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Abstract

In this thesis, a multi-disciplinary investigation of using natural graphite sheet (NGS) for
heat sink applications is presented with focus on thermal performance, electromagnetic per-
formance, reliability, cost, energy efficiency, and environmental impact. NGS heat sinks are
a promising alternative for weight-sensitive applications in which the heat sink is protected
by a case. Contrary to the conventional metals, NGS is also predicted to be feasible at high
temperatures or in corrosive environments. To provide the basis for the heat sink design,
the thermal conductivity, thermal diffusivity, electrical conductivity, thermal emissivity, co-
efficient of thermal expansion, and compression behavior are measured and reported in an
easy-to-use form. It is shown experimentally that the the thermal contact resistance at
metal-NGS interfaces is comparable to metal-metal ones with thermal interface materials,
and that the poor through—plane thermal conductivity can be mitigated by embedding heat
pipes in NGS heat sinks. The conducted common-mode electromagnetic emissions cannot
be reduced by using NGS heat sinks, but potential to reduce the radiated emission by 12 to
97 % was identified. Complex implications on reliability arising from replacing conventional
metal heat sinks with NGS ones are discussed. The cost of NGS heat sinks produced in
high volumes is predicted to be a double that of mass-produced conventional aluminum
ones. The environmental impact of production, manufacturing, and end-of-life management
of NGS is reviewed and compared to the conventional heat sink materials. A case-specific
approach to evaluating the feasibility of using NGS heat sinks is recommended and the
major steps are outlined. The technology is considered to be ready for a transfer to the in-
dustrial research and development stage. An audiovisual summary of the work is available
at https://www.youtube.com/playlist?1list=PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4.

Keywords: heat sinks, exfoliated natural flake graphite; material properties; experimen-
tal characterization of heat sinks; EMI/EMC; electromagnetic interference and compliance;

environmental impact; cost; reliability
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Executive Summary

Widespread electrification and a transition to renewable energy sources have been
identified as one of the key solutions to reducing emissions and limiting the climate change. Power
converters are used extensively in electrical systems, starting from generation (wind turbines, solar
farms), through distribution (smart grid nodes), all the way to consumption (electric vehicles,
chargers). In their cores, power semiconductors control the flow of electric current. Because no
available material is a perfect electrical conductor, heat is generated as a result of passing electric
current, and cooling systems are necessary to prevent failure and to guarantee a reliable long-term
operation. The requirements for size, weight, performance, and cost of power converters have been
pushing the limits of conventional air-cooled systems and made the thermal design one of the main

challenges facing the power electronics industry.

Heat sinks are used to increase the cooling rate of power semiconductors by extending the area of
the surface that is in contact with cooling air. Currently, the majority of heat sinks are made of
thermally conductive metals such as aluminum or copper. Natural flake graphite is a relatively
inexpensive material (1.36 USD/kg compared to 1.78 USD/kg of aluminum) which is mined from
abundant deposits in Canada and worldwide, but can be also recovered from steelmaking waste
known as kish. Natural graphite sheet (NGS), which is made by compressing exfoliated natural
graphite, has the material properties that are desired in the power electronics industry, including: i)
high thermal conductivity, up to 600 W m*K (300% of aluminum and 200% of copper) in a highly
compressed state in the in-plane direction; ii) low weight, approx. 30% of aluminum and 17% of
copper, iii) manufacturability into complex shapes at low cost; iv) lower electrical conductivity in
comparison with metals; v) chemical, corrosion, and high temperature resistance; and vi)
conformity to rough surfaces, which reduces thermal contact resistance and offers the potential to

eliminate the need for thermal interface materials (TIM).

Despite the great suitability of NGS for electronics cooling, only a limited number of studies are
available in the open literature, none of which consider applications in power electronics. In this
PhD research, the feasibility of NGS heat sinks is assessed in a multi-disciplinary manner by
considering their thermal performance, electromagnetic performance, weight, cost, environmental

impact, integration, resiliency, and integration.
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Objective

The objective of this research is to evaluate whether using NGS heat sinks in power electronic can

offer an improvement in performance when compared to conventional aluminum and copper heat

sinks. To do so, the following research questions are formulated:

(i)

(i)

(iii)

(iv)

(V)

(vi)

Does the anisotropy in thermal conductivity of NGS limit the thermal performance of
NGS heat sinks?

How does the thermal contact resistance at the interface between the heat sink and

semiconductor differ for NGS and metal heat sinks?

