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ABSTRACT OF THE DISSERTATION

Thermal and Electrical Performance Control and Lifespan Progression of
Graphene-based Polymer Composites

by

Jacob S. Lewis

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, September 2020

Dr. Alexander Balandin, Chairperson

Power dissipation rates of modern semiconductor devices continually increases

year after year. Despite this, safe operating temperatures of these devices remain

moderately low, typically below 90 °C, after which point devices performance devi-

ates from design and lifespan significantly diminishes. As a result, ever-increasing

thermal dissipation capacity is required to achieve acceptable operating temper-

ature. Polymer composites are often applied between two imperfect surfaces to

replace air gaps and act as a better thermal bridge to facilitate heat flow between

solids or as chip encapsulants to protect from environmental contamination. In

each application, the overall thermal dissipation, and thus operating temperature,

can be improved by using more thermally conductive polymers. The thermal

conductivity of most polymers, certainly all of those in common general use in

industry are quite low, below 0.3 W/mK. It is a common tactic to composite the

polymers with other, highly thermally conductive materials to then raise the over-

all composite thermal conductivity. The extraordinary thermal conductivity of

graphene has prompted significant study into composites composed of it for these

applications. However, since graphene is also electrically conductive, composites
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filled to a sufficient level exhibit substantial electrical conductivity, which can be

problematic in the electronics industry. The composite may make immediate con-

tact or over the course of a realistic lifespan may make unavoidable, inadvertent

contact with active circuit elements resulting from migration phenomena, which

may threaten circuit stability depending on the composite’s electrical conductivity.

This dissertation research developed a methodology for the independent control of

thermal and electrical conductivity of graphene composites through hybridization

by finely controlling filler levels of graphene and electrically insulating hexagonal

boron nitride. Additionally, the lifespan performance of graphene polymer com-

posites was studied in a custom-built accelerated aging instrument which revealed

an unexpected enhancement of thermal conductivity in up to 500 power cycling

treatments. The improved performance was attributed to an increased coupling

between graphene and epoxy polymer resultant from increased cross-linking den-

sity, resulting in more firm contact and lower Kapitza resistance. The obtained

results are important for future thermal management technologies that leverage

the unique heat conduction properties of graphene.
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Chapter 1

Introduction

The development of the solid state transistor by Bardeen, Shockley, and Brattain

in 1947 revolutionized the world in ways that they almost assuredly could have

not imagined [1]. For instance, in the 2nd quarter of 2020 the seven largest com-

panies in the world by market capitalization were enterprises that either primarily

develop software or operate a primarily Internet-based service or commerce infras-

tructure. None of these companies could exist without powerful re-programmable

computing driven by . The development of this device soon sparked an unprece-

dentedly rapid and consistent progression of transistor surface densification that

resulted in a doubling of the number of transistors in semiconductor chips in two

years’ time, as famously observed by Gordon Moore, that has been the central

contributor to technological progress of the past half century. This incredible

surface densification is driven by the miniaturization of all circuit components,

principally the transistors themselves. Though the miniaturization improves in-

dividual transistor’s efficiency, the gains in efficiency do not in general offset the

circuit’s implementation of a greater number of total transistors, resulting in an

ever-increasing thermal design power for high-performance computing chips. Very

Large Scale Integration (VLSI) devices suffer from unintended behavior alterations
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at high temperature caused by factors such as hot carrier degradation and bias

temperature instability [2–4]. Semiconductor devices also experience a reduced

lifespan resultant from continual use at high operating temperatures. High power

GaN amplifiers’ duration of lifespan is strongly by the temperatures at which it

operates [5].

The scale of VLSI waste heat is monumental and often not fully intuitively

grasped even by researchers in the field. Figure 1.1 shows VLSI products’ average

and “hot spot” heat density with other well-known objects and devices for compar-

ison [6–8]. The low operating temperature of VLSI products relative to the other

considered objects shows how phenomenally these devices’ heat sink solutions per-

form. The fact that the planet Mercury receives a bit over 1/100 of the power

density from the sun that a modern central processing unit produces but has a

daytime temperature roughly six times that of the latter’s operating temperature

shows the order-of-magnitude superiority of its engineered dissipation solution to

the former’s radiative cooling.

It is a common practice in industry to place a heat-producing component in

contact with an element whose sole purpose is to exchange the developed heat with

the environment, cooling down the heat-producing component in the process [9].

For larger machinery, this heat exchanging element is often a radiator that places

a fluid in close contact with a heat-producing component such as an internal

combustion engine where it will absorb some of the generated heat and then it is

moved to a thin, hollow mesh structure so passing air can quickly cool the heated

fluid, which will finally return to the heat-producing component forming a heat-

exchanging loop. Though this system is very effective at removing large sums

of generated heat, they are in general bulky, complex, and expensive solutions

that require substantial chassis volume and very large total energies to justify

2



Figure 1.1: Areal heat density of enclosing surfaces and planar surfaces of different
objects and devices with their corresponding temperatures. The ratio of the areal
heat density to the operating temperature gives an idea as to the relative ability
of each object to shed heat. VLSI devices’ high heat density and relatively low
operating temperature show the quality of the heat sink solution used.

implementation. This fact renders radiator-style heat solutions impractical for

most semiconductor-reliant products, though solutions of this type are employed

by enthusiasts.

Most devices with a central processing unit or similar VLSI chips are cooled

via an intimate contact with a metallic heat sink, allowing the direct conduction of

heat between the two surfaces then diffusion throughout. Additionally, depending

on various factors chiefly being the thermal design power of the chip, there is often

a fan to force a flow of air through the heat sink’s designed fins, known as active

cooling. This method of waste-heat removal is both easier to apply on a smaller

scale and is a much simpler system than those involving radiators. However, due to
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limitations in polishing at the solid surface interfaces, the total fraction of the two

surfaces that make direct contact with one another is negligible [10]. This results in

the presence of a catastrophically disadvantageous thermal insulation between any

two solid surfaces caused by trapped air. It has long been the primary strategy of

industry to alleviate this problem by introducing a typically viscous liquid between

the two mated surfaces to take the place of air in the inevitable gaps between

surfaces. Though these liquids often are much less thermally conductive than the

metals of either opposing surface, they are dramatically more conductive than the

interstitial air that it replaces, greatly reducing the overall thermal resistance from

the heat generator to drain. These materials are often referred to as non-curing

Thermal Interface Materials (TIMs).

Figure 1.2 (top) shows an interface of two solid surfaces with air gaps between

the surface protrusions making contact. Because a very small portion of the two

surfaces are making contact, the total heat flow between the heat-producing sur-

face and heat-diffusing surface is quite low, resulting in a large temperature dif-

ference between the two materials. In Figure 1.2 (below), a junction with a TIM

applied replaces the air gaps with substantially more thermally conductive mate-

rial [9]. Doing this decreases the corresponding temperature difference between

the surfaces, qualitatively represented by closer colors, as one would expect for a

decrease in thermal resistance.

Though the surface thermal contact resistance is lowered through the inclusion

of TIMs, there remains great room for progress in these materials because they

typically have thermal conductivities of 0.5 to 7.0 W/mK, while the materials at

either side of the junction are often as high as 400 W/mK [11, 12]. The ultimate

goal of TIMs is to achieve a nearly nonexistent thermal interface resistance between

any two solid surfaces. The expression for thermal interface resistance is below:
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Figure 1.2: Schematic showing a thermal interface without paste (top) and a
thermal interface with TIM with a resultant increase of heat flow between hot
and cold surfaces, with a closer color profile to illustrate better thermal coupling
between the two surfaces (bottom).

Rth =
BLT

K
+RC1 +RC2 (1.1)

Where BLT is known as the Bond Line Thickness and is the average thickness

of the TIM layer, K is the thermal conductivity of the TIM material, RC1 is the

contact resistance between the TIM and a surface of interest, and finally RC2 is

the contact resistance of the other surface and TIM. Due to TIM materials’ ef-

fectiveness of conforming well to imperfect surfaces outpaces its intrinsic thermal

conductivity performance at most applicable thicknesses, the majority of the ther-

mal resistance at the surface mating comes from the quotient of the BLT and the

thermal conductivity of the TIM.
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It is a very common strategy to decrease the overall thermal interface resis-

tance by focusing on increasing the thermal conductivity of TIMs. Frequently,

researchers pursue this by filling base polymers with highly conductive fillers such

as copper particles, colloidal silver, carbon nanotubes, few-layer graphene, Boron

Nitride, Al2O3, microscopic diamonds, and many others in order to improve the

overall thermal performance of the polymeric composite [13–24]. Each type of filler

endows the composite composed of it with alterations in the eminently salient pa-

rameters of thermal and electrical conductivity, heat capacity, coefficient of ther-

mal expansion, and viscosity. Not only is the intrinsic material parameters of

both polymer matrix and filler of importance, but the morphology of the fillers

can substantially alter the way it interacts within the matrix.

In much the same manner of non-curing TIMs, there is great interest in curing

TIMs that has many similar challenges and property considerations. Thermoset-

ting plastics are often used in the encapsulation of chips in an integrated circuit to

protect it from environmental contaminants such as moisture and dust. Some such

chips encapsulated in this manner are high power and thus high heat-producing,

making improvements to the thermal conductivity of encapsulating material desir-

able to decrease the operating temperature for a given rate of heat production [25].

Figure 1.3a shows a typical dual in-line package with a poorly thermally conduc-

tive encapsulant restricting radiative and convective heat flow from its surface

due to the fact that heat struggles to permeate the polymer. In contrast, Fig-

ure 1.3b shows the same package with a more thermally conductive polymer that

allows better heat penetration and a broader region of elevated temperature and

greater maximum temperature reached. Due to the fact that these encapsulating

TIMs make direct contact with active circuit components, it is often crucial that

TIMs in this application remain electrically insulating. This, however, can prove

6



Figure 1.3: a) Dual in-line package a low thermal conductivity encapsulating poly-
mer that does not spread heat well within itself, resulting in hotter chip operating
temperatures. b) The same package with relatively higher thermal conductivity
polymer that easier spreads heat to the edges and then into the environment by
convection, radiation, and conduction through device electrical leads. High heat
devices of this type are also often accompanied by a heat sink.

challenging because the majority of the high-performing filler materials are also

electrically conductive. Curing TIMs are also frequently studied as an analog for

non-curing TIMs due to its relative ease of study and comparability.

To date, TIM composites prepared with mixtures of single-layer and few-layer

graphene have proven to be the most effective in curing polymer matrix-based

TIMs, primarily due to the extraordinarily high intrinsic thermal conductivity of

graphene [26–30]. Works on these composite materials have demonstrated thermal

conductivities up to≈12 W/mK, compared to up to 5 W/mK for commercial TIMs

at very high load levels of up to 80 vol. % [31]. Furthermore, this performance

has proven to be stable, even with a report of improved performance, over the

course of a realistic composite lifespan [32].

