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Abstract

Because of the high-power density of chips, thermal management
material has become a key node of electronic system development.
Thermal management material with high thermal conductivity can
dissipate the waste heat on time to avoid heat damage to system stability
and arithmetic speed. However, polymer as traditional packaging
material used in electronic system by virtue of low processing
temperature and good mechanical properties can hardly satisfy the
demand for high thermal conductivity. So, scientist tend to endow the
polymers with high thermal conductivity by mixing them with fillers which

can enhance the heat transport.

However, how to construct such composites which possess high thermal
conductivity and meanwhile can satisfy the requirement of a specific

application is still a challenge facing engineers and scientists.

In the rest of this thesis, carbon fiber, a thermal conductive filler with
anisotropic thermal conductivity, was applied to construct a thermal
conductive composite with the assistance of a mechanical force field. To
make full use of the anisotropic thermal conductivity of carbon fiber to
obtain directional high thermal conductivity composites, carbon fiber was
supposed to be aligned along a specific direction. By compressing the
carbon fiber powder, an orientated thermal conductive network was
fabricated to transport heat efficiently, which resulted in a 32 W m*! K-

thermal conductivity.

Compared with compressing, stretching is a more efficient method to



achieve the alignment of carbon fiber in a single direction. However, the
difficulty of applying the tensile force on carbon fiber powder blocked the
realization of the strategy. Here, a novel strategy was proposed. A
medium was introduced to control the movement of carbon fiber powder
by transferring the mechanical force applied on it to the carbon fiber. Then
the medium was graphitized into sheets of carbon crystal enhancing the
heat exchange between carbon fibers. The thermal transport speed in
different carbon structure and the alignment of carbon fiber during the
stressing process were calculated with molecular dynamics and
mathematics. As a result, with the novel strategy, metal-level thermal

conductive but lighter composite was constructed.

Besides thermal conductivity, in this thesis, a thermal management
material with phase change function was constructed using phase
change matrix which can suppress temperature fluctuation during the
overloading of electronic equipment. The extra heat generated by the
overloading would be stored as latent heat of matrix during the phase
change process avoiding the rise of equipment temperature. As a result,
the hurt of high temperature to equipment can be avoided. The resulted
material has a 23 W m-! K-! thermal conductivity accompanied with 62 J

g K" latent heat.

In summary, different mechanical methods manufacturing directional
thermal conductive materials were talked in the thesis. Accompanied with
them, characterization of structure and thermal properties was done with
experimental, simulative and mathematical methods. Various
applications are given in the thesis to prove the materials’ practicability.

The materials manufactured with these methods were supposed to be



Xl

applied in different fields because of their promising properties.
Meanwhile, it is possible for some different analysis methods used here

to inspire the researchers and accelerate the development of the field.
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Chapter 1. Introduction

1.1 Synopsis

This chapter will introduce the background of thermal management
material to illustrate the significance of developing thermal conductive
composites. Developed for decades, there are a lot of theories developed
to analyze the heat transport in materials, including kinetatic theory and
molecular dynamic methods. The basic theories will be introduced to

understand what structure may possess good thermal transport property.

Then various strategies and the most important research to achieve high
thermal conductivity experimentally will also be summarized, including
the promotion of the intrinsic thermal conductivity of polymers and the
manufacture of thermally conductive composites from fillers. Considering
that the thesis will focus on the manufacture of thermal conductive
composite, the property of general filler and processing method will be
introduced in detail. In the end, the objectives and the outline of the thesis

will be given briefly.
1.2 Background

Heat is a kind of energy with a long history. The substance of heat is the
vibration of atoms. How to control heat transport has been a challenging
generic problem facing humanity and raised a novel and attractive
subject in the modern era: thermal management. Aerospace projects,

electronic engineering, refrigeration, vehicle design, energy storage and



related subjects require the understanding and application of thermal

management.

In aerospace projects, thermal management is applied to the
construction of the housing for transmitter and receiver modules to
protect them from the environment with wild fluctuation temperature, heat
pipes for power system radiators and radiators for spacecraft. The
challenges and opportunities for thermal management on aircraft and
satellites have been previously discussed.'2 The temperature difference
between the dayside and nightside of the satellite can easily display a
range over 200 °C within our solar system. Research reveals that the
deformations of solar arrays caused by thermal stress should be
considered or it can lead to functional failure of the entire spacecraft
system.* There are two design philosophies for thermal management
systems, active thermal control systems (ATCS) and passive thermal
control systems (PTCS). ATCS may be applied to a pumped loop system
and heater to control the temperature of components within a designed
temperature range. However, the limitation of power, mass and space is
a challenge for ATCS. PTCS gives another low-weight and energy-
efficient strategy by applying thermal management materials.
Researchers also point out that with the increase of heat generated due
to the increasing density of electronic equipment, more effective thermal

management materials are required.®

In vehicle design, especially with the development of hybrid electric
vehicles (HEVs), the influence of temperature on performance attracts
significant attention and a cooling that system that takes into account fuel

economy, cost and the limited packaging space into account is desired.



9 Particularly, the high-voltage battery used as the power source in
HEVs is a high-power density and long-life cycle device. According to
research, the performance of the battery is highly dependent on its
operating temperature. As a result, more effort is being focused on this

field.10-12

Energy storage devices, particularly batteries, which are widely used in
the grid, vehicle, communication and computer systems generate all
generate significant heat during operation. Overheating may result in the
acceleration of charge storage capacity degradation and thermal
runaway. To avoid the damage from heat on devices, researchers devote

effort to finding new solutions to overcome associated problems.' 13-15

Power density

i A
4

10000

1000

100

104

Pentiunm

1] 8008 8085 p |
1970 1980 1990 2000 2010

Figure 1.1. The power density of microchip processor in the past decades.

Another area where the importance of thermal management is
recognized is the packaging of electronic elements, which are widely
used in phones, telecommunication base stations, supercomputers and
servers. Especially, the past years have witnessed the boost of fifth
generation electronic communication technology where the
miniaturization, and integration of high-power electronic elements is
widely used. Heat accumulation leads to the significant degradation of

device performance. There is an analysis reporting that approximately 55%



of electronic device failures are caused by high temperatures, and once
the working temperature of the device increases by 10 °C, its likelihood
of failure will double. However, the power density of microchips has been
growing at a high rate, as figure 1.1 shows. According to the data from
Intel, the power densities of chips can be beyond that of the rocket nozzle,
which reached a power density of 1000 W cm? before 2010. This huge
amount of heat causes catastrophic damage to electron systems. To
avoid the damage caused by high temperature, the dissipation of waste
heat generated during the operation of an electronic component needs
to be quickly removed. As described above, the major task of thermal
management in electronic systems is to dissipate heat at a rate larger

than its generation.

Of the three heat transport methods (heat convection, thermal conduction
and thermal radiation), the first two are the most used strategies for
thermal management in electronic devices. Heat convection is the basis
for using forced heat transfer, including forced air cooling and water/air
cooling. These cooling methods efficiently dissipate heat from a heat sink
to an ambient environment. However, although forced heat transfer can
partially mitigate the problem, the heat path from the chip to the heatsink
cannot be bypassed. The structure of a general radiator is illustrated in
figure 1.2. It can be noted that there are three critical parts when we
construct the system, namely an integrated heat sink (IHS) and two

thermal interface materials (TIMs).

The IHS packaging isolates the chip from the environment and is required
to possess high intrinsic thermal conductivity. Simultaneously,

applications demand that the mechanical property of an IHS needs to



match that of the chip and the heatsink, which are, in most cases, silicon
and metal, respectively, to limit stresses at high temperatures. Much work
has focused on explaining the importance and working principle of
TIMs.'6-17 Between the chip, IHS and heatsink, interface mismatch
shrinks the contact area, and much space between two surfaces is filled
by air whose thermal conductivity is low. This causes the thermal contact
resistance, TIM1 and TIM2 are used to fill the void and remove the air, as

shown in Figure 1.3.

Fan
(optional)

Heat Sink

—

Chip / Package as provided by supplier

=y = S N i P e

Figure 1.2. A typical ball grid array (BGA) electronics package with two TIMs. The heat
is conducted through the backside of a BGA chip. There are TIMs between chip and
IHS and between IHS and heatsink. The different TIM applications are called TIM1 and

TIM2, respectively.
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Figure 1.3. Schematic of the function of TIMs. The uneven of two surfaces causes the

shrink of contact area and the infiltration of air. TIM fills out the voids and reduces the

temperature drop over the interface.'®

A thermal management materials’ property can be evaluated by thermal
conductivity or thermal resistance measurement. Thermal conductivity is
defined through a nonequilibrium process. When heat flows through a

unitary block, the thermal conductivity of the material is defined as
__29
k=—= (1.1)
whereﬁ is the heat flux (W m-2) and VT is the temperature gradient (K m-
') in the direction of heat transport. This parameter is used to evaluate

the ability of a material to propagate heat. Fourier’'s law expresses the

process as
Q=—k= (1.2)

where Q is the heat flux. Thermal resistance is defined as

_ T
R=-% (1.3)

Their relationship is in analogy with electrical conductivity and resistance.

However, in the discussion of heat flow between interfaces, the thermal



resistance can be more efficient. The thermal resistance is introduced by
the interface, including contact thermal resistance and interface thermal
resistance. The former is caused by surface roughness, as already
introduced in figure 1.3. The purpose of a TIM is to depress the influence
of contact thermal resistance. However, even if the two surfaces are
smooth at the atomic level, the mismatch of vibrational modes between
two materials causes phonon scattering at the interface, resulting in an
increase in surface thermal resistance compared to the ideal case. These
considerations for electronic packaging and properties of thermal
interface materials define the requirements for a high thermal
conductivity to depress thermal resistance to allow for rapid heat

dissipation.

1.3 The methods calculating thermal conductivity

To explain the thermal transport process, various theories have been
used. They originate from different assumptions but agree with each
other. They can be regarded as a different perspective on the same
question. Simultaneously, they are important keys to explain the

phenomenon of heat transport and related problems.

1.3.1 Classical kinetic theory

y




Figure 1.4. Schematic of heat flow

Heat conduction is energy flow carried by particles, including electrons
and phonons. The transport can be under appropriate conditions
described by classical kinetic theory. With this assumption, thermal
transport is motivated by a temperature difference, as shown in figure 1.4.

The heat flow through a surface q equals to

Q=0Q"—Q = 0E)yye =3 (0 EDspe (1.4)
where n,v,, E and t are the number of carriers in a unit volume, the
velocity of carriers in the x-direction, average energy carried by the single
particles, and the time to traverse a mean free path during which no

collision occurs, respectively. This leads to the following relation.

d(nvy
Q= —%(val’) (T:;E)lx=x0 (1.5)

1 dE
= — §m7/\a | x=x,

1 dE dT

3 nUAd—TE |x=x0

dT
= — §nvaCM Ix | x=x,

The thermal conductivity can be defined as
k = —ZVAC, (1.6)
where p, A, C); and C, are the phonon density, mean free path, mass
specific heat capacity and volumetric specific heat capacity,
respectively.'®19 For different thermal carriers, the formula is affected. For
example, for phonons
1
kph = —gvaAphCV (18)
where v, and A,, are velocity of phonon and average free path of

phonon. Electron has



1
ke = _gvaAeCV,e (1.9)

where p, vg, A, and Cy , are mass of electrons in a unit volume, the Fermi
velocity, electron mean free path, and C, . is specific heat of electrons,
respectively.’® Then the thermal conductivity of conductor can be
calculated as?°

k =kyp + ke (1.10)

Furthermore, k,, and k. can be discussed in detail.
1.3.1.1 Heat transfer carried by phonon

In physics, a phonon is defined as a collective excitation in a periodic,
elastic arrangement of atoms or molecules in condensed matter. Heat
transport in insulators, where most electrons are tightly localized about a
nucleus, is primarily dominated by phonon-mediated heat transfer.
Assuming a crystal contains N atoms, each of which contains 3

vibrational degrees of freedom, there are 3N vibrational modes:
3N = Y, Xk, Xk, 1 (1.11)

In unite volume we have

% = [."" D(w)dw (1.12)

where w, and D(w) stand for Debye frequency and phonon density of
states (PDOS). PDOS describes the number of states in unite volume
and unite frequency. According to Debye model, w, is the highest
frequent of lattice vibration. It should be noted that not all states are
occupied. The distribution of phonon on the states at w frequency obeys

the Bose-Einstein distribution, which is described as

1

fee(W) = 7w (1.13)

ekBT -1

h and kg is Planck constant (6.626 x 10-3* J s) and Boltzmann constant

(1.381 x 102 J K) respectively. According to the analysis, vibration
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contribution to internal energy in the unite volume can be expressed as

E = [° hwfas(w) D(w)dw (1.14)
here hw is the energy carried by single phonon on the specific energy
level. Considering the relationship between E and C, , thermal
conductivity can be wrote as

szwD Zn(w)T(w)hwdeE(W)D( w)dw (1.15)

hw
ekB

k=kg[) " Zn(w)r(w)(—)z hwD (w)dw (1.16)

(ekBT+1)2
where v, ,, is the group velocity of phonons on the direction along which

thermal conductivity is calculated.
1.3.1.2 Heat transfer carried by electron

The thermal conductivity of electron is coming from Boltzmann transport

equation (BTE). The general form of BTE is write as

2]; (?3]:>force + (z_];)diss + (%)coll (1 .17)

where the three terms on the right side represent the influence of the
extra field, dissipation and collision. Here under the steady state
approximation, local steady state approximation and relaxation time

approximation

af
=9 (1.18)
afo _ df
— = ar (1.19)

oy _fot

(at)co” T (120)

where f, is the distribution function under the steady state, which is

Fermi-Dirac distribution for electron, we have

f -t [(a];%)force + ag:D ] fFD (1 21)

diss

Now, assuming there is not extra field. BTE can be simplified to
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f - (a];%)diss * fFD (1 22)

d a
f&T) = 0,52+ fap (e, T) (1.23)

where v, is the velocity along z direction. In an open system,
dU = 8§Q — udN (1.24)

Heat flux is expressed as

" S a 0
Z :]E _l’t]N = fO UZ(S _‘Ll) (fFD(g,T) _T(gl T)UZ giDa_Z)D(S)dS (125)
Where the replacement v, 2 = 3278 is performed under the assumption that

the velocities are isotropic. The formula expresses the energy flow in one
direction, for example, from point 1 to point 2. At the same time, energy
also flows in the opposite direction, from point 2 to point 1. Considering
the firstterm, v, (e — w) frp (e, T) D(¢), represent the heat transfer under a
balanced state, the integration of the term should be 0. Thermal

conductivity can be written as

_ 2 e 9fr
k = o Jy e=wt(e, Te ~=D(e)de (1.26)

1.3.2 Molecular Simulation
1.3.2.1 Non-equilibrium molecular simulation

Molecular simulation can deduce the movement of atoms driven by the
interaction between atoms. Considering that the temperature of a
material is a kind of vibration, this tool has been applied to predict the
thermal conductivity of materials since the earliest days of computer
simulations for physical systems.?'-?° There are two primary methods,
non-equilibrium molecular simulation (NEMD) and equilibrium molecular
simulation (EMD), to predict material thermal properties based on

statistical mechanical theories under appropriate conditions.
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Non-equilibrium molecular simulation is directly based on the definition
of thermal conductivity. The material system is built within a simulation
cell. Considering the relationship between temperature and translational

energy, the mean energy at equilibrium for a particle (or atom) is
3 o (1
E=-kpT = Jy (Emvz)f(v)dv (1.27)
the relationship between temperature and velocity can be established.
By monitoring the movement of atoms, we can record temperature

indirectly. The injection of energy can be achieved by the time the velocity

with a reasonable coefficient.

Now that the injection of energy and temperature monitoring is practical,
it would not be hard to simulate the physical process. Exert specified
amount of heat energy into one end of the simulation box and fix the
temperature of the other end. Under the influence of the heat, the
temperature of the system rises heterogeneously. The temperature
gradient can be recorded. According to the definition of thermal

conductivity, thermal conductivity can be calculated as

__q
k = = (1.28)
1.3.2.2 equilibrium molecular simulation

EMD is based on the fluctuation-dissipation theorem (FDT) proposed by
Nyquist in 1928 and developed by Callen, Welton, Kube and many other
researchers.3%-33 The theory describes the fluctuation near the equilibrium
from the point of view of statistical mechanics. According to the defining

relationship for FDT, dissipated work can be expressed as
Ba*
Waiss = > (1 29)

where o is the standard deviation of measurement of power. This theory
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is applied in different fields, including electrical noise analysis3*%7,
biological®®-4°, plasmas*'-*3 and even finance**%. In the heat transport

field, according to FDT

1
kT2v

k =

< Qe(0),0,(0) > dt (1.30)
where Q, is the total heat flux on x direction. as discussed above, we can

monitor energy, so the thermal conductivity can be calculated.*®
1.3.3 Thermal conductivity of composites

According to classical kinetic theory, the calculation of thermal
conductivity is based on periodic assumption for deriving the phonon
density of states. The analysis is suitable for an infinite lattice model or
crystal. However, for amorphous structures, the concept of phonon is
difficult to define. Thus, in many limiting cases, it is best described by
localized vibrational modes (LVMs). Molecular simulations have been
developed according to the definition of thermal conductivity or according
to FDT. These simulations can provide improved results in closer
agreement with the experiment, especially when predicting the thermal
properties of amorphous polymers and polycrystals whose non-ideal
structures have an impact on thermal conductivity.?'-2> Additionally, there
are simulations where the analysis is applied to the thermal conductivity
of polymers.?6-29 However, molecular dynamics simulations are unable to
describe the electron thermal conductivity. Hence, in this thesis, going
beyond the simpler models is necessary to provide results that can be

directly compared to measured data.

Another limitation of molecular simulation is the use of finite simulation
cells. Since molecular simulations require setting up models at an atomic

scale, for practical MD simulations, the cell is too small to provide a



structure as large as required to describe a typical filler. Diameters of
carbon fibers, AIN, Al2Os, graphite, and diamond are generally larger than
a 100 nm. This problem may be partially solved by introducing periodic
boundary conditions or to consider heat flow across a single interface and
using multiscale models to describe larger simulations based on the
atomic scale modelling. However, when the composites containing these
fillers are also modeled, practical MD simulations cannot easily overcome
the scale problem. Hence the development of models predicting the
thermal conductivity of composite based on macro parameters like filler
concentration, scale and shape are valuable. Because of the variation of
parameters, it is a challenging mission to unify them in a single predictive
theory. Dr. Yu summarized the common models in 2012 in his PhD
thesis.*” The past 10 years have witnessed the advancement of some
newer theories. Here some models developed after 2012 are listed in

table 1.1.

Table 1.1. The models predict thermal conductivity of composite.

Name of | Formulas Applications Published
models year
Li Zhou’s 22, (1— ) Loyry %)% spherical 2019
model48 kepr = i 173 dy particle
0 (P +p2+aic

Chuan- kepp (24 2%k(PpBe),\ 2+ Xi((2B. — 1)¢y,);. | Single type of | 2021
Yong k,, ( 2 — Zk(%ﬁe)i ) 2 —Yi((Be + Dopy); ) particles,
Zhu’s hybrid
model*® particles, and

core-shell

particles
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Dae Han kaip = fipka + (1 — fip)km Carbon- 2018
Sung’s containin
g km 2 kt 2 4kt g
model®° kiip = T[ (1-fip) (k_ - 1) to - (1 fiber-
m m
k reinforced and
- fip)(k_t - DJ? multiscale
m
hybrid
composite
Dayanidhi I = Skakpk, hybrid 2021
Jena’s ¢ kakc [s — 2(7‘1 + Tz)] + 2k [rike + 12k ] composite as
model®’ (FVF<13.08) per its fiber
o = Skake volume faction
¢ 2(nk. +1ky)
(13.08<FVF<20.307)
k. = Skakb
¢ 2rlky + (s — 2rDk,
(FVF>20.307)
Yuan ke 217 CNTs- 2021
Fang’s ki 2Vi+3Vim reinforced
model>? 2k, _ Ky _ composites
ey (th +1) =200 + V) G = 1) " P d
ke (2ke ky W an
(th ’ 1) tht le)(th Y without
percolated
CNTs
LiChuan kyy = f(vyp)kp + [1 = F Wy )lkerr Porous 2019
Zhou’s material
model®3
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Dan Dan’s 1= Q1 +0Q,+0Q3+0Q, through gases | 2014
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1.4 Promoting thermal conductivity of polymer

composites

Thermal conductive composites consist of matrix and thermal conductive
fillers. To promote heat transportation ability of composite, there are three
strategies which are promoting the intrinsic thermal conductivity of matrix,
using fillers with high thermal conductivity and optimizing the fabricating

methods.
1.4.1 Promoting the intrinsic thermal conductivity of polymers

Relying on low cost, ease of processing and modifiability, polymers have
become the most commonly used matrix material. However, general bulk
polymers are generally regarded as thermal insulators whose thermal
conductivities are lower than 1 W m™" K-', a partial listing of the thermal
conductivity of various polymers are given in table 1.2.57-%0 The data is

from Matweb database.

Table 1.2. Thermal conductivity of commercial polymers

Thermal Conductivity

Polymers
(W m-1 K-1)
High Density Polyethylene
J yrOemy 0.28-0.48
(HDPE)
Acrylonitrile Butadiene Styrene
0.12-0.20
Copolymers (ABS)
Thermal- Polycarbonate
0.16-0.26
plastic (PC)
Polyamide (PA) 0.16-0.29
polypropylene (PP) 0.17-0.40
Polystyrene (PS) 0.12-0.18

Polyvinyl Chloride (PVC) 0.07-0.12
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Thermal Plastic Polyimide (TPI) 0.17-0.35
Polyethylene Terephthalate (PET) 0.04-0.29
Poly(ether-ether-ketone) (PEEK) 0.04-0.95

Epoxy 0.17-0.80

Polyimide (PI) 0.12-0.29
Thermal-set

Silicone Rubber 0.18

polyurethane (PU) 0-0.83

Compared with the materials used as filler which generally exhibit good
heat transport character, thermal conductivities for polymers are poor. On
the contrary, considering that some polymers have a high degree of
crystallinity and that strong covalent bonds from the polymer chains, they
are anticipated to achieve comparable thermal conductivity as some
ceramics. This contrast between the low thermal conductivity of
commercial polymers and the expectation that high thermal conductivity
should be achievable attracted numerous researchers to study the
influences on thermal conductivity of polymers fillers by considering such
factors as chain orientation®'-"!, cross-link density’?"3, intra- and inter-
chain interactions®': 64 7475 crystallinity, molecular weight?> 76 side
chains®78, branching and cross-linking of polymers’ 7°81 and lot
others.82 All these characters can be grouped into the molecular design
and polymer morphology. In recent decades, the most attractive
achievement in molecular design within this field is the promotion of
thermal conductivity by introducing liquid crystal-like structures into
polymers or constructing liquid crystal polymers (LCP), which in the
polymer morphology field, it is realized by aligning the molecular chains

by stretching.
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1.4.1.1 Liquid crystal polymers

Liquid crystal polymers are a type of thermoset resin produced from the
polymerization of functionalized liquid crystal monomers consisting of
rigid rod-shaped mesogens, special flexible segments and active end
groups.®® The rigid rod-shaped mesogens usually contain aromatic
structures between which the 1T-11 conjugation enhances the construction
of an organic crystal, enhancing the heat transport. As a result, the
thermal conductivity of LCP is usually anisotropic, which displays better

thermal transport capability along the molecular chain.