Can — and under what conditions — using NGS heat sinks lead to the elimination of
thermal interface materials (TIM)? What is the impact on the reliability and overall cost

of cooling systems?

Does the low electrical conductivity of NGS heat sinks impact the conducted and radiated

emissions of power electronic devices?

What are the implications on the reliability of power semiconductors after replacing

metal heat sinks with aluminum ones?

Does the low mechanical strength of NGS impede the practical applications of NGS heat

sinks?

(vii) What is the estimated cost of NGS heat sinks?

(viii) What weight reduction can be achieved by replacing metal heat sinks with NGS ones?

(ix)

How do NGS and conventional heat sink materials compare in terms of the

environmental impact?

Methodology

To achieve the research objective and answer the research questions, a systematic approach is

adopted with the steps listed below and summarized graphically in Fig. 1.
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Proof-of-concept demonstration - prototype NGS heat sinks are built and the benefits

and challenges are reviewed,

Relevant material properties are identified, the available data is compiled, and the

literature gaps are filled by carrying out measurements;

Thermal performance of NGS heat sinks is evaluated with a focus on investigating the
effect of the anisotropic material properties and the thermal contact resistance;

Analytical and experimental methods are used to evaluate the potential reduction of

electromagnetic emissions;

Material cost is compared based on data from the available sources, and the heat sink

cost is estimated through a collaboration with an industrial partner;

The environmental impact of material production, manufacturing, and end-of-life

management is reviewed for NGS and conventional heat sink materials;

A holistic feasibility study is performed to summarize the benefits and challenges of
NGS heat sinks;

The necessary future steps are outlined.

Proof-of-concept

Prototyping

!
Initial feasibility study
|
! } | }
Electromagnetic : :
Thermal performance performance Environmental impact

Development of methods
for manufacturing
NGS heat sinks

Material characterization
(thermophysical properties)
Experimental
characterization
of heat sinks
Measurement of

thermal contact
resistance

Material characterization
(electrical properties)

Analytical and
experimental evaluation
of EMI emissions

Review of production,
manufacturing, and
end-of-life management
of NGS

Holistic feasibility study

(considering thermal and electromagentic performace, weight, cost, reliability, and environmental impact)

Suggestions on application and commercialization of NGS heat sinks

Fig. 1: Research roadmap
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Outcomes

Thermal conductivity, thermal diffusivity, electrical conductivity, thermal emissivity,
coefficient of thermal expansion (CTE), and compression behavior are measured as a
function of density and, where applicable, as a function of mechanical pressure. The

results are compiled in an easy-to-use graphical summary [P5, P6, P7].

The thermocouple and transient thermal methods for experimental heat sink
characterization are compared and suggestions on their suitability are made [P2].
Small and large-scale prototypes of NGS heat sinks are manufactured and measured.
For small-scale heat sinks whose width matches the heat source size, thermal
resistance is shown not to be limited by the anisotropic properties and conclusions on
the effect of clamping pressure and resin impregnation are made [P1]. For large-scale
heat sinks, whose width is larger than the heat source size, the anisotropy of NGS
limits thermal performance; in response, a novel concept of NGS heat sinks with
embedded heat pipes is introduced and shown to mitigate the anisotropy drawbacks
[P8].

The thermal contact resistance (TCR) between stacked NGS and metal is measured
for the first time. Its value is found to be comparable to metal-to-metal interfaces with

thermal grease.

The effect of the heat sink material on conducted common mode electromagnetic
emissions is studied analytically and experimentally. It is shown that despite the four
orders of magnitude lower electrical conductivity, a simple change of the heat sink
material from aluminum to NGS cannot reduce common mode emissions. The
potential for a reduction of radiated emissions is quantified to be 12 — 97 %. An
attempt to measure permittivity is documented, and recommendations for the future

work are offered.

The cost of NGS heat sinks produced at high volumes is estimated to be double that
of commercially available aluminum ones. Pathways to cost reduction are identified,

and low-volume production is analyzed.

The energy requirement of primary production of graphite flakes is shown to be lower

than that of aluminum and/or copper [P4]. Recycling of NGS is found to be
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challenging; however, recommendations for solutions aligned with the concepts of
circular economy are suggested. An extensive life cycle assessment study is

suggested, and the existing road blocks are reviewed.