There has been considerable research into TIMs of multiple filler materials

[19,23,33–48]. Figure 1.4 shows common strategies for using multiple fillers to form
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a hybrid composite as well as the approach employed in the present dissertation

research [42, 49–51]. In the case of thermal conductivity, pairing a larger and

smaller filler particle can result in an enhancement in thermal conductivity that

is greater than just using the same fraction of either individual particle size. This

fact can be explained by increases of packing density and the ability of the smaller

particles to fit between the larger particles, both of which can lead to less large-filler

agglomeration, offering another mechanism of composite enhancement. Indeed, in

ideal circumstances the smaller particle may make direct contact between two

large fillers, thus creating a microscopic percolation region. If this microscopic

percolation region occurs inside of the polymer composite with a great enough

density, large pathways of low thermal resistance forms and the overall thermal

conductivity of the composite rises precipitously, the point at which the composite

is said to have reached the percolation threshold [30].

It was hypothesized that switching to fillers of comparable form factors and

varying the constituent concentrations of each filler in a composite would allow

for fine-tuning the electrical conductivity of the composites [52]. Previous works

focused on achieving thermal but not electrical percolation in graphene and h-BN

hybrid composites either did not report the geometries of all fillers used or did

use dramatically disparate filler sizes and reported the extraordinary and immedi-

ate inhibition of electrical conductivity [53, 54]. Because the h-BN geometry was

spheres of approximately 120 nanometers in diameter, the particle size is well be-

low the phonon mean free path, significantly hindering the thermal conductivity

contribution of this primary heat carrier of h-BN [55]. If larger h-BN particles were

used, one could still control the electrical conductivity of the composites, perhaps

with even greater control, and reach a higher maximum thermal conductivity en-

hancement due to the lack of h-BN phonon inhibition that should be present in
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Figure 1.4: Schematic figure of common binary (hybrid) composite filler strate-
gies. a) quasi 1-D materials and another spherical filler b) different-sized spherical
fillers. c) quasi-2D flake geometry filler and a much smaller spherical filler of a
dissimilar material d) quasi-2D flake geometry filler and a much smaller spherical
filler the same material e) hybrid composite of focus in this dissertation, with ma-
jority graphene and minority h-BN of comparable geometry. f) similar to panel e,
with majority h-BN and minority graphene. Reprinted with permission from the
publication J. S. Lewis, Z. Barani, A. S. Magana, F. Kargar, and A. A. Balandin,
“Thermal and electrical conductivity control in hybrid composites with graphene
and boron nitride fillers” Materials Research Express, vol. 6, no. 8, p. 085325,
May 2019. Copyright © Institute of Physics.
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prior works.

1.1 Basics of Crystalline Thermal Transport

Crystalline materials conduct heat primarily through the passage of atomic lattice

vibrations – phonons – and electrons, the sum of whose contributions to thermal

conductivity equals the material’s total thermal conductivity; that is KT = Ke +

Kp, where KT is the total thermal conductivity while Ke and Kp correspond

to the electron and phonon contributions to thermal conductivity, respectively

[56]. In metals with many electrons existing in a free electron gas, the electrical

contribution to overall thermal conductivity is dominant. In the case of solid

elemental copper, as little as 2% of KT comes from Kp. Ke can be calculated

directly from measurement of the electrical conductivity in accordance with the

Wiedemann-Franz law:

Ke

σT
=
π2k2B
3e2

(1.2)

where σ is the electrical conductivity, T is temperature, kB is the Boltzmann

constant, and e is the fundamental charge [57, 58]. The thermal conductivity

contribution of phonons is

Kp =
∑
j

∫
Cj(ω)v2j (ω)τj(ω)dω (1.3)

where j corresponds to each salient phonon branch, one longitudinal acoustic and

two transverse acoustics, v is the phonon group velocity, and τ is the phonon re-

laxation time, C is the heat capacity, and ω is the frequency, which each branch

parameter is a function of [56]. In much the same way that d = vt from classical

mechanics, the phonon mean-free path is related to the group velocity and relax-
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ation time by Λ = vτ . When the dimensions of a crystal grain or nanomaterial is

much larger than the mean-free path then the thermal transport is diffusive and

phonons have the distance to undergo multiple scattering events prior to reaching

the physical boundaries of the material. If in addition, the material is without

impurities or other forms of defects, the phonons are scattered entirely by other

phonons resultant from anharmonicity – that is cubic and higher order terms in

the potential energy of ion core position – leading to a particular crystal’s charac-

teristic intrinsic lattice thermal conductivity, limited solely by Umklapp scatter-

ing [59]. In this situation, maximal thermal transport for a given material can be

achieved. Should the physical dimensions of a material drop below the acoustic

phonon mean-free path, its transport is described as ballistic and its ability to

transport heat is more strongly inhibited by boundary scattering [56]. Scattering

from boundaries serves to increase the phonon scattering rate, 1/τB, as

1

τB
=

v(1− p)
D(1 + p)

(1.4)

where D is the overall size of the nano-scale material or the grain size and p is the

specularity parameter that is a probability between zero and unity of scattering at

the boundary. When p = 1, that is to say that phonons are always neatly reflected

from a surface, the thermal conductivity is not diminished by interactions at the

boundary. As the surface is increasingly roughened at the appropriate scale the

thermal conductivity is reduced. When p→ 0 in intrinsically thermally conductive

materials, the lattice thermal conductivity behaves as Kp = CvD. Due to the

realistic requirements of polymer composite preparation, special care should be

given to the lateral dimensions and surface roughness of filler materials whose

heat is primarily carried by phonons. A similar mechanism governs Ke for metallic

materials, however the electron mean-free path is much smaller on the order of
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tens of nanometers and thus boundary scattering is much less of a concern in

metallic fillers at currently mass-producible sizes [60].
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Chapter 2

Materials

2.1 Classic Filler Materials

The TIM field employs many different materials and shapes that span orders of

magnitude of both intrinsic and realized thermal conductivities. As previously

covered, the physical dimensions of the used material can also alter the filler’s

actualized thermal conductivity through boundary scattering and confinement-

mediated changes in the lattice heat capacity resultant from altered phonon den-

sity of states [1].

Much research has been conducted into metallic fillers, particularly copper and

silver, in a TIM [2–6]. These fillers are moderately to highly thermally conductive

– up to ≈400 W/mK, unavoidably highly electrically conductive – above 1,000

S/cm, and it is easy to form different microscopic shapes with. However, working

with ever-decreasing sizes of the material increases its surface area and oxidation

rate, leading to challenges in the preparation of composites [7]. Figure 2.1a shows

the material properties of potential and popular filler materials, while Figure 2.1b

shows that which one could expect of resulting composites using those fillers in

a random orientation. Table 1 shows many obtained thermal conductivities of
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composites that researchers have achieved [8].1

Table 2.1: TIM Thermal Conductivity Table. RA, CPA, and IPA correspond
to random alignment, cross-plane alignment, and in-plane alignment of fillers,
respectively. Fillers that are described as scaffolded were attached to a larger,
potentically sacrificed network prior to the introduction to a polymer.

Base Polymer Filler Cross-
plane TC
(W/mK)

Measurement
Method

Refs.

Misc. Fillers

PDMS None 0.2 ASTM D5470 [9]
Polyolefin None 0.3 LFA [10]
Epoxy None 0.2-0.22 LFA [11,12]
Olefin Oil None 0.145 THW [13]
Mineral Oil None 0.27-0.3 ASTM D5470 [14,15]
Epoxy None 0.17-0.22 LFA [16–18]
Silver Epoxy None 1.67 TPS [19]
Paraffin None 0.25 TPS [20]
Aerogel None 0.18 LFA [21]
Lauric Acid None 0.215 THW [22]
Polyamide None 0.196 LFA [23]
1-tetradecanol None 0.32 TPS [3]
Commercial
TIM

Undisclosed 0.52-5.8 ASTM D5470, LFA [14, 24,
25]

Commercial
TIM

added h-BN 2 wt. %/6 wt.
%

0.56/.64 ASTM D5470 [25]

Epoxy AlN 60/74 vol.% 3.8/8.2 ASTM D5470 simi-
lar

[26]

Epoxy h-BN 43.6 vol.% 3.46 LFA [27]
Epoxy h-BN 2.9 vol.%/45 vol.% 0.32/5.5 TPS, LFA [16]
Epoxy h-BN 15 vol.% (CPA) 6.1 TPS [28]
Epoxy h-BN 44 vol.% 9.0 LFA [29]
Epoxy h-BN 34 vol.% 4.4 LFA [30]
Epoxy h-BN 30 wt. % 0.6 LFA [31]
Epoxy h-BN 40 vol.% (CPA) 5.5 LFA [32]
Epoxy h-BN 20 vol.% 1.2 LFA [33]
Epoxy h-BN 50 vol.% (Function-

alized)
9.81 LFA [34]

Epoxy AlN 50 vol.% 1.21 TPS [35]
Epoxy Silica 50 vol. % 0.58 ASTM E1530 [36]
Epoxy SiC 72 wt. % (Functional-

ized)
5.75 LFA [37]

Polyimide h-BN 7 wt. % 3 LFA [38]
Polyimide h-BN 60 wt. % 7.0 TPS [39]

1This table is adapted from J. S. Lewis, T. Perrier, Z. Barani, F. Kargar, and A. A. Balandin,
“Review of graphene-based thermal polymer nanocomposites: Current state of the art and future
prospects,” 2020. [Online]. Available: https://arxiv.org/abs/2008.10752.
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Polyimide h-BN 60 wt. % 5.4 TWA [40]
Polyimide h-BN 30 wt. % 0.72 LFA [41]
PBT h-BN 70 vol.% (Function-

alized)
11 LFA [42]

PMMA h-BN 80 wt. % (Function-
alized)

10.2 LFA [42]

PCL h-BN 20 wt. % 1.96 LFA [43]
PVA h-BN 30 wt. % 4.41 LFA [44]
PVA h-BN 10 wt. % (Function-

alized)
5.4 LFA [45]

1-tetradecanol Ag nanowires 11.8 vol. % 1.46 TPS [3]
Silicone Oil ZnO nanoparticles 18.7

vol. %
0.44 TPS [46]

Silicone Oil Zno Columns 18.7 vol. % 0.55 TPS [46]
Silicone Oil ZnO Czech hedgehog

structure 18.7 vol. %
0.83 TPS [46]

Resin SiC 25 wt. % 1.28 Unique Method [47]

Non-Graphene Carbon
Fillers

Epoxy Small Graphite 4 wt.
%/13 wt. %/20 wt. %

0.22/0.65/4.3 LFA [12]