The most used two end groups in this field are acrylic acid and epoxy.
Due to the conjugation between the aromatic structure composing rigid
rod-shaped mesogens, liquid crystal tends to align and form a crystal-like
structure in terms of alignment of the polymer chains, as discussed,
which is related to thermal conductivity. By molecular design and process
optimization, the alignment of the crystal polymers can be enhanced.

Related works are shown in table 1.3.

Table 1.3. The thermal conductivity of liquid crystal polymers with different structure

and processing

Acrylic acid Epoxy
End group | Thermal Thermal
year Ref. year Ref.
Conductivity Conductivity
52W m' K 0.96 W m" K-
1993 8 2003 8

1 1

Molecular 0.68 W m™
design K-
224 W m™’
K-1

2007 86 0.2Wm'K' 2006 &

2017 88 0.2Wm'TK' 2007 8
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0.38W m' K

] 2013 9
0.48 W m' K-
] 2018 *
0.51 W m' K

2019 %

1

1.2Wm'tK' 2020 %
58Wm'K'" 2020 9
1MOWm'TK!? 2021 %

0.34 W m™’ 0.89 W m' K-
2016 6 2003 97
K-1 1
Processing |25 W m' K-
2016 78
optimization | 1
1.2Wm'K
2018 8

The earliest known author using LCPs to achieve high thermal
conductivity was reported by Kurt Geibel in 1993, using diacrylates.?4 In
the study, different rod-shaped mesogenic unit was introduced to
optimize the primary structure. The highest thermal conductivity of the

LCPs is beyond 5 W m™' K-,

Takashi et al. constructed an LCP monomer with different functionality.®
Mono- and bi-functional monomers with similar rod-shaped mesogens
were synthesized and used to construct polymer. According to the
analysis, the polymer network goes through the direction perpendicular
to the rubbing direction of the mono-functional compound. On the
contrary, the network in a bi-functional compound relies more on the
rubbing direction in a di-functional compound. This difference is

illustrated in figure 1.5. As the bi-functional monomer increases, thermal
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conductivity along the direction perpendicular to the rubbing direction
does not significantly change, increasing a modest value of 0.68 W m-"

K.

Mono-functional compound Bi-functional compound

Figure 1.5. lllustrations of molecular alignment in homogeneous alignment films.

Dong-Guede et al. reported an acrylic acid functionalized liquid crystal
polymer used as thermal conductive material®® In their study, a liquid
crystal monomer with an anisotropic rod-shaped molecular structure was
designed and synthesized. The monomer was aligned by application of
a magnetic field, as shown in Figure 1.6, and in-situ photopolymerized.

The thermal conductivity of the final product is 1.2 W m' K-,

a c
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Figure 1.6. (a) Schematic illustration of the uniaxially aligned liquid crystal monomer
under a magnetic field. (b) 2D WAXD pattern of LCP film. The insert presents the
magnified image of low-angle diffraction. (c) Azimuthal scans between 2.3° and 2.7° and

between 18° and 21098
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The primary structure of LCP is the most studied characteristic of these
polymers. Unlike acrylic acid, epoxy LCPs are polymerized from
monomer and initiator, both of which impact the thermal character. In
2003 Akatsuka et al. studied the relationship between epoxy LCP’s
monomers and thermal conductivity.®®> The LCPs with benzoate and
diphenol structures as rod-shaped mesogens were first compared. Then
the length of the flexible segment was investigated. With the shrinking of
the flexible segment from 8 to 4 (the number of -CH2 — groups in the
flexible segment), the thermal conductivity of the LCP increases from
0.85 to 0.96 W m™! K1, which is approximately 5 times that of common

epoxy.

Akherul et al. also studied the relationship between molecular structure
and thermal conductivity. In their study, linear and non-linear initiators
were used to construct LCPs. According to the discussion, non-linear
initiators caused molecular disorder, which is a possible source of phonon
scattering. Consistent with this supposition, the thermal conductivity of
LCP constructed with a non-linear initiator is lower, as figure 1.7 shows.
It is worth noting that the different structures of initiator can be regarded
as the difference in functional groups. From this point of view, this report,
together with Takashi’'s report, demonstrated that the use of two
functional monomers or initiators might result in higher thermal

conductivity due to the formation of a linear heat path.86 °1

The secondary structure also has an impact on thermal conductivity. With
the help of magnetic or electric force, LCP molecular chain can be aligned.
This phenomenon is widely applied in display applications. Miyuki et al.

used a magnetic field to align the monomer of LCP and doubled the
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thermal conductivity along the magnetic field direction.®” In the report, the

highest thermal conductivity is 0.9 W m-! K.
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Figure 1.7. Molecular disorder caused by the introduction of non-linear initiator. '

The highest value in the field overall is reported by Ning et al. in 2020,
reaching a value of 10 W m-' K-'. 9 From the liquid crystal molecular
structure shown in Figure 1.8, it is clear to see, in contrast to previous
LCP studies, that the structure of the mesogens was given particular
attention. From the cyclohexane structure, the mesogens gain inherent
flexibility. As an aside, this ground-breaking result is explained by the
orientation of the LCPs in their report. However, perhaps a more
convincing explanation is required for the enhancement relative to other

aligned LCPs.

As mentioned, compared to acrylic acid ended LCPs, the epoxy ended
LCP monomer has attracted more attention in experimental studies.
There is a comprehensive review published in 2021 by Kunpeng et al.
which summarizes the majority of these investigations.®® And from the
discussions in this thesis, it may be concluded that the thermal
conductivity of LCPs is strongly correlated to molecular chain alignment.
No matter if a clever molecular design or the application of an external

electric or magnetic field, researchers tend to maximize the alignment of
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the LCP chain to promote thermal conductivity.

In addition to acrylic acid and epoxy end groups, there are a small
number of other end groups that have been considered.%%-192 And with
the assistance of thermal conductive filler, LCP can be used to construct

functional thermal management or composite.%3 103-105
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Figure 1.8. The epoxy liquid crystal monomer and initiator structures. %

1.4.1.2 Stretching polymer chain

Stretching polymer chain is another important road promoting intrinsic
thermal conductivity of the polymer. Similar to LCP, the guiding

philosophy induces the alignment of polymer chains.106-107

Numerous researches have predicted the thermal conductivity
enhancements(TCE) related to the polymer chain stretch. According to
simulation results, thermal conductivities of a single polyethylene chain
can be beyond 100 W m™' K-! on the chain direction, which is similar to

the value of metals.?!. 108111
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Choy et al. performed a demonstration where he pointed out the
relationship between the drawing ratio and the thermal conductivity. 12114
When the drawing ratio exceeds 300, the thermal conductivity of ultrahigh
molecular weight polyethylene can exceed 40 W m-' K-, as figure 1.9
shows. In 1997, Fuji Shiro et al. studied the thermal conductivity
difference between the axial and transverse direction of the polymer by
testing the thermal conductivity of Poly benzobisoxazole fiber, which is

about 100 W m™! K-1.115
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Figure 1.9. Axial and transverse thermal conductivity of PE versus draw ratio at 295 K.

V, melt-crystallized PE;A, gel PE; o, singlecrystal mat PE.!3

By applying two stage heat, Sheng et al. achieved 104 W m-! K-.67 To
date, this value is still a peak in the field. The extreme thermal
conductivity was attributed to improved crystallinity in the discussion,
which was confirmed by other researchers achieving high intrinsic
thermal conductivity by stretching polymers in the past few years.6-118

However, the low thermal conductivity and high crystallinity of many
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commercial polymers like HDPE seem counter-examples of the
conclusion. This contradiction was explained in 2017 by Bowen et al. by
amorphous restructuring. ° In the study, polyethylene heat-stretched
achieved 51 W m' K-', although the crystallinity decreased from 92% to
83%, as figure 1.10 shows. According to the report, the thermal
conductivity promotion is not only related to crystallinity but also to the

overall chain alignment.
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Figure 1.10. The scanning electron microscope (SEM) images and thermal conductivity

of PE before and after heat stretching at different temperature.®

1.4.2 Property of fillers

Thermal conductivities of commercial polymers are generally low, as
discussed, especially several years before when promoting the intrinsic
thermal conductivity of polymer was still a challenge. To meet the
requirement of heat dissipation, the general strategy is to construct
composites with thermal conductive filler and polymer matrix. Fillers
shoulder the heat transport and matrix endow composite with low density,
flexibility and other mechanical property. The fillers have a substantial

impact on the resulted thermal conductivity of composites. The
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relationship between thermal conductivity and characters of filler like size,
dispersion, the interaction between filer and matrix, synergistic effect, and
construction of the network is studied. Here, different thermal conductive

fillers are discussed in these aspects.

1.4.2.1 Metals and metallic oxide

Among traditional materials, metals are regarded as one kind of material
with the highest thermal conductivity. The thermal conductivities of some
common metals are listed in Table 1.4.

Table 1.4. Thermal conductivity of metals.

Metals Thermal conductivity (W m" K1)
Ti 17

Sn 63.2

Mg 159

Fe 76.2

Al 210

Ag 419

Cu 385

Si 124

W 163

Considering thermal conductivity and cost of materials, the most used
metals in heat transport are Cu and Al. Copper pipe and heat sink,
aluminum fine are important thermal management components of the
electronic system. To introduce the development of thermal conductive
metal composites, the impact of the structure of metal filler, including
special structures and liquid metals, along with the character of overall
composite like filler concentration, process and construction of network
on the property of composites should be discussed. Different from

ceramic, diamond and polymer thermal conductive fillers, composites of
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metals inherited not only thermal conductivity but also high electronic
conductivity from metals, which helps them to outstand electronic
properties, including electromagnetic shielding, dielectric loss and

dielectric constant. 120-121

Liquid metal (LM) is a special class in thermal conductive fillers. As a
metal, LM exhibits high thermal conductive characteristics.!?2-125
Meanwhile, the fluidity and deformability of liquid metal make sure they
touch with heat source and heat sink, which helps compromise thermal
resistance. 26-127Although exhibiting such advantages, the application of
liquid metal was still precluded by its corrosivity to other metals and the

leakage problem.
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Figure 1.11. Thermal conductivity (k) of LM capsule beds as a function of the applied
compressive pressure

Besides being used as filler, metal was also used as a cover on the
polymer to form a heat exchanger. In these examples, the
micromorphology of metal has a nonnegligible impact on thermal
conductivity, as figure 1.12 shows.'?%-12°9 The effect of structure on thermal
conductivity of related structures was analyzed using a mathematical

model. 130
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Figure 1.12. Some special groove microstructure of metal covered thermal exchangers
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The shortcut of metal is its heaviness and insufficient resistance to

corrosion. These characters limited their application.

1.4.2.2 Ceramics

Ceramics are materials with high thermal conductivity. According to
measurement and theoretical calculation, some ceramics are found to
have thermal conductivity beyond 300 W m-' K-, including AIN, SiC and
boron nitride. Besides, some ceramics like Boron arsenide have been
pointed out to have 2000 W m-' K-!, which is comparable with diamond. 3"
Here, the measured thermal conductivities of ceramics are listed in table
1.5, and a brief introduction of ceramics’ thermal conductivity was given.
One of ceramics’ valuable characteristics is insulating property. As
introduced, heat can be transported by carriers, including electrons and
phonons. The high thermal conductivity of metals is partly profit from their
electronic conductivity. Unlike metal, graphene and carbon fiber(CF),
ceramics like AIN, Al203 and boron nitride are insulators, which indicate

that the heat is totally carried by phonon. The character makes ceramics
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qualified for some special tasks in an electronic system.

Table 1.5. The thermal conductivity of general ceramics

Thermal conductivity
Ceramics
(W mT K1)
Al2O3 20-40
SiC 100-180
AIN 250
1300 (in plane)
boron nitride
2 (Through plane)
TiB2 60-120
BeO 250-325
wWC 100

Alumina, as one of the traditional thermal management materials, has
been widely used in constructing thermal conductive composite.'32-135
The thermal conductivity of Al2O3 is about 20-40 W m-! K-! varying with
the process method and crystal structure. The highest value belongs to
alpha alumina. Although its performance is not as good as the ceramics
following but still hundreds of times of polymers. Considering the low cost,

hardness and maturity of processing technology, Al20s is still widely used.

AIN ceramic is also a widely used thermal conductive material that
attracted much attention in the 1980s. The thermal conductivity is about
250 W m! K-! and exhibits a similar coefficient of thermal expansion(CTE)
with silica.’® Relying on these advantages, AIN possesses the ability to

be a potential thermal conductive package material.'37-139
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Figure 1.13. Structure of boron nitride in different view'40. (a) The monolayer hexagonal
boron nitride sheet (h-BN) and (b) The hydrogenated BN sheet in the chair conformation.
Schematic representation of hydrogenated armchair (c) and zigzag (d) boron nitride

nanoribbons.

Boron nitride is one of the most popular thermal conductive fillers, which
has a similar structure to graphene, as figure 1.13 shows.'4%-43 Boron
nitride is a representative 2D anisotropic thermal conductive filler whose
in-plane thermal conductivity in single crystal form is high to 1300 W m""
K-"while in through-plane, the value is only 2 W m" K-1,136,144-146 Tq tgke
the best advantage of Boron nitride, researchers tend to align the sheets
in a specific plane or construct thermal conductive network so that the
high thermal conductivity of raw material can be concentrated on the

designed direction.47-149

Silicon carbide (SiC) as an important ceramic is also used in thermal
conductive composite. '°0-152 Meanwhile SiC can also be used as element

of hybrid filer,153-1%6

1.4.2.3 Carbon materials

Carbon materials are a broad group of materials, including carbon fiber,

graphene, diamond and polymers. Thanks to the variety of carbon
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materials’ structures, the thermal conductivities of these materials span
from 0.1 to 2000 W m™! K-'. Specifically, graphene, diamond and carbon
fiber exhibit thermal conductivity higher than 1000 W m-' K-', while the

values of bulk polymers generally are lower than 1 W m-' K",

Graphene is an important and widely used thermal management material
whose thermal conductivity is high to 1500 W m-! K-'. As 2D material,
graphene can be considered an anisotropic material. The high in-plane
thermal conductivity can efficiently accelerate the heat transport in the
direction. As a result, similar to boron nitride, to make full use of the high
anisotropic thermal conductivity, much effort was made in this field to
align graphene sheets or construct the thermal conductive network.157-160
On the other hand, unlike boron nitride, graphene sheet is soft, so
besides being used solely, graphene is often used as the bridge material

between other thermal conductive fillers.161

The structure of a carbon nanotube seems like a tube of graphene.
Theoretically, a carbon nanotube is a 1D anisotropic filler. If the nanotube
can be aligned and unwound in cases, the high thermal conductivity of
the material can be released.'®?13 This result can be achieved with
different methods. %4165 |n other cases, they are used as hybrid fillers to
enhance the interaction between major fillers and matrix or to bridge the

significant fillers.166-168

Carbon fiber as a 1D filler exhibits anisotropic thermal conductivity in axial
and radial directions. Commercial CFs can be classified into PAN-based
CF and pitch-based CF according to the precursor. In term of mechanical,

PAN-based CF have better strength while the pitch-based CF has better



33

modulus. When it comes to thermal property, pitch-based CF performs
much better. In the axial direction, up to now, the highest value of
commercial CF is 1000 W m-! K-' and the value is still growing with the
development of technology. In the other direction, thermal conductivity is
generally lower than 10 W m-' K-*, which can almost be ignored. Aligning
CF is an efficient method to synthesize thermal conductive composite. As
long macroscopical fiber, the aligning of CF should have been easy, but
the strength of CF is challenging to cut the produced composite,
especially along the direction perpendicular to CF. As a result, most

reported CF thermal conductive composite is made by milled CF.

Diamond is another good carbon thermal conductive material. The sp?
atom structure of diamond differs from other carbon materials, whether
graphene or CF, which are formed by sp? carbon. According to calculation,
the thermal conductivity of diamond is higher than 2000 W m-" K1, which
is even much higher than metals. Meanwhile, the coefficient of thermal
expansion of diamond is just 1.2 ppm K. These properties are very
suitable for application in thermal management. As a result, although the
cost of synthesis of diamonds is still high, many researchers tend to use
it as thermal conductive filler no matter in metal, ceramic or polymer

composites.69-173

Polymers are different from other carbon materials. The thermal
conductivity of bulk polymer is low. So generally, polymers are mostly
used as a matrix of composites instead of fillers. However, by stretching
polymer chains or introducing a liquid crystal structure, polymer with high
thermal conductivity is realizable. As an organic thermal conductive filler,

the polymer is the only choice when constructing organic thermal
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conductive composites.'74-175

1.4.2.4 Hybrid fillers and special structures

Considering the development of materials with high intrinsic thermal
conductivity is challenging and slow, constructing hybrid filler or special
structure with existing material are another two efficient and practical

methods to break the up limit of thermal conductivity.

The hybrid effect of thermal conductive fillers, which can endow the
composites with properties of different fillers, is often applied to construct
thermal conductive composites.’”® The hybrid of fillers brings many
advantages. For example, modifying the interface between fillers and the
matrix can influence the mechanical properties’’”-78 or compromise the
thermal resistance’”®. Besides, hybrid fillers can also be used to construct

special structures by which heat can be transported more efficiently.3%

180

Constructing unique structures by hybridizing the metal particles with
other materials is an effective method of adjusting the property of the final
composite. A substantial amount of work in this field was done according
to this strategy. By coating SiO2 on Ag, dielectric constant at 1TMHz, the
dielectric loss of Pl composite with 50% Ag@SiO2 are 11.77 and 0.015
when thermal conductivity reached 7.88 W m-' K-1.18" According to the
author, the high thermal conductivity was inherited majorly from the metal

Ag as figure 1.14(e) shows.
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Figure 1.14. Core shell structure and thermal property of the composite. (a) SEM
micrographs, (b) TEM micrographs, (c) partial enlarged drawing, and (d) a single
nanoparticle schematic of core-shell Ag@SiO2 nanoparticles. (e) The thermal

conductivity of composite versus thickness of SiO2 '8!

1.4.3 Methods constructing the thermal conductive path

Besides the heat transport ability of filler, methods used to fabricate the
composite significantly impact the thermal conductivity of resulted
composites, particularly when anisotropic fillers are used. Here the
development of different common methods which were often used to
construct high thermal conductive composite was summarized briefly.
Generally, these methods do not have their own exclusive application
scenarios, but the choice of method should be carefully made to achieve

the best possible performance of the final material.

1.4.3.1 Mixing

Mixing is the most used method in polymer processing. The agents and

fillers are mixed with the precursor or monomer and initiator before
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solidification. With respect to the construction of thermal conductive
composites, this is also one of the easiest methods. 5% 182-183 This method
is suitable for isotropic fillers where it is not necessary to consider the

influence of alignment.

1.4.3.2 Hot press

The hot press is a traditional polymer processing method widely used in
the vulcanization of rubbers. Constructing a thermal conductive path by
hot pressing the metal coated polymer particles is a creative method. As
introduced, when the thermal conductive fillers touch each other to form
a continuous thermal conductive path, the thermal conductivity of the
composite would reach a threshold value. Since the polymer particles
were coated by a metal layer during the hot press process, the special
structure makes sure a good connection between metals and the forming
of a continuous network, as figure 1.15 shows. 84186 This method is
considered creative because of the new perspective on the relationship

between filler and matrix.

G ‘ ‘ » Cu platlng G platmg w g Hot press : ).

- !
' m
PS beads

PSCu beads PSCuAg beads 3D network composite

Figure 1.15. An example schematic illustration of the fabrication process of metal-

coated polymer beads and their 3D metal shell network composites 18

Similar with metal, hot press is also applicable on ceramics and carbon material

composite. '35 187
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1.4.3.3 Freezing casting

Freezing casting is a novel method of constructing aerogel. The general
strategy is that when freezing the aqueous solution of fillers and matrix in
a specific direction, ice would grow from the freezing area to the opposite.
Relying on the growth of ice, fillers would be aligned along the ice grow
direction. Meanwhile, with the decrease in temperature, the solubility of
the matrix in water goes down. The precipitated matrix bestows
mechanical property to aerogel in case of the breakdown of the skeleton.