®  The feasibility of NGS heat sinks is evaluated with respect to the thermal
performance, electromagnetic performance, cost, weight, reliability, resiliency,
integration, and environmental impact. Weight-sensitive applications with large heat
sources and no requirement for an electrical insulation are identified as the most

feasible. A per-case approach to evaluating feasibility is suggested

®  The need for further research is outlined with the major task being a development of
a computational tool for optimizing the heat sink geometry. The optimization results

are crucial for the case-dependent feasibility evaluation.
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Chapter 1

Introduction

This chapter aims to remind the role of power electronics in the changing world, pro-
vide the necessary background in power semiconductors and their thermal management,
introduce the concept of natural graphite sheet (NGS) heat sinks, summarize the previ-
ous work, and state the goals of the present research. An audiovisual summary of the in-
troductory topics is available at https://www.youtube.com/watch?v=DCds30iVYAY&list=
PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4&index=1 and https://www.youtube.com/watch?
v=1idm7ffG6IM&1ist=PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4&index=2 L

1.1 The role of power electronics in the world

Widespread electrification and a transition to distributed renewable energy sources has
been identified as one of the solutions to reducing greenhouse gas emissions and limiting
climate change [1]. The electricity distribution network, industrial machines, and consumer
electronics are becoming more complex, and an increasing number of semiconductor-based
power electronic devices is used across the entire electrical system. Power converters are
electronic devices that convert one form of electrical energy into another, for example,
alternating current (AC) into direct current (DC), or low-voltage DC into high voltage
DC. Figure 1.1 shows an illustration of the electrical system and highlights the ubiquitous
presence of power converters. Multiple conversion steps are necessary to deliver electric
energy from its source to the end user. An example can be given by following the power
generated in a photovoltaic solar plant on its way the motor of an electric vehicle. One of

the multiple possible scenarios includes:
i) DC-AC conversion from the photovoltaic panel to the grid,
ii) AC-DC conversion for the short-term energy storage in batteries,

iii) DC-AC conversion from batteries to the grid,

!The video files are also available in Appendix F


https://www.youtube.com/watch?v=DCds3oiVYAY&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=1
https://www.youtube.com/watch?v=DCds3oiVYAY&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=1
https://www.youtube.com/watch?v=iidm7ffG6IM&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=2
https://www.youtube.com/watch?v=iidm7ffG6IM&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=2

iv) AC-AC conversion in the step-up and step-down transformers in the long distance

power transmission grid,
v) AC-DC conversion in the vehicle battery charger, and
vi) DC-AC conversion in the inverter that feeds the AC motor of the electric vehicle.

Each of the conversion steps is associated with losses. The power electronics industry puts

large amount of effort into reducing the losses by increasing the power conversion efficiency.

Photovoltaic . ' ' : | ' ' ___ ' '
Wind > Y e I I Y Y rrrxl
H Rail transportation
™ Add Manufacturing
Communication
DC AC aowmm'o
IXE IXE Heavy duty
' : e :3}/\" z J-ﬂ \elleehCiE:rllgs and
L _J /L ACAC Qa1 T chargers
AC
=il 5 %
AW\ AC
Household and
AC EE gﬁg%?,’ consumer
Pumped-hydro 7 storage :| electronics

energy storage =

&

Electric vehicles
4&r ﬂ and chargers

Figure 1.1: The electrical system with emphasized power conversion steps. The illustration
uses freely available artwork from Macrovector, Freepik, and Vecteezy

1.2 Power semiconductors

Power semiconductors are the building blocks of virtually all modern electrical devices. The
simplest semiconductor—a diode—allows the current to flow in one direction but blocks it in
the other direction. A transistor allows modulation or on/off switching based on the input
signal. From the thermal management perspective, it is not necessary to focus on the details
of the electrical function of semiconductors, but the knowledge of the internal structure and
heat generation mechanism is crucial.