Epoxy Large Graphite 4 wt.
%/13 wt. %/20 wt. %

0.87/2.95/4.3 LFA [12]

Epoxy CF 20 wt. % (non-
heated/heated)

0.35/3.75 LFA [12]

Epoxy Graphite 10 wt. % 0.5 LFA [48]
Epoxy MWCNT 20 wt. % 0.4 LFA [49]
Epoxy Graphite nanoplatelet

(non/functionalized) 10
wt. %

0.65/1.75 LFA [37]

Epoxy Graphite 5.4 vol.% (thick-
nesses 60 nm/30 nm/4 nm)

1.1/1.35/1.43 ASTM C518 [11]

Epoxy Graphite Nanoplatelet 14
wt. %

0.73 ASTM D5470 [50]

Silicone Oil Graphite Nanoplatelet 14
wt. %

0.5 ASTM D5470 [50]

Hatcol 2372 Graphite Nanoplatelet 14
wt. %

0.48 ASTM D5470 [50]

Epoxy SWCNT 1 wt. % 0.49 ASTM D5470 simi-
lar

[51]

Epoxy Graphite 44.3 wt. % 1.7 TPS [52]
Oil MWCNT 1 vol.% 0.36 THW [13]
CPE SWCNT 50 wt. % 1.6 TDTR [53]
Silver Epoxy CB 5 vol.% 2 TPS [19]

Graphene Fillers

Epoxy GnP 20 wt. % 1.5 LFA [49]
Epoxy Graphene 10 vol.% 5.1 LFA [24]
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Epoxy Graphene 11.4 vol.%/43.6
vol.%

1.9/8.0 LFA [27]

Epoxy Graphene 2.7 vol.%/44.6
vol.%

0.49/11.4 LFA [16]

Epoxy Graphene 55 wt. %
(Thicknesses 3 nm/ 12 nm)

3.3/8 LFA [54]

Epoxy Graphene 1 wt. %
(RA/CPA)

0.2/0.35 LFA [55]

Epoxy GnP 2 wt. % (Functional-
ized)

0.52 LFA [56]

Epoxy Graphene 10 wt. % (Func-
tionalized)

1.53 LFA [48]

Epoxy rGO 2 wt. % 0.24 LFA [17]
Epoxy Graphene 1 wt. %

(RA/CPA/IPA)
0.4/0.57/0.25 LFA [18]

Epoxy Graphene 0.92 vol.%
(CPA)

2.13 LFA [57]

Epoxy Graphene 10 wt. % 0.67 LFA [58]
Epoxy Graphene 30 wt. % 4.9 LFA [59]
Epoxy Graphene 10 vol. % 3.35 LFA [60]
Epoxy GnP 8 wt. % 1.18 LFA [61]
Epoxy GnP 10 wt. % 6.5 LFA [62]
Epoxy Graphene alone/with

PMMA 1 wt. %
0.6/1.4 ASTM D5470 simi-

lar
[63]

Epoxy Graphene 5/10 vol.% 2.8/3.9 ASTM D5470 simi-
lar

[64]

Epoxy GnP 25 vol. % 6.75 ASTM C518 [11]
Epoxy Graphene 24 vol.% 12.4 DSC [65]
Epoxy Graphene 10.1 wt. % 4.0 TPS [52]
Polyamide rGO wt. % 0.416 LFA [23]
Polyamide rGO 5 wt. % (Functional-

ized)
0.41 [66]

Polyamide rGO 8 wt. %
(non/Functionalized)

3.34/5.1 TPS [67]

Polyurethane rGO 1.04 wt. % 0.8 LFA [68]
Polyimide Graphene 12 wt. % 0.41 LFA [69]
Cellulose rGO 30 wt. % (IPA) 0.07 LFA [70]
Mineral Oil Graphene 10 wt. %/20 wt.

%/40 wt. %
3.1/4.8/6.7 ASTM D5470 [14]

Mineral Oil Graphene 27% vol % 7.1 ASTM D5470 [15]
Silver Epoxy Graphene 1 vol.%/5 vol.% 4.0/9.9 TPS [19]
Paraffin Graphene 0.5 wt. %/1 wt.

%/20 wt. %
10/15/45 TPS [20]

Commercial
TIM

Added Graphene 2 wt.
%/4 wt. %/6 wt. %

0.7/0.75/0.8 ASTM D5470 [25]

Commercial
TIM

Added Graphene 2 vol.% 14 LFA [24]

Polystyrene Graphene 20 wt. % 0.48 LFA [71]
Aerogel rGO 20 vol.% 2.64 LFA [21]
PDMS Graphene 0.5 wt. % (Scaf-

folded)
0.4 ASTM D5470 [9]

Polyolefin Graphene 10 wt. % 5.6 LFA [10]
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Eicosane Graphene 10 wt. % 2.0 TPS [72]
Lauric Acid GnP 1 vol.% 0.49 THW [22]
Methyl Vinyl
Silicone

rGO 1.5 wt. % 2.7 LFA [73]

PVDF rGO 0.25 wt. % 2.35 LFA [74]

Hybrid Fillers

Epoxy Graphene 21.8 vol.%, h-
BN 21.8 vol.%

6.5 LFA [27]

Epoxy GnP 40 wt. %, Cu-NP 35
wt. %

13.5 LFA [7]

Epoxy MWCNT grown on GnP
20 wt. %

2.4 LFA [49]

Epoxy AlN nanowires 30 vol.%,
AlN spheres 30 vol.%

5.23 LFA [75]

Epoxy BN nanowires 12.8 vol.%,
BN spheres 30 vol.%

3.6 LFA [76]

Epoxy Al2O3-attached GnP 12
wt. %

1.49 LFA [77]

Epoxy Ag-attached h-BN 25.1
vol.%

3.1 LFA [78]

Epoxy Graphene oxide 49.6 wt.
%, MWCNT 0.4 wt. %

4.4 LFA [79]

Epoxy h-BN, SiC 40 vol.% total
(CPA)

5.77 LFA [80]

Epoxy h-BN, rGO 13.2 wt. % to-
tal (CPA)

5.1 LFA [81]

Epoxy MWCNT 5 wt. %, SiC 55
wt. %

6.8 LFA [82]

Epoxy AlN 40.9 wt. %, Al2O3

17.5 wt. %
3.4 LFA [83]

Epoxy rGO 20 wt. %, Graphene
10 wt. % (Scaffolded)

6.7 LFA [84]

Epoxy AlN 25 vol.%, MWCNT 1
vol.%

1.21 TPS [35]

Epoxy Graphene oxide 6 wt. %,
AlN 50 wt. %

2.77 TPS [85]

Epoxy MWCNT 4 wt. %, AlN 25
wt. %

1 TPS [86]

Epoxy MWCNT 15 wt. %, Cu 40
wt. %

0.6 TPS [87]

Epoxy Graphene 0.9 wt. %,
MWCNT 0.1 wt. %

0.3 TPS [88]

Epoxy Silica-coated AlN 50 vol.
%

1.96 ASTM E1530 [36]

Epoxy Graphene 16 vol.%, h-BN
1 vol.%

4.72 DSC [65]

Epoxy Ag nanowires 4 vol.%,
Al2O3 15 wt. %

1.08 TPS similar [6]

Epoxy Graphene 1.5 wt%, MgO
30 wt. %

0.51 ASTM D5470 simi-
lar

[89]
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Epoxy MgO-coated Graphene 7
wt. %

0.4 ASTM C518 [90]

Epoxy Al2O3 30 wt. %, rGO 0.3
wt. %

0.33 ASTM E1461 [91]

Epoxy Graphene oxide-
encapsulated h-BN 40
wt. %

2.2 ASTM D5470 [92]

Polyimide h-BN (µm scale) 21 wt. %
h-BN (nm scale) 9 wt. %

1.2 TPS [93]

Polyimide BN-coated Cu Nanoparti-
cles, Nanowires 10 wt. %
total

4.3 TPS [94]

Polyimide BN 50 wt. %, Graphene 1
wt. %

2.11 ASTM D5470 [95]

Polyamide Graphene 20 wt. %, h-BN
1.5 wt. %

1.76 LFA [71]

Polyamide Graphene oxide 6.8 wt. %,
h-BN 1.6 wt. %

0.9 LFA [96]

Polycarbonate GnP 18 wt. %, MWCNT 2
wt. %

1.39 TPS [97]

PDMS Graphene (Scaffolded), CB
2 wt. %/8 wt. %

0.41//0.7 ASTM D5470 [9]

PPS h-BN (µm scale) 40 wt. %,
h-BN (nm scale) 20 wt. %

2.64 TPS [98]

PPS h-BN 50 wt. %, MWCNT
1 wt. %

1.74 TPS similar [99]

PVA Graphene, MWCNT each
Ag-attached 20 vol.% total

12.3 LFA [100]

Polystyrene GnP 20 wt. %, h-BN 1.5
wt. %

0.66 LFA [71]

PVDF GnP 5 wt. %, Nickel 8 wt.
%

0.66 LFA [101]

Cyanate Ester Graphene 5 wt. %, iron-
nickel alloy 15 wt. %

4.1 TPS [102]

Polylactic
acid

Alumina 70 wt. %,
graphene 1 wt. %

2.4 TPS [103]

Similarly, considerable attention has been paid to ceramic filler materials [26,

46, 75, 104–108]. The span of electrical and thermal conductivities of this class

of filler materials is wider than that of metals; the electrical conductivity span is

many orders of magnitude greater than in metals. The large dynamic range of

ceramic filler electrical conductivity is very much influenced by impurity doping,

much the same as classic elemental semiconductors [109].

The carbon allotropes offer the highest thermal conductivities of materials that

are feasibly usable as fillers. Though the electrical conductivity of sp2-hybridized
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Figure 2.1: a) Electrical and Thermal Conductivity plot of popular and potential
filler materials. b) The same plot with values that one could expect in composites
composed of some popular filler materials. This figure is adapted with permission
from J. S. Lewis, T. Perrier, Z. Barani, F. Kargar, and A. A. Balandin, “Review
of graphene-based thermal polymer nanocomposites: Current state of the art and
future prospects,” 2020. [Online]. Available: https://arxiv.org/abs/ 2008.10752.
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carbons can be nearly metallic, the lattice vibrational phonon thermal conduc-

tivity remains the dominant contributor due to the strong σ covalent bonds be-

tween them. The dominance of lattice thermal conduction in carbon materials can

clearly seen in the sp3-hybridized diamond that has strongly-insulating electrical

conductivity but with a thermal conductivity of ≈2,000 W/mK.