Finally, remove ice under vacuum by sublimation.'88-189

The application of freezing casting is common in constructing thermal
conductive composite with anisotropic thermal conductive fillers.61. 190-
191 Different freezing casting model has been developed.'®>197 Besides,
some special structures can be achieved by designing the freezing cast
model.'98-200 For example, Inspired by the nacre, a bidirectional freezing
method was developed and applied to constructing thermal conductive
material. Thermal conductive and insulating composite with 6.07 W
m-* K- thermal conductivity at 15 vol% BNNS loading was achieved as

figure1.16 shows?01-202



38

BN nanosheets (BNNS) Bidirectional freezing Lamellar structure Nacre-mimetic
e BNNS aerogel BNNS/epoxy composite
~ rd [
o .'?T J6~ o)

L]

® - .
f.?’"“,
L]

2,0 ;a-,
o

%
..
s

PDMS —> —

BNNS aerogel
b Thermal conductivity (A) C Thermal conductivity (A) d Anisotropy: Ay /A

e
@

’ M Our work 12 M Our work
References References
55§ “\\/1‘/\ =g} *
"4 A X Qo
A | = Ss
? 4 )l|| E 41 ]
= z =
~< 2 A ~ 2t @ <4
o LS9 oepd 9 pl e . ol ; i
0 5 10 15 20 0 10 20 30 40 0 10 20 30 40
BNNS Loading (vol %) BNNS Loading (vol %) Filler Loading (vol %)

Figure 1.16. Fabrication and characterization of the boron nitride nanosheets
(BNNS)/epoxy composite. (a)Schematic presenting the bidirectional freezing cast
method fabricating BNNS aerogel. (b)The thermal conductivity of thermal conductivity
on in-plane and through-plane direction. (c,d) Thermal conductivity and anisotropy

comparation of the BNNS composite with other thermal conductive composites. 201

1.4.3.4 Filtration

Filtration is an important method of aligning 2D material. Take aqueous
solution as an example. To apply this method, researchers need to
choose soluble polymer such as cellulose as a matrix. Filtrating the
polymer solution is needed because of the small volume of water
molecular. Water can go through the gauze while cellulose long chain
blocked by the gauze and acts as a matrix to hold fillers. Since the flow
of water is directional, 2D filters tend to align perpendicular to the

direction forming a film.

With respect to thermal conductive composite, this method is suitable to



boron nitride and graphene specially.3% 203205 For example, Lulu et. al.
built up a cross linked 2D hexagonal BNNS by applicating vacuum
filtration and self-assembling, as figure 1.17 shows.?°® The reported

thermal conductivity in in-plane and through-plane directions are 14.21

W m-' K and 7.29 W' m K-, respectively.

Figure 1.17. Morphology and structure characterization of the boron nitride sample. (a)
Schematic diagram and corresponding SEM image of CNC/ PA-BNNS after filtration
and self-assembling and a photograph of the sample (b) FESEM images of CNC/ PA-
BNNs obtained. The illustration shows a comparison of the one-month dispersion of

CNC/ PA-BNNS and BNNS in PVA. (c) TEM images of CNC/ PA-BNNS obtained. 20%

Another representative example should be mentioned. Yapeng et al.
developed a pea-pod-like structure using graphene and Al20s3 by filtrating
the fillers. Al203 working as scaffold seems like pea enfolded by graphene
pod. Furthermore, soft graphene as a thermal conductive network
promotes thermal conductivity. Unlike others, this structure is free-
standing, so epoxy, as a matrix, is infiltrated after the thermal network is

constructed. The final thermal conductivity reaches 33.4 W m-! K.
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Figure 1.18 Construction of Alumia-Graphene/epoxy composite

1.4.3.5 Stretching

It is worth pointing out that stretching composite is also an effective
method to align filler more than polymer chains. The effectiveness has
been proved by applying the method to boron nitride.2% By stretching
PE/BNNP, as shown in figure 1.19, the thermal conductivity of the final
composite can be promoted to 106 W m-! K- at 15 wt% BNNC. However,

this excellent achievement seems to have been ignored. Up to now, the

article was just cited 8 times.

Figure 1.19. Preparation of PE/BNNP composite film (a) raw materials, (b) raw powers
were mixed using high speed mixture, (c) mixed powers were extruded/pelletized using
a single screw extruder, (d) as-extruded PE/BNNP firm made from pellets, (e) PE/BNNP

nanocomposite film undergoing uniaxial stretching. 296



41

1.4.4 Development of pitch-based carbon fiber and related

thermal conductive composites

Carbon fiber was made by Edison for the first time in the 19th century as
incandescent lamps. Otani proposed the approach to isotropic pitch-
based carbon fibers. Carbon fiber can be grouped into pitch-based
carbon fibers and PAN-based carbon fiber. As introduced, pitch-based
CF has better thermal conductivity than PAN-based CF. As a high thermal
conductive material pitch-based, CF began to attract attention since the
1960s. OTania first reported the synthesis approach to pitch-based
carbon fibers with polyvinyl chloride as a precursor in 1965.2%7 In the
same year, Brooks and Taylor observed the nematic liquid crystal
structure of mesophase carbon fiber, which melts at a temperature lower
than the decomposition temperature.2%8-299 From then on, researchers
devoted more to this field.2'0-212 Since then, pitch based carbon can be
separated into isotropic pitch-based carbon fiber (IPCF) and mesophase
pitch-based carbon fiber (MPCF). Compared with IPCF, MPCF had
higher molecular weight, softening point, carbon aromaticity and degree

of crystallinity.2'3-216

At that age, the most important application of CF was on constructing
enhanced composites, so much work focused on synthesizing CF with
higher modulus and strength. Union Carbide developed the strength and
modulus of MPCF to 1960~2254 MPa and 519~823 GPa respectively in
1972 and started scale production in 1982. Until 1993, the production of
CF was maijorly concentrated in Japan and the United States when the
highest strength and modulus record of pitch-based CF were 2940~3920
MPa and 245~882 GPa.?'" In different CFs, because of the abundant

graphite structures, MPCF have a higher tensile strength and unique
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modulus than IPCF.212. 215 218-219

Because the waste heat problem was not urgent at that age and the
potential as thermal management material was not found, CF was not
applied to thermal management immediately. The study on thermal
conductivity of CF composite was reported in 1979, and then thermal
conductivities of different CFs were compared as composite filler.220-221
After 1980, the potential of pitch-based CF as thermal conductive
material was noted gradually; meanwhile, researchers started to make
an effort to develop the thermal conductivity of CF.2%?
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Figure 1.20. The publication number in different years

It was in the 21th century that the value of CF as thermal conductive filler
was recognized, as figure 1.20 shows. Vary influences on the thermal
conductivity of CF were studied during this period. The molecular
orientation of pitch which is the precursor of MPCF can be important to
the crystal structure of the product and finally influence the thermal
conductivity of CF.20%.223-224 Then, the mechanism of CF’s high thermal
conductivity was studied. The thermal conductivity of CF is affected by
the crystal structure heavily. 225 PAN-based CF have particles of graphite

crystal, while pitch-based CF has a macrostructure of graphite which



expand along the axial direction of CF. Phonon transport in graphite zoon
is efficiently, so pitch-based CF has a thermal conductive path through
the fiber inducing the higher thermal conductivity of pitch-based CF. On
the contrary, the phonon transport in PAN-based CF is trapped in the
graphite particles and blocked by the amorphous carbon between them.
The different structures of the two kinds of CF can be checked in figure

1.21. For the same reason, With the size increase of graphite crystal,

thermal conductivity increase.
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Figure 1.21. Structure of different CF and corresponding thermal conductivities. 225
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Nowadays, more researchers are attracted to the intrinsic thermal

conductivity of CF. Different methods, including annealing and doping

different elements, were developed.??622°, The most influential CF

companies, Mitsubishi, NGF and Cytec Industries Inc, and some of their

representative pitch-based CF product were listed herein in table 1.6.

Table 1.6.Three influential companies and their product

Modulus  Strength Thermal. _
Company Grade conductivity
(GPa) (MPa)
(W m-1 K-1)
p-100s 760 210 520
Cytec p-120 830 240 640
Industries  p-120s 830 2240 640
Inc k-800 896 2900 800
k1100 965 3100 1000
YSH-70A 720 36330 250
YS-80A 785 3630 320
YS-90A 880 3530 500
NGF YS-95A 920 3530 600
XN-80 780 3430 320
XN-90 860 3430 500
XN-100 900
K1392U 760 3700 210
K13916 760 3200 200
K63A12 790 2600 220
Mitsubishi  K13B2U 830 3800 260
K13C2U 900 3800 620
K13C6U 900 3600 580
K13D2U 935 3700 800

1.5 Aims and objectives

Thus far, we have obtained a picture of the importance of thermal

conductive materials, the requirement for thermal packaging materials
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and the frontiers of the field. Meanwhile, the outstanding thermal
properties and the anisotropic thermal conductivity of carbon fiber were
interpreted. To make full use of the thermal conductivity of CF, the
arrangement of CF in a specific direction was supposed so that heat can
be transported from edge to edge. There are some methods introduced
in this chapter could be applied to the arrangement. Compared with
others, the mechanical method has many advantages, including energy
conservation, safety, and non-limitation of filler concentration. In addition,
as a traditional method, the mechanical method has incomparable

stability.

This project aims to develop the thermal conductive composite,
especially as the packaging or thermal interface materials, based on CF
with a mechanical method and to hunt the possible solutions to the
practical problems encountered in the electronic application. The most
important indicator is thermal conductivity. Because of the anisotropies of
carbon fiber and the application requirement, the project focuses on
alignment of carbon fiber to the through plane direction of samples with
a view to transporting heat from one side to the other. Such a simple and
universal method was developed to fabricate material with thermal
conductivity comparable with the samples made from other complex
methods including ice template, electrical field and so on. And finally, we
achieved the alignment of CF in composite and the sample we got
possess thermal conductivity higher than 100 W m-" K-'. This value is
comparable with metals and much higher than that of general carbon
fiber composites. Or we can endow our samples with other functions like
phase changing, to manage the temperature of equipment. A brief outline

of the thesis is given below.
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1.6 Thesis Outline

Chapter 1 gives a brief introduction to the field of thermal management
material, including the theories explaining heat transport, methods
constructing thermal conductive composite and the intrinsic properties of
general thermal conductive fillers. Specially, it introduced the
development of pitch-based carbon fiber which is a kind of promising
thermal conductive filler. In this chapter, the strategy used in the thesis to
enhance the thermal conductivity of composites on specific direction was
identified. Furthermore, the chapter emphasizes the need for developing

thermal management materials.

In chapter 2, the test methods are introduced. The equipment,
manufacturing, and model of methods, including identification methods,
thermal conductivity measurement and the structure analysis methods
used in the thesis are given in the chapter. In addition, the theory of how
to calculate the thermal conductivity of composites is also given in the
chapter. Furthermore, the chapter also includes the most important filler
used in the thesis, carbon fiber, and some common chemicals used. The
morphology and the crystal structure of carbon fiber were studied.
Meanwhile, the chemical of the matrix and raw material used to

synthesize the matrix were identified.

In the subsequent 4 chapters, different strategies were applied to align
the carbon fiber. In Chapters 3 and 4, we applied pressure on thermal
conductive fillers to achieve the alignment in a plane. In Chapter 3,
carbon fiber is used as thermal conductive fillers. Because of the
mechanical field applied on it, carbon fibers tend to align in a plane

perpendicular to the pressure direction. On the other hand, the
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overlapping of carbon fibers promotes the construction of thermal path.

Although a high thermal conductivity can be achieved by this method, it

is not an efficient technique for one-dimensional filler.

Highlights

® Aligning carbon fiber to preparing high through-plane thermal
conductive composite

® Using mechanical method to construct thermal conductive path

® Research about the relationship between thermal conductivity and
the alignment of filler

® Simple and low-cost method fabricating thermal management

material

Chapter 4 is an extension of the first work. Similar with the previous

chapter, we studied the alignment of filler under compression. Graphite,

a two-dimensional filler, was introduced to replace carbon fiber as a

thermal conductive filler. Here the carbon fiber serves to fill gaps and

flatten the surface of the sample. The synergistic effect of graphite and

carbon fiber, which can efficiently enhance the thermal transport between

two graphite is discussed in detail in the chapter.

Highlights

® Thermal interface material with low thermal resistance and high
thermal conductivity

® The synergistic effect between carbon fiber and graphite as thermal
conductive fillers

® Enhancing heat exchange between filler and matrix by strengthening
the interaction

® Low-cost and practical method producing TIM with high thermal

conductivity
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After discussing the influence of pressure on the alignment and the
resulted thermal conductivity difference, in chapter 5, the stress was
studied. Compared with pressure, stress can achieve the alignment of
one-dimensional fillers and, therefore, realize a higher thermal
conductivity. However, how to apply stress on every specific carbon fiber
is a challenge all the time. In this chapter, a medium, the paste, was
introduced to hold the milled carbon fiber and assist them to align along
the stress direction. Then the past was graphitized at high temperature
to form a carbon network as a thermal transport path. The resulted
thermal conductivity of the composite is about 110 W m-! K-', which is
comparable with metal. Meanwhile, the density is much lower than metal.
Highlights:
® Calculating the thermal conductivity of different carbon crystal styles
® Carbon fiber composite possessing metal-level thermal conductivity,
suitable thermal expansion coefficient and low density
® Aligning 1D micro filler on single specific direction with a mechanical
method
® Mathematic mold describing the alignment of 1D micro filler mixed in

medium during stretching

In chapter 6, latent heat is bestowed to the thermal conductive composite
by introducing phase change materials (PCM). With the help of phase
change material, the composites can handle the over-loading of
electronic equipment. In this work, a soft organic network, polyacrylic acid
(PAA), is used to limit the leakage of phase change material at high
temperatures so that the melted phase change material still displays

elasticity without leakage. The soft thermal conductive composite can be
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applied in a variety of scenarios. In this work, the material is used as

thermal interface material to evaluate the heat dissipation ability by

comparing the temperature with and without it.

Highlight:

® Fabrication of shape-stable thermal conductive phase change
material

® Aligning carbon fibers with the assistance of organic crystal

® |[nvestigating the influence of PAA on PEG crystal structure

® Enhancing the mechanical strength of phase change material

Finally, chapter 7 summarizes the thesis and highlight the contribution
into constructing thermal management materials. The chapter ends by

highlighting potential extensions and future research interests.
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Chapter 2. Chemicals and Tests

2.1 Synopsis

Considering the practicality of the composites, besides thermal
conductivity, various properties need to be evaluated, including
mechanical property, thermal stability and so on. Meanwhile, to illustrate
the relationship between properties and structures, it is necessary to
observe the morphology and identify the components. To evaluate the
properties and analyze the samples, different test methods were

introduced.

Considering that the work of this thesis is around carbon fiber composite,
as the most used material during the program, the carbon fiber used here
was characterized carefully in this chapter to avoid repeating in the
following chapters. In addition, the most used matrix including epoxy,

polyacrylic acid and polydimethylsiloxane were also identified.
2.2 Test methods
2.2.1 Identification of chemicals

To characterize the molecular structure of the samples, nuclear magnetic
resonance (NMR) spectra and infrared spectra (IR) were obtained using
Bruker NMR (Bruker AVANCE IlIl 400 MHz, Germany) and Fourier
transform infrared spectroscopy (Thermo Nicolet 6700, U.S.A)),

respectively.
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2.2.2 Thermal conductivity and thermal resistance

Thermal conductivity is the kernel parameter of thermal conductive
material. Here ASTM E 1461-13: standard test method for thermal
diffusivity of solids by the flash method was introduced to test thermal
conductivity of samples. Specifically, the thermal conductivity was
calculated according to the follow formula,

K= a x Cp X p, (2.1)
Where a, Cp and p represent thermal diffusivity (mm? s™), specific heat
(J g’ K?), and density (g cm), respectively. Thermal diffusivity and
specific heat were measured by laser flash apparatus (LFA; NETZSCH
LFA 467, Germany), and differential scanning calorimetry (DSC;
NETZSCH DSC 214, Germany) and the density was obtained according

to the Archimedean principle with a balance.

Some statements should be made here regarding the form of the thermal
conductivity. In 3D space, since the temperature difference and the heat
flux are vector. Theoretically, the thermal conductivity should be
expressed as a tensor, so that that the vectors can be transformed to
each other by the tensor. However, it is not easy to measure all
components of the thermal conductivity tensor. Meanwhile, in the
application of the material, we lay more emphasis on the thermal
conductivity on through plane direction. Considering these limitations, in
this thesis, when we talk about thermal conductivity, it actually represents

the through-plane direction component of the thermal conductivity tensor.

The test condition of specific heat is raising the temperature of samples
from 0 to 125 °C with the step of 10 °C/min in N2 atmosphere, during

which period the heat flux of samples was monitored and compared with
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the standard sample. Only the data between 25 and 100 °C are used.

Another method presenting the heat pass ability of composite is infrared
images. Thermal conductive materials are heated on one surface and the
temperature of the opposite surface is recorded in infrared images.
According to the definition of thermal conductivity, the higher the

temperature is, the higher this value is.

To measure the thermal resistance under different pressure and at
different  temperatures, thermal resistance and conductivity
measurement apparatus (TRCMA; Longwin Science & Technology

Corporation, LW-9389, Taiwan) was applied.

2.2.3 Thermal stability and latent heat of phase change

Thermal stability is sometimes important when we discuss the
applicability of materials, including thermal decomposition and coefficient
of thermal expansion, which was evaluated using Thermo Gravimetric
Analysis (TGA, Diamond TG/DTA, US) and thermal dilatometer (DMA,
Netzsch, DIL402C, Germany). The test condition is of TGA is raising the
temperature of samples from 25 to 800 °C with the step of 10 °C/min in
N2 atmosphere, during which period the weight of samples were

monitored.

Latent heat is used to evaluate the ability of phase change material on
stabilize the temperature. This value is measured by differential scanning
calorimetry (DSC; NETZSCH DSC 214, Germany). The test condition is
raising the temperature of samples from 25 to 100 °C with the step of 10

°C/min in N2 atmosphere, during which period the heat flux of samples
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were monitored and compared with the controlled sample.
2.2.4 Investigation of structure

To investigate the dispersion of fillers in composites or the heat path
going through composite, SEM and micro-CT were introduced. The tests
were performed using scanning electron microscopy (SEM; FEI Quanta
FEG 250, USA) and micro-computed tomography (micro-CT, ZEISS
Xradia 510 Versa, Germany) SEM can observe the cross section while

micro-CT can display the 3D structure of the composite.

Besides the fillers, the surface structure of composites was analyzed
because of its importance to thermal management material especially to
TIM. To compare the roughness of different samples, a 3D profilometer

(UP-Lambda, USA) was used.

To characterize the crystal structure, X-ray diffraction (XRD) patterns and
Raman spectra were obtained using a Bruker D8 Advanced
diffractometer (Germany) and a Renishaw Reflex Raman System (UK),
respectively. When analyze the bonding structure transform, X-ray

photoelectron spectra (XPS, AXIS SUPRA, Kratos, UK) is used.
2.3 Characterization of CFs

Carbon fiber provided by Fujian United New Material Technology Co., Ltd.
(Fujian, China) was used as a thermal conductive filler. It is a kind of
pitch-based carbon fiber whose thermal conductivity is about 900 W m-’
K-1, according to report. The Structure and geometry of the fiber were
studied carefully. The SEM image of carbon fiber presented in figure

21(a) and the statistic of fiber length shown in figure 3.1(b) was
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introduced to characterize the geometry on the order of micrometer.
According to statistics, the average length of the carbon fiber is about

234 um.

(b)

/7777
77777/
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Figure 2.1. Morphology of CFs. (a)SEM image and (b)the statistic of CFs length.

The TEM is a method to analyze structure on a smaller scale. We can
observe the crystals of carbon fibers intuitively. Here the TEM image and
electron diffraction patterns shown in figure 2.2 is observed using TEM

(Talos F200x, ThemoFisher, USA).

Figure 2.2. The TEM image (a) and electron diffraction patterns (b) of CFs.

Besides TEM, the atomic structure of carbon fiber was studied
statistically by FTIR, XRD and Raman. As carbon material, the analysis

of carbon fiber structure utilized the analysis of other carbon materials,



56

including graphene and graphite. The FTIR spectrum, XRD spectrum and

Raman spectrum of CF was showed in figure 2.2.

FTIR demonstrates the molecular structure by a specific frequency of the
asymmetric bond vibration. Here, FTIR was obtained using Fourier
transform infrared spectroscopy (Thermo Nicolet 6700, U.S.A.). From the
FTIR spectrum of CFs, as shown in figure 2.3(a), the O-H, C-H, C=0 and
C-O-C can be identified.?3® These asymmetric bond vibrations indicate
the existence of functional organic groups. The defect caused by the
inorganization of carbon atoms can be observed from Raman, which is
widely used in analyzing symmetric vibrations. For example, in the field
of carbon material, Raman is used to identify diamond (1332 cm') and
graphite (1350 and 1580-1600 cm").231-232 Here, Raman spectrum was
tested using Renishaw8 Reflex Raman System. As carbon materials, CF,
graphene, and graphite, which consist of sp? carbon share similar Raman
spectrum and analysis method. 1350 and 1580-1600 cm is labeled as
D band and G band respectively as shown in figure 2.3(b). The intensity
ratio between D band and G band, Io/lc is a characterization parameter
for the quality of carbon material, which is related to the defect in

graphene structure. The higher the value is, the worse the quality is. 23

233

X-ray diffraction (XRD) is a test method for characterizing the crystal
structure. Here, XRD patterns were obtained on a Bruker D8 Advanced
diffractometer from a 26 value of 5° to 80° and displaced in figure 2.3(c).
From XRD spectrum, the leptokurtic band at 26.4° and 54.5° are assigned
to (002) and (004) graphene. According to Bragg formula, the interlayer
spacings d002 and d004 are 3.38 and 1.68 A, respectively.
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Figure 2.3. The characteristic of CFs. (a)FTIR spectrum of CFs. (b)Raman spectrum of

CFs. (c) XRD spectrum of CFs

2.4 Matrix

Besides CFs used as thermal conductive filler, polymer matrix plays an
important role in constructing composite. These polymers with different
properties are applied according to the requirement of applications. In
this thesis, epoxy, PDMS, PAA and polyethylene glycol (PEG) were
introduced as matrix, among which epoxy, PDMS and PAA were
purchased as monomers and initiators or catalysts, PEG is purchased as

a polymer. The information is listed here.

The epoxy resin and curing agent methylhexahydrophthalic anhydride
(MHHPA) were purchased from Dow Chemical Company and Zhejiang
Alpharm Chemical Technology Co. Ltd., respectively. The curing
accelerator Neodymium(lIl) acetylacetonate trinydrate (Nd(lll)acac) was

obtained from Sigma-Aldrich Corporation.

Polymethylhydrosiloxane was purchased from Shuangjixing Science and
Technology Co., Ltd. (Tianjin, China). Platinum (0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution (1000 cP) that is used as catalyst
was purchased from Zhongzhan Silicone Material Co., Ltd. (Guangdong,
China). Vinyl terminated polydimethylsiloxane was purchased from J&K

Scientific (Beijing, China). Coupling reagent (KH-570) is purchased from
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Nanjing Chuanshi Chemical Co., Ltd. (Jiangsu, China). Analytical reagent
grade ethanol absolute and glacial acetic acid were purchased from

Sinopharm Chemical Reagent Co., Ltd. (China).

