

Viscosity of Plastic Packaging Material 71

The Moisture Test 71

Hygroscopic Strain and Humidity Measurement 72
Temperature Adaptability 72

Tightness 72

Defects in Manufacturing Process Control 72
Quality Control Procedure for High-Reliability Plastic Packaging
Devices 73

Selection of High-Reliability Plastic Packaging Devices 73
Conclusion 73

References 74

Construction of Thermal Conductivity Network and

Performance Optimization of Polymer Substrate 77

Hua Wang, Xingyou Tian, Haiping Hong, Hao Li, Yanyan Liu,

Xiaoxiao Li, Yusheng Da, Qiang Liu, Bin Yao, Ding Lou, Mingyang Mao,
and Zhong Hu

Synthesis and Surface Modification of High Thermal Conductive Filler
and the Synthesis of Substrates 77

Synthesis of Hexagonal Boron Nitride Nanosheets by Halide-Assisted
Hydrothermal Method at Low Temperature 77

Modification and Compounding of Inorganic Thermal Conductive
Silicon Carbide Filler 77

vii



viii

Contents

4.1.3

4.2

4.2.1

4.2.2

4.2.3

4.3

4.3.1

4.3.2
4.4

4.4.1

4.4.2

4.5

451

4.5.2

4.6

5.1
5.2

521
5.2.1.1
5.2.1.2

5.2.1.3

Preparation and Characterization of Intrinsic Polymer with High
Thermal Conductivity 78

Study on Polymer Thermal Conductive Composites with Oriented
Structure 80

Epoxy Composites Filled with Boron Nitride and Amino Carbon
Nanotubes 80

Reduction of Graphene Oxide by Amino Functionalization/Hexagonal
Boron Nitride 84

The Interconnection Thermal Conductive Network of Three-
Dimensional Staggered Boron Nitride Sheet/Amino-Functionalized
Carbon Nanotubes 87

Preparation of Thermal Conductive Composites with Inorganic Ceramic
Skeleton Structure 88

Preparation of Hollow Boron Nitride Microspheres and Its Epoxy Resin
Composite 88

Three-Dimensional Skeleton and Its Epoxy Resin Composite 93
Improved Thermal Conductivity of Fluids and Composites Using Boron
Nitride Nanoparticles Through Hydrogen Bonding 100

Preparation and Characterization of Improved Thermal Conductivity
of Fluids and Composites Using Boron Nitride Nanoparticles 100
Discussion and Analysis of BN Composites as Thermal Interface
Materials 102

Improved Thermal Conductivity of PEG-Based Fluids Using Hydrogen
Bonding and Long Chain of Nanoparticle 107

Preparation and Characterization of Thermal Conductivity of
PEG-Based Fluids Using Hydrogen Bonding and Long Chain of
Nanoparticle 107

Discussion and Analysis of PEG-Based Fluids Using Hydrogen Bonding
and Long Chain of Nanoparticle 109

Conclusion 114

References 114

Optimal Design of High Thermal Conductive Metal Substrate
System for High-Power Devices 117

Hong Guo, Zhongnan Xie, and DingBang Xiong

Power Devices and Thermal Conduction 117

Optimization and Adaptability Design, Preparation and Modification
of High Thermal Conductive Matrix and Components 120
Preparation and Thermal Conductivity of Gr/Cu Composites 120
Gr/Cu In Situ Composite Method 121

Thermal Conductivity of Gr/Cu Micro-Nano-Laminated
Composites 124

Coefficient of Thermal Expansion of Composite Materials 126



5.2.2

5.2.2.1

5.2.2.2
5.2.2.3

5.2.3

5.2.3.1

5.2.3.2

5.3

5.3.1

5.3.2

5.3.3

534

5.4

54.1

54.2

54.3
5.4.4

6.1
6.1.1
6.1.1.1
6.1.1.2

6.2

6.2.1

Contents

Preparation and Thermal Conductivity of Graphite/Cu

Composites 130

Variations in the Intrinsic Thermophysical Properties of Graphite Sheets
During the Compounding Process 131

Orientation Modulation of Graphite Sheets in Composites 133

Effect of Graphite Sheet Orientation on the Thermal Conductivity

of Graphite/Cu Composites 136

Preparation and Thermal Conductivity of Graphite/Gr/Cu

Composites 136

Thermal Conductivity of Graphite/Gr/Cu Composites 140

Thermal Expansion Coefficient of Graphite/Gr/Cu Composites 141
Formation and Evolution Rules of High Thermal Conductive Interface
and Its Control Method 143

Theoretical Calculation of High Thermal Conductive Interface

Design 143

Study on Interface Regulation of Chromium-Modified Diamond/Cu
Composites 146

Study on Interface Regulation of Boron-Modified Diamond/Cu
Composites 150

Study on Interface Regulation of Gr-Modified Diamond/Cu

Composites 153

Formation and Evolution Rules of High Thermal Conductive Composite
Microstructure and Its Control Method 157

Configurated Diamond/Metal Composites with High Thermal
Conductivity 157

Effect of Secondary Diamond Addition on Properties of Composites 159
Effect of Secondary Particle Size on the Properties of Composites 160
Thermal Expansion Behavior of Composite Materials with Different
Thermal Conductive Configurations 161

References 162

Preparation and Performance Study of Silicon Nitride Ceramic
Substrate with High Thermal Conductivity 165