2.2 Graphene

Graphene is a material that has seen tremendous study in the past fifteen years

spurred on by the advent of mechanical exfoliation from graphite [110]. Graphene

in its strict definition is a single atomic plane of carbon bound together with sp2-

hybridized σ covalent bonds in a hexagonal structure. Figure 2.2 shows SEM,

Atomic Force Microscopy (AFM), and Scanning Tunneling Microscopy (STM)

micrographs of different graphene specimens [111]. It’s exciting properties include

a comparable stiffness to diamond, having a very high carrier mobility, a high

optical absorbance to thickness ratio predominantly governed by the out-of-plane

π bonds, an extraordinary thermal conductivity, and being made up of exceedingly

abundant carbon [112–116].

The material property of chief importance to the work at present is the thermal

conductivity of graphene. The thermal conductivity of graphene is between 2,000

- 5,300 W/mK, with a large influence on defects and scattering from contact to

other materials [115, 117–119]. Despite graphene’s high electrical conductivity,

its thermal transport mechanisms is quite the opposite to that of copper, with

less than 1% of KT coming from Ke, one estimate placing the contribution at 2

W/mK, corresponding to 0.1% at most of the contribution to KT [120]. The vast

majority of thermal conductivity in graphene is thus contributed to by phonons.

The graphene material used for in these works are commercially-sourced graphene
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Figure 2.2: a) SEM of multi-layer graphene flakes. b) Atomic Force Microscopy
micrograph of graphene flakes. c) Scanning Tunneling Microscopy micrograph
of bilayer graphene. Note that each image is of different specimens. Panel b is
adapted with permission from the publication J. I. Paredes, S. Villar-Rodil, P.
Solis-Fernandez, A. Martinez-Alonso, and J. M. D. Tascon, “Atomic Force and
Scanning Tunneling Microscopy Imaging of Graphene Nanosheets Derived from
Graphite Oxide,” Langmuir, vol. 25, pp. 5957–5968, May 2009. Copyright ©
American Chemical Society.

flakes derived from liquid-phase exfoliation that appears to the eye as a black,

fluffy powder [121]. In the forthcoming discussion regarding the study of hybrid

composites with graphene and h-BN, the used graphene (Graphene Supermarket)

had lateral dimensions between 2 and 8 µm with a thickness up to 12 nm. In the

following accelerated aging study, graphene (XG Sciences) of lateral dimensions

up to 15 µm with comparable thicknesses was used. Due to the larger graphene

flakes in the latter investigation providing longer pathways through composites,

one would expect larger composite thermal conductivities at identical filler load-

ing levels. It should be noted that due to the composite mixing procedures it is

expected that some additional exfoliation of the graphene will occur, resulting in a

thickness distribution spread approaching down to single-layer graphene [122]. It

should be noted that each source of graphene had lateral dimensions considerably

longer than the 775 nanometers of its phonon mean-free path at room temperature

(RT) [117].

The graphene flakes were incorporated into the polymer matrix as received

without any additional modification, such as surface functionalization. Researchers
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Figure 2.3: a) and b) Schematics of graphene with different areal densities of at-
tached linear hydrocarbons. b) Thermal Conductivity, K∗, of composites with
different areal densities, σ, of attached hydrocarbons. Reprinted with permission
from the publication M. Wang, D. Galpaya, Z. B. Lai, Y. Xu, and C. Yan, “Surface
functionalization on the thermal conductivity of graphene–polymer nanocompos-
ites,” International Journal of Smart and Nano Materials, vol. 5, no. 2, pp.
123–132, 2014. Published under the Creative Commons license by Taylor & Fran-
cis.

often functionalize the surface with an attached molecule or nanoparticle to pre-

vent agglomeration or enhance the thermal coupling between flake and polymer

matrix [123–127]. Figure 2.3a and 2.3b show schematics of graphene with attached

linear hydrocarbons at low and high areal density. In Figure 2.3c, the composite

thermal conductivity with varying areal densities is calculated via nonequilibrium

molecular dynamics simulations versus graphene lateral dimensions. Interestingly,

it is found that for smaller filler sizes – sizes at which heat must frequently move

from one filler to the next – the functionalization helps composite thermal con-

ductivity, while past ≈5 µm the non-functionalized graphene composite performs

better. Given the lateral dimensions of the graphene materials used, it is expected

that functionalization would at the very least not greatly improve composite ther-

mal conductivity, perhaps even harm it, while requiring extra processing steps.

The thermal conductivity of multi-layer graphene with increasing layers re-
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duces up to a thickness of ≈8 monolayers, at which point it stabilizes to that

of high-quality graphite at ≈2,000 W/mK while still maintaining its flexibil-

ity [128–130]. On the other hand, it has been widely-reported that contact between

single-layer graphene and a dissimilar substrate or other material results in a very

strong inhibition of thermal conductivity [131–133]. Due to graphene contact with

dissimilar materials causing a more aggressive reduction in thermal conductivity

than increasing thickness, and thus contact with itself, researchers have found that

using multiple layers of graphene can help insulate inner layers from other mate-

rials, suffering more modest reduction in thermal conductivity [134–137]. Due to

this fact, the use of multi-layer graphene should not be assumed to be inferior to

a composite that would be filled purely with single-layer graphene.

2.3 Hexagonal Boron Nitride

Hexagonal Boron Nitride (h-BN) is a single atomic plane material very much

analogous to graphene with a honeycomb structure [138]. h-BN has long seen use

as a dry lubricant – much like graphite – due to the fact that it is composed of

soft sheets that can easily slide atop one another, as illustrated in figure 2.4. The

material is a III-V compound with a large band gap of ≈5 eV [139]. h-BN has

a high experimental thermal conductivity of between 230 and 480 W/mK and

up to 1,000 W/mK when calculated from theory [140–146]. Unlike graphene’s

great thermal conductivity and electrical conductivity, the electrical conductivity

of h-BN is quite low, ranging from between 10−11 and 10−8 S/cm [27, 147, 148].

The high electrical resistivity of h-BN makes it an attractive option to control

composite electrical conductivity while still providing the highest possible thermal

conductivity [65,149].

The h-BN used in this dissertation was obtained from industry (US Research
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Figure 2.4: Schematic figure of two sheets of h-BN.

Nanomaterials, Inc.) and has similar dimensions to the graphene flakes used.

Macroscopically, the h-BN flakes appears as a white powder. No additional mod-

ifications were made to the h-BN flakes.

2.4 Polymer Matrix

The polymer matrix used in this research is diglycidyl ether of bisphenol-A (DGEBA)

resin (Allied High Tech Products, Inc.) with a Triethylenetetramine hardening

agent. This is a thermosetting epoxy that sees extensive industrial use for nu-

merous reasons, perhaps the greatest of which is its chemical resilience. Though

thermosetting polymers are not exclusively used in electronics packaging, they

do have preferential usage due to their thermal stability. Where a thermoplas-

tic can melt if an electronic device’s operating temperature is high enough, the

corresponding phase change of thermoplastics – known as the glass transition tem-

perature – results in far more modest property alterations compared to the direct

conversion to a liquid. The glass transition temperature was found to occur at

≈90 ◦C by differential scanning calorimetry (DSC), while similar studies reveal a
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glass transition at a close temperature of ≈100 ◦C [150, 151]. Figure 2.5 shows

the results of DSC experiments on the cured polymer with an sharp, continuous

increase of specific heat, characteristic of the glass transition, past 80 ◦C. Beyond

this temperature the mechanical rigidity and thermal transport properties will

diminish as it behaves more as a rubber [64, 152].

Figure 2.5: DSC experiment results showing a sharp increase in specific heat at
elevated temperatures. Inset image is of pure DGEBA epoxy. Reprinted with
permission from the publication J. S. Lewis, Z. Barani, A. S. Magana, F. Kargar,
and A. A. Balandin, “Thermal and electrical conductivity control in hybrid com-
posites with graphene and boron nitride fillers” Materials Research Express, vol.
6, no. 8, p. 085325, May 2019. Copyright © Institute of Physics.

This polymer matrix is considered a great analog for all polymers used in

practical applications as TIMs and as a result is extremely popular in this field of

research. All prepared DGEBA epoxies were cured at RT with a stoichiometric

ratio of 100:12, DGEBA resin to hardener. Composites were filled with graphene

and h-BN that were assumed to be inert, thus the stoichiometric ratio of resin and
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hardener were not altered with the inclusion of filler.

2.5 Composite Preparation

Figure 2.6: Schematic showing the revolution and rotation motion of a cup that
mixes its contents. Central image shows the machine used in this work.

The preparation procedure generally began with a roughly targeted value of

DGEBA resin that immediately underwent a quick – ≈ 2 minutes – rough vacuum

treatment. Given the amount of DGEBA resin, the requisite weights of filler

materials necessary; be it graphene, h-BN, or both and the hardening agent were

calculated, weighed, and dispersed into the mold that contained the resin. In

hybrid-filled composites, the graphene and h-BN fillers were separately mixed

together prior to inclusion into the resin. The mold with resin and fillers were

then mixed in a commercial 2-axis planetary mixer (FlackTek Inc., SpeedMixer™),

like shown in Figure 2.6. Composites with a high loading above ≈ 25 vol. %

required manually breaking agglomerations with tools to ensure quality mixing.
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Figure 2.7: Three samples of representative geometries. Hybrid composite samples
pictured from left to right: 00 vol. % of graphene and 43.6 vol. % of h-BN, 21.8
vol. % graphene and 21.8 vol. % of h-BN, and 43.6 vol. % of graphene and 00
vol. % of h-BN. The pictured composite samples are at end-of-process and thus
have some blemishes that wouldn’t normally be as striking.

Then the hardener was added and mixed as previously. The composites were cured

at RT over night under just enough pressure applied by a mechanical piston making

direct contact to the material to overcome the agglomeration surface tension and

achieve a uniform, singular composite. The pressure used for this varied based on

the filler loading level, but was always below 20 bars. No application of pressure

was necessary in composites of very low filler concentration, ≤ 10 vol. %.

Once the samples were cured they were then broken out of the mold and are

polished to the desired geometry of a one inch diameter cylinder at approximately

2 mm in thickness. This geometry is chosen specifically for compatibility with our

thermal analysis techniques. Figure 2.7 shows three representative, post-process

samples. Scratches atop the surface are an artifact of the polishing process.
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Chapter 3

Methods

3.1 Laser Flash Analysis

The Laser Flash Analysis (LFA) system is a transient thermal properties analysis

technique that directly measures the thermal diffusivity of a material with a known

thickness [1, 2]. It is a mature technique that has extensive adoption in the TIM

research field. The thermal conductivity of a sample can be determined from

the classic relationship K = ρCpα, where ρ is the volumetric mass density, Cp is

the specific heat, and α is the thermal diffusivity that can be directly measured

in LFA. Thus, the thermal conductivity can be determined with the addition of

two other experimental techniques, such as density via Archimedes’ Principle and

Differential Scanning Calorimetry, or by trivial rule of mixtures calculations.