To satisfy the needs of various industries, power semiconductors are available in many
types of packaging that differ in size, number of chips, and mounting type (bolts, clamps,

or solder). An example of a medium size diode in a discrete TO-247 packaging, which is



popular for its versatility and low cost, is shown in Figure 1.2. The semiconductor chip,
which performs the diode function and is typically made of silicon, is attached to the lead
frame by a solder or electrically conductive epoxy. Other names used to refer to the semi-
conductor chip are the junction or the die. While one of the leads is connected directly to
the lead frame, the second one is connected to the top side of the die by a bond wire. The
leads are used for attaching the device to a printed circuit board. The entire device is en-
capsulated in a molding compound (temperature-resistant plastic) that provides mechanical
and environmental protection of the chip. The lead frame and terminals are typically made
of tin-coated copper, while the bond wire is usually aluminum. The actual semiconductor

accounts for only a small part of the the package.

d)

Bond wire

Semiconducto\ v

chip

Lead frame

Molding
compound

Lead frame

Figure 1.2: A diode in the TO-247 semiconductor packaging. In a) and b) the top and
bottom of the package are shown. In ¢) the internal structure is exposed by hiding the
molding compound, and in d) the an enlarged detail of the chip and bond wire is shown.

Heat generated in power semiconductors is an unwanted effect caused by the flow of
electric current. As illustrated by the red arrow in Figure 1.2d, the current flows through
the anode lead, wire bond, die, and then through the lead frame into the cathode lead.
The main portion of the heat is generated in the semiconductor die. The metal parts also
contribute to the overall heat generation, especially in sections with a small cross-sectional
area, such as the leads or bond wires. Parts with higher resistivity (such as silicon) generate
more heat than good conductors (copper) according to the Joule effect.

The example of a diode was chosen to illustrate the general structure of a power semicon-

ductor. Modern application-specific semiconductor modules often integrate multiple chips,



electrical insulation, driving circuits, and temperature probes. Details about semiconductors

and their packaging can be found in [2].

1.3 Cooling of semiconductors

The purpose of electronics cooling systems is to move the heat from the semiconductor into
the ambient air or cooling liquid. Figure 1.3 shows a typical layout of an air-cooled heat
sink assembly in which the device is mounted to the base of the heat sink using a bolt
and a threaded hole. Depending on the application, the device can be mounted with an
electrically insulating pad as shown in Figures 1.3b, or directly as shown in 1.3c. In case of
direct mounting, the heat transfer from the device to the heat sink is limited only by the
thermal contact resistance (TCR), which is caused by the surface imperfections of mating
parts as is shown Figure 1.3d. The poor heat transfer through bare metal-to-metal contacts
is typically improved by applying a thermal grease that fills the air gaps. When electrical
insulation is used, the heat transfer from the device to the heat sink is dictated by the
TCR at the device-insulator and insulator-heat sink interfaceces, as well as by the thermal

conductivity of the insulator.



~ Heat

sink

Mounting bolt

Electrical
insulation

Figure 1.3: a) A typical heat sink assembly with TO-247 devices mounted on an aluminum
heat sink with an electrically insulating layer. A section-view of the assembly with and
withouth electrical insulatin is shown in b) and c), respectively. The detail of the imperfect
contact at the device-sink interface with the heat flow lines in red is shown in d).

1.4 Basic heat transfer analysis

The most common thermal performance metric that is used widely in electronics cooling is
the thermal resistance Ry, which is defined as the ratio of the temperature difference at
the heat flow rate [3] as:

Rth —_ T (11)
Q
where AT is the temperature difference, and @ is the heat flow rate. Thermal resistance

can be interpreted as a quantity that determines what temperature difference is necessary



for transferring 1 W of heat between two locations on a one-dimensional heat transfer path
under steady-state conditions. A summary of the most commonly used thermal resistances
with the nomenclature according to the Joint Electron Device Engineering Council (JEDEC)

[4] is given in Figure 1.4.

Ambient air e Tx *

Heat sink H H % Rinsa

*Ts ( Rinca
Electrical I | Rincs Rinsa
insulation
T
° c RIhJS
T,
Thermal resistances Temperatures
Symbol Description Symbol Description
Rinic Junction-to-case T, Junction
Rincs Case-to-sink Tc Case
Rinsa Sink-to-ambient Ts Sink
Rinca Case-to-ambient Ta Ambient
Rinss Junction-to-sink
Rinia Junction-to-ambient

Figure 1.4: A summary of the common thermal resistances with a definition of relevant
temperatures

While the resistances described above are enough for designing electronic products, for
heat sink development it is desirable to break down the sink-to-ambient resistance into
partial resistances. By analyzing their magnitude and relative importance it is possible to
identify the heat transfer bottlenecks and modify the thermal design accordingly to achieve
a better performance. Figure 1.5 shows the partial resistances and lists the parameters that
affect them. The notation does not follow the electronics standards, but it is typical for the
heat transfer community.