Yao Dongxu, Wang Weide, and Zeng Yu-ping

Rapid Nitridation of Silicon Compact 165

Rapid Nitridation of Silicon Compact 165

Optimization (YEu),0,/MgO Sintering Additive 167

Further Optimization of the SRBSN with 2YE5M as Sintering
Additive 173

Optimization of Sintering Aids for High Thermal Conductivity Si;N,
Ceramics 181

Preparation of High Thermal Conductivity Silicon Nitride Ceramics
Using ZrSi, as a Sintering Aid 182

ix



X

Contents

6.2.1.1
6.2.1.2
6.2.1.3
6.2.1.4
6.2.1.5

6.2.2

6.2.2.1
6.2.2.2
6.2.2.3

6.2.2.4
6.2.2.5
6.2.2.6
6.2.2.7

6.3

6.3.1

6.3.2

6.3.3

7.1

7.2
7.2.1
7.2.2
7.2.3
7.2.3.1
7.2.3.2
7.2.3.3
7.2.4

7.2.4.1
7.2.4.2
7.24.3

Reaction Mechanism of ZrSi, 182

Effect of ZrSi, on the Phase Composition 185

Effect of ZrSi, on Microstructure 186

Effect of ZrSi, on Thermal Conductivity 188

Effect of ZrSi, on Mechanical Properties and Electrical

Resistivity 189

High Thermal Conductivity Si;N, Sintered with YH, as

Sintering Aid 190

Pre-sintering of the Compact 191

Effect of YH, on the Densification and Weight Loss 194

Effect of YH, on Elements Distribution and Phase

Composition 196

Effect of YH, on Microstructure 197

Effect of YH, on Thermal Conductivity 200

Effect of YH, on Mechanical Properties 201

Differences in the Effect of Different REH, on the Thermal Conductivity
of Silicon Nitride 203

Investigation of Cu-Metalized Si;N, Substrates Via Active Metal Brazing
(AMB) Method 204

Effect of Brazing Temperature on the Peeling Strength of Cu-Metalized
Si;N, Substrates 204

Effect of Holding Time on the Peeling Strength of Cu-Metalized Ceramic
Substrates 205

Effect of Brazing Ball Milling Time on the Peeling Strength of
Cu-Metalized Ceramic Substrates 207

References 207

Preparation and Properties of Thermal Interface

Materials 211

Xiaoliang Zeng, Linlin Ren, and Rong Sun

Conception of Thermal Interface Materials 211
Polymer-Based Thermal Interface Materials 214

Filler Surface Functionalization 214

Covalent Bonding Among Fillers 215

Construction of Thermally Conductive Pathways 215

In-Plane Thermally Conductive Pathways 215

Out-of-Plane Thermally Conductive Pathways 216

Isotropic Thermally Conductive Pathways 220

Enhance the Bonding Force and Construct Thermally Conductive
Pathways 221

Non-Covalent Bonds and Thermally Conductive Pathways 221
Covalent Bonds and Thermally Conductive Pathways 221
Welding and Thermally Conductive Pathways 223



7.3
7.4
7.5
7.6

8.1

8.1.1
8.1.2
8.1.3
8.2
8.3
8.4

8.5
8.5.1
8.5.2

8.5.2.1
8.5.2.2

9.1
9.1.1
9.1.2
9.1.3
9.2

9.2.1
9.2.2
9.2.3
9.2.4
9.3

9.3.1
9.3.2
9.4

Contents

Metal-Based Thermal Interface Materials 223

Carbon-Based Thermal Interface Materials 229

Molecular Simulation Study of Interfacial Thermal Transfer 238
Conclusion 240

References 241

Study on Simulation of Thermal Conductive Composite Filling
Theory 257

Bin Wu, Peng Chen, and Jiasheng Qian

Molecular Simulation Algorithms for Thermal Conductivity
Calculating 257

MD (Green-Kubo) Method 257

NEMD Method 258

e-DPD Method 259

Molecular Simulation Study on Polymers 261

Molecular Simulation Study on TC of Si;N, Ceramic 265
Molecular Simulation Study on TC of Diamond/Copper
Composites 268

Simulation Study on Polymer-Based Composites 270

Simulation Analysis in Heat Transfer Pathways Construction 270
Simulation Analysis of Low Thermal Resistance Interface Structure
Construction 275

Covalent Bonding Construct Interface Structure 275
Non-covalent Construct Bonding Interface Structure 283
References 283

Market and Future Prospects of High Thermal Conductivity
Composite Materials 287

Chen Hongda and Zhang Xu

Basic Concept of Composite Materials 287

The History of Composite Materials 287

The Introduction of Composite Materials 288

The Application of Composite Materials 288

Thermal Conductivity Mechanism and Thermal Conductivity

Model 290

Electron Conduction Mechanism 290

Phonon Heat Conduction Mechanism 291

Thermal Conduction Mechanism 291

Thermal Conductivity Model 293

Composite Materials in Electronic Devices 294

Electronic Heat Dissipation and Thermal Adaptation Materials 295
Preparation and Application of Thermally Adaptive Composites 296
Thermal Functional Composites 298