Thermal diffusivity is the thermal parameter directly measured by the LFA

technique. This parameter is more challenging to intuitively understand compared

to the more popular thermal conductivity metric. Thermal diffusivity, α, is a

proportionality constant from the heat diffusion equation:

∂T

∂t
= α∇2T (3.1)
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where T is a temperature distribution function and t is time. α, a property of

the material of interest, sets the relation between how far a given temperature

gradient diffuses with advancing time. It is purely a response rate of the material

and alone provides no information about the amount of energy transmitted like

thermal conductivity.

The LFA technique works by shining a light source – in this case a Xenon flash

lamp – on the flat bottom surface of a sample of interest. Due to this, it is crucial

that the sample absorbs the incoming light at a very minute depth or be coated in

a material that does. As the light is absorbed on this surface it heats up, creating

a temperature gradient between it and the top surface. This produces a heat wave

traveling towards the cooler surface, as per the 2nd Law of Thermodynamics. At

the moment the heat wave reaches the opposing, top surface, it’s temperature rises.

As a typical black body radiates per Planck’s Law, as the temperature increases,

the amount of total radiated energy increases as does its spectrum blue-shift. The

LFA machine uses a low-bandgap, liquid nitrogen-cooled detector whose terminal

voltage difference increases with greater intensity of radiation of sufficient energy.

Figure 3.1 shows the equipment used in this study.

The theory of the LFA begins from Carslaw and Jaeger; the temperature over

time for an insulated solid of thickness L and initial temperature T (x, 0) is [1, 3]:

T (x, t) =
1

L

∫ L

0

T (x, 0)dx+
2

L

∞∑
n=1

exp

(
− n2π2αt

L2

)
× cos

(nπx
L

)∫ L

0

T (x, 0) cos
(nπx
L

)
dx (3.2)

where α is the thermal diffusivity of the sample typically in units of cm2/sec.

Flashing a lamp whose energy (H) is then homogeneously and instantaneously

absorbed at the surface located at x=0 within a depth of g gives the following

51



Figure 3.1: LFA 467 HyperFlash equipment by NETZSCH GmbH used in this
study.

temperatures at that moment:

T (x, 0) =
H

ρCg
for 0 < x < g (3.3)

T (x, 0) = 0 for g < x < L (3.4)

where ρ is the volumetric mass density in g/cm3 and C is the specific heat capacity

in cal/g◦C. Using these initial conditions, Equation 3.1 can be rewritten as follows:
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T (x, t) =
H

ρCL

[
1 + 2

∞∑
n=1

cos

(
nπx

L

sin(nπg/L)

nπg/L

)
× exp

(
−n2π2αt

L2

)]
(3.5)

Because g is a very small value for opaque samples and coatings, the small-

angle approximation may be made on Equation 3.5, resulting in the following

expression for the temperature at the rear surface of the sample.

T (L, t) =
H

ρCL

[
1 + 2

∞∑
n=1

(−1)n exp

(
−n2π2αt

L2

)]
(3.6)

Combining parameters into the new functions below:

V (L, t) =
T (L, t)

TM
(3.7)

ω =
π2αt

L2
(3.8)

alters equation 3.6 to:

V = 1 + 2
∞∑
n=1

(
− 1
)n

exp
(
− n2ω

)
(3.9)

Since the function of V is a ratio of the temperature at the back surface over time

to the maximum temperature reached, its value can never exceed unity. When V

reaches half of its maximum – 0.5 – ω has a value of 1.38 at that point. Plugging

this value in Equation 3.8 and rearranging yields the thermal diffusivity:

α =
1.38L2

π2t 1
2

(3.10)

When attaining the specific heat capacity or thermal conductivity via this tech-
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nique, the total amount of heat supplied to the sample must be known. The

specific heat capacity is shown below:

C =
H

ρLTM
(3.11)

and, finally, the thermal conductivity is:

K =
αH

LTM
= αρC (3.12)

3.2 Transient Plane Source

The Transient Plane Source (Hot Disk® TPS 3500) method determines thermal

properties of samples by passing a current through a sensor, shown in Figure 3.2a,

typically sandwiched between two identical samples of interest, schematically de-

picted in Figure 3.2b, then recording the temperature-dependent resistance of the

sensor over time [4]. The recorded resistance over time will be affected by the

thermal properties of the sample that surrounds the sensor. Specific experimental

parameters such as the time of recording and total output power must be care-

fully selected based on the sample size and expected thermal properties for both

experimental accuracy and instrument safety. For instance, should too great of an

electrical current be passed through the coil the sample under analysis may not

be able to cool the sensor fast enough, resulting in the sensor burning itself out.

The resistance of the sensor at any time is given by the following expression [4]:

R(t) = R0

[
1 + γ∆T (τ)

]
(3.13)

where R0 is the resistance of the element at equilibrium, γ is the temperature

coefficient that relates the temperature to resistance, and ∆T (τ) is the mean of
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a) b)

Figure 3.2: a) Picture of a Transient Plane Source sensor with yellow Kapton en-
casing. b) Schematic of this sensor between material of interest for analysis. Note
that this schematic exaggerates the size of the sensor to the sample dimensions.

the time-dependent temperature increase. The parameter τ is defined as:

τ =

√
tα

a2
(3.14)

where α is the thermal diffusivity and a is the radius of the sensor [4]. Rearranging

Equation 3.13 results in:

∆T (τ) = ∆Tave(τ) + ∆Ti =
R(t)/R0 − 1

γ
(3.15)

where ∆Ti is the temperature difference between the sensor and adjacent sample

surfaces and is primarily determined by quality of thermal contact between the

two. Figure 3.3 represents ∆Ti with a typical measurement’s temperature curve

in which the temperature of the sample always lags behind the temperature of the

sensor.

The average temperature change is directly obtained from Carslaw and Jaegar

[3]:

∆T (τ) =
P0Ds(τ)

π3/2aK
(3.16)
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Figure 3.3: Plot of the temperature behaviors of the sensor (green) and the sample
surface (purple) over time with the difference shaded blue. Note that soon after
the beginning of an experiment there is a larger, unrepresentative temperature
difference between the two that stabilizes as the experiment progresses in time.

where P0 is the total dissipated power, K is the thermal conductivity, and Ds(τ)

is a time-dependent function constructed for the circular sensor geometry with m

number of rings, expressed below:

Ds(τ) =
1[

m
(
m+ 1

)]2 ∫ τ

0

σ−2

[
m∑
l=1

l
m∑
k=1

k exp

(
− l2 + k2

4m2σ2

)(
lk

2m2σ2

)
I0

]
dσ

(3.17)

where I0 is a modified Bessel function. Plotting the experimental temperature

increase versus Ds(τ) results in a line whose slope m is of course [5]:
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m =
P0

π3/2aK
(3.18)

With all other parameters in Equation 3.18 known, the thermal conductivity is

then determined.

3.3 Archimedes’ Principle Density

Density must be measured accurately in order to calculate the thermal conduc-

tivity with the LFA method. This method determines the density of a sample

by comparison of its measured weight in and out of water, i.e. with and without

a considerable volume-dependent buoyancy force contributing to readings. The

equipment made by Mettler Toledo Inc. is shown in Figure 3.4.

The density of a sample is determined with measurements of weight in and out

of water and calculated with the following equation

ρ =
Wa

Wa −Wl

(
ρl − ρa

)
+ ρa (3.19)

where Wa is the sample’s measured weight in gas, atmospheric pressure air in these

instances; Wl is the measured weight in liquid, de-ionized water in these instances;

ρl is the volumetric mass density of the liquid; and ρa is the same density metric

of the gas used.

3.4 Specific Heat Capacity Calculations

The specific heat capacities of composites were determined via calculation from

the Maxwell-Garnett effective medium approximation, often called the Kopp-

Neumann rule when applied to composite specific heat capacities [6, 7].
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Figure 3.4: Density measuring scale based on the comparison of sample weight
while in and out of water. Reprinted with permission from the publication J.
S. Lewis, Z. Barani, A. S. Magana, F. Kargar, and A. A. Balandin, “Thermal
and electrical conductivity control in hybrid composites with graphene and boron
nitride fillers” Materials Research Express, vol. 6, no. 8, p. 085325, May 2019.
Copyright © Institute of Physics.

CT =
N∑
i=1

Cifi (3.20)

where the total composite specific heat, CT , is a sum of the products of each

constituent component’s specific heat and the volume fraction that they comprise.

The sum of fi alone is unity for all complete composites.

Specific heats for the materials discussed in the previous chapter used in these

calculations came both from literature and DSC experiments. The specific heat of

graphite from RT, at which point it is 0.72 J/gK, to 125 ◦C was used in place of
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graphene because deviation between the two only occurs below 100 K, a temper-

ature range far below typical interest in these composite materials [8–11]. h-BN

has a specific heat of 0.807 J/gK at RT [12]. For cured DGEBA epoxy, the specific

heat capacity up to 125 ◦C was experimentally measured with DSC. Using these

values, final composite specific heats were calculated.
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Chapter 4

Graphene and h-BN hybrid

composites

4.1 Motivation

There is considerable interest in polymer composites with as high of possible ther-

mal conductivity with controlled electrical conductivity [1–5]. This is primarily

due to the fact that curing, encapsulating TIMs make direct contact with active

circuit elements in semiconductor products. Similarly, non-curing TIMs are fit

between junctions in which thermal expansion and contractions tend to “pump”

TIM out of the junction over usage, which can lead to spilling onto active circuit

elements. The focus of this work is attaining tunable improvement of thermal and

electrical conductivity [6]. The majority of high thermal conductivity materials

– sp2 carbons and metals – inevitably produce electrically conductive composites

with their inclusion. The separate control of these two parameters is achieved with

selective hybridization between graphene and h-BN filler materials. The samples

prepared have been made at several constant filler loading fractions: 11.4 vol. %,

18.1 vol. %, 25.5 vol. %, and 43.6 vol. %. Within each of these total filler loading
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fractions the constituency of graphene and h-BN is varied to determine the con-

tributions of each individual filler to the overall composite electrical and thermal

conductivity. Importantly, the morphology of the graphene and h-BN used were

intentionally similar. This decision has important implications on widely-reported

hybrid-filled synergistic thermal conductivity enhancement – when the use of two

fillers results in higher thermal conductivity than either single filler at identical

total load level – because this research provides contrapositive empirical evidence

to either verify or subvert the importance of morphology on the mechanism of

synergy [7–21].