The PEG, whose average molecular weight equals 2000 and analytical
reagent ammonium persulfate were purchased from China National
Pharmaceutical Group Co., Ltd. (Shanghai, China). Acrylic acid and N,N'-
methylenebis (acrylamide) (BAC) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
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Chapter 3. Stress Inducing Carbon
Fiber Orientation Enhanced
Thermal Conductivity of Epoxy
Composites

3.1 Synopsis

Polymer composites that have high thermal conductivity have become
one of the most promising solutions needed to satisfy the thermal
management requirements for high-power electrical and electronic
equipment. In this work, a strategy relying on aligning carbon fibers
through the application of a stress field is proposed. Ultrahigh through-
plane thermal conductive epoxy composites with carbon fiber networks
have been prepared by in-situ solidification within an epoxy. The thermal
conductivity of these epoxy composites reaches as high as 32.6 W m-!
K-1 at 46 weight percent (Wt%) of carbon fibers, which is about 171 times
that of the pure epoxy. The alignment condition for the carbon fibers for
a carbon fiber composite in which stress has been applied and a blended
carbon fiber composite are compared using micro compute tomography
(micro-CT) and scanning electron microscopy (SEM). These epoxy
composites display attractive thermal properties and provide a practical
route to satisfy the thermal dissipation requirements raised by the

development of modern electrical devices and systems.
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3.2 Finite element analysis of composite with different

filler alignment

In order to explain the influence of alignment on thermal conductivity of
carbon fiber plate, finite element analysis was carried out. CFs in epoxy
resin were represented by 20 continuous rods with length-width ratio of
10. Thin heaters with a volume power density of 100 W m- were installed
at the bottom of the different composites to form a gradient heat flow in
the direction along orientation of the carbon fibers. As shown in figure 3.1,
the range of temperature gradient with CF rod spindle Angle presents a
quasi-random distribution. Here, because we focus on the influence of
alignment on directional thermal conductivity, the thermal resistance
between matrix and CF was not introduced. Note that an Angle of 0
means that CF is aligned along the temperature gradient, and an Angle
of 90° means that CF is perpendicular to the temperature gradient. The
top surface temperature of the simulated composite was fixed at room
temperature (293.15K), and the two boundaries at left and right are
adiabatic. All boundaries are non-periodic and fixed. The calculated
temperature difference between the top and bottom surfaces at
equilibrium was marked as shown in Figure 3.1. The thermal conductivity
is defined as K = Q /VTS. Here Q is the heater power, S is the model
sectional area, and VT is the temperature gradient. When the input power
and cross-sectional area are constant, the thermal conductivity is
inversely proportional to the thermal gradient VT. When the Angle values
are evenly distributed within the interval [0,90 degrees], the direction of
the carbon fiber is completely random, resulting in tortuous paths, so the
heat cannot quickly pass through the composite heat transfer due to the
long path length relative to the length of the sample. Heat builds up in

the sample, causing the temperature to rise. Because the temperature
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of the cooling area is fixed, the end result is a large temperature
difference. Conversely, as the Angle of the CFs relative to the
temperature gradient becomes zero, or the CFs is perfectly aligned with
the preferred direction of heat transfer, the thermal path is minimized,
resulting in more efficient heat transfer. The temperature difference
decreases from 37 to 21 K. Simulation results point out that aligning
carbon fiber is an effective method to enhance heat conduction of carbon
fiber composites. In order to realize the alignment in the experimental
study, CFs were forced into a mold. The detailed description was given

in next subchapter.

Angle ranges (Degree)

Figure 3.1. The temperature distribution of one-dimensional fillers distributed in epoxy
resin under different arrangement conditions was calculated by finite element analysis.
The top surface is fixed at 293.15 K and a 100 W m-3 heater is attached to the bottom
of the block. The temperature difference between the top and bottom is marked to

indicate the dependence of thermal conductivity on packing arrangement.

3.3 Preparation of epoxy composites

The ratio of epoxy resin, curing agent and accelerator was 100:95:0.5,

and the deaerator was stirred. The mold as shown in figure 3.2(A) (its
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photo can be found in figure 3.3), designed for storage of raw materials.
Before the epoxy is injected, 3.5g of carbon fiber is pressed into the mold
with a plug. The whole mold was placed in a vacuum oven at a fixed
temperature of 70 °C to improve the flow performance of the epoxy resin.
Air is pumped out of the mold through the hole to allow the epoxy to flow
into the vacuum in the CF network. During this process, the liquid level
can be monitored. additional epoxy was dropped in as air evacuated until
the liquid level no longer decreases. The epoxy is cured in an oven with
two temperature cycles. In the first cycle, the temperature was
maintained at 135 °C for 2 hours to precure the epoxy resin. In the second
cycle, the temperature was kept at 165 °C for 14 hours. The concentration
of CFs varied between 30 and 46 wt%. These specimens made from pre-
stressed carbon fiber epoxy composites, hereafter is referred to as s-
CF/epoxy. On the other hand, epoxy, hardener and carbon fiber are
mixed in equal proportions in a pot and are combined using a high-speed
mixer. Curing method follows the same process as s-CF/epoxy resin.
Carbon fiber epoxy composites were prepared by blending with the
CF/epoxy obtained. In addition, in the preparation of CF/epoxy resin
samples, once the concentration of CF exceeds 35 wt%, it is difficult to
ensure the formation of a uniform mixture of raw materials. In this case,
the epoxy resin is diluted with acetone to make the sample uniform.
Because of these high concentrations of CF. The other step is to remove

the acetone, which is achieved by curing the sample at 70 °C for 12 hours.
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-
Fiber

Figure 3.2. Schematic of aligning CFs under the stress field. The milled carbon fiber is
compressed from a custom mold. The epoxy resin is then injected into a mold and cured
at a specific temperature. A sample with aligned CFs is obtained, and its predicted

microstructure is shown.

Figure 3.3. The mold used to orient CFs.

3.4 The micro structure of composite

To explain the orientation of the CFs, it was assumed as a bar whose one
end was fix to the origin point of cartesian coordinate but reserved the
rotation ability. The direction of CFs can be transformed by determining
the distribution of the end of the fiber which is not fixed but located on a

hemispherical surface as shown in figure 3.4 (a). In the image, angle
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between the carbon fiber and the normal vector passing through the top

surface of composite was labeled as A.

If rotation of CFs is completely random, the distribution of the endpoint
on a finite area is the same, assumed as f here. The area of annulus at
angle A can be expressed as

S =2ml?sinA dA (3.1)
where L is the length of CFs. Considering that the end of CF is located

on a hemispherical surface as discussed,

1= [2sf (3.2)
1= [Z2m? sinA fdA (3.3)
f =5 (3.4)

This formula indicates that the distribution of the endpoint on an annulus
corresponding to a finite angle dAis

F(A) =sinAdA (3.5)
In figure 3.4 (b), dA is set to 1°, and the relationship between the
probability and Angle is given as a gray curve. The orientation distribution
of CFs in s-CF/epoxy composite and CF/epoxy composite was analyzed
according to their micro-CT scanning data and then plotted in the same
figure. Compared with random distribution, s-CF/ epoxy samples have a
higher probability of occurrence when a value is small and a lower
probability when a value is large, as shown in figure 3.4(b). The statistics
show that CF is aligned along the normal direction through the plane. On
the contrary, CF/ epoxy resin samples have A lower probability at small A
and A higher probability at large A, which may be caused by gravity. In
support information, a video is displayed, with each frame parallel to the

top portion. In the video, comparing two samples, we can see the
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different arrangements between different samples. Figure 3.4(c, d) is also

the spatial structure of carbon fibers dispersed in the two samples.

SEM images were recorded to analyze orientation of carbon fibers in two-
dimensional (2D) space. The orientation statistics of carbon fibers were
obtained by studying the cross-section morphology of carbon fibers. As
shown in figure 3.4(e), in s-CF/epoxy, the fibers tend to be oriented along
the direction of heat transfer, while in CF/epoxy, the fibers tend to
disperse on the horizontal plane due to gravity. The results of SEM
analysis confirmed the observed phenomenon by micro-CT
measurement. In addition to the preferred orientation of the carbon fibers,
the microstructure of the composites was illustrated by SEM. As shown
in figure 3.4(g), few resins were found between CF of the s-CF/epoxy
resin samples. In contrast, in the CF/ epoxy resin sample, it can be seen
from figure 3.4(h) that there is always a resin between CF. Given that a
force is applied to the carbon fibers before the epoxy is injected, it can be
understood that a network is formed between the carbon fibers, allowing
the applied force to be transmitted to the network. It is worth noting that
the CF network also helps to improve heat transfer. In contrast, the CF in
the control group is coated with epoxy, introducing additional thermal
resistance between the CF's, thus further inhibiting thermal conductivity

relative to the aligned CF network.
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Figure 3.4. The characteristic of CFs alignment. (a) Schematic of the angle
between CFs, denoted A, and the normal vector to the through-plane. (b)
The statistic of A in CF/epoxy (yellow dots) and s-CF/epoxy (blue dots)
and theoretical value for a purely random distribution. (c,d) The micro-CT
results of s-CF/epoxy(c) and CF/epoxy(d). (e,f) The SEM image of
composites and statistic of A in s-CF/epoxy(e) and CF/epoxy(f). SEM
statistic is based on the CF alignment on the 2D cross section, which is
different from micro-CT based on that in 3D block (g,h) The SEM images
showing the direct connection between CFs in s-CF/epoxy(g) and the
epoxy separating the CFs in CF/epoxy(h).3.5 Relationship between

thermal conductivity and structure

3.5 Thermal and mechanical property of composite

To evaluate the thermal conducting property of the resulted composites,
ASTM E 1461-13 was applied as Chapter 3 introduced. In figure 3.5
shows the relationship between thermal conductivity and CF content of
the s-CF/epoxy and CF/epoxy samples. As reference, the result for pure
epoxy is a thermal conductivity of 0.19 W m" K-'. With the increase of
CFs content, the CF/epoxy and s-CF/epoxy thermal conductivity
improves to 4.7 and 32.6 W m-' K-'. The related original data used to plot

the figure 3.5 were given in table 3.1.

Table 3.1. Concentration, thermal diffusivity, density, specific heat and calculated

thermal conductivity of epoxy, CF/epoxy and s-CF/epoxy.

Concentrati thermal . specific Thermal
. Density .
on diffusivity heat conducti
(g cm?) .
(Wt%) (mm? s™) Jg'K') vity
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(W m' K
")

S-

CFlepoxy 30.00 5.90 1.36 1.05 8.45
33.00 7.17 1.38 1.03 10.17
39.00 9.10 1.42 1.13 14.61
49.00 20.53 1.48 1.06 32.12

CF/epoxy 30.00 1.80 1.40 1.12 2.81
33.00 3.10 1.42 0.91 4.00
39.00 2.57 1.43 0.98 3.60
49.00 3.03 1.44 1.07 4.67

epoxy 0.13 1.23 1.20 0.19

According to our measurement, thermal conductivity is proportional to the
loading of CFs and the different between s-CF /epoxy and the CF/epoxy
also expands with the rise of loading of CFs. This behavior has been
intensively investigated. Agari et al. proposed a mode?3* that specially
describes the thermal conductivity of composites filled by 1D filler. Within
the model, the apparent thermal conductivity is predicted by

loghk =VCylogks + (1 —V)log(Cy kyp) (3.6)
Where V represents the bulk concentration of the filler. C1 is a factor
related to the crystallinity and grain size of the matrix. In this study, the
substrate of both s-CF/epoxy resin and CF/ epoxy resin is the same
epoxy resin, so C1 of the two samples should be equal or close. In the
original literature, C2 was a general factor associated with the easy
formation of conducting chains, but the physical significance of C2 may
include other influences. Agari et al. 's model considered the effect of
carbon fiber aspect ratio on C2, but did not consider the effect of linear
shape. The parameters kf and kp are the thermal conductivity of the filler
and the matrix respectively. In the model, krwas strictly limited to 418 W

m-' K (1 cal s' cm™ K7).
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However, with the continuous development of materials science, many
new fillers with thermal conductivity much higher than this limit have been
discovered, such as the carbon fiber used in this paper. In Agarietal.'s
model, if ks is less than 418 W m™ K, the possibility of forming a
conductive chain is greater and C2 is smaller. However, the thermal
conductivity of CF in this paper much higher than 418 W m-! K-', so the
negative sign introduced by log k; disappears. As a result, C2 trends
should be reversed, meaning that the more likely a conducting chain is
to form, C2 should become larger. In this paper, the least square method
was used to match the experimental data, and the C1 values of s-
CF/epoxy and CF/epoxy composites were set as the same. According to
our calculations, C1 is equal to 7.8. The apparent thermal conductivity
calculated according to Agari et al. 's model is shown in figure 3.5. C2
extracted from the measured data of s-CF/epoxy resin and CF/epoxy

resin were 6.8 and -0.7, respectively.

From the perspective of microstructure, there may be two reasons for the
difference in the formation of conductive chain between s-CF/epoxy resin
and CF/ epoxy resin. Firstly, under the action of external force, CFs tend
to align along the normal direction of the through-plane. Because the
axial thermal conductivity of CFs is approximately two orders of
magnitude higher than the radial thermal conductivity, alignment makes
the conduction chain more efficient in the heat transfer direction. Another
possible reason is that CF can construct a frame in situ to transfer heat
in s-CF/epoxy samples, whereas in CF/epoxy samples, epoxy coating
outside of CF breaks the direct connection between individual CFs. In
addition to SEM analysis based on the images shown in figure 3.4(e-h)

as discussed, we also studied its mechanical properties to provide
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support for the conclusion. The epoxy resin in the composite holds the
carbon fibers together. Lack of epoxy resin between carbon fibers can
cause changes in mechanical properties. Previous studies have reported
the relationship between the damping term (tand) and the interface
strength. 235238 According to Ziegel and Romanov's analysis, this
relationship can be expressed by the following formula:

tand, = (1 — B¢yp) tan§,, (3.7)
Among them, tan §. and tan §,,, are the damping terms of the composite
material and the matrix, respectively, and ¢ is the volume fraction of the
filler. B is a correction factor to compensate for the interface volume
fraction due to the strong interfacial interaction of composites. The value
of parameter B is positively correlated with the interface strength. The
formula analysis shows that tan§,. decreases with the increase of
interfacial strength. Figure 3.6 shows the DMA results of s-CF/epoxy,
CF/epoxy and pure epoxy resins. Compared with CF/epoxy resin, the s-
CF/epoxy resin samples have slightly larger brown tan 6., which indicates
that the epoxy resin concentration on the surface of CF is low or absent.
The most likely reason is that the interface strength between epoxy CF is
low, resulting in a network of direct connections between CF. This is

consistent with the conclusion of the microstructure observed by SEM.
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Figure 3.5. Thermal conductivity of s-CF/epoxy and CF/epoxy.

0.6

s-CF/epoxy
05} ——— CF/epoxy

Pure epoxy
04}

Tan Delta
-

0.2}

0.1 /

0.0}

80 120 160 200 240 280
Temperature ("C)

Figure 3.6.The DMA result of s-CF/epoxy, CF/epoxy and pure epoxy.

Thermal conductivity enhancement represents the improvement of
Thermal conductivity of the composites compared with the matrix without

filler. This parameter can be calculated according to

TCE =2 100% (3.8)

M

Where, Tc is the thermal conductivity of the composite material, Tm is the
thermal conductivity of the matrix. Figure 3.7 compares the TCE of s-
CF/epoxy and CF/epoxy resins. When the CF content in s-CF/epoxy
resin is 46 wt%, the best TCE value is 17137%. At the same
concentration, the reinforcement effect of CF/ epoxy resin is 2471%,
which is obviously better than that of unfilled matrix, but obviously lower

than that of oriented carbon fiber obtained by pre-stressing.
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Figure 3.7. Thermal conductivity enhancement of samples

Figure 3.8(a) shows the decrease in thermal conductivity at higher
temperatures. The thermal conductivity of s-CF/epoxy resin, CF/ epoxy
resin and pure epoxy resin decreased from 32.6, 4.7 and 0.19 to 24.9,
3.9 and 0.17 w m™' K', decreasing by 24%, 17% and 11%, respectively,
when the test temperature increased from 30 to 100 °C by 10 °C. The
results show that the higher the CF content is, the faster the thermal
conductivity decreases with the temperature. Figure 3.8(b) shows the
thermal conductivity of 10 heating cycles. The thermal conductivity of
these three samples can be affected by temperature, but the degradation
of thermal conductivity is reversible, and the samples will return to the
preheating stress temperature after cooling to room temperature. The
thermal stability of composites is a key consideration for their practical

application in electronic applications.
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Figure 3.8. Thermal conductivity stability at high temperature. (a) The thermal
conductivity of s-CF/epoxy, CF/epoxy and pure epoxy at different temperature vary from

30 to 100 °C (b) The thermal conductivity during 10 heating and cooling cycles.

The highest thermal conductivity obtained in this study is 32.6 W m-' K",
46%, which is equivalent to the thermal conductivity material made of 1D
thermal conductivity filler. Table 3.2 shows the thermal conductivity of
composite materials made of various metals, carbon nanotubes, glass
fiber, ceramics, CF and other one-dimensional filler materials. 6-2° In figure
3.9, the TCE of the sample with the highest thermal conductivity among
various fillers is calculated and compared. Since most polymer
substrates are adiabatic, the TCE of different fillers is consistent with their

thermal conductivity

Table 3.2. Comparison of the thermal conductivity and content of the s-
CF/epoxy with the thermal conductivity and content of previously
reported composites filled by 2D fillers including ceramics, glass fibers,

carbon nanotubes, CFs, metals.

Thermal
) Concentrations Concentrati _ Conductivit Referen
Fillers resin _
(wt%) ons (vol%) ies (W m?t ces

K?)




Boron

48.4 Epox 6.72 239
Nitride poxy
Boron
o 2.0 Epoxy 0.21 240
) Nitride
Ceramic N
Silicon
S o 81.1 60.0 Epoxy 9.20 241
Nitride
Basalt 40.0 Epoxy 0.95 242
Porous
] 50.0 Epoxy 0.47 243
Ceramic
Glass 27.0 15.0 Epoxy 0.34 244
Fibers 50.0 Epoxy 0.71 245
3.0 Epoxy 0.28 246
1.0 Epoxy 0.38 247
Carbon 0.6 Epoxy 1.2 248
Nanotub 0.7 Epoxy 0.6 249
es 1.0 PMMA 2.43 250
1.5 PA6 0.27 251
0.4 S160 1.21 252
13.2 Rubber 23.3 253
7.0 Epoxy 0.5 254
Carbon
) 7.5 Epoxy 1.75 285
Fibers
50.0 pCBT 6 256
20 PDMS 2.73 257
Ag 46.5 9.0 PC 30.3 258
Ag 66.4 25.0 PVDF 1.61 259
Metals Au 374 3.0 PDMS 5 260
Ag 30.5 4.0 PDMS 6 261
Cu 7.2 0.9 PA/SR601 2.46 262
This work
Carbon fiber K ;Jlgt.;n‘i:‘;:;l.
L. Zheng et al.
Glass fiber 150 wi%]
\ W. Hong et al.
Carbon nanotube 4 W%
J. Xu et al.
Metal [46.5 Wt% |
C . T. Kusunose et al.
eramic I81.1 wi%] .
0 5000 10000 15000 20000
TCE (%)

Figure 3.9. The representative results of thermal conductive polymer composites with
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different fillers

To demonstrate the thermal conductivity of these composites at different
filling weight percentages, the samples were heated together on a
ceramic heater powered with 12 V direct current. The samples were
tailored to 1 cm? square with about 1mm thickness and put on the heater.
The environment is room temperature without air flow. Figure 3.10(a) is
the infrared image extracted during heating. During the heating process,
the infrared images are token every 30 s, and during the cooling process,
the time step was extended to 60 s. Dark colors represent low
temperatures and light colors represent high temperatures. It is obvious
that the temperature of s-CF/epoxy resin rises faster than that of
CF/epoxy resin and epoxy resin samples. When the heater was turned
off after 120s, the temperature peaks of s-CF/epoxy, CF/epoxy and pure
epoxy samples were 97.4 °C, 94.8 °C and 82.9 °C, respectively. The
temperature difference between s-CF/epoxy, CF/epoxy and pure epoxy
can be determined from the infrared image and curing temperature in
Figure 3.10(b). During the cooling process, although the temperature of
s-CF/epoxy resin is always the highest due to the effect of the initial
temperature difference, the temperature difference between samples
decreases rapidly as time goes by. After 360 s, the temperatures of s-
CF/epoxy resin, CF/epoxy resin and epoxy resin were 48.6 °C, 47.8 °C
and 44.8 °C, respectively, which were significantly lower than those at
120 s. Figure 3.10(c) records the temperature during the cooling process.
According to the definition of thermal conductivity, we already know that
when same power is applied on a material, the higher the thermal
conductivity is, the lower the temperature different between the two

surfaces of material would be. Since the heat sink is exposed to air and
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can be cooled efficiently, its temperature can be regarded as constant.
So, by applying material with high thermal conductivity can suppress the
temperature rise of the heat source. Imaging that the ceramic heater is
an electronic equipment like chip which generate lot heat during working,
if the power of equipment is the same, according to the analysis, by using
the new material, heat can be transferred faster and chip can be cooled
faster.

Thermochromic ink is sprayed on the surface of the sample heated by a
ceramic heater, which appears red at room temperature and white when
the temperature exceeds 65 °C. s-CF/epoxy took 10s to reach the color
transition temperature, while CF/epoxy took another 4s to study the color
transition. The pure epoxy sample did not reach the transition
temperature during observation as figure 3.10(d) shows. This trend is
consistent with the thermal conductivity test results and supports our

conclusion that s-CF/epoxy resin has excellent heat transfer ability.

a b d
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100 |
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Temperature (°C)
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30 °C N0 w0 w0 s 10 1 . . .65
rEm
C
Pure epoxy CFlepoxy s-CFleposy i - . . 8 S
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180 s PR SH = me . . . 10
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240 S 559°C  60.2°C E
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[
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Figure 3.10.Temperature field analysis. (a) Infrared thermography of s-CF/epoxy, CF/
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epoxy and pure epoxy at different times during heating and cooling. (b,c) The
temperature of the sample during heating (b) and cooling (c). (d) Schematic diagram of
thermochromic display devices with thermochromic ink patterns on different samples on

hot plates.