xi



xii | Contents

9.4.1 Thermally Conductive Composites 299

9.4.1.1 Review of the Latest Research Progress 299

9.4.1.2 Comparative Analysis at Home and Abroad 299

9.4.2 Heat-Resistant Composite Materials 299

9.42.1 Review of the Latest Research Progress 299

9.4.2.2 Comparative Analysis at Home and Abroad 300

9.4.3 Thermal Storage Composites 300

9.4.3.1 Review of the Latest Research Progress 300

9.4.3.2 Domestic and Foreign Comparative Analysis 301

9.4.4 Application Foresight 301

9.4.5 Future Forecast 302

9.5 The Modification of Composite Materials 302

9.6 The New Packaging Material 310

9.6.1 Third-Generation Packaging Material-Near-Net Shape of
High-Volume-Fraction SiCp/Al Composites 310

9.6.2 Fourth-Generation Electronic Packaging Material—Diamond/Cu(AI)
Composite Material 311

9.7 Thermal Management of Electronic Devices 312

9.7.1 Electronic Device Heat Dissipation Technology 313

9.7.1.1  Direct Liquid Cooling 314

9.7.1.2  Indirect Liquid Cooling 314

9.7.1.3  Liquid Jet Cooling and Spraying, Drop Cooling 315

9.7.1.4  Microchannel Heat Transfer Microchannel 315

9.7.2 Phase Change Temperature Control 316

9.7.2.1 Inorganic Energy Storage Materials 317

9.7.2.2  Organic Energy Storage Materials 317

9.8 Methods for Improving Thermal Conductivity of Composite
Materials 320

9.8.1 Choose a Reasonable Filling Amount 320

9.8.2 Change the Structure and Morphology of the Filling Phase 322

9.8.3 Change the Surface Morphology of the Filling Phase 322

9.8.4 Improving the Dispersion Form of Filling Phase 323

9.9 The Application of Composite Materials 324

9.9.1 Classification of Potting Materials 324

9.9.2 Research Status of Potting Materials 324

9.9.3 Research Status of Thermally Conductive Potting Composite
Materials 326

9.9.4 Research on Fillers 327

9.9.4.1 The Effect of Filler Thermal Conductivity on Thermal
Conductivity 327

9.9.4.2  The Effect of Filler Particle Size on Thermal Conductivity 328



Contents | xiii

9.9.4.3  Effect of Filler Surface Modification Treatment on Thermal
Conductivity 329
9.9.4.4  Effects of Mixed Particle-Size Fillers on Thermal Conductivity 329
9.10 Conclusion 329
References 330

Index 335






Overview of Works

Abstract: With high thermal conductive components — interface — structural
design as the main line, the frontier exploration and research of high power density
thermal management materials are carried out by combining experimental charac-
terization, theoretical analysis, modeling simulation, and application verification.
It will reveal the thermophysical response characteristics under the conditions of
multiple, multi-dimensional, multi-level, and multi-field coupling and establish a
full-chain common theory and technology platform through design and prepara-
tion, device integration, and service evaluation. Through the micro-nano interface
layer, local dense stack distribution, spatial network distribution, orientation dis-
tribution, and other composite configurations, the substrate thermal management
efficiency is significantly improved. This book prepares high thermal conductive
substrate materials through theoretical guidance, structural control, and process
screening.

Keywords: Devices; Electronic packaging; Preparation; Spatial nerwork structure;
Thermal management Materials

The Key Technology

1. The design control and surface modification technology of substrates and high
thermal conductive components can improve their physical and chemical
compatibility.

2. Micro- and nanoscale interface layer design and fine control technology can real-
ize the balanced matching of interface bonding strength and interface thermal
conductivity.

3. The multi-scale design and control technology of composite configuration can
improve the design margin of macro-mechanical and thermophysical properties.

4. The densification and near-net molding technology of substrate materials can
improve the density and optimize the thermal flow conduction path.

This book has good guiding significance for the preparation, production, and
device application of thermal management materials.

XV
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Overview of Works
Description

Thermal management materials first introduce the basic principles and basic
concepts of thermal conductivity of materials. Then the key issues of the design and
preparation of thermal management materials with high thermal conductivity are
discussed, including their characterization, performance, operation, and related
research.

The latest methods, techniques, and applications are explained in detail regard-
ing this rapidly developing area. The book will support the work of academic
researchers and graduate students, as well as engineers and materials scientists
working in industrial research and development.

In addition, it will be of great value to those directly involved in the industrial
industry related to thermal management materials, as well as to researchers in the
fields of materials science, polymer science, materials chemistry, nanomaterials, and
others working on thermally conductive materials.

Key Features

This paper focuses on how to design and prepare thermal management materials
with high thermal conductivity.

Includes new techniques for adjusting the thermal conductivity of thermal manage-
ment materials.

Recent advancesin the fields related to thermal management materials are reviewed,
providing valuable insights into potential development pathways.

Next Work Assumption

1. Electronic packaging materials: Focus on the bottleneck problem of the elec-
tronic industry and the demands of national strategic for improving the anti-risk
ability, promote the large-scale and stable mass production and application of
achievements as soon as possible, and break the foreign technological monopoly.
Strengthen cooperation and exchange with domestic downstream enterprises
in the production and application of packaging materials, make full use of the
existing pilot production line and first-class testing platform, timely control
the changes in market demand, and develop world-class electronic packaging
materials.

2. Packaging process and platform: The future work will be closely focused on
the “14th Five-Year Plan” national strategic development needs. Focus on
high-reliability ASIC design technology, third-generation semiconductor device
driving and packaging technology related research work. Strive to make break-
throughs in the fields of new energy vehicle chip and application technology,
aerospace intelligent sensing and interconnection technology, design, driving,
packaging and testing technology of wide band gap semiconductor power
devices, special motor drive and control technology, intelligent sensing and
intelligent control technology, and high reliability packaging technology.
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Physical Basis of Thermal Conduction

Xian Zhang?, Ping Zhang?, Chao Xiao, Yanyan Wang?, Xin Ding?,
Xianglan Liu?, and Xingyou Tian!