4.2 Raman Spectra

Raman experiments were conducted to confirm the presence of the expected ma-

terials in the composites and are presented in Figure 4.1. Characteristic D, G,

D’, and 2D peaks all irrefutably prove the inclusion of graphene in the compos-

ite. Due to the use of 633 nanometer laser excitation and the graphene D peak’s

dependence on excitation energy, it appears in this study at approximately 1335

cm−1 [22]. The existence of the h-BN E2g vibrational mode verifies its presence

in the composites [23]. Due to the high loading level of the composite studied,

very little interaction between laser and DGEBA polymer occurred, resulting in

little noticeable polymer peaks. However, at ≈1175 cm−1 some minute peaks are

present, which is consistent with literature on this polymer type [24,25].

4.3 SEM Analysis

Of principal importance for the improvement of thermal conductivity in a filled

composite is the contact, or at least close proximity, of neighboring filler particles.
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Figure 4.1: Raman spectra obtained from a composite composed of 21.8 vol. %
graphene and 21.8 vol. % h-BN. Blue-lettered peak assignments correspond to
graphene vibrations and the red-lettered peak assignment represents h-BN vibra-
tions. Reprinted with permission from the publication J. S. Lewis, Z. Barani, A.
S. Magana, F. Kargar, and A. A. Balandin, “Thermal and electrical conductivity
control in hybrid composites with graphene and boron nitride fillers” Materials
Research Express, vol. 6, no. 8, p. 085325, May 2019. Copyright © Institute of
Physics.

The ultimate goal in general TIM research is to replace the path that heat would

need to take in the highly insulating polymer matrix to primarily through the

highly conducting filler material. To get an understanding of how well the flakes

were dispersed in the prepared composite and how close they ended up in proximity

to one another, Scanning Electron Microscopy was used to visualize graphene and

h-BN dispersions. Figure 4.2 shows a custom software pseudo-colorized image of

fractured surface of a hybrid-filled sample at 12.7 vol. % each of graphene and

h-BN [26]. The flakes that appear more blue or green through the majority of its

breadth is graphene. The flakes that have more rigid edges and appear more pink

throughout their surface due to electrical charging are h-BN. The two flake types
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Figure 4.2: Pseudo-colorized SEM of a 20 wt. % graphene and 20 wt. % h-BN
sample with a 1 micron scale bar. Reprinted with permission from the publication
J. S. Lewis, Z. Barani, A. S. Magana, F. Kargar, and A. A. Balandin, “Thermal
and electrical conductivity control in hybrid composites with graphene and boron
nitride fillers” Materials Research Express, vol. 6, no. 8, p. 085325, May 2019.
Copyright © Institute of Physics.

being in close proximity to one another shows how they can both contribute to

thermal conductivity but due to h-BN’s poor electrical conductivity, still serve to

suppress the composite’s overall electrical conductivity. It appears, qualitatively

speaking in this image, that the h-BN flakes may even be serving to separate

adjacent graphene flakes, creating a potential mechanism for enhanced electrical

conductivity modulation.
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4.4 Sample Density

The densities of all lower filler concentration samples, presented in Figure 4.3 were

found to be quite uniform within an individual total filler concentration. In the

case of the very highly-filled samples, there is greater variance in the measured

density with a reducing trend for increasing constituent fraction of graphene due

to there being greater voids inside of the high graphene constituency composites

and bubble accumulation on the surface. As a result, the trend is an artificial

byproduct of experimental error in those samples. The density of the composites

increases with the increasing total vol. % because the density of the powders is

greater than that of the epoxy matrix. The densities of each filler is comparable

to one another, explaining the composite’s true density displaying a lack of a

dependence on altering constituent fractions at each total fraction data set.
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Figure 4.3: Measured densities of samples at each total vol. % shown in different
colors. An x-axis value of 0.00 corresponds to a sample that has 0% constituent
fraction of graphene and 100% constituent fraction of h-BN. The average value
for each individual total vol. % level is shown as a dashed line. Reprinted with
permission from the publication J. S. Lewis, Z. Barani, A. S. Magana, F. Kargar,
and A. A. Balandin, “Thermal and electrical conductivity control in hybrid com-
posites with graphene and boron nitride fillers” Materials Research Express, vol.
6, no. 8, p. 085325, May 2019. Copyright © Institute of Physics.

In the case of 43.6 vol. % total filler samples, the decrease in density at

increasing graphene constituency will be accounted for through error estimation

in the determination of thermal conductivity.
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4.5 Specific Heat Capacity

As discussed in section 3.4, the composite specific heat capacities were calculated

from the Kopp-Neumann Rule, which will then be used in the calculation of ther-

mal conductivity. The specific heat capacities for the pure epoxy determined by

Differential Scanning Calorimetry, h-BN, and graphene is 1.5 J/gK, .807 J/gK,

and 0.72 J/gK, respectively [27,28]. Figure 4.4 shows the calculated specific heat

capacities of the composites. Given that each filler material has a substantially

lower specific heat capacity than the DGEBA epoxy and graphene’s is slightly

below h-BN’s, increasing the total filler level greatly reduces and increasing con-

stituent fraction of graphene slighly reduces composite specific heat capacity.

Figure 4.4: Calculated heat capacities of TIM composites through the Effective
Medium Approximation.
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4.6 Thermal Diffusivity

Figure 4.5 shows the thermal diffusivity results from LFA experiments for the pre-

pared composites. As expected, the thermal diffusivity increases with more total

filler content as well as for samples with greater graphene constituency. Impor-

tantly, there is a nearly perfectly linear trend in samples of 43.6 vol. %. The 25.5

vol. % samples, on the other hand, have much greater data scatter; this is due

to the fact that these samples are close to the thermal percolation. Subsequent

composites analyzed at this filler loading level will result in a wide spread because

better and worse percolative networks will be achieved as a result of the random

mixing process.
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Figure 4.5: Thermal diffusivities of prepared composites directly measured by
LFA. Reprinted with permission from the publication J. S. Lewis, Z. Barani, A.
S. Magana, F. Kargar, and A. A. Balandin, “Thermal and electrical conductivity
control in hybrid composites with graphene and boron nitride fillers” Materials
Research Express, vol. 6, no. 8, p. 085325, May 2019. Copyright © Institute of
Physics.

4.7 Thermal Conductivity

The most popular metric for thermal transport in materials is thermal conduc-

tivity. The thermal conductivities of the prepared composites is product of data

found in Figures 4.3, 4.4, and 4.5. Figure 4.6 shows the thermal conductivity data

for the prepared epoxy composites.
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Figure 4.6: Thermal conductivities of samples at different total load fractions with
varying constituency of graphene and h-BN. Reprinted with permission from the
publication J. S. Lewis, Z. Barani, A. S. Magana, F. Kargar, and A. A. Balandin,
“Thermal and electrical conductivity control in hybrid composites with graphene
and boron nitride fillers” Materials Research Express, vol. 6, no. 8, p. 085325,
May 2019. Copyright © Institute of Physics.

In all instances higher filler loading levels had superior thermal conductivity

and, accounting for random data scatter, the total filler increasing the graphene

constituent fraction resulted in greater thermal conductivity performance. At a

total filler level of 43.6 vol. %, altering the filler loading from h-BN to graphene

changed the thermal conductivity from 3.46 to 8.2 W/mK. In the 43.6 vol. %

purely graphene-filled sample there is a clear failure to follow the monotonic trend

with altering constituent fraction. This is purely a result of the experimental error

in the measurement of the sample’s density. As a result the error bar is adjusted
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to accommodate the assuredly low estimate for the composite’s thermal conduc-

tivity. Despite works prior into binary filler composites often showing a synergistic

enhancement, no indication of such behavior was seen; the superior intrinsic ther-

mal conductivity of graphene over h-BN was always the dominant factor in the

composites. Because the two fillers used had comparable morphologies, the lack of

a discernible synergistic enhancement verifies that filler morphology must play a

role in synergistic behaviors. This demonstrates a very clear strategy for the con-

trol of thermal conductivity by altering both the total and constituency fraction

of composites.

4.8 Electrical Conductivity

Electrical conductivity measurements were conducted with a simple, yet popular

two-probe technique after painting opposing surfaces with silver paint and then

measuring the resistance through the sample [29,30]. Knowing the geometry of the

sample allows for the direct determination of electrical conductivity. This method

is superior in measurement of cross-plane electrical conductivity to the 4-probe

and Van der Pauw methods with these flattened cylinder sample shapes.

The inclusion of most carbon materials into the composites increases the elec-

trical conductivity, as has been widely reported [29–35]. However, only in very

high concentrations of h-BN do composites exhibit measurable electrical conduc-

tivity, consistent with what could be expected with known electrical conductivity

ranges of h-BN [36, 37]. In prior works that used both graphene and h-BN as

binary fillers, the small size of the h-BN filler relative to the graphene allowed it

to fit between graphene flakes and electrically isolate them [38, 39]. This led to

a dramatic decrease in electrical conductivity with a very remote concentration

of h-BN filler. The present results, shown in figure 4.7, verify that it is indeed a
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geometric effect that has such a large control on the overall electrical conductivity

of these composites. Furthermore, an effective means to finely control composite

electrical conductivity with graphene and h-BN is clearly presented. The range

of electrical conductivity exhibited is at least eleven orders of magnitude. Any

target electrical conductivity between 10−12 and 0.1 S/cm have been confirmed to

be plausible in these hybrid composites, specifically dependent on the total and

constituent fraction of the two materials.

Figure 4.7: Electrical conductivities of samples at different total load fractions
with varying constituency of graphene and h-BN. The red-shaded region shows
the experimental limitations, points in which are given the lowest possible reading,
not their true values. Reprinted with permission from the publication J. S. Lewis,
Z. Barani, A. S. Magana, F. Kargar, and A. A. Balandin, “Thermal and electrical
conductivity control in hybrid composites with graphene and boron nitride fillers”
Materials Research Express, vol. 6, no. 8, p. 085325, May 2019. Copyright ©
Institute of Physics.