The first resistance outside of the semiconductor package that the heat travelling from
the chip encounters is the interface resistance. Its magnitude dependents on the TCR and,
when electrical insulation is used, the thermal conductivity of the insulation material. The

magnitude of TCR is a function of thermo-mechanical properties of mating materials (ther-

6



1T ][] Rcony
Ta
Rrap
TA,R
Heat
sink Rein
RBAISE
.TS
RinT (Rihcs)

Tc
()

Symbol Description | Function of:

Radiation |+ Material and surface properties of heat sink and surroundings

Rrap resistance | Heat sink material
R Convection [ Air flow characteristics

CONV | resistance |+ Heat sink geometry

Ren Fin * Heat sink material
resistance |+ Heat sink geometry

¢ Heat sink material

RBASE Basg ea S. ateria
(spreading) |« Heat sink geometry

resistance |+ Device geometry

RinT Interface » Contact pressure

(Rycs) (case-to-sink) |« Surface roughness and flatness
thCs resistance |« Thermo-mechanical material properties
« Thermal interface material properties

Figure 1.5: A detailed breakdown of thermal resistances in a heat sink

mal conductivity, Young’s modulus, hardness, and Poisson ratio) and their surface charac-
teristics (roughness and flatness).

The quality of the heat transfer within the heat sink is typically described by the spread-
ing and fin resistances whose magnitude is dictated by the geometry and thermal conduc-
tivity of the heat sink. From the surface of the heat sink, the heat is transferred to the
surrounding air mostly by convection, but in some cases the radiation heat transfer to sur-
rounding objects is also significant. The convection resistance is a function of the heat sink
geometry and the flow field properties such as velocity or turbulence levels. The magnitude
of the radiation resistance depends on the heat sink geometry and emissivities of the heat

sink and surrounding objects. In Figure 1.5, the ambient temperatures for convection T



and radiation T4 r are separated because the convection resistance is related to the air
temperature, while the radiation resistance is related to the temperature of the surrounding
objects.

Networks of thermal resistances are beneficial for conceptual thinking and reduced-order
modeling. In reality, the evaluation of individual resistances is often ambiguous due to a
vague definitions of the relevant temperatures. In case of the junction-to-case resistance
according to the JEDEC standards, the definition clearly states that the temperature of the
junction and the temperature of the case beneath the semiconductor chip should be used.
For other resistance, the standards are often not available and researchers typically choose
the relevant temperatures based on their experience. Experimental investigation of partial
resistances is complicated because installing temperature sensors at all the desired locations

is often not possible.

1.5 Heat sink design considerations

Designing a cooling system is a complex task that has to take into account many con-
strains imposed by the application and operating conditions of power electronic products.
During the heat sink selection step, the shape, material, and attachment method must be
determined by considering the trade off between the thermal performance, cost, reliability,
size, weight, electromagnetic compliance and interference, acoustic noise, energy efficiency,
and ideally the relative environmental impact of the candidate materials. The following

paragraphs include a brief summary of each of the consideration factors.

1.5.1 Thermal performance

Requirements for the thermal performance of cooling systems are typically given by the
maximum allowed temperature of electronic components, and/or by the touch safety regu-
lations that prescribe the maximum temperature of the heat sink or external surfaces. It is

a common practice to quantify the requirements using the thermal resistance (Eq. 1.1).

1.5.2 Cost

The cost of cooling systems determines their commercialization success and market uptake.
Solutions with simple manufacturing methods that use inexpensive materials are preferred.
When evaluating the cost of multiple candidate solutions, it is important to consider not
only the cost of the cooling system, but also the indirect costs such as the labor during the

assembly process, or the maintenance cost during the product lifetime.

1.5.3 Reliability

Cooling systems affect the reliability of electronics directly by a failure of air movers or

pumps [5, 6], and indirectly by determining the operation temperature of electronic devices.



The amplitude, mean, and frequency of the temperature variations have been shown to be
correlated with the expected lifetime of power semiconductors [7, 8]. The failure mechanisms
of power semiconductors arise from the different coefficients of thermal expansion (CTE)
of materials used in the device packaging. The inducted stresses and deformations promote
the degradation mechanisms such as micro-crack growth that eventually cause a failure [9)].
The deformation of a semiconductor package during temperature cycling has been shown
to cause the pump-out effect, which forces the thermal interface material (TIM) out of the
device-heat sink interface and, in turn, degrades the thermal performance. As a result, the
device temperature increases and the lifetime decreases [10, 11]. Besides the pump-out effect,
a chemical degradation of thermal greases known as dry-out also threatens the reliability
[12] especially in high-temperature applications [13]. The mechanical stiffness of a heat sink
can also affect the reliability of large power modules because the deformation of the module

is restricted by it being clamped to the heat sink [2].