3.6 Conclusion

In this chapter, we have fabricated a highly thermally conductive epoxy
composite by stress induced orientation of CFs. Comparison with the
existing composites using one-dimensional fillers, the s-CF/epoxy
realized a high thermal conductivity of 32.6 W m-! K' with a CF filler
loading of 46 wt%. A new thermal conductivity enhancement record of
14,650% is reported. The main reason for this high value is that the
orientation of CFs along the through-plane direction and a directly
connected network between the CFs which builds an efficient heat path.
Furthermore, we substantiate the orientation of CFs whose influence on
thermal conductivity is demonstrated both by finite analysis and micro-
CT statistics. As stress orientation is compatible with standard industrial
processes, the proposed method has distinct advantages and a high
potential in constructing filler frameworks to develop highly thermally
conductive composites, which have broad applications electronics and

beyond.
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Chapter 4. Synergistic Effect on
Constructing Thermal Interface
Material with Low Thermal
Resistance

4.1 Synopsis

In last chapter, we discussed the influence of filler alignment on thermal
conductivity and enhanced the alignment of one-dimensional filler in two
directions by compressing. Thereupon, the effectiveness of the method
is proved and the efficiency can be taken into consideration. Compared
with CF, graphite is an easily available material by handling the raw
graphite ore and thereby cost less. Meanwhile, the method is supposed
to exploit more potential of graphite as two-dimensional material. The
high thermal conductive direction of carbon fiber and graphite is labeled

as red arrows in figure 4.1.

Carbon fiber Graphite

Figure 4.1. The high thermal conductive direction of carbon fiber and graphite.
The difference between the morphology of the materials causes the
different thermal property. Under compression, materials tend to keep

stable. one-dimensional materials like CFs, as we discussed in last
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chapter, tend to align in the plane perpendicular to compression as figure
4.2(a) shows. However, by focus the direction of one-dimensional
material like figure 4.2(b) shows, it is supposed to achieve a higher heat
transport efficiency on specific direction. Unlike one-dimensional
materials, two-dimensional materials conduct heat transfer in a plane,
indicating that when two-dimensional planes are parallel to each other,
the highest thermal conductivity can be detected in every direction within

that plane as figure 4.2(c) shows.

(a) . (b) 1 (e

¢ i 1 0 g Compress
“\ “ Compress il - -

Figure 4.2. Morphology of different fillers under compression.

Besides the morphology of fillers, interaction between fillers and matrix
were proved to have a nonnegligible impact on thermal conductivity.
Weak interaction causes an extra thermal resistance breaking the
thermal pass between matrix and filler. Various coupling agents were
sometimes introduced to enhance the weak interaction between filler and
matrix.263-266 |t was discovered that with the help of silane coupling agent,
interaction between fillers can be enhanced, and so that thermal

conductivities of composites rise.

In this chapter, method introduced in last chapter was applied to graphite
to contract a thermal interface material which has become the leading
solution for electronic devices to achieve lower operating temperatures.

In order to improve the thermal conductivity and reduce the thermal
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resistance, the thermal properties of carbon fiber - graphite interface
materials were studied. When the ratio of carbon fiber to graphite was
1:1, the thermal resistance decreased to 1.8 K m? W-" at 30 psi, while the
thermal conductivity decreased from 34 to 19 W m~" K-'. The synergistic
effect of carbon fiber and graphite was studied. The surface roughness
of TIM was measured, and two different types of thermal conductivity
measurements were used to demonstrate that graphite contributes to the
thermal conductivity of the body, while CF plays an important role in
smoothing the surface, thereby reducing the thermal resistance. In
practical applications, the mixed packing performs better in enhancing

the heat conduction of electronic packaging.

4.2 Characteristic of Graphite

As carbon material, graphite was characterized here and compared with
CFs. The SEM images, Raman spectrum and XRD spectrum obtained
are shown in figure 4.3. According to SEM images, the average diameter
of graphite is 600 um. Distribution graph of graphite size is given in the
inset. In the XRD pattern shown in figure 4.4(a), peaks at 26.4° and 54.5°
were observed and assigned to graphitic (002) and (004) planes. The
appearance of (004) signal implies the carbon structure of graphite is of
3D crystalline order. Raman spectroscopy is another method frequently
used to analyze carbonaceous structures. The Raman spectra of milled
CF and graphite are similar to that of graphene. In the Raman spectrum
shown in figure 4.4(b), bands around 1353, 1582, 2461 and 2704 cm-"
are labeled as D, G, D+D” and 2D bands, respectively. The D-band is
derived from the defects and disorder in the carbonaceous structure, and

the G-band arises from ordered graphitic structure. The D+D” band is



related to the combination of a D phonon and a longitudinal acoustic
phonon branch. The 2D band is related to stacked graphene layers.67-

268 The Raman spectra indicate the similarity of defect and stacked layers

between CF and graphite used here.

Figure 4.3. SEM image of graphite.

G
26.4 2D

54.5
. D L D+Dsl
Graphite l Graphite J ) \
l Carbon fiber Carbon fiber A JL / \

15 30 45 60 1000 2000 3000
26 Raman shift

Figure 4.4. XRD and Raman spectrum of Graphite and CFs.

4.3 Preparation of composites

Vinyl-terminated polydimethylsiloxane 42.0 g and 3 drops of platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution with a mass of
about 0.1 g were mixed in a high-speed mixer. Then 42.0 g of

polymethylhydrosiloxane and 36.0 g of ethyl acetate were added to the
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matrix and remixed. The compound labeled silica gel is then used as the

matrix material.

The heat conductive filler is made of carbon fiber and graphite in different
proportions. Before use in the composites, carbon fibers and graphite
were heated at a temperature of 450 °C for 2 h. At the same time, some
fillers were treated with KH-570 to investigate the effect of coupling agent.
The mixture of 5.0 g filler, 10.0 g ethanol, 0.2 g KH-570 and 0.2 g glacial
acetic acid was treated with ultrasound for 30 min. After filtration, the

mixture was dried at 85 °C for 8 h to conjugate with the coupling reagent.

To accommodate raw materials, our lab produces custom designed
molds. The process filler is pressed into the mold, and the characteristics
of the mold design are shown in figure 4.5(a) and (b) respectively. A
photo of the mold can be found in figure 4.5(c). The filler is added to the
gap in the mold and a thin metal plug is used to apply pressure to the
filler. The silicone is then poured into the mold opening. The whole mold
is placed in vacuum (-80 ~ -90 kPa) for 4 h to exhaust the air around the
fillers. The mold was then placed under a standard pressure of 85 °C for
48 hours, and the silica gel solidified. The cured composite was then used
for subsequent characterization. The composites prepared from pure
graphite and CF were labeled g-Si and CF-Si, respectively. CF:G= 3:1-
Si, CF:G= 1:1-Si, CF:G= 1:3-Si indicate that the ratio of graphite to CF is
3:1,1:1, and 1:3 respectively. These samples were not treated with
coupling agent and were labeled as original samples. If the filler is treated
with KH-570, the corresponding samples are labeled g-C-Si, CF:G= 3:1-
C-Si, CF:G= 1:1-C-Si, CF:G= 1:3-C-Si, and CF-C-Si represents the

increasing order of CF concentration, where C represents these samples
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are treated with coupling agent. Samples treated with the coupling agent
are labeled as "coupled samples" to distinguish them from "original

samples".

Graphite Carbon fibers

Silicone, Pressure (c)

Figure 4.5. Schematic of sample preparation. (a) The process of compress graphite
and carbon fiber into the mold. (b) Assemble mold and sample preparation procedures.

(c) Photographs of the molds.

4.4 Finite element analysis of composite with different

filler alignment

To illustrate the role of graphite in thermal conduction, finite element
analysis was used. Carbon fiber and graphite were abstracted as
cylindrical rods and pans in form. Different from last chapter, 2D model
can hardly simulate the physical process because here 2D fillers were

used, so a 3D model was built to do the simulation.
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441 Thermal conductivity tensor of fillers in universal

coordinate system

Both the CF and graphite are anisotropic materials, so the thermal

conductivity should be expressed as a tenser. In a Cartesian coordinate

system (;7, ;7, ?), the thermal conductivity of CF and graphite have been

set as follows:

kCF =

10 O 0 100 O 0
0 10 0| ke=|0 100 o0 4.1)
0 0 900 0 0 10

in units of W m' K-1. As figure 4.6(a) shows, the thermal conductivity of

filler in composites need to be converted according to the relative position

of principal axes system and the universal coordinate system (x,y, z).

0 0
1],2 = H (4.2)
0 1

The orientations of the rods in universal coordinate are randomly set as

Here, x,y, z is fix as follow.

1
0
0

X = Yy =

?, 37 and z'. The conversion matrix describing their relative orientation is
then given by
cos (x, ?) cos{x, 37) cos{x, ?)
T =|cos(y, ?) cos(y, 37) cos (Y, ?) (4.3)
cos(z, ?) cos{z, ?) cos(z, ?)
The thermal conductivity matrixes of fillers in universal coordinate system
were calculated by
Kuni = TkppincTT (4.4)
where k,,; is the thermal conductivity matrix given in the universal

coordinate system, k., is thermal conductivity matrix in the principal

coordinate system and T7 is transpose of the conversion matrix.
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275 K

Figure 4.6. The schematic of coordinates and the heat transport simulation result.

4.4.2 Establishment of model

To establish the simulation model, a simulation box was configured to
represent the material matrix of silica gel matrix with thermal conductivity
of 0.18 W m™" K-' according to our measurements. A specific number of
graphite sheets are introduced into the analog box. CF is then placed in
the analog box without overlapping with graphite and other CFs. In figure
4.6(b-e), 0, 1, 2 and 3 graphite regions were placed in the box,
respectively. Conversely, as the number of graphite sheets increased, the
number of bars representing carbon fiber decreased from 100, 85, 70 to

55.

To establish the simulation model, MATLAB package was introduced.
MATLAB script for generating 85 CFs was posted appendix A as an

example for researchers to check and reuse.

4.4.3 Finite element analysis of composite.

The upper surface of the analog box is fixed at 293.15 K, and a 500W
heater is attached to the lower surface of the analog box. The boundary
on the front, back, left and right are adiabatic. The stationary condition is

calculated from

V-q=Q (4.5)
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q=—kVT (4.6)
where q is heat transfer velocity, Q is the power of heat source, and T is
the temperature field. For analysis, five equally spaced cross-sectional
areas with the z-axis normal to the surface of the planes are chosen. The
temperature contours on the planes are depicted with a temperature
scale given in figure 4.6. As the results show, with the increase in the
proportion of graphite in the simulation box, temperature of heat source
decreases apparently. The thermal conductivity of different formulations

was analyzed and compared.
4.5 Thermal properties evaluations

In order to evaluate the thermal performance of the sample, LFA and
TRCMA are used for testing due to the different testing principles of the
two methods, and confirmatory evidence can be obtained. The principle
of LFA is shown in figure 4.7(a). The sample is heated by laser and the
temperature of its opposite surface is monitored by an infrared detector.
Strictly speaking, the measurement result of this technique should be

considered as bulk thermal conductivity.

[y

Ry = p (4.7)

where Ry, is the thermal resistance of the TIM, and the k is the bulk

thermal conductivity.

Table 4.1. The raw thermal property data of samples.

Thermal _ Thermal

) o density Cp o TCE
diffusivity conductivity
(mm? s1) (gecm?) @ grKYH (WmlK1 %
original
12.73 1.55 0.86 17.03 9311.83
7.07 1.35 0.95 9.03 4938.96
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9.53 1.29 1.16 14.34 7840.82

9.39 1.20 1.19 13.36 7305.69
6.00 1.13 1.18 7.95 4347.99
coupling

26.80 1.48 0.86 34.04 18607.25
14.10 1.53 0.95 20.43 11168.57
11.40 1.44 1.16 19.13 10455.71
9.65 1.52 1.19 17.41 9519.73
7.53 1.15 1.18 10.23 5594.89
Silica

0.12 1.53 0.97 0.18 0.00

The thermal conductivity of the sample without curing agent was
measured by LFA method, as shown in Figure 4.7(b), and marked as the
original sample. The raw data was plotted in table 4.1 When more
graphite was used, we can achieve a higher thermal conductivity. This
result is supported by finite element analysis. According to the
experiment and numerical simulation, it may resource from the better
alignment of 2D filler under compression. Appling pressure on 1D and 2D
filler, both of them tend to align their short edge along the compress
direction which is a more stable state. Comparing the alignment of fillers
with different morphology, it can be seen that the through plane direction
of composite can always fall into the high thermal conductive plane of 2D
filler, while there is an angle between axial direction of 1D filler and
through plane direction of composite although the average angle become
smaller under compress according to the conclusion of the previous
chapter. According to the simulation, the application of 2D filler with a
comparable thermal conductivity can promote the apparent thermal
conductivity of the resulted composite. This can explain the downtrend of

thermal conductivity with more carbon fiber loading in experimental
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measured thermal conductivity curve. The next step is to examine the
effects of coupling agents. Samples constructed with KH-570 treated filler
were tested and labeled as coupled samples. The test results shown in
figure 4.7(b) are for comparison with the original sample set. According
to the results, at different CF/graphite ratio, the addition of coupling agent
can help to improves the thermal conductivity of the composites. With the
increase of CF content, the extent of thermal conductivity enhances
caused by the presence of coupling agent decrease from 17.0 ,11.4, 4.8,
4.0 to 2.3 W m' K. According to our measurements, the thermal
conductivity of graphite composites increased by about 100%, while the
thermal conductivity of CF composites decreased to 29% of the total. It
is assumed that this phenomenon is due to the difference in surface
roughness between samples. In different researches, since the variety of
matrix with different thermal conductivity, thermal conductivity is
somehow not enough to describe the enhance of method. Compared with
pure silicon, the thermal conductivity of various composite materials is
enhanced as shown in figure 4.7(c). The highest increase in thermal
conductivity indicates an overall increase of 18,607 %.

As introduced, two methods were introduced to evaluate the thermal
property. Besides thermal conductivity, heat dissipation capacities of the
sample under typical working conditions were also evaluated by TRCMA
as well. There is a non-negligible thermal contact resistance here, and
TRCMA technology is used to measure thermal resistance at pressure.
Its principle is shown in Figure 4.7(d). The sample was secured with two
copper stages at 30 psi. One stage is heated to a specific temperature of
80 °C. Then, the temperature of the other stage was measured.

According to the definition of thermal resistance,
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Figure 4.7. Thermal performance measurement. (a) Schematic diagram of LFA setting.
(b) measured thermal conductivity, and (c) enhanced thermal conductivity of TIMs
relative to silica gel. (d) Schematic diagram of TRCMA setting. (e) Thermal resistance

of TIMs at different pressures. (f) Thermal resistance of TIMs at 30 psi.

Th—T¢
Q

I= x A (4.8)

where T;, and T, are the temperature of the two copper stages, Q is the
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energy passing through the sample, A is the area of the sample’s cross
section. In addition to Rmv, there is another factor delaying thermal
transport, the thermal contact resistance (Rc).'® The measured thermal
resistance, R,, consist the bulk thermal resistance of TIM and two
thermal contact resistances. The relationship between Ry, Ry and K is

showed here,

Rri +2Re =Ry > ¢ (4.9)
Figure 4.7(e) depicts the thermal resistance at different pressures and
temperatures of 80 °C. The measured thermal resistance decreases with

increasing pressure. And the thermal resistance, thermal conductivity

data was summarized in table 4.2 and 4.3

Table 4.2. The thermal resistance of samples at different pressure.

Thermal Pressure

resistance (x10* 10 20 30 40 50 60 70 80 90 100
K m2 W-1) psi psi psi psi psi psi psi psi psi psi
G-Si 4.8 4.7 4.1 3.3 2.8 2.5 2.3 2.1 2.0 1.9
G-c-Si 3.5 2.5 2.0 15 14 1.3 1.2 1.1 1.0 1.0
CF:G=1:3-Si 3.1 2.6 2.3 2.1 2.0 1.9 1.8 1.7 1.6 15
CF:G=1:3-c-Si 2.7 2.2 1.9 1.7 1.6 15 14 1.3 1.2 1.2
CF.G=1:1-Si 2.8 2.4 2.1 1.9 1.7 1.6 15 14 14 1.3
CF.G=1:1-c-Si 2.5 2.2 1.9 1.7 1.6 15 14 14 1.3 1.3
CF:G=3:1-Si 2.6 2.3 2.1 1.9 1.8 1.7 1.6 15 15 14
CF:G=3:1-c-Si 2.8 2.5 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.6
CF-Si 2.9 2.7 2.4 2.3 2.2 2.1 2.0 1.9 1.9 1.8
CF-c-Si 3.8 3.4 3.2 3.0 2.8 2.7 2.6 2.5 2.4 2.3

In most cases, a thermal resistance at 30 psi can be used to predict the
performance of the TIMs at work. As shown in figure 5.7(f), which shows
a comparison of all samples. When the ratio of graphite to CF was 1:1,

TIM had the lowest thermal resistance regardless of the use of coupling
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agent. This phenomenon highlights the synergistic effect of carbon fiber

and graphite on reducing low thermal resistance in proper proportion.

Since the maximum thermal conductivity of the body belongs to G-C-Si,

this result seems to indicate that the inverse relationship between thermal

conductivity and thermal resistance has been broken. However, given the

different test principles, the irregularities can reasonably be attributed to

the difference in thermal contact resistance between the sample and the

copper stage. Thermal contact resistance is positively correlated with

surface roughness as previous work has suggested.269-271

Table 4.3. The thermal conductivity and thermal resistance at 30 psi

Thermal

conductivity (W m

Thermal resistance at 30 psi
(x10* K m? W)

KY)

G-Si 17.0 4.1
CF:G=1:3-Si 9.0 2.0
CF:G=1:1-Si 14.3 2.3
CF:G=3:1-Si 134 1.9
CF-Si 8.0 2.1
G-c-Si 34.0 1.9
CF:G=1:3-c-

) 20.4 21
Si
CF:.G=1:1-c-

) 19.1 2.2
Si
CF:G=3:1-c-

) 17.4 2.4
Si
CF-c-Si 10.2 3.2
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Figure 4.8. The 3D morphologies of G-Si, CF:G=1:1-Si and CF-Si, respectively.

To confirm this explanation, the roughness of G-Si, CF:G=1:1-Si and CF-
Si was measured with a 3D profilometer and shown in figure 4.8. The
sharp jumps on the g-Si surface indicate that the volume between the
graphite is difficult to fill with silicon. The calculated average surface
roughness of G-Siis 60.1 ym. Compared with G-Si, CF:G=1:1-Si and CF-
Si have smoother surfaces, and the parameters are 8.21 and 6.57,
respectively. Smooth surfaces are expected to provide low thermal

contact resistance.

Then, the stability of the 3 typical samples during heating and cooling
were evaluated as shown figure 4.9. The thermal resistance of three of
the samples did not changes apparently during the heating and cooling
cycles. The thermal resistance of CF-C-Si is about 2.5 x 10 K cm? W'
and does not change significantly with temperature. However, for g-C-Si
and CF:G= 1:1-C-Si samples, this value changes with the change of
temperature. When the temperature is 40 °C and 100 °C, the average
thermal resistance of G-C-Siis 1.60 and 1.75 x104 K m? W-', respectively,
and that of CF:G= 1:1-C-Si is 1.40 and 1.49 x10* K m? W-', respectively.
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Figure 4.9. Thermal resistance changes of TIMs during 9 heating and cooling cycles.

In order to intuitively display the thermal behavior of the sample, we
collected an infrared image, as shown in figure 4.10(a). Neat silica gel is
placed on a heater along with 3 representative samples. Infrared
cameras record temperature changes on the top surface in heating and
cooling cycles. The corresponding relationship of temperature is reflected
by color scale shown in figure 4.10(a). In the heating process, CF:G=1:1-
C-Si has the brightest color, indicating the highest temperature among
the 4 samples. Due to the low thermal resistance of CF:G= 1:1-C-Si, heat
can pass through CF:G= 1:1-C-Si quickly, making the temperature of the
top surface rise quickly. During cooling, waste heat is conveyed from the
bottom surface to the top surface and is dissipated by convection of
atmosphere. Samples with low thermal resistance show rapid cooling.
figure 4.10(b) and (c) show the temperature of each sample at selected
time points during the heating and cooling cycles. In order to display the
performance under the service condition, a further test was done applying
the sample directly between the CPU chip and the fan-cooled fin. The
schematic diagram of experimental instrument was shown in figure
4.10(d). The CPU then runs at full load to generate heat with maximum
power, meanwhile the temperature was recorded as showed in figure
4.10(e). The thermal conductivity of silicone resin is poor, and the

corresponding temperature of CPU reaches more than 90 °C. The other
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three samples performed much better due to the use of thermal fillers.
Among them, CF:G=1:1-C-Si showed the best performance. This result
is consistent with TRCMA measurements and supports the finding of a

synergistic effect between carbon fiber and graphite.
4.6 Evaluation of mechanical property

Considering the specific application environment, TIM need to be soft to
be squeezed into the gap between heat sink and heat source. To evaluate
the hardness, shao-00 test was introduced. The results of all samples are
in the range of 45-50 without obvious fluctuation. According to test result,

all samples is soft enough for application.
4.7 Conclusion

In summary, a method to prepare silicon TIM using graphite and CF as
thermal conductivity filler is proposed in this chapter. By aligning graphite
in the entire plane direction, TIM achieved a bulk thermal conductivity of
34 W m"' K, an 18,607% improvement compared to pure silicon. While
this value is attractive, the thermal contact resistance is still too high to
use as a TIM because its rough surface makes effective thermal coupling
challenging. The 3D profilometer was introduced to prove the hypothesis
that rough surfaces caused by gaps between graphite sheets. Thermal
resistance can be reduced when CF is used to fill the void at the expense
of body thermal conductivity to smooth the interface. When graphite ratio
CF = 1, the thermal resistance can be reduced to about 1.8 x 10% K m?
W-1 with the assistance of 80 °C and 30 psi coupling agent, although the
thermal conductivity is found to be reduced to 19.1 W-'m" K-* for the most
part. The resulting TIM samples have obvious advantages in applications

requiring sufficient softness, appropriate compressibility, and strong heat
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conduction.
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Figure 4.10. Temperature change of top surface of samples during the heating and
cooling process. (a) Infrared images of samples during the heating and cooling process
at selected times. (b, ¢) Temperature data for the samples at different times during the
heating and cooling phases, respectively. (d) Sketch of the use of the samples to a CPU
to enhance cooling. The blue block represents the CPU and the black sheet represents

a TIM sample. (e) The temperature of the CPU under full-load operation.
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Chapter 5. The Achievement of
Metal-level Thermal Conductivity
by Aligning CFs with the Help of
Stretching Medium

5.1 Synopsis

As introduced in last chapter, by focusing the direction of one-
dimensional materials like figure 4.2(b) shows, it is supposed to achieve
a high heat transport efficiency on specific direction. Some methods have
been developed to achieve this purpose. Besides freezing casting
introduced in chapter 2, there are electrostatic flocking applied on
aligning CFs.253-254 Because employ electromagnetic field, this method

was only applicable on conductive or magnetic fillers.