73



4.9 Discussion

An impressive composite thermal conductivity of 8.2 W/mK was achieved in this

study. This value established an upper-bound of thermal conductivity in the min-

imally processed graphene and h-BN composites. Additional processing steps can

increase the total thermal conductivity of the composites further. Sacrificing some

composite thermal conductivity performance offers detailed control of the compos-

ite electrical conductivity, affected by both lowering the total filler level and the

constituent fraction from graphene to h-BN. The linear relationship of composite

thermal conductivity on constituent fraction alteration allows for easy prediction

of expected thermal conductivity for any different combination of hybrid filler

constituent fractions. Given the behaviors of thermal and electrical conductivity,

it is likely true that the widest range of electrical conductivity control with the

greatest possible thermal conductivity enhancement would occur in composites of

≈ 30 vol. % with a constituent ratio of ≈12% graphene.
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Chapter 5

Accelerated Aging TIM

Reliability

5.1 Motivation

The overall TIM research field is very active, with many publications a year in

different filler materials and polymer matrices [1].1 However, the vast majority

of these works never consider the performance of these materials over a realistic

lifespan. Along with the associated costs, one of the primary reasons polymeric

TIMs receive such preferential usage in industry is due to its lifespan performance

versus, for instance, metallic and pad TIMs. It is perceived by the current authors

to be a short-coming of TIM research that lifespan performance of novel TIMs is

so seldom considered, especially in graphene-based TIMs, likely borne from the

time commitment such a study would entail. TIMs are by their very nature ap-

plied in very difficult environments and need to maintain performance for as long

1This chapter, prior to section 5.4, is excerpted from J. S. Lewis, T. Perrier, Z. Barani,
F. Kargar, and A. A. Balandin, “Review of graphene-based thermal polymer nanocom-
posites: Current state of the art and future prospects,” 2020. [Online]. Available:
https://arxiv.org/abs/2008.10752.
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as possible, very often for the entire lifespan of the device. As the devices are

turned on and off, operated in humid environments, and exposed to environmen-

tal contaminants their intrinsic material characteristics can alter as well as the

morphology of the mating surface in which they are applied. Each of these alter-

ations can lead to catastrophic failure from cracking or being pumped out of the

junction as a result of the thermal expansions, contractions, and warping over the

course of high and low power device state fluctuations. Perhaps the largest factor

affecting the lifespan performance of TIMs in-junction is the coefficient of thermal

expansion mismatches between TIM and junction. The problems that can arise

can take the form of cracks, voids, or intrinsic denaturing of the TIM [2].

Though the fraction of published works that report lifespan performance to

total works published in polymeric TIMs is quite low, researchers have considered

this often overlooked aspect [2–5]. The literature on this matter, unfortunately, is

quite inconsistent likely due to the lack of a universal standard technique for reli-

ability and the likelihood that any developed standard technique would be unable

to provide predictive performance for every individual device application. There

are three classes of accelerated aging techniques that most of the experiments

conducted into TIM reliability can be categorized within: Elevated temperature

storage, temperature cycling, and power cycling [3].

Elevated temperature storage procedures hold a TIM typically in a junction

sandwich at a uniform elevated temperature for an extended period of time. Very

importantly, they may or may not employ a high humidity environment to simulate

important moisture interactions. The performance of TIMs in this test varies

greatly depending on the TIM and junction materials, showing both enhanced

and hindered performance over the course of treatment [6–13]. Likewise, a TIM

can either experience enhancement from humidity resultant from increased wetting
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or experience harm the adhesion ability of the polymer matrix [7, 14].The lack of

consistency in this type of procedure has numerous causes from differences in the

procedure, different materials, chemical degradation, and physical form changes.

More representative of realistic TIM conditions is the temperature cycling pro-

cedure. In this technique the TIM often inside of an overall junction are cyclically

placed in uniform high and low temperature environments. This procedure more

closely approximates real-world TIM conditions because of the fact that TIMs

operate at a wide range of temperatures. This procedure allows for multiple ther-

mal expansions and contractions to occur, which is an important parameter in

TIM pump out and cracking. The results in literature for this procedure are in-

consistent as well, with most non-curing TIMs performing better [10, 13, 15]. It

was observed previously that most of these instances of improvement were at-

tributed to a reduction of the BLT and increased wetting, each mechanism not a

contributing factor to cured TIMs [3].

Likely the most representative accelerated aging method is power cycling. In

this technique a TIM often with its accompanying junction are cyclically heated

from a localized source, resulting in a temperature gradient. This method captures

thermal expansion and contraction mechanisms experienced in TIM applications

the closest. Non-curing TIMs typically exhibit a reduction in performance between

20% and 60%, showing the superiority of this technique in reproducing real world

behavior [3]. Because the sample is being heated from one side, it is of greater

importance that one consider the rate of heating. If the heat were too high in

the localized spot that the heater is located then it would increase the effective

thermal expansion mismatch in either just the TIM or the entire TIM and junction

sandwich.
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Figure 5.1: SEM of a fractured surface of 5.4 vol. % graphene TIM. Due to
the relatively low graphene content, regions of substantial charging can be seen
due to the large amount of DGEBA present in the composite. Reprinted from
the publication Jacob S. Lewis, Timothy Perrier, Amirmahdi Mohammadzadeh,
Fariborz Kargar, and Alexander A. Balandin. Power cycling and reliability testing
of epoxy-based graphene thermal interface materials. C — Journal of Carbon
Research, 6(2), 2020. Published under the Creative Commons license by MDPI.

5.2 Accelerated Aging Treatment Procedure

This author worked on a power-cycled reliability study on graphene-filled epoxy

TIMs, without an adjoining junction [16]. A SEM micrograph of a fractured sur-

face of a 5.4 vol. % is shown in Figure 5.1. The decision to not examine the TIM

inside a junction sandwich stemmed from a desire to analyze the intrinsic thermal

conductivity lifespan performance and to simplify the procedure for reproducibil-

ity. A custom Nichrome wire heating loop between Kapton was fabricated to be

used as the localized heating element. As part of a control system, a Type-J ther-

mocouple was fixed to the back of the sample as a feedback to inform how much
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electrical power to supply the heating coil. In the Python programming language,

a calibration algorithm determined the amount of power that was needed to sup-

ply to the coil to achieve the desired temperature range without any assumptions

of material properties. It then ran unattended with intermittent re-calibration

events. The requisite power was determined by initially “over-powering” the el-

ement, that is to say to supply a power well beyond what was expected to be

necessary, to quickly heat the sample to the region of interest, then lowering the

power closer to an expected power that would achieve an operating temperature

of 120 ◦C. The sample was then held at that temperature for eight minutes to

determine the equilibrium temperature at that power. The difference between

the measured thermocouple temperature and that desired informed the heating

coil power steps to take, with larger differences justifying larger power steps in

subsequent calibration iterations. The end result of this procedure was a power

supply power level that would achieve the desired temperature. Figure 5.2 shows

a schematic of the power cycle treatment procedure. A small electronics fan was

additionally programmatically controlled to speed the cooling phase of the power

cycle. Figure 5.2c shows the plot of temperature over time provided natively by

the developed software. Each data point corresponds to a single temperature mea-

surement after thermal equilibrium, immediately after which the sample is cooled

or heated. The outlier points at ≈ 140 ◦C are an artifact of the calibration pro-

cedure. The sample is re-calibrated in case there are any unforeseen noteworthy

changes in the sample’s thermal properties and safety concerns.

5.3 Results

At specified power cycle counts, samples were removed from the power cycling

apparatus and were experimented with LFA to directly measure their thermal dif-
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Figure 5.2: Top: schematic of the power cycling procedure. The insulators, ther-
mocouple, sample, and heating coil were all fixed in position with light compres-
sion. a) shows an image of the samples pre-treatment and b) shows an image of
an example heating coil. c) Automatically-generated plot of temperature at end
of cycle step. The two levels correspond to individual measurements made at the
end of the high and low temperature phases. Reprinted from the publication J. S.
Lewis, T. Perrier, A. Mohammadzadeh, F. Kargar, and A. A. Balandin, “Power
cycling and reliability testing of epoxy-based graphene thermal interface materi-
als,” C — Journal of Carbon Research, vol. 6, no. 2, 2020. Published under the
Creative Commons license by MDPI.
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fusivity. The Figures 5.3a, 5.3b, shows the thermal diffusivities and conductivities

for pure epoxy, while 5.3c and 5.3d shows that of 5.4 vol. %, and 5.3e and 5.3f

shows that of 30 vol. % samples. For all samples and at all power cycle counts, the

thermal diffusivity reduced with increasing temperature. The initial RT diffusivi-

ties were 0.17, 1.25, and 4.6 mm2/s, in order of increasing load level. After each

sample’s cycling treatments, their RT thermal diffusivities reached 0.17, 1.57, and

5.40 mm2/s, in the same order, corresponding to a cycled percent enhancement of

0%, 25.6%, and 17.4%. Interestingly, a clear increase in thermal diffusivity can be

seen in loaded samples over the course of cycling. Though the pure epoxy sam-

ple does show modest improvement over the course of its cycling, it can only be

seen at elevated temperatures, whereas the loaded samples show a more marked

improvement at lower temperatures.

Using the classic definition of thermal conductivity, K = αρCp, LFA exper-

iments for α, Archimedes’ Principle experiments for ρ, and the Kopp-Neumann

rule for Cp, the TCs of the composites were determined. After power cycling, the

30 vol. % sample achieved a thermal conductivity of 9.3 W/mK at RT, plac-

ing the sample among the highest reported for graphene-enhanced TIMs at this

loading level [17, 18]. The pure epoxy sample did experience thermal conductiv-

ity enhancement only past 100 ◦C, with a modest enhancement of 7.7% at that

temperature, from 0.39 to ≈0.42 W/mK. However, the 5.4 vol. % and 30 vol.

% samples each improved substantially over the course of cycling, constituting

an improvement of 24.9% and 17.3%, respectively. The tendency for the thermal

conductivity of each composite to increase with temperature is primarily dictated

by the composites’ specific heat capacity behavior as temperature is varied.

In each sample and at all cycle counts, the thermal conductivity at 125 ◦C is

lower than at 100 ◦C. This is attributed to the fact that the glass transition tem-
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Figure 5.3: Panels on the left show thermal diffusivity and panels on the right
show TC. a) Pure epoxy samples b) 5.4 vol. % samples c) 30 vol. % samples.
Reprinted from the publication J. S. Lewis, T. Perrier, A. Mohammadzadeh, F.
Kargar, and A. A. Balandin, “Power cycling and reliability testing of epoxy-based
graphene thermal interface materials,” C — Journal of Carbon Research, vol. 6,
no. 2, 2020. Published under the Creative Commons license by MDPI.

perature of this material is at around 100 ◦C and thermal properties are known to

degrade in polymers beyond this temperature [19–21]. It has been reported previ-

ously that polymer glass transitions can be elevated with volumetric substitution

of inert materials, such as graphene [22, 23]. The appearance of a reduction in

performance at 125 ◦C indicates that any elevation of glass transition point must

be less than 25 ◦C in total. An increase of 30 ◦C was seen previously in a PMMA

polymer matrix with the inclusion of functionalized graphene. This suggests that

graphene does not greatly inhibit the epoxy’s cross-linking.

No sample’s performance decreased over the entire course of power cycling
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treatments. At low temperature, the pure epoxy sample’s thermal conductivity

performance remained largely unchanged. Interestingly, the samples loaded with

graphene, 5.4 vol. % and 30 vol. %, showed a consistent increase in performance

over the course of treatment. Due to the elimination of junction alterations as a

factor to influence the TIM performance, the obtained results effectively present

the intrinsic lifespan behavior of graphene TIMs in what should be a more re-

producible experiment due to its simplification. Should this study have been

conducted in a junction it is very possible that the performance over the course

of treatment would have decreased, as happened previously in a lifespan study of

silver-filled epoxies [24].