IChinese Academy of Sciences, Institute of Solid State Physics, Hefei Institutes of Physical Science,
350 Shushanhu Road, Hefei, 230031, Anhui, P. R. China

2School of Materials Science & Engineering, Anhui University, 111 Jiulong Road, Hefei, 230601, Anhui,
P.R. China

1.1 Basic Concepts and Laws of Thermal Conduction

1.1.1 Description of Temperature Field

The difference in temperature drives the heat transfer from the high-temperature
zone to the low-temperature zone; it is therefore important to understand the tem-
perature distribution of the object for studying the heat transfer. The temperature
distribution can be expressed in mathematical equations and image forms using a
scalar temperature field, which is a function of time (¢) and space coordinates (x, y, z):

T =f(txy.2) 1.y

According to the temperature variation with time, the temperature field can be
divided into steady temperature field and unsteady temperature field. In the steady-
state temperature field, the temperature of the object is only related to space but not
to time change. It can be expressed by

T = f(x,y,2), %—7; =0 (1.2)

According to the dimensional correlation with the spatial coordinates, the tem-
perature field can be divided into one-dimensional, two-dimensional, and three-
dimensional temperature fields, that is, the object temperature is only related to one,
two, or three coordinates of space. For example, one-dimensional steady tempera-
ture field can be expressed by

oT _dT _ oT
T=fx),—==—=—=—=0 1.3
f) oy "oz ot 13)
When the temperature field is described by an image, the image formed by con-
necting the same points of temperature is called an isothermal surface. By analogy,

a cluster of curves is formed in the two-dimensional temperature field, which is

Thermal Management Materials for Electronic Packaging: Preparation, Characterization, and Devices,
First Edition. Edited by Xingyou Tian.
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.



2 | 1 Physical Basis of Thermal Conduction

Figure 1.1 Temperature field and
temperature gradient.

called an isotherm. As shown in Figure 1.1, there is no temperature difference on
an isotherm, so heat can only transfer between different isotherms.

1.1.2 Temperature Gradient

As shown in Figure 1.1, the temperature difference between isotherms is the same.
However, the ratio limit of the temperature difference to the distance of a point in
different directions is different. The limit of the ratio of the temperature difference
to the distance in the normal direction of the point is the maximum. The maximum
limit value is defined as the temperature gradient, which is recorded as VT, itis a
vector whose direction points to the direction of temperature rise along the isotherm
normal and can be expressed by

VT = lim (A—T> (1.4)
An—oo \ An

1.1.3 Fourier’s Law

In 1882, French scholar Fourier proposed the basic law of heat conduction process,
namely Fourier’s law. The expression is [1]

q=—kVT (1.5)

where q is the heat flow density in W/m? and k is the thermal conductivity in W/m K.
Formula (1.5) shows that q is a vector, and its direction lies on the same normal of the
temperature gradient isotherm, pointing to the direction of temperature reduction.

1.1.4 Heat Flux Density Field
In the space coordinate system, the heat flux expression is

q=q,X+q,y+q,z (1.6)
where X, y, Z are unit vectors in x-, y-, z-directions, respectively. The heat flux distri-
bution inside the object constitutes a heat flux field, which is a vector field. As shown
in Figure 1.2, the solid line represents the isotherm, and the dotted line represents
the isochore. Isothermal streamline is a set of curves perpendicular to the isotherm
everywhere. The heat flux density on the isothermic streamline is equal everywhere,
the direction of the heat flux density at any point is always tangent to the isothermic



1.2 Heat Conduction Differential Equation and Finite Solution

Figure 1.2 Isotherms and heat flux.

streamline, and the heat flux transmitted between two adjacent dotted lines is equal
everywhere.

1.1.5 Thermal Conductivity

According to Formula (1.5),
4 _Qd _gqd 1.7)
vT S-t-AT S-AT

where S is the area, Q is the heat transferred through the area S in ¢ time, and d is
the distance of heat transfer. Thermal conductivity is a proportional coefficient in
Fourier’s law, which reflects the thermal conductivity of an object, that is, the heat
flow that can be transferred through a unit area under the action of a unit tempera-
ture gradient.

The thermal conductivity of object usually varies with temperature. When the
temperature range of the objective is small, the thermal conductivity is linearly
related to the temperature:

k = ko(1+ bT) (1.8)

where k,, is the thermal conductivity under a certain reference state and b is the con-
stant determined experimentally. Due to the difference of heat conduction mecha-
nism, the thermal conductivity of object in different forms is quite different. The heat
conduction of objects is the collision and transfer of microscopic particles, includ-
ing the thermal movement of molecules, the phonon movement formed by lattice
vibration, and the movement of free electrons. Generally, the thermal conductivity
of solid is the highest, while that of gas is the lowest.

1.2 Heat Conduction Differential Equation and Finite
Solution

1.2.1 Heat Conduction Differential Equation

Figure 1.3 shows a cube element with side lengths of dx, dy, dz. Here, the density p,
specific heat C,, and thermal conductivity k are constants.

According to the law of conservation of energy, the sum of the net heat flowing
into the cube unit in a certain time AQ; and the heat generated by the cube unit itself
AQ, is equal to the increase in the enthalpy AE of the infinitesimal cube.

3
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0 oT
_kW<T+ @dy>dx az
I :
/—ka?dx dz
0 k 9 T 0Td dx d.
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Figure 1.3 Cube element.

During dz time, the total net inflow heat in the x-, y-, z-directions is

0*T | 0°T | 9*T
AQ,=k| — +—+ — ) dxdydzd 1.9
Q < oxz  oy2 0z > v aedr (1.9)
The heat generated by the heat source in the cube unit in time dz is
AQP = q,dxdydzdr (1.10)

where g, is the calorific value of the heat source per unit time and volume, and the
unit is W/m?.
The increase in enthalpy of the heat source of the cube unit in time dz is

AE = pc?)—dedy dz de 1.11)
T

According to the conservation of energy,

oT . (T . 0°T . 0°T
Cok(E+ =+ )+ 1.12
> <ax2 o2 oz > 4 (1.12)

It can also be written as
oT ( RT T = 9> T) a0
=al=—+ + =

q;
CER CAR vy
or  \ae " o2 T oz

p p (1.13)

where V2 is Laplace operator, and « is the thermal diffusion coefficient with unit of
m?/s. Formulas (1.12) and (1.13) are the differential equations of heat conduction,
which describes the variation of temperature field in the heat conduction system
with time and space.