1.5.4 Size and weight

The requirements on size and weight of cooling systems are determined by the application.
The general miniaturization trend has been driving the research in cooling systems. The
available space typically dictates whether simple air-cooled systems are still feasible, if or
advanced liquid or two-phase ones are necessary. The low weight requirement is common in

applications such as transportation, airspace, or satellites.

1.5.5 Electromagnetic Interference and compliance (EMI/EMC)

Heat sinks are typically made of electrically conducting materials and therefore they interact
with electric fields within electronic products. Even though most heat sinks are electrically
isolated from the circuitry, parasitic alternating currents can flow through them and disrupt
the product operation or safety [14]. Devices such as CPU’s, ASIC’s?, or modern power
converters that operate at high frequencies can excite periodic current oscillations in heat
sinks, which in turn generate electromagnetic waves [15]. The magnitude of the parasitic
currents and electromagnetic waves is limited by regulating agencies such as ISO? or IEC?.
Considering the contribution of the heat sink to the overall electromagnetic performance of

a product is important for meeting the EMC® standards [16].

2 Application specific integrated circuits
3International Organization for Standardization
“International Electrotechnical Commission

®Electromagnetic compliance



1.5.6 Enmnergy efficiency and environmental impact

The energy efficiency of power converters and other electronic products is dictated by the
ohmic loss in conductors and the energy consumption of fans and pumps in the cooling
systems. The quality of the cooling system dictates the temperature of the device, which
in turn affects the ohmic losses. An example of the resulting design trade-offs can be found
in the study by Christen et al. [17] who compared the energy efficiency of forced and free
convection cooling for high-efficiency power converters. While it is possible to state that the
efficiency of a converter can be improved by using an energy-efficient cooling system, it is
important to note that the overall product efficiency is the most suitable metric.

Besides the energy consumption during the operation of a product, the overall envi-
ronmental impact is also affected by the manufacturing and end-of-life disposal of all the
parts. By selecting materials and manufacturing methods with low environmental impact,
and considering their position in the circular economy framework, high-level societal sus-
tainability goals can be achieved [1]. The environmental impact of electronic products is
often coarsely reflected in life cycle assessment (LCA) studies of larger systems. The practi-
cal examples include power converters in photovoltaic systems [18] or electric vehicles [19].
Where time-consuming LCA studies are not feasible, the concept of embodied energy is a
useful tool for reflecting the energy demand during the entire lifetime in the calculations of
the energy efficiency of a product. In cell tower and data center applications [20, 21}, studies
of embodied energy lead to a successful identification of factors that were previously not

known to affect the energy efficiency.

1.5.7 Acoustic noise

Fans in cooling systems generate unwanted acoustic noise whose magnitude is given by the
design of the fan, but also by the required flow rate and pressure drop [22]. Improvements in
thermal resistance of cooling systems have been shown to lead to decreased acoustic noise
[23]. From the heat sink design perspective, a shape optimized for low thermal resistance
and low pressure drop will result in a lower acoustic noise, given that all the other good

practices on mitigating fan noise are followed [24, 25, 26, 27].

1.6 Natural graphite sheet for heat sink applications

Natural graphite sheet (NGS) is a thin, compressible, porous, electrically and thermally
conductive material that has been used primarily to make sealing gaskets because of its
ability to conform to rough surfaces, recover after compression, withstand high tempera-
tures, and resist corrosive fluids. NGS properties are also well aligned with the requirements
for cooling systems summarized in section 1.5. A summary of the NGS properties alongside

with those of aluminum and copper is given in Figure 1.6. The NGS properties are density
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dependent and vary greatly in the in—plane and through—plane directions that are defined
in Figure 2.3e.

The in-plane thermal conductivity was reported to range from 100 Wm~'K~! (which
is a quarter that of copper and half that of aluminum) to 600 Wm~'K~! [28] (which is
1.5 times that of copper and 3 times that of aluminum). In the through—plane direction,
the thermal conductivity was reported to be low in the range 1 to 15 Wm™!'K~!. The
high in—plane thermal conductivity is desirable for heat sink applications, however, the low
through—plane value poses a challenge. NGS has been considered to be used as a thermal
interface material [29, 30, 31], which suggests that the TCR between the heat sink and heat
source can be lower than in case of the conventional metals.