Khuu et al. conducted accelerated lifespan research into a pure epoxy TIM

that showed modest thermal resistance reductions of 8%, suggested to be caused by

increasing the level of epoxy cross-linking [11]. Our study on pure epoxy is mostly

in agreement with the previous results with only modest increases in thermal

conductivity – which would provide for a reduction in observed thermal resistance

– and negligible difference at temperatures below 100 ◦C. When graphene is added

to the epoxy, however, a clear increase in thermal conductivity at all temperatures

is observed over the course of power cycling, amounting to a percent enhancement

of 24.9% in 5.4 vol. % and 17.3% in 30 vol. %. Clearly from these results,

graphene must play an essential role in the intrinsic TIM performance over the

course of accelerated aging.

It was reasoned that the increased cross-linking mechanism for enhanced per-

formance proposed earlier could explain the large increase in graphene-epoxy TIMs

but only modest increase in pure epoxy TIMs. If the epoxy matrix is increasing

its level of cross-linking then it is swelling and simultaneously getting more and

more rigid, leading to tighter mechanical coupling between graphene and epoxy
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matrix [19]. This would lead to a lower Kapitza resistance between the two mate-

rials. As polymers are elevated in temperature the cross-linking rate can increase

and once that reaction has taken place, it is irreversible with respect to tempera-

ture. This can explain why the over the course of power cycling the performance

improves and why the improvement occurs even when tested at RT.

5.4 Simulated VLSI Device TIM Experiments

Using slight tweaks to the accelerated aging instrument designed for the accel-

erated aging studies, a separate functionality was derived that could determine

the equilibrium temperature of the heating element of Figure 5.2b when attached

to a heat sink with different TIMs. Better performing TIMs will result in lower

operating temperature of the heating coil, that acts as a more finely controllable

stand-in for a VLSI chip, for increasing rates of heat dissipation. The increased

thermal coupling that a superior TIM would provide between the coil and heat

sink would result in higher temperatures of the heat sink, leading to a faster rate

of heat dissipation into the environment, finally resulting in a lower coil temper-

ature. Figure 5.4 shows the stock Intel Corporation heat sink used in the study,

with the attached fan removed. This heat sink was chosen due to its ubiquity,

appropriate size, and thermal resistance.

The samples were fabricated by placing the to-be-cured TIM onto the coil,

the insertion of shims between heat sink and coil with a thickness of ≈0.45 mm,

then clamping the the stack together overnight until cured. Prior to experiment,

the electrical leads to the coil were connected to the programmable power supply

and the thermocouple was placed on the back of the heating coil with a thermally

insulating bulk polytetrafluoroethylene material on the bottom. To ensure contact

of all elements, the stack was lightly clamped together. It should be noted that
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Figure 5.4: Picture of an Intel Corporation heat sink used in these experiments.
Multiple identical models were purchased, cooling fans removed, visibly inspected
for defects, particularly at the mating surface, then attached to a coil with a TIM.

though there was a few millimeters of rubber material to thermally insulate the

C-clamp from the heat sink, during the experiment the clamp was observed to

be at a slightly elevated temperature. As a result, the clamp must be considered

somewhat a part of the heat sink assembly.

The controlling software issued a command to the power supply to pass a cur-

rent through the heating coil, Joule heating it in much the same manner as before.

The thermocouple was continuously read and logged. The temperature was con-

sidered stable when the most recent temperature recording was within 2%, 1%,

and 0.4% above or below the reading 30, 20, and 5 previously, respectively. When

this condition was met, the temperature was noted and the power supply current

was increased again. Figure 5.5a shows raw temperature readings over time with

visible derivative discontinuities resulting from a determined stable temperature

and the subsequent ramping of power supply current. In the inset figure, a mag-
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nified region is presented with a 2nd degree polynomial fit extrapolated forward

in time showing that the algorithm’s definition of a stable temperature negligi-

bly underestimated the true equilibrium temperature but saved substantial time

during the course of the experiment. The controlling software was designed to

increment to higher powers indefinitely, realistically confined by the capacity of

the equipment, and was shut off when a reading of 140 ◦C was recorded for both

safety and due to the fact that is beyond the temperature range of interest.

Figure 5.3b shows the determined stable temperatures for pure epoxy, 5 vol.

%, and 10 vol. %. Substantial improvement in the operating temperature was

observed for epoxy TIM that was loaded with graphene. At a heat dissipation

of 13 Watts, the operating temperature of the heating coil with pure epoxy used

as TIM to the heat sink was 118 ◦C while the clear trend established from data

collected with the 10 wt. % graphene-loaded sample show the coil would operate

at ≈ 95 ◦C. It is important to note that at the baseline measurement with the

coil off, and thus the data points at 0 Watts, the 10 wt. % graphene TIM coil

temperature is higher, which shows a higher RT during this experiment. Having

a higher relative RT would serve to vertically translate this data set up relative

to the others, hiding some of the performance improvement. The slight reduc-

tion of slope at higher rates of heat dissipation is an artifact of the controlling

software determining equilibrium through relative comparison to prior temper-

ature measurements. The very minor deviation from a linear behavior verifies

that the equilibrium-finding algorithm is fair, though not perfect, for the temper-

ature ranges considered. Further work into this project will in addition employ an

absolute comparison to previous recordings to address this.

An operating temperature of 100 ◦C at 14 Watts is not acceptable for the

VLSI industry that produce graphics processing products that can dissipate over
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a)

b)

Figure 5.5: a) Temperature measured from a thermocouple in contact with the
heating coil. Drastic jumps in temeprature are a result of a switch to higher coil
power. Inset figure shows a magnified region in which a 2nd degree polynomial is
fit and extrapolated forward in time. b) Stable temperature readings at different
rates of heat dissipation. Lower temperature readings for an individual amount of
heat corresponds to a superior TIM.
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200 Watts. In a more direct comparison, the heat sink used is designed for central

processing unit devices that dissipate around 50 Watts. The two major differences

between these experiments and the real world usage of these heat sinks are that the

active cooling fans were intentionally removed to reduce experimental complexity

and the BLT of the TIM was kept far thicker than in the real world so that any

uncertainty in thickness will comprise a very small percentage of the total value,

thus preserving consistency of results.

5.5 Discussion

The designed instrument for accelerated aging and operating temperature analysis

is both powerful and versatile. Using it, the unexpected enhancement in graphene

and DGEBA composite intrinsic thermal conductivity was demonstrated in up

to 500 power cycling treatments. These results are valuable to industry due to

the numerous, punishing cycles that TIMs undergo in their lifespan. With little

controlling software tweaking, a comparison of operating temperatures at different

device heating was conducted. This provides very clear translation between the

thermal conductivity of these materials and the operating temperatures of devices

in which they are intended to serve.
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Chapter 6

Conclusions

The technological progress of numerous fields including semiconductor, aerospace,

and sustainable energy industries experience problems associated with the growing

inadequacy of standard thermal dissipation solutions. In these fields, generated

heat is typically dissipated through a heat sink or simply spread to a wide area,

which may be dissipated to the environment through convection and radiation.

In the case of heat sink thermal dissipation strategies, surface imperfections at

the physical junction require the use of an interstitial material to take the place

of the thermally resistant stagnant air. The materials that fit this role the best,

primarily determined by its malleability and low cost, are polymers with mix-

tures of microscopic high thermal conductivity filers inside. Because the solid

materials in use at each end of the physical junction have a thermal conductivity

ranging between 10 and 400 W/mK, there is a strong motivation to increase the

thermal conductivity of polymer-based thermal interface materials from relatively

low thermal conductivity of the pristine polymers, which is typically around 0.25

W/mK.

As a result of the exceptionally high intrinsic thermal conductivity of single-

and few-layer graphene, advantageous geometry, and flexibility, substantial inter-
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est exists in the material as fillers for advanced thermal interface materials. To

date, graphene-filled polymers have achieved the highest overall thermal conduc-

tivity in comparable randomly filled polymer composites. However, graphene also

has a high electrical conductivity, resulting composites loaded past the electrical

percolation threshold exhibit strong composite electrical conductivity. This can be

problematic because composites can be used in direct contact with or migrate to

active circuit elements leading to damage to the device. Because the thermal con-

ductivity of graphene composites is superior to others, it is of interest to precisely

determine graphene filler loading fraction that one could use in a composite before

reaching the electrical percolation threshold. This dissertation research included

study of composites with a hybridized filler approach of both graphene and h-BN.

It was found that careful selection of both the total filler level and the constituent

fraction of graphene to h-BN allowed for the control of composite electrical con-

ductivity spanning at least eleven orders of magnitude. Additionally, the role of

filler shape to the widely reported synergistic thermal conductivity enhancement

was further verified through the absence of observed synergy with the intentional

use of identical filler shapes. An impressive composite thermal conductivity of 8.2

W/mK was achieved at a pure graphene filler loading level of 43.6 vol. %.

This dissertation research also considered the lifespan thermal performance of

graphene composites, inspired by the extremely difficult environment that TIMs

are subjected to. Over the course of a TIM application, the material can ex-

perience hundreds of cycles of powering on and off, each time being subjected to

thermal and mechanical stresses borne from differing coefficients of thermal expan-

sion between itself and the materials it is in contact with. The available reports on

thermal cycling of TIMs with various fillers reveal substantial discrepancy. The in-

consistency in published literature on this matter is primarily a result of dissimilar
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accelerated aging techniques and different materials used, both in regards to the

TIM itself and materials used as a junction. This dissertation covers the lifespan

thermal performance of graphene composites with an intentionally simplified test-

ing apparatus with the goal of establishing a process with greater reproducibility.

It was found that the thermal conductivity of the composite increases, rather than

decreases, during the course of its simulated lifespan using a custom instrument.

A thermal conductivity enhancement of 17.3%, resulting in a final absolute value

of 9.3 W/mK, was achieved in the 30 vol. % sample over the course of 400 power

cycles. This increase in the intrinsic performance of the TIM was attributed to

increased epoxy cross-linking density over the course of treatment.

Using the same custom instrument as in the accelerated aging study and minor

alterations to its control software, equilibrium device operating temperatures for

a given level of power output was studied. This work served as a practical transla-

tion between the material thermal properties and device operating temperatures.

Binding a heating coil to a heat sink and measuring the temperature of the heating

coil with a thermocouple served as a physical simulation of a VLSI device. Using

a stock VLSI heat sink in a passive cooling configuration, relatively thick TIM

application, and a heat dissipation of 13 Watts, the heating coil had an operating

temperature of 118 ◦C using pure DGEBA and 95◦ C using as little as 10 wt. %

graphene fillers. The results obtained in this dissertation research are important

for the continued advancement of the TIM field and dependent industries.
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