In this chapter, a developed method aligning 1D fillers was developed.
This method was inspired by the making of a traditional Chinese noodle
called lamian. The noodles are made by stretching dough, so the sample
is called "Lamian". The 1D filler can be arranged well in a single direction
by stretching the medium embedded with the filler. In addition, the filler
can be bridged by the graphitized medium to form a heat-conducting
frame. By applying this method, the strategy achieves unprecedented
heat conduction across the plane. In this study, CFs was used as a filler
material to give the composite a coefficient of thermal expansion
comparable to that of many metals, which is the primary consideration in

the design and selection of electronic packaging materials. The results
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show that the composite has obvious advantages as a high thermal

performance packaging material.

Here two influences were analyzed to explain the thermal conductivity
rise. First one is the medium stretching cycles triggering the alignment of
filler. To explain the relationship between the stretching cycles and the
final thermal conductivity of composite, a mathematic mode was built up.
The resulted formula is considered suitable to analyze the attitude of all
1D fillers in stretching process. The other one is the carbon structure
variety with different thermal conductivity. Before and after graphitization,
major change of the carbon structure in medium have taken place, which
will be confirmed by different tests. The thermal conductivity different
origin from the change is analyzed using molecular dynamics in LAMMPS

package.
5.2 Preparation of epoxy composites

First, combine 7 g flour, 7 g CF and 8.4 g water in a high-speed blender.
After knead Dough/CF the paste for 20 minutes, about 20 g paste was
left for the waste in the process. The paste is then stretched to 10cm and
folded at the middle point. This process is repeated for several cycles.
Dip the stretched paste into liquid nitrogen for 5 minutes and transfer it to
freeze dryer after being completely frozen. The sample is kept in the
instrument for 48 hours to sublimate all the ice. The composite material
composed of flour and CF was then pretreated at 1000 °C for 2 h under
vacuum conditions, and the products of this step were labeled as
preheated samples. After this, the pretreated sample was graphitized at
2800 °C argon for 2 hours to prevent reaction with the atmosphere. The

amorphous carbon remaining as a result of flour decomposition is
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recrystallized in the graphitization step to achieve enhanced thermal

conductivity.

Mix the epoxy resin, curing accelerator and curing agent at a weight ratio
of 100:5:95 until the curing accelerator is completely dissolved in the
epoxy resin/curing agent mixture. The mixture is then injected into a
carbon mesh made of carbon fiber and graphite carbon. The composite
was then degassed in a vacuum oven at 60 °C for 1 hour, then the
temperature was raised to 135 °C and kept constant for 2 hours for pre-
curing, and then held at 165 °C for 14 hours to obtain the final thermal
conductive composite. Epoxy composites are labeled as lamian-
1,2,5,7,10 and 20 according to the number of stretching cycles.

Schematic diagram of sample preparation shown in figure 5.1.

ALY
= L
@ VIR
D 1B
o A AL g8
n Ry oy Carbonization Epoxy infusion
Stretching

Figure 5.1. Schematic diagram of the strategy.

5.3 Thermal conductivity improvement

The thermal transport characteristics of samples are estimated using the
results shown in figure 5.2, meanwhile, the raw data used to calculate
thermal conductivity was plotted in table 5.1. According to measurement,
the thermal conductivity of the preheated sample is 10.2 W m-' K. The
graphitization process increases the value to 18.5 W m-' K-', which
reflects the influence of graphitization process on thermal conductivity.
After stretching for 1, 2, 5, 10 and 20 times, the thermal conductivity
increases to 83.2, 101.5, 105.6, 111.0, 119.8 and 109.8 W m-! K,



respectively, reflecting the effect of carbon fiber arrangement on the
thermal conductivity. The results show that after 10 stretch cycles, the
value is stable at about 110 W m-! K-!, which is comparable to Al, Fe, Ni

and other metals.

Table 5.1. The raw thermal property data of samples.

Stretching Thermal _ Thermal
) o Density Cp o
Turn diffusivity conductivity
(mm?s-) (@ecm?) (@ g*tKY (WmtK)
Graphitized
0 10.6 1.42 1.23 18.54
1 48.9 1.44 1.16 81.68
2 63.4 1.47 1.08 100.79
5 70.9 1.46 1.02 105.51
10 64.9 1.47 1.16 110.89
15 63.0 1.49 1.27 119.05
20 83.6 1.46 0.9 109.84
Preheated
0 7.1 1.40 1.03 10.27
1 12.0 1.45 1.04 18.11
2 13.0 1.45 1.21 22.86
5 16.2 1.47 0.91 21.66
10 15.2 1.49 1.08 24.38
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Figure 5.2. Thermal conductivity of samples with different stretch cycles.

Considering the influence of packing concentration on thermal
conductivity, in order to determine the reason for the increase of thermal
conductivity, it is necessary to control packing concentration thermal
conductivity packing, in this case carbon from CFs and slurry is weighed
by TGA. The material is stable in a nitrogen atmosphere where the epoxy
resin decomposing at about 250 °C. The TGA curve obtained is shown
in figure 5.3. The total carbon content of each sample was measured in
the range of 43-45 wt%. Since the loading amount of thermal conductivity
filler is similar in all samples, the huge difference in thermal conductivity

coefficient is not caused by the different packing concentration.
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Figure 5.3. TGA analysis of Lamian samples with 0,1,3,5,10,20 stretching turn

In order to evaluate the stability of thermal conductivity to temperature,

the thermal conductivity of the graphitized Lamian-10 sample after

preheating was measured at different temperatures, as shown in figure

5.4(a), to evaluate the stability of thermal conductivity. The results show

that the thermal conductivity does not decrease with the increase of

temperature in the range of 20-100 °C. The exact data was given in table

5.2. In 10 heating and cooling cycles, all thermal conductivity of three

samples were stable, as shown in figure 5.4(b). The thermal conductivity

of the Lamian-10 has never fallen below 110 W m™! K-!. These two tests

show that the sample has a high degree of thermal stability.
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Figure 5.4. Thermal stability of thermal conductivity. (a) thermal conductivity at different

temperatures. (b) Stability of thermal conductivity during 10 heating and cooling cycles.

Table 5.2. Thermal conductivity of samples at different temperature.

Thermal conductivity (W m K?)

Temperature(°C) . _
Preheated Graphitized Lamian-10

30 5.2 16.8 103.5

40 5.3 17.1 104.5

50 5.4 17.4 105.5

60 55 17.7 106.2
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70 5.6 18.0 106.7

80 5.7 18.1 107.6
90 5.8 18.1 107.9
100 5.9 18.2 108.0

To determine the temperature dispersion in samples when used as
thermal management material an infrared camera is then used to record
the temperature of the sample as it is heated. four columns made of
epoxy resin, preheated specimens, graphitized specimens and Lamian-
10 were installed on the heater, as shown in figure 5.5(a). Figure 5.5(b)
shows the temperature rise of the top surfaces of the samples which were
also labeled in figure 5.5(a) in the heat process. The ambient temperature
which is also the initial temperature of top surface is about 25 °C. After
turning on the heater, temperatures of the top surfaces grow up at
different speed. At 45s, this value of epoxy, preheated sample,
graphitized sample and Lamian-10 rise to 26.2, 31.8, 42.7 and 48.9 °C
respectively. The corresponding temperature rise average speed are
0.06, 0.16, 0.40 and 0.53 K s™'. At the same time, 45s, the temperature of
heater corresponding to them are 58.4, 53.7, 53.4, 51.3 °C, which
phenomenon indicates the improvement of heat transport ability.
Temperature dispersion at 0, 15, 30 and 45 s after the heater is turned
on is shown in figure 5.6. The results show that the high temperature
zone of sample Ramen-10 diffused rapidly to the top surface. In contrast,
the epoxy surface remained significantly cooler than the bottom after 45
seconds. Under same condition, the temperature dispersion during
heating process was simulated with finite element analysis, and the
results were shown in figure 5.7. Color mapping is used here to show the
temperature distribution on the sample surface. The lighter red means
high temperature while dark blue means low temperature. Heat flow is

represented by red arrows whose size is proportional to the density of
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heat flow.
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Figure 5.6. Temperature dispersion recorded by infrared camera.
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Figure 5.7. The temperature dispersion and heat flow calculated by finite element

analysis.

According to the processing technology of CF, the previous research on
CF thermal conductive composites was divided into three groups:
randomly dispersed CF, directionally arranged CF and surface modified

CF, as shown in Figure 5.8.167. 253, 272282 \W hen CF was mixed with the
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matrix material to produce randomly dispersed CF the thermal
conductivity is generally less than 2 W m™ K-'. In these researches,
because of the anisotropic thermal conductivity of CF and the random
dispersion of CF, the direction with highest thermal conductivity can
hardly be aligned on single direction, which causes the low efficient
application of the thermal conductive filler. The thermal conductivity of the
composites prepared by alighting the carbon fiber plates can reach tens
of W m™" K-1. Surface modification can enhance the bonding between the
matrix and CF or the bridging CF, forming additional thermal paths and
thus enhancing heat exchange. Lamian-10 showed a significant
improvement in thermal conductivity compared to the above studies,
probably due to the synergy of the two enhancement mechanisms.
Graphitized paste can be seen as a bridge between carbon fibers, at the

same time, CF is aligned during stretching.
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Figure 5.8. Review on thermal conductivity of carbon fiber composites. The composites
were divided into randomly dispersed CF, directionally arranged CF and surface

modified CF.

Previous work in our lab has also applied this strategy. Xiao et al. And Al
et al. Use cellulose and graphene as Bridges between fibers and
introduce directional freezing technology to arrange carbon fibers into

thermal conductive composites respectively. Their thermal conductivity
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is 6.04 Wm™" K"and 21.19 W m~' K™ respectively.'® 273 Lamian-10 has
an even higher thermal conductivity than these. The structure of the
bridge material is considered to differ from the previous work on Lamian-
10. In the previous work, the bridge material was separated, whereas in
Lamian-10, the carbon bridge in the gluten flour was generated in situ
during the graphitization process. Because the slurry is continuous, it is
reasonable to assume that the carbon produced forms a continuous
network. The network and embedded oriented CF ensure efficient heat

transfer.

5.4 The mathematic mode of 1D filler attitude in stretching

process
v, _v
B
r
0 _ I
o A L+Vt X

Figure 5.9. Schematic diagram showing the alignment of fillers during stretch process

In order to predict the effect of stretching on the arrangement of CFs in
paste and the resulting change in thermal conductivity, a mathematical
model was established. Assume that the length of the paste along the
stretching direction at time t is L+Vt, where L is the initial length when t=0,
V is the stretching speed, and t is the time of stretch. CF has two ends, A
and B, and its length is r. Considering that the angle between AB and the
stretching direction, 6, rather than the exact positions of A and B,

determines the alignment condition of CF, for each CF, A coordinate
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system can be established parallel to the stretching direction with A as
the origin. Then the velocity difference of paste around B and Ais V, and

the relationship between v and V can be expressed as

vzrcosev (51)

L+Vt

Wherever A and B is, v can always be resolved into two, parallel and
perpendicular to CF. Only the perpendicular one contributes to the

rotation of CF. It can be calculated as v sin 8. So,

— Sl (5.2)
= 53)

Integrate the equation, it can be draw that
In(L +Vt) = —2In|tan 8| + C (5.4)

Where C is constant.

Then the boundary condition was considered. Before stretching, the
alignment of CF is randomly dispersed. But along the stretch direction,
defined as x direction in figure 5.9, the two ends of CF with lower x

coordinate can always be defined as A. In this condition, the range of 6

is actually from 0 to g Assuming in cartesian coordinate system, the

average angle dispersion before stretching is 8,. In chapter 4, we have
a conclusion that the distribution of the endpoint on an annulus
corresponding to a finite angle dé, is

F(6,) = sin6, db, (5.5)

The 6, can be expressed as

T
2

0 = fo F(60)0, (5.6)

It can also be expressed in detail as

0o =J¢

8, =1 (5.8)

2m0or? sin O, d6, (5.7)

2mr?
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When t=to,

0 =20, (5.9)
C =1InL + 2In |tanb,| (5.10)
_ tan 0.
In(L+Vt)=InL + In(Z—") (5.11)
So

tang = 22% (5.12)

vt

1+T
tan = —2t (5.13)
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Figure 5.10. Thermal conductivity versus strain during stretches process. The blue

points and green curve are measured data and calculated data respectively.

Then the relationship between thermal conductivity and CF arrangement
is considered. In the specification of CF, the axial thermal conductivity is
900 W m-' K1, while the radial thermal conductivity is only 10 W m-' K1,
which is extraordinarily lower compared with the that on axial direction.
Suppose CF conducts heat axially and radially adiabatically. Then the
thermal conductivity of the composite material in the tensile direction can

be expressed as

tan1

\/@)] (5.14)

where 1+% is actually the strain of paste and kcr is the thermal

Kstretch
kcr

= ¢ - cos[arctan(
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conductivity of CF on the axial direction. Since only the influence of
packing orientation is considered in the model, a parameter c reflecting
other structural characteristics is needed. Here

c kep=110Wm 1K1 (5.15)

The formula was plotted with our measured data as Figure 5.10 shows.

5.5 Thermal conductivity analysis of different carbon

structures

Then let us analyze the structure transformation of carbon during the
graphitization. This phenomenon has actually been studied.?83-286
However, the structure transformation was still identified by various
methods.

Figure 5.11 shows TEM images of preheated paste, graphitized paste
and carbon fiber samples. The insertion depicts the corresponding
electron diffraction patterns. The electron diffraction pattern of preheated
paste shows diffuse halo rings, indicating the amorphous carbon
structure remaining after paste decomposition. The slurry is decomposed
under vacuum conditions so that the residue consists of amorphous
carbon and bridged carbon fibers. After the preheating step, the slurry is
heated to 2800 °C and held at the constant temperature for 2h, during
which the residue is converted to a graphene structure. TEM of
graphitized paste and CF were token to confirmed the transformation.
From the electron diffraction pattern of the graphitized paste embedded
in TEM as shown in figure 5.11(b), a clear diffraction pattern can be
observed, in which multiple points of light were distributed around the
polar angle, indicating a carbon polycrystalline form. TEM images of CF

samples were shown in figure 5.11(c) for comparison with graphitized



paste. It can be found that the electron diffraction pattern tends to show

a hexagonal diffraction pattern, confirming the existence of graphene.
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Figure 5.11. The TEM images of preheated paste, graphitized paste and CF. Insert of

the TEM images are electron diffraction patterns that reflect the underlying carbon

structure.
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Figure 5.12. The survey and high-resolution XPS of preheated and graphitized paste.
XPS survey spectra of preheated paste and graphitized paste samples
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are shown in figure 5.12(a). Figure 5.12(b, c) shows the high-resolution
XPS spectra in the C1S state. A significant increase in sp2 hybrid carbon
can be observed in the high-resolution spectrum, indicating the transition
from sp3 to sp2 hybrid carbon. TEM and XPS results show that the
amorphous sp3 carbon changes to the crystalline sp2 carbon during
graphitization. Considering that the general form of sp2 crystalline carbon
is graphene, it can be assumed that graphene structures are formed
during this process. To further confirm this conclusion, Raman spectra of
preheated paste and graphitized paste samples are given in figure. 5.13.
Such as preheating paste Raman spectrum, D band intensity is stronger
than G band, and after carbonization, D band almost disappeared. The
resulting spectrum is similar to that of graphene. This phenomenon
shows that the transformation of carbon atoms during carbonization can
be regarded as the recrystallization of atoms, resulting in graphene with
lower defect density. Taken together, these analyses clearly demonstrate

the formation of graphite-carbon.
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Figure 5.13. Raman spectrum of preheated and graphitized paste.
NEMD simulations were performed to analyze the influence of structural
transformations on thermal properties. Different structural models were

constructed, for amorphous carbon, spherical crystalline carbon, a
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polycrystalline form of graphene with varied orientation (PGVO) and a
polycrystalline form of graphene with aligned orientation direction
(PGAO). Here, amorphous carbon represents the carbon structure of the
preheated paste. The spherical crystal carbon and PGVO models
represent two possible carbon structures for the graphitized paste. The

PGAO model represents the carbon structure for the CF samples.
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Figure 5.14. Schematic diagrams of four different carbon structures and the average

temperature dispersion curves during NEMD simulations and the original curves.
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Each simulation cells contain approximately 2300 atoms. All of the atoms
were placed in a simulation cell of dimension 50x50x100 A. These
structures are depicted in figure 5.14. The AIREBO potential was used to
describe the interaction between carbon atoms. [?6! The temperature
within the simulation cells was stabilized at 300 K for 25 ps using a
canonical ensemble thermostat before inward heat flow allowed from one
end of the cell and allowed to flow out from the opposite side of the cell.
This phase of the simulation was allowed to run for a simulation time of
500 ps to ensure the simulation reached a steady state. The temperature
dispersion for the simulation cells was taken every 0.5 ps during the last
25 ps and recorded to evaluate the thermal transport efficiency. The
temperature dispersion curve corresponding to each of the carbon
structure is presented on the down side of figure 5.14. The bold curve in
every of figure 5.14 is the average temperature dispersion during the
recording period. The average temperature dispersions shown together
in figure 5.15 for comparison. The temperature difference between the
heat source and heat sink in amorphous carbon, spherical crystal carbon,
PGVO and PGUO simulation cells are for temperatures of 70, 48, 43 and
13 °C, respectively. The thermal conductivity is proportional to the inverse
to the temperature difference, hence the simulation results suggest that
the graphitization effectively enhances thermal conductivity, although it
remains overall lower than that of the CFs. The simulations reveal the

contribution of the various carbon structures to thermal.
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Figure 5.15. The summary of average temperature dispersion curves during NEMD

simulations.

As introduced, to perform the Nonequilibrium molecular dynamics,
lammps package was applied. In appendix B, the lammps script was

posted here as an example for researchers to check and reuse.
5.6 Evaluation of mechanical property

Applied in different environment, materials are required to possess
different mechanical property. In last chapter, we introduced the most
important mechanical property of TIM, softness. In this chapter, because
the preconstructed carbon thermal pass cannot be compressed, TIM is
not a suitable application for the composite. However as passaging

material, the composite is promising.

As packaging materials, besides high thermal conductivity, it is required
to possess proper mechanical properties. For example, a low CTE is
needed to avoid thermal stress in the temperature change process. If
CTE is high, material tend to expand dramatic in heating process. At 25
°C, CTE of Si, Al and Cu are about 2.5, 33 and 16.5 ppm K-'. To constrain

the thermal stress into an acceptable range, packaging material should



117

display similar mechanical property. The CTE of epoxy and Lamian-10 in
relation to temperature was measured and plotted in figure 5.16. At 30
°C, the CTE value of epoxy and Lamian-10 were 49.8 ppm K- and 7.1
ppm K. Compared with that of epoxy resin, Lamian-10 have a much
more preferred CTE. This value is between CTE of Si, Al and Cu.
considering the space relationship of silicon chip, packaging material and
heat sink, it is supposed to compromise thermal stress. In order to
comprehensively evaluate the thermal conductivity and CTE, |.R. Walker
proposed the Thermal Distortion Parameter (TDP) in 2011, which has
gradually become a recognized indicator to evaluate the temperature-
induced deformation of engineering materials used in electronic

packaging.'®! 287288 TDP is expressed as

CTE (ppm K™1)

rbp = Thermal conductivity (W m~1 K—1) (5' 1 6)
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Figure 5.16. The CTE values for epoxy and Lamian-10.

Table 5.3. TDP of related composites, epoxy, and metal compared with Lamian-10.
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Thermal

: . CTE (ppm

Material Conductivity K) TDP References
(W m1 K1)

Epoxy 0.19 50 263.1579 |/
carbon
Canotube/EP 0.29 64.71 223.1379 28
AIN/EP 0.507 53.7 105.9172 2%
Cellulose
Canofiber/EP 0.23 23 100.0000 2%t
glass
microsphere/EP 0.34 28.72 84.4706 292
SiC/EP 0.449 30 66.8151 151
Silica/EP 0.6 29 48.3333 293
SCAN/EP 1.2 36 30.0000 293
Alumina/EP 1.9 38 20.0000 293
AIN/SIC/PE 2.25 15.8 7.0222 294
CeO2 3.1 19.6 6.3226 295
Ti 17 8.9 0.5235 /
Sn 63.2 23.8 0.3766 /
Mg 159 26.1 0.1642 /
Fe 76.2 12.2 0.1601 /
Al 210 25 0.1191 /
Lamian-X 110 7.1 0.0646 /
Ag 419 20 0.0477 /
Cu 385 16.4 0.0426 /
Si 124 2.49 0.0201 /

Low TDP value indicate comprehensive capability as packaging material.
Some TDP with ceramic or carbon materials as fillers reported in related
studies are summarized and compared with metal, as shown in table 5.3.
151,289-295 TDP of epoxy samples measured was higher than 200 ppm m
W-'. Thanks to the unremitting efforts made by researchers, this value for

composite materials is gradually compressed to a few ppm m W-.



119

However, these values are still too high to match with metals whose TDP
is more than one or two orders of magnitude lower. Compared with
previous work on similar materials, Lamian-10 is unique in that its TDP is
only 0.0645 ppm m W-', which is closer to metal than similar carbon-
based materials. When used in packaging applications, the low TDP for
the Lamian-10 will significantly reduce failure due to metal mismatches

at higher temperatures.