Based on the average prices of commodities in the United States ports [32], graphite
flakes—which are the raw material in NGS production—are 95 to 99 % less expensive than
copper, and 59 to 89 % less expensive than aluminum (Figure 1.6b). The weight of NGS
is 79 to 94 % lower than that of copper, and 30 to 81 % lower than that of aluminum as
shown in the comparison of densities in Figure 1.6¢c. As seen in Figure 1.6d, the electrical
conductivity of NGS is two-to-four orders of magnitude lower than that of aluminum or
copper, which is desirable for reducing the electromagnetic emissions of power electronics.

Based on the available information on NGS, it can be stated that it is a relevant candi-

date for a heat sink material.
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Figure 1.6: A comparison of a) thermal conductivity, b) material cost, ¢) density, and d)
electrical conductivity of NGS, aluminum, and copper.

1.7 Literature review on graphite heat sinks

Norley et al. (2001) [33] first introduced the concept of natural graphite heat spreaders
and heat sinks, and discussed two types of natural graphite based materials: i) laminate
plate material, which is formed by chemically bonding individual sheets and subsequently
machining the laminate into the final shape, and ii) compression molded graphite/epoxy
composite, which is pre-formed by die-pressing or iso-molding. In case of complex shapes,
the latter material is finished by machining. The material properties were reviewed, showing
that the laminates offer thermal conductivities of 233 Wm 'K ~! in the in—plane direction,
4.5 Wm~ 'K~ in the through-plane direction, and the density of 1.33 gcm 3. The properties
of the graphite/epoxy composite can be modified by the amount of epoxy resulting in the
in-plane thermal conductivity of 57 to 202 Wm~'K~!, through-plane thermal conductivity
of 7 to 71Wm~'K~!, and the density in the range from 1.5 to 1.9 gcm 3. Photographs of
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prototype heat sinks are shown in the publication and were reprinted in Figure 1.7. The

performance of the heat sinks was not discussed.

Figure 1.7: Photographs of products manufactured from compression molded
graphite/epoxy composite. The figure has been reprinted from Norely at al. [33].
(©2001 IEEE.

Chen at al. (2003) [34] numerically evaluated heat sinks made of graphite/epoxy com-
posites with an in-plane thermal conductivity of 376 Wm™'K~!, throughplane thermal
conductivity of 7Wm™'K~!, and density of 1.9 gcm 3. The effect of the orientation of the
low through-plane conductivity on the heat sink performance was analyzed by modelling
a large heat sink on a small heat source. The best case was when the low conductivity
direction was aligned with the length of the heat sink. However, the graphite heat sink still
showed 7.3 °C higher temperature in comparison with a geometrically identical copper heat
sink, which was attributed to the poor spreading in the base. Expanding the heat source to
cover the entire base led to a similar performance of graphite/epoxy and copper heat sinks.
A hybrid heat sink composed of a copper base and graphite/epoxy fins was suggested to
solve the poor spreading in the base, and the simulations showed that this design performs
comparably to a copper heat sink.

Marotta et al. (2003) [35] built a parallel plate graphite/epoxy heat sink for high per-
formance servers. The fins, spacers, and aluminum end plates (used for protecting the soft
fins) were laminated and tie-rods were used to hold the laminate together. Steel inserts
were mounted to the base to allow clamping of the heat sink to the heat source. The low
sheet-to-sheet interface strength led to breaking, which was solved by using the metal parts
of the heat sink for clamping. The details of the clamping design are unclear. The heat
sinks were mounted on a heat source of a matching size using two types of a thermal in-

terface material (synthetic oil and phase change material). Thermocouples installed in the
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heat source, heat sink base, and in the ambient air were used to evaluate the resistance of
the heat sink and the interface. The heat sinks were measured in cross flow and impinging
flow configurations, and the results were compared to a geometrically identical aluminum
heat sink. The graphite/epoxy heat sink showed a 27 % higher thermal resistance in com-
parison with the aluminum one. The interface resistance was not reported, but it can be
calculated from the temperature drops and heat dissipation rate to be in the range of 34
to 194 Kmm?W ! for the graphite/epoxy heat sinks, and 24 Kmm?W 1 for aluminum. The
worse interface performance of the graphite/epoxy heat sinks was attributed to the poor
flatness of the base. Subsequent grinding reduced the resistance to the lower bound of the

given range.

a)

Figure 1.8: Photographs of the NGS heat sinks manufactured in the work by Marotta et
al. [35]. a) impinging flow configuration, b) cross-flow configuration, and c¢) a illustration of

cracks around the threaded inserts. The photographs were reprinted with permission from
the publisher.