Thermal diffusion coefficient (« = k/pc) is a physical parameter related to the type
of material, and the value depends on the thermal conductivity, density, and specific
heat of the object. It reflects the ability of the object to transmit temperature changes.

For the steady-state temperature field with constant thermal conductivity, the
thermal conductivity differential equation becomes

0= T  *T  *T ¢ 4

= + +—=+==VvT+ 2 1.14
ox2  0y? 072  k pc (1.14)
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For steady-state temperature field with constant thermal conductivity and no
internal heat source, the thermal conductivity differential equation is expressed as
*T | 0°T . T
=—+—=+—
ox2  0y?  0z2
The above equation is called Laplace equation, which is the most basic differential
equation for studying the steady-state temperature field.

(1.15)

1.2.2 Definite Conditions

The differential equation of heat conduction is a universal equation for heat conduc-
tion problems. For specific heat conduction problems, the eigenvalue conditions of
the corresponding problem must be given. These conditions include initial condi-
tions (initial state of heat conduction system) and boundary conditions (interface
characteristics, relationship between system and environment), where the initial
condition expression is

T =f(xy,2,0) (1.16)

If the initial temperature is uniform and constant (T = T;), the initial condition is
not required for the steady-state heat conduction problem. There are three common
types of boundary problems.

The first boundary condition is that the boundary temperature distribution of the
system is known:

T =f(x,y,2,0) (1.17)

The second boundary condition is that the heat flux distribution on the boundary
is known:

q=q(xy,2) (1.18)

The third boundary condition is that the convective heat transfer coefficient and
fluid temperature between the object and the surrounding fluid are known:

KL _ar-T,) (1.19)
on

1.3 Heat Conduction Mechanism and Theoretical
Calculation

The heat transfer of gases relies on the thermal motion and collision of molecules
and atoms. The heat transfer in liquids relies on irregular elastic vibrations (or simi-
lar gases). In solids, heat energy is transferred through electrons and lattice vibra-
tions. In metal solids, heat conduction is mainly realized by the interaction and
collision of electrons. On the contrary, in dielectric solids including semiconduc-
tors and insulators, heat is mainly transferred through quantized lattice vibration.
Among these heat conduction mechanisms, the speed of heat transfer through elec-
tron collision is the highest, while the one by molecular or atomic collision is the
lowest.

5
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1.3.1 Gases

The heat conduction mechanism of gases involves the heat transfer caused by the
thermal movement of molecules and the collision between molecules. According
to the theory of ideal gas molecular motion, the mathematical expression of
molecular heat conduction mechanism can be deduced as [1]

k = %EVVZ (1.20)

where k is the thermal conductivity,a is the heat capacity per unit volume of gas, vis
the average velocity of gas molecules, and [ is the average free path of gas molecules.
Because the heat capacity of the gas and the average speed of molecular motion
increase with the increase in temperature, the thermal conductivity of the gas also
increases with the increase in temperature.

Chapman and Cowling [2] associate the thermal conductivity of simple gas with
viscosity and specific heat at constant volume, and the expression is

k = fyC, (1.21)

where f is constant, 2.5 for smooth spherically symmetric molecules and 2.522 for
rigid elastic spheres; # is the kinematic viscosity with a unit of kg/(ms); and ¢, is the
specific heat of constant volume with a unit of W/(kg K).

Eucken [3] correlated the thermal conductivity of monatomic gas with viscosity
and specific heat at atmospheric pressure and 0°C:

9r -5

k= -1 - ¢, X 420(W/(mK)) (1.22)

Hirschfelder et al. [4] later modified the Euken equation:
k= (%) n/M(c, + 9R/4) (1.23)

where H and v are the complex interaction coefficients between molecular pairs, M
is the molecular weight, and R is the ideal gas constant.

1.3.2 Solids

The lattice in solid is fixed and can only vibrate slightly near its equilibrium posi-
tion. The heat conduction in solids is mainly realized by the lattice wave of lattice
vibration and the movement of free electrons. According to quantum theory, the
energy of lattice vibration is quantized, and the quantum of lattice vibration is usu-
ally called phonon [5]. Therefore, phonons can be regarded as free “gas” particles by
analogy with gas heat conduction [6]. The contribution of phonons or electrons to
heat conduction varies greatly depending on the type of solid.

1.3.2.1 Metals

There are a large number of unbound free electrons with light mass in metals.
The electrons move like “electron gas.” The interaction or collision between
electrons is the main mechanism of metal heat conduction, that is, electronic



1.3 Heat Conduction Mechanism and Theoretical Calculation

heat conduction. Metals are also crystals; hence, lattice vibration (phonon) also
contributes to the heat transfer in metals. Therefore, the thermal conductivity k of
metal can be expressed by the following formula:

k=k, +k, (1.24)

where k, is the thermal conductivity representing the contribution of free electrons,
and k, is the thermal conductivity representing the contribution of phonon.