Sample | . Solvent

g Xylene
Ll NaZWO4 solvent

Lamian-10 -
Chloroform

Cu‘:‘g-‘

Figure 5.17. Samples flow in multilayer solvents with different densities.

At the same time, the material is much lighter than metals. We conducted
a simple experiment to explore the density difference between
composites and metals, as shown in figure 5.17. Three solutions with
different concentrations of 0.86, 1.25 and 1.48 g cm™ were prepared with
xylene, Na2WO4 solution and trichloromethane. In order to identify their
interfaces, different colors were introduced by dripping specific indicators
into solvents. They are then added to a bottle in sequence. Mixing of two
organic solvents is prohibited due to the presence of aqueous solution.
Then drop Cu, Al, Lamian-10 and epoxy resin into the bottle in turn.
Details of this process are given in the support materials. Cu and Al, with
densities of 8.9 g cm= and 2.7 g cm3, respectively, sank directly to the
bottom. Lamian-10, with a density of about 1.4 g cm=, floats on the

interface between Na2WO4 solution and chloroform, while epoxy resin
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floats on the interface between xylene and Na2WOa4 due to its lower
density. In table 5.4, metals, polymers and CF composites are reviewed
and compared with Lamian-10.253, 255-256, 296-297 From the summary, it is
clear that, in broad terms, Lamian-10 has metal-grade thermal
conductivity and polymer-grade density, which is a significant

improvement over similar materials previously reported.

Table 5.4. Thermal conductivity and density of related composites, epoxy, and metal

compared with Lamian-10.

Thermal _
Material Conductivity Density Reference
(g cm)
(W m1K?
Ag 419.0000 10.5
Al 210.0000 2.7
As 50.2000 5.72
Au 301.0000 19.3
Cr 69.1000 7.19
Cu 385.0000 8.93
Fe 76.2000 7.87
Ni 60.7000 8.88
Sn 63.2000 5.76
Ti 17.0000 4.5
PP 0.2000 0.91
ABS 0.1700 1.07
PVDF 0.1900 1.78
PA 0.2100 0.95
PC 0.2000 1.2
PBT 0.2700 1.3
POM 0.1550 1.3
PE 0.4000 0.95
PS 0.1600 1.04
Carbon/carbon 27.45 1.68 297
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CF/acrylic

adhesive 233 L9 -
CF/EP 18 1.74 296
CF/pCBT 5.2 1.58 256
CF/EP 2.21 1.28 255

5.7 Conclusion

In conclusion, in this chapter, a Lamian heuristic method to construct CF
composites with metal grade thermal conductivity was proposed. Due to
the alignment and bridging effect of the thermal conductive filler, the
prepared composite possesses a thermal conductivity of 110 W m-1 K1,
a density of 1.4 gcm=and 7.4 ppm K-' CTE. The alignment filling here is
achieved by mixing with a viscoelastic medium which is stretched over
several cycles. Due to the stretching of the medium, the carbon fibers are
aligned in the stretching direction, during which the advantages of carbon
fiber as a thermal conductive material can be better utilized. The
alignment degree was studied by SEM and micro-CT, and the
mathematical model of alignment mechanism was established. The
model has enough generality that it can be expected to be applied to most
1D anisotropic fillers. Then, the medium or slurry is graphitized to bridge
the carbon fibers, forming a thermal conductivity network and enhancing
the heat exchange between the fibers. It is worth noting that the resulting
carbon structure has a significant effect on the thermal conductivity,
which is analyzed using molecular dynamics simulations. The structural
transformation of carbon during graphitization was confirmed by TEM and
Raman spectroscopy. The composites synthesized by this method have
excellent thermal and mechanical properties and have a wide application

prospect in electronic packaging technology.
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Chapter 6. Thermal Management
Material with High Thermal
Conductivity and Phase Change
Latent Heat

6.1 Synopsis

In the previous chapters, the thermal conductivity as a core parameter of
thermal management material was discussed and developed by adjust
the dispersion of thermal conductive fillers. However, as practical thermal
management material, some special condition should be considered. For
example, the heat overload which is a general condition electronic
system suffering which may cause the fluctuation of temperature. The
temperature shock can hurt electronic system in short time, so stabilizing
temperature is important. Relying on latent heat, phase change material
(PCM) can stabilize temperature by absorbing heat when an overload
happens and gradually release heat after the overload period. Several
phase change materials have been used in this field, including liquid
metals and crystalline polymers.2%-300 However, once phase change
materials melt, it is not easy to prevent the leakage of resulting liquid.2%8
liquid leaking in electronic system is a disaster, because it may pollute
the whole system, and can never play its due role. To prevent PCM
leakage, researchers developed compensation techniques including
microencapsulation, porous materials, nanostructures and embedding

PCM into polymer substrates.301-312
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In this chapter, we will construct a practical thermal management material
which was supposed to have good thermal conductivity and phase
change latent heat to stabilize temperature during thermal overload.
Meanwhile, since the leakage of phase change material is not welcomed,
leakage of the milted phase change material should be precluded. But
the good news is that, as TIM, PCM is special. Unlike other TIM whose
hardness have influence on the ability of heat pass as discussed in
Chapter 4, PCM can fill the gaps between heat source and heat sink in

the form of gel.
6.2 Preparation of phase change material

The PEG was heated to 70 °C and held for 0.5 h to ensure that all the
PEG pieces melt into a transparent liquid. 0.44 g deionized water, 0.03 g
ammonium persulfate, 0.07 g BAC and 1.48 acrylic acid was mixed in a
high-speed mixer. The solution becomes transparent. 10g of molten PEG
and carbon fiber are then mixed into the solution in various proportions
using a high-speed mixer. Heat the mixture to 80 °C and keep it at that
temperature for 2 hours. The final product is cooled to room temperature
and characterized. The samples were labeled E10A2C3, E10A2C5,
E10A2C7 and E10A2C10 according to CF weight. Samples without CF
were labeled as E10A2 for reference. All samples were sliced to 1mm
thickness. The cooling process may influence the alignment of CFs and
furthermore influence the thermal conductivity, which will be discussed.
The samples quenched at -24 °C were labeled as quenched samples
while the samples free cooled were labeled as annealed samples. The

process is scheduled in figure 6.1
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Figure 6.1. Schematic illustration of constructing thermal conductive phase change

material.

PAA produced from the polymerization of acrylic acid constructs a soft
3D network with the assistance of BAC, as shown in Fig.1b. The network
of PAA cured with the help of BAC has been characterized in previous
studies.3'3 According to the previous report, BAC was copolymerized into
the PAA chain and react as essential coupling reagent. Besides the
covalent bonding, hydrogen bonding may play important role in the
formation of the network as supposed. Here, we introduced reduce
density gradient(RDG) theory to analyze the hydrogen bonding between
BAC and PAA.3"™ The Gaussian quantum chemistry packaged was
applied to determine the molecular orbitals, and then the utility programs

Multiwfn and Visual Molecular Dynamics were applied to plot the



hydrogen bonding between molecules as shown in figure 6.2.315-317
According to Johnson, sign(A2)p is a good indicator of interaction
strength.3'* A large, negative values of the parameter indicate attractive
interactions such as hydrogen bonding. In Fig.1c, the blue regions
demonstrate the attraction between the acid group and amide groups as
seen being mediated by the directional hydrogen bonds. The relationship
between RDG and sign(A2)p is plotted in figure 6.3. The simulation result
indicates that hydrogen bonds play an essential role in the construction

of a 3D network.
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Figure 6.2. The interaction strength between AA and MBA expressed as sign(A2)p.
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Figure 6.3. Plots of the reduced density gradient versus the electron density

6.3 Characterization of crystal structure

First of all, the phase change process was analyzed. The crystal

processes of PEG and E10A2 were observed using a polarizing
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microscope. According to the morphology analysis, crystal structure
between them have significantly different. Figure 6.4 shows the
morphology change during PEG and E10A2 crystallization observed
using polarizing microscope. Without PAA, PEG molecules constitute
spherical crystals where Maltese cross patterns can be observed. On the
other hand, the appearance of PAA provided dispersive nucleation points
from which PEG molecules could form polycrystals, only crystals with
limited space to grow could be observed. Spherical crystal is constructed
by the stacking of lamella crystal according to polymer physics. The
morphology of lamella crystals was studied at a smaller scale using AFM.
Left side of figure 6.5 shows the height figure of PEG and E10A2 while
the right side shows the corresponding phase figure. In AFM images of
PEG, lamella crystal shows long-range order, while in that of E10A2 only
fragments of crystal could be observed. This phenomenon was also
attributed to the nucleation points provided by PAA. The results of the
AFM and optical microscope tend to support one another leading to the

same conclusion.



PEG E10A2

Figure 6.4. Growth of a PEG and E10A2 crystal in.
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Figure 6.5. AFM image of PEG and E10A2 crystal

Although the long-range crystal structure shows significant change after
the introducing of PAA, the parameter of crystal parameter seems not
changed a lot according to the XRD spectrum shown in figure 6.6. In both
spectra of PEG and E10A2, the band at 19.2° and 23.3° can be observed.
Even at the weak peaks including 26.3°, 26.9°, 36.2°, 39.6°, the two
spectra give similar details which indicate the similar crystal parameter of

the samples.
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Figure 6.6. XRD spectra of PEG crystal and E10A2 crystal.

6.4 Thermal properties and the structure characterization

Two important properties of thermal management composites are latent
heat of phase change and thermal conductivity DSC was used to
evaluate the latent heat of the phase transition by heating the sample
beyond the phase transition temperature and measure the heat
difference before and after the phase transition. The DSC curve of the
obtained sample is shown in figure 6.7(a). With the increase of CF load,
the phase transition temperature decreased from 62.4 °C to 56.8 °C. The
melting temperature range is related to the CF content, which can
accelerate the heat exchange. With the help of carbon fiber, more heat is
transported into the sample and stored as latent heat, which lowers the
apparent melting temperature of the sample. With the addition of CF, the
latent heat of the melting process also decreases, as shown in figure
6.7(b). In the absence of CF loading, the latent heat of E10A2 is 133.5 J
g’'. With the addition of CF, the value gradually decreases to 62.0 J g-1
when the loading amount of CF reaches 10 g. The exact values of latent

heat of all samples were labeled in figure 6.7(b) on the corresponding
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columns. The latent heat would not change a lot during the heating and
cooling cycles. 20 heating and cooling cycles was done to prove the
statement as figure6.8 shows. In figure 6.8(a), it was depicted that the
latent heat of the composite in 20 heating and cooling cycles was stable
at about 60 J g'. The original DSC curve is given in figure 6.8(b). The
intensity of red color of background demonstrated the level of
temperature, with a maximum at 100 °C. Although the absolute heights
of peaks in different cycles are different, latent heats reflected by the area

of peaks calculated by integration of power over time are similar.
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Figure 6.7. (a) DSC curve of samples. (b) Latent heats integrated from the DSC curves.
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Figure 6.8. (a) Latent heats of E10A2C10 in 20 heating cycles (b) DSC curve during 20

heating cycles.
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Although the addition of CF reduces the value of latent heat of phase
transition by about 50%, the thermal conductivity increases more rapidly
as compensation. The thermal conductivity of annealed and hardened
specimens is shown in figure 6.9 and the raw data used to calculate the
thermal conductivity were given in table 6.1. It is worth pointing out that
since the quenched sample and the corresponding annealed sample are
actually the same one but treated by different postprocessing, the
densities and Cp values of the corresponding samples where were
related only with the constituent of samples, are also the same. Without
the addition of carbon fiber, the thermal conductivity is only 0.2 W m-! K-
1. This value is in the same order as common polymers such as
polyethylene®'8, epoxy'®® and PDMS'. The thermal conductivity of
E10A2C3 can be significantly increased to 8.5 W m-! K-' by loading only
3 g CF. Therefore, about 25% latent heat of phase change is lost; The
increase in thermal conductivity offsets the loss of latent heat. With the
increase of CF loading to 10 g, the thermal conductivity of E10A2C10
reaches 15.6 W m-' K.

Table 6.1. The thermal conductivity and related raw data of samples.

CF Thermal _ Thermal
. e Density Cp .
concentration diffusivity conductivity
(glKk
(Wt%) (mm?s?) (g cm3) ) (W m1 K1)
annealed
20 4.36 1.34 1.45 8.46
29 5.29 1.31 1.66 11.48
37 6.61 1.37 1.45 13.09
45 7.56 1.46 1.42 15.65
guenched
20 6.64 1.34 1.45 12.91
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29 8.02 131 1.66 17.40
37 7.88 1.37 1.45 15.62
45 11.15 1.46 1.42 23.09
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Figure 6.9. Increased thermal conductivity resulted from the larger CF loading.

Annealed and quenched samples were tested and are compared in the same figure.

Another attractive phenomenon is that the thermal conductivity is further
improved when the sample is hardened at -24 °C. After quenching from
80 to -24 °C, the thermal conductivity of E10A2C3, E10A2C3, E10A2C3
and E10A2C3 increased from 8.5, 11.5, 13.1 and 15.6 W m"' K-' to 12.9,
17.4, 15.6 and 23.1 W m™" K-', respectively. One possible explanation is
suggested. Then sample is quenched at -24 °C, the surface temperature
of the hardened sample is expected to drop below the PEG crystallization
temperature before the core temperature reaches a similar value. In this
case, considering the wide thickness ratio of thin samples, the
crystallization process can be considered as starting at the bottom and
top and grow towards the center. With the growth of the crystal region,
the anisotropic thermal conductive filler rotates vertically and tends to be

stable. Conversely, if the sample is cooled to room temperature without



134

quenching, there is sufficient time to establish an approximately uniform
temperature distribution in the sample. If the temperature is kept above
freezing or crystallization and the sample cools slowly, the crystals may

nucleate throughout the sample, impeding the rotation of CF.

20 °C . 70 °C

Figure 6.10. Photos and infrared images during eating of three samples made of PEG,
E10A2 and E10A2C5.

To show the difference in thermal conductivity of the three materials, fish-
shaped samples made of E10A2C5, E10A2 and PEG were placed on the
heater. The thermal conductivity and shape stability of infrared images
are shown in figure 6.10. As the temperature increases, the PEG fish will
melt once the temperature exceeds the melting temperature. On the
other hand, E10A2 and E10A2C5 showed shape stability and remained
fish-shaped until the end of the test. At the same time, from the different
temperatures of E10A2 and E10A2C5, CF is a feasible method to
improve the thermal conductivity. Heat is transferred from the sample
body in direct contact with the heater. Twenty minutes after beginning to
heat, the temperature of E10A2C5 was basically the same as that of the
heater, and the temperature of E10A2 was lower. Lower thermal
conductivity and the ability of storing latent heat result in slower heat

transfer.

When comprehensive compare the latent heat and thermal conductivity
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of the composite with previous report, it is special. Previously, thermal
conductive PCMs were studied to promote the respond speed of PCM.
Researchers want to achieve PCMs responding to temperature
fluctuation quickly so that the energy exchange can be finished more
efficiently. Base on the requirement, most composites possessed high
latent heats while the thermal conductivity were not promoted on a big
scale. The maximum value of thermal conductivity was about 6 as table
6.2 shows. The highest thermal conductivity and latent heat in the
previous works are only 5.9 W m™' K' and 202.8 J g, respectively.
Compare with them, E10A2C10 and E10A2C7 is good at thermal
conducting. They exhibit wonderful thermal conductivities which is about
3-4 folds of the best result reported before at the expense of latent heat.
In table 6.2, the thermal conductive fillers, phase change materials used
in the references, along with the thermal conductivity and latent heat they

reached were listed to compare with E10A2C7 and E10A2C10.

Table 6.2. Thermal conductivity and latent heat of previous works and E10A2C10 and

E10A2C7.

Thermal Phase Thermal Latent

conductive change conductivity (W heat (J Referenc

fillers materials  m K™) g’ ©
1-

RGO/GNP octadecan 5.92 202.8 305
ol

GO PEG 0.6 174.9 319

MXene PEG 0.471 126.4 320

MWCNTs paraffin 1.3 126.3 321

CNTs PEG 0.5 85.9 322

GO PEG 2.02 145.5 323

RGO/TiO2-x paraffin 1.22 110 307
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CF PEG 15.6 85.38 E10A2C7
E10A2C1
0

CF PEG 23.1 62

As we have done in previous chapters, SEM and micro-CT will be used
to evaluate the alignment of fillers. From the SEM image of sample
E10A2C10 who exhibits the best thermal conducting property, If the
sample was annealed to room temperature after curing, the alignment of
CFs was random. On the contrary, if then the sample was heated beyond
the milting temperature, and quenched at -24 °C, the CFs would tend to
align on the direction perpendicular to the surface. This structure transfer

can explain the rise of thermal conductivity after quenching and verify our

assumption about the alignment of CFs.

Figure 6.11. Morphology of E10A2C7-annealed and E10A2C7-quenched (a) SEM
image of annealed sample E10A2C7-annealed. (e) SEM image of quenched sample

E10A2C7-quenched.

Similar analysis on micro-CT result can be found in chapter 4. Similar
schematic was given in figure 6.12(a). The probability versus degree
summarized from micro-CT is plotted in figure 6.12(b). Here it worth to
explain that the absolute probability value in the figure is related to the
resolution of element angle. Since the integration of the probability over

angle is 1, the bigger the element angle is, the lower the probability is. It
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can also be understood from another perspective. When the element
angle shrinks, the probability of a point fall in the element angle would go
down. However, the resolution of angle has no influence on the analysis
of alignment. The original micro CT figure of E10A2C10 before and after
quenching were plotted in figure 6.12(c,d) respectively where different
colors were mapped with ¢, the angle between the through plane
direction and the corresponding CFs. The hot color reveals a big ¢ while

the cold color reveals small one.
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Figure 6.12. Alignment analysis of fillers in composites. (a) Schematic of ® which was
the angle between CF and through-plane direction. (b) Dispersion of CF in different ®
ranges. (c) Micro-CT of CF as filler in composites E10A2C7- annealed. (d) Micro-CT of

CF as filler in composites E10A2C10-annealed.
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6.5 Evaluation of mechanical property

Mechanical properties were evaluated in this subchapter. First, the
stress-strain curves of representative samples were showed in figure
6.13. From the comparation between stress-strain curves, it can be seen
that with the appearance of PAA and CF, the breaking elongation was
immediately promoted. This is attributed to the PAA network which can
effectively influence the crystal of PEG. As discussed, the PAA network
can convert the spherical crystal of PEG into small pieces. Compressing
the crystal size is a general method to promote the plasticity of material.
This phenomenon is explained in polymer physics. Meanwhile, it can be
clearly seen that with the rise of CF concentration, the material was

enhanced.
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Figure 6.13. The stress-strain curve for the samples. (b) The photo of the custom-made
equipment used in the test.

Table 6.3. The mechanical property of samples

Young modulus  elongation at Tensile
(MPa) break (%) Strength (MPa)
PEG 1.13 0.97 0.46
E10A2 0.09 5.26 0.21
E10A2C5 0.97 5.02 0.58
E10A2C10 1.02 4.89 0.73
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Figure 6.14. The photo of the custom-made equipment used in the test.

Mechanical properties at high temperature especially beyond the milting
temperature is essential for PCM in application. It was evaluated using
custom-made instruments whose photo was shown in figure 6.14.
Combine pressure sensor and reciprocating device. The stroke
displacement of the reciprocator is 16 mm, and the maximum distance
between the sensor and reciprocator is 40 mm. The sample was made
into a cylinder with a diameter of 30 mm and a height of 40 mm, and then
mounted in the gap between the sensor and the reciprocator. During the
experiment, a heat gun was used to keep the temperature of samples
between 60-70 °C. Using a reciprocator, the sample is pressed down and
released, as shown in figure 6.14. Pressure sensors recorded pressure
data in 500 pressure cycles. E10A2 and E10A2C3 were evaluated in the
experiment. Figure 6.15 shows the results. In 500 pressure cycles, both
samples show good mechanical stability. The pressure detected during

depressing and releasing barely dropped. By comparing the force data
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of E10A2 and E10A2C3, it can be determined that the compression
modulus above the melting point temperature increases when CF is
added. To make the data clear, the curves in first and last 10 cycles

compressing was magnified and shown in figure 6.15(b,c).
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Figure 6.15. The force data obtained during 500 compression cycles. (a) the survey
image of the force curve during 500 compressing cycles (b) The force data measured
during the first ten compressing cycles. (e) The force data measured during the last ten

compressing cycles.

To visualize the differences in thermal management ability of materials,
PEG, E10A2 and E10A2C10 samples were molded into lion shapes and
heated in 80 oC oven, and then compared with each other. The initial
photo at t = 0 min is shown in figure 6.16. After heated 30 min, pure PEG
molded lions cannot maintain their structure and the surface details
disappeared. After two hours, only liquid PEG is left. E10A2 retains the
outline of the lion, but because the sample is soft, the lion cannot stand

on its own. The softness of E10A2 at high temperature is proved in the



compressing experiment. For E10A2C10, because CF strengthen the
composite at high temperature, the lion can still maintain its shape at 80°C

during the whole experiment.

E10A2 E10A2C10

0 min

o
~~

30 min

Figure 6.16. The molded lions made of PEG, E10A2 and E10A2C10 heated at 80 oC

for different durations. The photos were taken at 0, 30 and 120 min, respectively.

The application of PCM is carried out. Place the E10A2 and E10A2C7
boards on the core of a dual-CPU server, replacing the standard radiator.
The picture of the device is shown in figure 6.17. E10A2C7 is coated on
core 1 and E10A2 is coated on core 2. Fluke infrared camera was used
to monitor and record the temperature of the two cores during the power-

on process (figure 6.17 (b)). The infrared images were shown in figure

141
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6.17(c). As can be seen from the temperature of the infrared image, the
temperature of nucleus 1 is lower than that of nucleus 2. During this
process, the maximum temperatures of the first and second cores at 95
s are 66 and 73 °C, respectively. The difference in temperature results
from the difference in thermal conductivity of the two materials. When the
temperature is around 60 °C, the heat can be stored as latent heat, which
inhibits the temperature rise of the two cores. Once the temperature
exceeds the melting temperature, the temperature of core 2 rises rapidly
in the absence of phase change materials. In figure 6.17(b), when the
temperature exceeds the melting temperature of the sample, the
temperature of core 1 rises more slowly than that of core 2, which is due

to the filling of high thermal conductivity filler.
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Figure 6.17. An application of PCM samples (a) The Server CPU cores with heat sinks
replaced by E10A2C7 and E10A2. (b) Temperature of the cores during a power on

process. (c) Infrared images of server cores following power on process.