Based on the results of the kinetic theory of gas molecules, the mathematical
expression of k, is

1 = 3 1 =2
ke = nge . VE . le = gcve . VE T (125)
where C,, is the heat capacity of electrons per unit volume, V, is the average velocity
of electrons, and [, is the average free path of the electron.
Free electrons in metals serve as both the carrier of heat and the carrier of electric-
ity, so metal heat conduction and conductivity are closely related. The relationship

between thermal conductivity and conductivity of metals follows Wiedman-Franz
law:

kK n*kg’
oT 32
where o is the electrical conductivity, e is the absolute value of electronic charge,
and kj is the Boltzmann constant. The law shows that the thermal conductivity of
metal is proportional to the electrical conductivity.

The law of electron heat conduction in metal changing with temperature is shown
in Figure 1.4. At very low temperatures, the electron thermal conductivity increases
linearly with temperature; at medium temperatures, the electron thermal conduc-
tivity is almost constant and does not change with temperature; and at very high

temperatures, the electron thermal conductivity decreases slightly with the increase
in temperature.

(1.26)

Figure 1.4 Relationship between
metal thermal conductivity and
temperature.

Thermal conductivity (W/m -K)

Temperature (K)
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1.3.2.2 Inorganic Nonmetals
Crystal In dielectric crystals, heat energy is transferred by lattice vibration. There-
fore, the propagation of lattice waves is regarded as the movement of phonons. The
scattering encountered by lattice waves in the crystal is regarded as the collision
between phonons, phonons and grain boundaries, and lattice defects. The thermal
resistance in an ideal crystal is attributed to the collision between phonons.

According to Debye’s assumption, by analogy with gases, it is considered that the
mathematical expression of thermal conductivity in dielectric crystals should be the
similar to that in gases. Therefore, the expression of phonon thermal conductivity
can be expressed by

1 -

kon = 3Copn* Von (1.27)

where Cvpn,Vpn, and _lpn are the volume heat capacity, average velocity, and average
free path of phonons, respectively.
According to the Klemens model, the lattice thermal conductivity of blocky solid

is given by

_ 1 [0E(qT) ,
ky, = 3 / —ar Vi @7 (@)dg (1.28)

where i is the index of phonons, v is the group velocity of phonons, 7 is the relaxation
time, and q is the wave vector.

The curve of thermal conductivity of dielectric crystal changing with tempera-
ture is shown in Figure 1.5 [7]. At very low temperatures, the phonon-specific heat
capacity is proportional to T3. It means that heat conduction of crystal increases pro-
portionally with the third power of temperature [8]. At higher temperatures, on the
one hand, the phonon heat capacity does not change with temperature and is close
to a constant 3R. On the other hand, the mean free path of phonons decreases gradu-
ally with the increase in temperature, and the mean free path of phonons is inversely
proportional to the temperature (I x 1/T). Therefore, the thermal conductivity of the
dielectric crystal at a higher temperature decreases [9].

Figure 1.5 Relationship between
thermal conductivity and temperature
of dielectric crystals.

Thermal conductivity (W/m-K)

Temperature (K)
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The formulas for calculating the theoretical thermal conductivity of dielectric
crystals are summarized below:
Debye formula

k= — ——— . . = (1.29)

where p is the density, v is the propagation velocity of phonons, C is the heat capacity,
X, is the compression coefficient, v is the frequency, k; is the Boltzmann constant,
T is the absolute temperature, and « is the correlation coefficient.

Compton formula

2 - COTe_%

k = bn*dRv o
C2T

(1.30)
where b = 4m;m,/(m; + m,), m is the mass of different atoms, n? is the number of
atoms per unit area perpendicular to the heat flow, d is the atomic spacing parallel
to the heat flow, R is the gas constant of a single molecule, v is the atomic vibra-
tion frequency, C, is the constant determined by thermal conductivity at a given
temperature, T is the absolute temperature, and f is a constant.

Pell formula

1 B -2
p = AT + ATBe o (1.31)

where O is the Debye temperature, T is the absolute temperature, and A and B are
constants.

Papapecchu formula
Lougv /C u
k=3y (E * 3RT2> (1.32)

where V is the gram atomic volume; I = [ju,/u is the average free path; R is the gas
constant; u = 3LE, E is the average energy of a wave and L is the Loschmidt constant;
v is the average propagation speed; C is the specific heat of gram atom; and T is the
absolute temperature.

Entuo formula

hv

_ 3nkzvNd ( hv 2 esT
2 kT N :
)

where kj is the Boltzmann constant, n is a factor determined by the type of spatial
lattice, N is the number of atoms per unit area, d is the atomic spacing, R is the
gas constant, h is Planck constant, v is the natural vibration frequency, and T is the
absolute temperature.

k (1.33)

Noncrystal Inorganic amorphous materials have a long-range disorder and
short-range ordered structure. To analyze their heat conduction mechanism, they

9
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are generally treated as a “crystal” composed of very fine grains with only a few lat-
tices spacing sizes. Allen and Feldman [10] studied the heat transfer mechanism in
amorphous materials using lattice dynamics calculations and divided the vibration
modes into three different categories: plane wave propagator, diffuser, and locator.
The relative contribution of each mode determines the thermal conductivity of the
material, including its value, dependence on sample size, and temperature [11].
In 1911, Einstein [12], first proposed the “amorphous limit” model to predict the
minimum lattice thermal conductivity of amorphous solids. In 1979, Slack [13]
further developed the “amorphous Limit” model, which equates the minimum
mean free path of phonons with the wavelength of lattice waves and is called the
“minimum thermal conductivity” model.

Cahill-Pohl model [14] simulates the thermal conductivity of amorphous solids by
assuming that the average free path of each vibration mode is half of its wavelength.
Agne et al. [15] simplified the Cahill-Pohl model results to

k= 1.21k3%(2vT + v, )n?/3 (1.34)

where kj is the Boltzmann constant, n is the atomic number density, v is the lat-
eral propagation velocity, and v; is the longitudinal speed. In 1992, Cahill et al. [15]
further modified the “minimum thermal conductivity” model.

For the relationship between thermal conductivity and temperature of inorganic
amorphous, the contribution of photonic heat conduction should be considered
at higher temperatures, and it will be mainly determined by the relationship
between heat capacity and temperature in other temperature ranges. The thermal
conductivity of inorganic amorphous materials changes with temperature as shown
in Figure 1.6 [17]. At low temperatures, the thermal conductivity of inorganic
amorphous increases monotonously with the increase in temperature. At this
time, the change of phonon heat conduction with temperature is determined by

Figure 1.6 Relationship between
thermal conductivity and
temperature of inorganic amorphous
solids. Source: Reproduced with
permission from Ref. [16]; ©1993
American Physical Society.

Ll L 1 11

Thermal conductivity (W/mK)
1

I

LB LR L T Frrrem IR L

1 10 100 1000
T(K)



1.3 Heat Conduction Mechanism and Theoretical Calculation

the change rule of phonon heat capacity with temperature. As the temperature
increases, the phonon heat capacity increases, so the thermal conductivity of the
amorphous increases accordingly. From medium temperature to high temperature,
although the temperature increases, the phonon heat capacity no longer increases
but gradually becomes constant. Therefore, the phonon heat conduction no longer
varies with temperature, and the thermal conductivity curve presents a straight line
nearly parallel to the horizontal axis. Above the high temperature, the phonon heat
conduction changes little with the further increase in temperature. As the average
free path of photons increases significantly, the thermal conductivity of inorganic
amorphous is proportional to the third power of temperature.

1.3.3 Liquids

The heat conduction mechanism of liquids is still controversial. One view is that
the heat conduction mechanism of liquids is similar to that of gases. However, the
unreasonable thing is that the distance between liquid molecules is relatively close,
and the intermolecular force has a greater impact on the collision process than in
gases. Another point is that the heat conduction mechanism of liquid is similar to
that of non-metallic solids, mainly due to the effect of elastic waves.

The simplest equation applicable to all organic liquids is [18]

k=A[1+B1-T/T)"*+C(1-T/T)**+D1-T/T,) (1.35)

where T, is the critical temperature, B, C, D are constants, A is the pseudo-critical
thermal conductivity.

Bridgman [19] provides a simple formula that can accurately calculate the thermal
conductivity of some liquids:
k= 2kgv,

42

where v, is the longitudinal speed of sound in a liquid, d is the mean distance
between the centers of molecules and can be calculated from d = n~'/3, and n is the
number density of molecules in the liquid.

Chapman-Enskog [20] gives the thermal conductivity of liquids as follows:

= 2kpv.n?/3 (1.36)

k= Ko 1+ Z7zpD3g(D) ’ + ﬁII (1.37)
g(D) 5 2m
where D is the effective diameter of the molecule, m is the mass of a liquid molecule,
p is the density of the liquid (kg/m?), and T is the absolute temperature.
van Elk vet al. [21] developed an equation for the correlation between the compo-
nents of binary mixed liquids and thermal conductivity, and verified various types
of mixed liquids:

k,, =wk; +wk, —0.72w,w,(k, — k;) (1.38)

The components are so selected that k, > k; ; the constant 0.72 may be replaced by
an adjustable parameter when k, <k;.

11
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In 1974, Saksena and Harminder [22, 23] also successively proposed and improved
the calculation formula for thermal conductivity of binary mixed liquids; Jamieson
suggested that the thermal conductivity of binary mixture can be calculated by the
following formula:

k= wky +w,k, —atk, —ky) [1 = (wy)'?| w, (1.39)

The components are so selected that k, >k;; @ is an adjustable parameter
that is set equal to unity if mixture data are unavailable for regression purposes.
Equation (1.39) enables one to estimate m within about 7% for all types of binary
mixtures with or without water.

In 1982, Rowley Method [24] proposed the thermal conductivity equation for
multi-component mixed liquids using the two liquid theory modeling:

n

k, = Zwizn:wﬁkﬁ (1.40)
j=1

=1

where k,, is the liquid mixture thermal conductivity, W/(mK); w; is the weight
fraction of component; w;; is the local weight fraction of component j relative to
a central molecule of component i; and kj; is the characteristic parameter for the
thermal conductivity that expresses the interactions between j and i, W/(m K).

In 1976, Li [25] provided a new idea for the calculation of thermal conductivity of
multi-component mixed liquids:

n n
k=D ) 00k (1.41)
i=1 j=1
-1 —1\—1
ki =2(k~ +k7)
_ XV
Z;l:lXiI/j

where X is the mole fraction of componentiand g; is the superficial volume fraction
of i. V; is the molar volume of the pure liquid.

@;

1.4 Factors Affecting Thermal Conductivity of Inorganic
Nonmetals

1.4.1 Temperature

After summarizing the measurement results of the thermal conductivity of a large
number of dielectric crystals and amorphous solids, Eueken [26] concluded that
(i) the thermal conductivity of single crystals increases with the decrease of tem-
perature, while the thermal conductivity of amorphous solids shows inverse trend;
(ii) the thermal conductivity is inversely proportional to the absolute temperature of
the crystal; and (iii) the thermal conductivity of amorphous solids is roughly propor-
tional to the specific heat.
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Except for lead oxide, the thermal conductivity of inorganic non-metallic crys-
tals is almost proportional to the reciprocal of absolute temperature above room
temperature [10]:

A A
k==, k==+B 1.42
T T (1.42)
where T is the absolute temperature, and A and B are constants determined
experimentally.