6.6 Conclusion

In conclusion, a kind of composite material with good thermal conductivity,
temperature stability and shape stability were prepared. The increase in
CF load results in an increase in thermal conductivity. When CF loading

is 10 g, the thermal conductivity of the composite is 23.1 W m? Kt and
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guenched at -24 °C. Under the same conditions, the latent heat of phase
change matrix is 62.0 J g*. The sample proposed in this study has better
thermal conductivity and comparable latent heat compared to the thermal
PCM as reference material. In addition to their excellent thermal
management properties, their mechanical properties, including shape
stability, were also studied. The addition of PAA improves ductility at the
expense of Young's modulus. The addition of CF can restore the modulus

to the level of PEG sample while maintaining good ductility.

An exciting concept was developed in this work to use PCM instead of
ice as template alignment filler, providing a practical route to simplify the
process and introduce new features. SEM and Micro-CT results
confirmed the arrangement of fillers. Due to the importance of anisotropic
filler materials in composites, it is reasonable to expect that this method
can be used to successfully customize the thermal and mechanical

properties of composites in the future.
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Chapter 7. Conclusion and Future
Work

Milled carbon fiber is a general used filler for constructing thermal
conducting composites. The focus of this thesis is on constructing CF
thermal management composites with high thermal conductivity in a
specific direction with the assistance of mechanical methods. Besides the
high thermal conductivity, different mechanical properties were studied to

adapt the composites to a different application.
7.1 Contributions of the thesis

The major contributions of this thesis are:

® Studied the morphology, the alignment of change of carbon fiber
under pressure and stress.

® Constructing carbon fiber composites with high thermal conductivity
along specific direction.

® Analyze the relationship between the alignment and thermal
conductivity with finite element analysis.

® Constructing practical phase change composite with high thermal

conductivity.
7.2 Investigation conclusion

7.21 Stress inducing CF orientation enhanced thermal

conductivity of epoxy composite

The waste heat is now a hinder to the development of integrated
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semiconductor devices because of its negative influence on performance,
service life and stability of the electronic system. Lot solutions have been
proposed based on novel thermal conductivity materials. In this study,
carbon fibers used as fillers can extremely enhance the thermal
conductivity of epoxy composites. Carbon fibers possess an intrinsic
thermal conductivity reaching up to 900 W m-' K-" along the axial direction,
while in the radial direction, that value dives to below 20 W m™ K.
Because of the anisotropic thermal conductivity, the orientation of carbon

fibers is supposed to facilitate the thermal conduction of composite.

High thermal conductivity epoxy resin composites were prepared by
stress - induced orientation method. Compared with the existing one-
dimensional filled composites, the thermal conductivity of s-CF/epoxy
resin reaches 32.6W m-' K-' under the condition of 46% CF filling. A new
record 14,650% increase in thermal conductivity was reported. The main
reason for this high value is that the orientation of the carbon fibers along
the through-plane direction and the direct connection network between
the carbon fibers establish an effective thermal path. In addition, the
influence of the orientation of carbon fibers on thermal conductivity was
confirmed by finite analysis and micro-CT statistics. Because the stress
orientation is compatible with the standard industrial process, this method
has obvious advantages and great potential in the development of high
thermal conductivity composites by constructing filler frames and has a

wide application prospect.

It is worth pointing out that in this chapter, we set up a mathematical
model preliminary to analyze the alignment of one-dimensional fillers by

transferring the dispersion of filler to the dispersion of the end. The
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propounded formula, especially the formula describing random

dispersion of fillers, can be found throughout the thesis.

7.2.2 Synergistic effect of CF and graphite under stress

constructing TIM with low thermal resistance

Thus far, we know that stress can help to align anisotropic filler and
explain why the method may make more contributions to two-
dimensional fillers. The method was applied to the alignment of graphite.
By aligning graphite with the entire plane, TIM achieved a bulk thermal
conductivity of 34 W m™ K1, 18,607% higher than that of pure silicon.
While this value is attractive, the thermal contact resistance is still too
high to be used as TIM because its rough surface makes effective thermal
coupling challenging. A 3D profilometer was introduced to prove the
hypothesis that the gap between the graphite flakes caused the surface
roughness. When CF is used to fill the void, the thermal resistance can
be reduced at the expense of the thermal conductivity of the body, making
the interface smooth. When graphite ratio CF = 1, the thermal resistance
can be reduced to about 2.1 x 10* K m? W-" under the action of 30 psi at
80 °C, but the thermal conductivity is mostly slightly reduced to 14.3 W
m-1 K-1. The resulting TIM sample has obvious advantages in applications
requiring sufficient softness, proper compressibility and strong heat

conduction.

Then the coupling agent was applied in the synthesis of the thermal
management composite. With the assistance of a coupling agent, the
thermal resistance of the TIM is suppressed to 1.8 x 10* K m? W-' while
the thermal conductivity is promoted to 19.1 W m" K-'. The phenomenon

was explained by the enhancement of interaction between thermal
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conductive filler and matrix.

We analyzed the thermal conductivity using finite element analysis as in
the previous chapters. Using a random number generator, we can
generate the coordinate and rotation angle of random dispersed CFs in
the composite. What should be carefully treated if one wants to use the
method is pointed out. The first is to avoid the overlap of fillers. To avoid
the overlap, the distance between segments should be calculated. If the
value is smaller than the diameter, the CF can be retained. The second
is the calculation of the thermal conductivity tensor. The default position
of CF is along the z-axis, in which direction thermal conductivity is 900 W
m' K-1. With the rotation of filler, the best thermal conductive direction
rotates to a new direction, which causes the change of thermal

conductivity tensor in the universal coordinate system.

7.2.3 The achievement of metal-level thermal conductivity by

aligning CFs with the help of stretching medium

A Lamian heuristic method for constructing metal grade heat-conducting
CF composites is presented. Due to the orientation and bridging effect of
the thermal conductivity filler, the thermal conductivity of the composites
is 110 W m' K-', the density is 1.4 g cm3, and the density is 7.4 ppm K-
CTE. The alignment filling here is achieved by mixing with a viscoelastic
medium which is stretched over several cycles. Due to the stretching of
the medium, the carbon fiber is arranged along the stretching direction
so that the advantages of carbon fiber as a thermal conductivity material
are better utilized. The collimation degree of the collimating mechanism
was studied by means of SEM and micro-CT (Micro-CT), and the

mathematical model of the collimating mechanism was established. Then,
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the medium or slurry is graphitized and the carbon fibers are bridged to
form a thermal conductivity network and enhance the heat exchange
between the fibers. Notably, the resulting carbon structure has a
significant effect on thermal conductivity, which was analyzed using
molecular dynamics simulations. The structural transformation of carbon
during graphitization was confirmed by TEM and Raman spectroscopy.
The composites synthesized by this method have excellent thermal and
mechanical properties and have broad application prospects in electronic

packaging technology.

In this chapter, the mathematical model was proposed to describe the
alignment of a one-dimensional filler during the stretching of the medium.
Furthermore, based on the model, thermal conductivity change during
the stretching can be analyzed. According to the model, before the strain
goes beyond 102 %, the thermal conductivity increases sharply. And after
the threshold value, thermal conductivity stabilizes at a specific value
which may be related to the thermal conductivity of filler, interaction
between filler and matrix and the special structure. This result matches

the measurement result and so gets proved.
tan 6,

)] (7.1)

6y = 1 (7.2)

kstretch

= ¢ - cos[arctan(
kcr

At a smaller scale, to describe the influence of carbon structure transform,
LAMMPS package was introduced to perform molecular dynamic
analysis. According to the analysis, graphitization can substantially
promote the thermal conductivity because of the transformation of the

carbon structure.
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7.2.4 Thermal management material with high thermal

conductivity and phase change latent heat

A kind of composite material with good thermal conductivity, stable
temperature and stable shape was prepared. The increased CF load
increases the thermal conductivity. When CF loading is 10 g, the thermal
conductivity of the composite is 23.1 W m-" K-' and quenched at -24 °C.
Under the same conditions, the latent heat of the phase change matrix is
62.0 J g-1. Compared with thermal phase change materials as reference
materials, the samples proposed in this study have better thermal
conductivity and comparable latent heat. In addition to their excellent
thermal management properties, their mechanical properties, including
shape stability, were also studied. The addition of PAA increased ductility
but decreased Young's modulus. The addition of CF can restore the

modulus to the level of the PEG sample while maintaining good ductility.

Meanwhile, an exciting concept was developed to use PCM instead of
ice as template alignment padding, providing a practical route to simplify
the process and introduce new features. SEM and micro-CT results
confirm the packing arrangement. Due to the importance of anisotropic
filling materials in composites, it is expected that this method can be
successfully used to customize the thermal and mechanical properties of

composites.

7.3 Potential future work

With the development of electronic equipment, the requirement for
thermal management material with higher thermal conductivity and
specific mechanical properties will become more urgent. In conjunction

with the increasing desire for a solution to waste heat in various
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applications, there remain many challenges and opportunities for the
future improvement in novel and functional thermal management
composite with higher thermal conductivity. In all strategies, mechanical
assisted alignment of fillers is proved a promising one. This project would

benefit from the further studies:

There are some assumptions we made in the thesis need more direct
evidence to support. For example, in chapter 3, it is said that the
attachment of carbon fiber can enhance the thermal exchange between
them. This assumption is common in this field, although it is short of
experimental evidence. Limited by measurement method, we followed
the assumption and deeply hope the following researcher can get more
evidence. Another example is the form of thermal conductivity. The
statement we made in chapter 2 said that the thermal conductivity should
be expressed as a tensor, however limited by measurement method we
focus on the through plane component which is a scalar. In the future,
with the development of measurement, hope we can measure the

thermal conductivity tensor and more details can be studied.

It is hard to study all parameters and influences in one thesis. There are
some parameters may be optimized. For example, in chapter 6, we used
PEG with 2000 molecular weight ignoring the influence of molecular
weight on thermal conductivity. In the future, experiments can be done to
investigate the relationship between thermal conductivity and the
molecular weight. And in some chapters, we evaluated the mechanical
properties using hardness, depress cycles. Besides them, stress-strain
curve is a good choose which can give modulus, elongation at breaking

and yield strength. In the future, hope we can get the curve to refine the
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work.

Besides carbon fibers, there are some other thermal conductive fillers
including carbon nanotube, boron nitride nanotube. Although, this thesis
majorly focuses on the alignment of carbon fiber, the methods posted in
the thesis maybe also applicable on these fillers. In the future, it worth to

investigate the potential of these methods on aligning other 1D materials.

As introduced, the thermal conductivity of anisotropic thermal conductive
filler should be expressed as a tensor. In our study, once the composited
solidified, the thermal conductive tensor becomes constant. However,
during the operation of the electronic system, the tasks shouldered by
elements are flexible, which causes the position of the heat source during
the process to fluctuate. To exploit the full potential of the thermal
conductive fillers, a more intellective material which can rotate the fillers
toward the heat source during the operation was supposed. Hopefully,
the structure optimization of intellective material can be achieved without
manual intervention. As a result, measured thermal conductivity may not

change, but the usage of filler and heat transport will be more efficient.

Another possible development direction is combining the attitude
adjustment of filler and molecular simultaneously. The mechanical
method was proved effective in the alignment of polymer molecular
chains in the past few years. And we have proved the feasibility of
aligning fillers with a mechanical method. It is reasonable to believe that
the alignment of carbon fibers and polymers chain can be achieved
simultaneously. It is worth expecting the coupling effect of the two

materials on thermal conduction.
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As this study considered only the basic property of composites, the
specific design and processing requirements in material substitution have
to assess in more detailed feasibility studies. On specific electronic
equipment, including details such as ageing properties in special
environment (anti-oxygenation, Thermal ageing property, corrosion
resistance, etc.), environmental-friendly performance (recyclability,
toxicity, etc.), special limitation on the material (limited space, restrictions
on mass, etc.) and processing performance (fluidity, etc.) should be
considered for realistic application. In Chapter 6, we have tried to endow
the composite with phase change function, although there are lot details
can be polished to refine the work. For example, more samples should
have been placed on the server CPU cores so that we can get more
details in the comparation between samples. In the future, hope we will

have chance to refine the works.

Considering applications of thermal management materials, not
restricted to electronic equipment, future research could evaluate in more
detail for wide applications of thermal management materials, such as
aerospace, architecture and sporting industries. Vary strategies may be
applied to adjusting composite structure to harvest diversiform functions
and higher thermal conductivity so that the materials can adapt to the

flexible application.
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Appendix A

No_cross_lines_and_donot_cross plane.m

A=[];%%The array of first end of CF

B=[l;

C=[;

QX=[];;%%The array of second end of CF
QY=IJ;

QZ=[];

NX=[];%%The array of direction vector of CF
NY=[];

NZ=[];

AA=[];%%The array of Thermal conductivity tensor in universal
coordinate system

AB=];

AC=T];

BB=];

BC=[;

CC=[l;

L=5;%%Length of CFs
SIZE=10;%Simulation box size
D=0.2;%%Diameter of CF
k=1;%%Counter

Tcx=10;
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Tcy=10;
Tcz=900;

%% This part of code is to generate the coordinate and the
rotation angle of CFs. Meanwhile, the CFs are confirmed not
overlap.
for r=1:100000

mark=1;

a=rand*SIZE;

b=rand*SIZE;

c=rand*SIZE;

nx=rand*2-1;

ny=rand*2-1;

nz=rand*2-1;

g=line_turnaround_2(nx,ny,nz,L);

if
((a+q(1)<SIZE)&&(a+q(1)>0))&&((b+q(2)<SIZE)&&(b+q(2)>0))&&(
(c+q(3)<SIZE)&&(c+q(3)>0)) &&((((q(2)+b<4.9)
&&(b<4.9))|[((q(2)+b>5.1) && (b>5.1)))
||distance_between_point_line([a,b,c],[a+q(1),b+q(2),c+q(3)],[5,5,5
])>5.5)

if length(A)==0
A(k)=a;
B(k)=b;
C(k)=c;
QX(k)=q(1);
QY (k)=q(2);



QZ(k)=a(3);
NX(K)=nx;
NY(K)=ny;
NZ(k)=nz;

RESULT=turn_around_Tc(nx,ny,nz,Tcx,Tcy,Tcz);%%Calculate
the thermal conductivity tensor in universal coordinate system.

AA(K)=RESULT(1);

AB(K)=RESULT(2);

AC(K)=RESULT(3);

BB(K)=RESULT(4);

BC(K)=RESULT(5);

CC(Kk)=RESULT(6);

continue

end

if length(A)~=0
for i=1:length(A);

QI=[A(i),B(i),.C)];
Q2=[A(i)+QX(i),B(I)+QY (i), C(i)+QZ(i)];
P1=[a,b,c];
P2=[a+q(1),b+q(2),c+q(3)];
d=distance_between_two_line(Q1,Q2,P1,P2);
if d<D

mark=0;

break
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end

end

if mark==1
k=k+1;
A(k)=a;
B(k)=b;
C(k)=c;
QX(k)=a(1);
QY(k)=a(2);
QZ(k)=a(3);
NX(K)=nx;
NY(k)=ny;
NZ(k)=nz;

RESULT=turn_around_Tc(nx,ny,nz,Tcx,Tcy,Tcz); %%Calculate
the thermal conductivity tensor in universal coordinate system.

AA(K)=RESULT(1);

AB(K)=RESULT(2);

AC(K)=RESULT(3);

BB(k)=RESULT(4);

BC(k)=RESULT(5);

CC(k)=RESULT(6);

end

end

end
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if k==85
break
end

end

Turn_around_Tc.m

function RESULT=turn_around_Tc(x,y,z,Tcx,Tcy,Tcz)
CosA=zeros(3);
coordinate=[x*z,y,x;y*z,-X,y;-X*x-y*y,0,z];
abs_coordinate=[1,0,0;0,1,0;0,0,1];
for i=1:3

for j=1:3

CosA(j,i)=dot(abs_coordinate(:,j),coordinate(:,i))/(norm(coordinate(
-, D)*norm(abs_coordinate(:,})));
end

end
M=[Tcx,0,0;0,Tcy,0;0,0,Tcz];

Tc=CosA*M*CosA.";
RESULT=[Tc(1,1),Tc(1,2),Tc(1,3),Tc(2,2),Tc(2,3),Tc(3,3)];
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Distance_between_point_line

function d=distance_between_point_line(pl,p2,point)

d = norm(cross(p2-pl,point-pl))/norm(p2-pl)%%Distance
between point and line
k=-sum((pl-point).*(p2-pl))/sum((p2-pl).*2)
0=[k*(p2(1)-p1(1))+p1(1),k*(p2(2)-p1(2))+p1(2),k*(p2(3)-
p1(3))+pl(3)]%%pedal of point on the line
res=(o-pl)/(p2-pl)
if res<0

d=sqrt(sum((p1-point).2))
end
if res>1

d=sqrt(sum((p2-point).”2))
end

end

distance_between_two_line

function d=distance_between_two_line(p1,p2,q1,92)

sl=p2-pl;%%Direction vector

s2=02-q1,

resl=((s1*s2")*((pl-ql)*s2")-(s2*s2")*((p1-

gl)*s1"))/((s1*s1)*(s2*s2")-(s1*s2")*(s1*s2")); %lamtal

res2=-((s1*s2")*((p1-q1)*s1’)-(s1*s1)*((p1-

gl)*s2"))/((s1*s1)*(s2*s2")-(s1*s2")*(s1*s2")); %lamta2

if(res1<=1&&res1>=0&&res2<=1&&res2>=0)
tmpl=pl+resl*si;
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tmp2=ql+res2*s2;

tmp=tmp1l-tmp2;

d=sqrt(tmp*tmp");

else

res3=(ql-pl)*s1'/(s1*sl’);

if (res3>=0&&res3<=1)
tmp=qg1-(pl+res3*sl);
d1=sqgrt(tmp*tmp");

else
d1=sqrt(min((q1-p1)*(al-pl)'.(al-p2)*(ql-p2)’));

end

res4=(q2-p1)*s1'/(sl1*sl’);

if (res4>=0&&res4<=1)
tmp=q2-(pl+res4*sl);
d2=sqgrt(tmp*tmp");

else
d2=sqrt(min((q2-p1)*(a2-p1)".(a2-p2)*(a2-p2)’));

end

res5=(pl-gql)*s2'/(s2*s2");

if (res5>=0&&res5<=1)
tmp=p1-(ql+res5*s2);
d3=sqgrt(tmp*tmp");

else
d3=sqrt(min((p1-q1)*(p1-q1)",(p1-92)*(p1-92)");

end

res6=(p2-gql)*s2'/(s2*s2");



if (res6>=0&&res6<=1)
tmp=p2-(ql+res6*s2);
d4=sqgrt(tmp*tmp");
else
d4=sqrt(min((p2-q1)*(p2-q1)",(p2-92)*(p2-92)));
end

d=min(min(d1,d2),min(d3,d4));

end

end
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Appendix B

In.NEMD

units metal
dimension 3
boundary p p p

atom_style full

variable T1 equal 300
variable DT1 equal 0.0001
variable DT equal 0.001
variable POWER equal 3

read_data multy.data

pair_style airebo 3.0

pair_coeff * * Jopt/data/sgxmI1/LAMMPS/multy-NEMD-freeze-AIREBO-
3/CH.airebo C

comm_modify cutoff 14.70
neigh_modify one 10000

region F1 block 0 5 INF INF INF INF
region F2 block 95 100 INF INF INF INF
region C block 5 95 INF INF INF INF
group F11 region F1

group F22 region F2

group CC region C

162



velocity CC create ${T1 12345
fix NVT all nvt temp ${T1 ${T1 1
velocity F11 zero linear

velocity F22 zero linear

fix F111 F11 setforce 0.0 0.0 0.0
fix F222 F22 setforce 0.0 0.0 0.0

timestep ${DT1}

thermo_style custom step temp press
thermo 1000

run 250000

unfix NVT
fix NVE all nve

region SOURCE block 5 15 INF INF INF INF
region SINK block 85 95 INF INF INF INF

fix HEAT_IN CC ehex 1 ${POWER region SOURCE
fix HEAT_OUT CC ehex 1 -${POWER} region SINK

compute KE all ke/atom
variable KB equal 8.625e-5

variable TEMP atom c_KE/1.5/${KB

timestep ${DT1}

compute BLOCKS all chunk/atom bin/1d x lower 0.02 units reduced
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dump 1 all xyz 5000 diamond.xyz
fix T_PROFILE all ave/chunk 10 1000 10000 BLOCKS v_TEMP file
temp.txt

run 5000000
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Appendix C Publications

M. Li, Z. Ali, X. Wei, L. Li, G. Song, X. Hou, H. Do, J. C. Greer, Z. Pan,
C.-T. Lin, N. Jiang and J. Yu, Compos. B. Eng., 2021, 208, 108599.

M. Li, L. Li, X. Hou, Y. Qin, G. Song, X. Wei, X. Kong, Z. Zhang, H.
Do, J. C. Greer, F. Han, T. Cai, W. Dai, C.-T. Lin, N. Jiang and J. Yu,
Compos. Sci. Technol., 2021, 212, 108883.

M. Li, L. Li, Y. Qin, X. Wei, X. Kong, Z. Zhang, S. Xiong, H. Do, J. C.
Greer, Z. Pan, T. Cai, W. Dai, C.-T. Lin, N. Jiang and J. Yu, J. Mater.
Chem.A, 2022, 10, 593-601.

M. Li, L. Li, Y. Chen, Y. Qin, X. Wei, X. Kong , Z. Zhang, S. Xiong, H.
Do, J. C. Greer, Z. Pan, X Shui, T. Cai, W. Dai, K. Nishimuraf, C. Lin,
N. Jiang, J. Yu, Compos Sci Technol, 2022, 228, 109677
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C.-T. Lin, N. Jiang and J. Yu, Compos. Commun., 2021, 23, 100596.
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