For inorganic amorphous, the thermal conductivity increases approximately in
direct proportion to the temperature [27]:

k=CT (1.43)

where T is the absolute temperature, and C is the constant determined
experimentally.

For the mixture of inorganic crystal and amorphous, the relationship between
thermal conductivity and temperature can be expressed as

1
=—— 1.44
k AT+B+C/T (1.44)

1.4.2 Pressure

Under pressure, the correlation between thermal conductivity and pressure can be
divided into increasing, decreasing, independent, and abnormal trends.

For example, the thermal conductivity of an object can increase sharply under
pressure. This is because the strain generated by pressure enhances the atomic
interaction and compresses the bond, changing the phonon dispersion, thus greatly
increasing the propagation speed of phonons. Such enhancement is nonlinear in
some cases, which can be attributed to the combined effect of decreasing phonon
relaxation time and increasing phonon group velocity [28].

In addition, the thermal conductivity of the object can also be reduced under pres-
sure, because phonon anharmonicity and phonon softening induced by pressure
increase [29]. The first-principle calculation shows that the reduced thermal con-
ductivity under pressure is mainly due to the stronger cubic anharmonic interaction,
large mass ratio, and significant acousto-optic frequency gap [30].

In some cases, the thermal conductivity is independent of the pressure, which may
be caused by the strong electron correlation effect driven by the electronic topologi-
cal transition [31].

Several mechanisms have been proposed to understand abnormal thermal con-
ductivity changes under pressure. The abnormal decrease of thermal conductivity
of some materials under pressure can be ascribed to the large phonon frequency gap
of materials under high pressure. The contribution of the inherent three-phonon
scattering process is smaller than that of other cases, and the complex scattering pro-
cess between more phonons dominates and increases the overall phonon scattering
[32]. In the case of another non-monotonic behavior, the thermal conductivity first
increases and then decreases with the increase in pressure. The possible mechanism
of this behavior is the competitive scattering process of three phonons interacting
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with four phonons under high pressure [33] or the interaction between group veloc-
ity and phonon relaxation time under pressure [34]. When some rare earths show
different pressure dependences of thermal conductivity, the pressure dependence is
determined by the competition between the enhancement of phonon group velocity
and the reduction of phonon relaxation time [35].

1.4.3 Crystal Structure

The more complex the crystal structure, the lower the thermal conductivity. For
example, the structure of magnesia alumina spinel (MgAl,O,) is similar to that of
alumina (Al,0;) and magnesium oxide (MgO), and their thermal solubility, thermal
expansion coefficient, and elastic modulus are similar. However, due to the complex
structure of the former, its thermal conductivity is much lower than the latter two.
In addition, the mean free path of phonons of materials with complex structures is
easy to approach or reach its minimum limit value, that is, the lattice size value, at
high temperatures to obtain lower thermal conductivity.

The structural integrity and regularity of polycrystals are worse than that of single
crystals. In addition, the influence of impurities and distortion on the grain bound-
ary increases the phonon scattering, which is more significant at higher tempera-
tures. In different crystal axis directions, the thermal conductivity of single crystals is
also different, with anisotropy, and the phonon scattering is different. The difference
of thermal conductivity of single crystals in different crystal axis directions decreases
with the increase in temperature, because anisotropic crystals tend to improve or
enhance their symmetry with the increase in temperature.

1.4.4 Thermal Resistance

As we all know, the smaller the thermal resistance, the greater the thermal conduc-
tivity. The main factor affecting thermal resistance is Debye temperature. The Debye
temperature is closely related to atomic weight, theoretical density, and compress-
ibility. The total thermal resistance in the crystal is

m
r= AT BNT 4+ 1/(VLT?) (1.45)

o

(¢ -1)
where A is the atomic weight, @ is the Debye temperature, p is the theoretical density,
and X is the compression coefficient. Generally, the smaller the theoretical density is,
the greater the Debye temperature is. The greater the Debye temperature, the smaller
the thermal resistance. Therefore, lighter substances usually have higher thermal
conductivity. The smaller the compression coefficient or the larger the Young’s mod-
ulus, the higher the Debye temperature. The higher the Debye temperature, the
smaller the thermal resistance. Therefore, materials with higher binding energy usu-
ally have higher thermal conductivity. The smaller the atomic weight, the higher
the Debye temperature. Therefore, materials with large atomic weights have high
thermal conductivity.
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1.4.5 Others

Defects and impurities have a great influence on the thermal conductivity of mate-
rials, which is determined by the phonon heat conduction mechanism of dielec-
tric crystals [10]. They are the center of phonon scattering, which will reduce the
mean free path and thermal conductivity of materials [7]. Because the thermal con-
ductivity of gas in the porosity is far lower than that of materials, porosity always
reduces the thermal conductivity of the materials. Peierls-Boltzmann [36] revealed
the process of strain affecting thermal conductivity and found the power law scaling
relationship between thermal conductivity and temperature and strain. Strain first
affects the speed of phonon propagation and then affects the relaxation time, while
temperature only affects the relaxation time.

The experimental work of Krupskii and Manzhelli on the unconstrained argon
sample revealed that the thermal conductivity has a deviation in addition to the
inverse temperature dependence predicted theoretically [37]. They attributed the
bias to the higher-order four-phonon interaction, while Clayton and Batchelder
attributed it to the thermal expansion effect [38]. Dugdale and MacDonald assumed
that micro-area lattice expansion would occur due to thermal expansion resulting
from the temperature gradient [39]. For example, for a material with a positive
thermal expansion coefficient, the relative expansion of the hotter region and the
compression of the cooler region produces additional heat transfer sources, which
further reduce the thermal conductivity.
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