Shives el al. (2004) [36] realized the concept of a hybrid heat sink introduced by Chen
at al. (2003) [34] by bonding graphite/epoxy fins to a copper base plate using a solder,
conventional epoxy, and thermally conductive epoxy. The resulting heat sink consisted of
114 x 98 x 7.5 mm base and 46 fins 0.5 mm thick and 30.6 mm long. A reference heat sink
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was made by soldering copper fins to a copper base. During the tests in a wind tunnel, the
heat sinks were mounted on a 37 x 37mm heat source and the air speed was varied from
1 to 3.2ms™!'. Among the hybrid heat sinks, the one bonded by the thermally conductive
epoxy showed the best performance. However, its resistance was higher than the all-copper
reference case by approximately 0.015 KW, which translates to a 5.6 % relative difference.
The weight of the hybrid graphite/epoxy heat sink was reported to be 40 % of the reference
all-copper heat sink.

Icoz and Arik (2010) [37] compared multiple lightweight materials for a vertical plate
natural convection heat sinks. The considered materials were aluminum, carbon foam, plas-
tic with a thermally conductive filler, and graphite with the in—plane thermal conductivity
of 370 Wm 'K~ through-plane thermal conductivity of 6.5 Wm~'K~!, and the density of
1.94 gem™3. All tested heat sinks had a 50 x 305 x 3mm base and 25 fins 2mm thick and
30mm long but the details about physical realization of the heat sinks are missing. Numer-
ical simulations and an experimental measurements were performed and the performance

was evaluated using the figure of merit (FOM), which was defined as:

1

miigp

FOM = Wkg 'K, (1.2)

where m and Ry, are the mass and thermal resistance of the heat sink, respectively. The
comparison of the heat sinks showed that the carbon foam heat sink has four times higher
figure of merit in comparison with the other materials. The possibility to use a low density
NGS to design heat sinks with the FOM closer to that of the carbon foam ones was not
considered. The thermal performance of the graphite heat sink was comparable to the one
made of carbon foam.

A summary of the properties of all the heat sinks that have been built and reported in
the literature is given in Table 1.1. Publications with marginal relevance are listed in the
following paragraph.

Wang et al. [38] performed a broader literature review of heat sinks and heat exchang-
ers made of carbonaceous materials and carbon matrix composites. Bouknadel et al. [39]
carried out a numerical simulation of various heat sink geometries under natural convec-
tion and analyzed the performance of a graphitic material with the thermal conductivity
of 1500 Wm~'K~! in the in—plane and 50 to 60 Wm~'K~! in the through-plane directions.
Sabatino and Yoder [40] investigated using pyrolytic graphite for cooling of circuit boards,
but the relevance to this thesis is low due to a different material and a different interpretation

of the term heat sink.
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Icoz and Arik (2010)
[37]

Marotta, Norley, et
al. (2003) [35]

Shives, Norley, el al.
[36]

Air flow Natural convection Forced convection, Forced convection
impinging flow
Heat sink type Parallel plates Parallel plates V- Parallel plates
notch

Base sizemm (LxW 305 x 50 x 3 113 x 113 x 10-15 114.3 x 98.0 x 7.6

X t)

Fin size mm (L xt) 30x2 45-50 x 0.64 30.6 x 0.5

Number of fins [-] 25 7 46

Density gem =3 1.94 1.94 1.94 (graphite), 8.89
(copper)

Material description  Graphite Graphite/epoxy copper base,
graphite/epoxy
fins

Thermal conductiv- 370 in—plane 370 in—plane, Graphite/epoxy:

ity Wm 1K1 6.5 through—plane 6.5 through—plane 370 in-plane, 6.5
through—plane;
Copper: 387

Heat sink thermalre- 1.1 at 30 W 0.03 at 135 CFM 0.32 at 1ms™!' 0.17

sistance KW—1 at 3.2ms™!

Interface thermal re- N/A 51 to 194(phase N/A

sistance Kmm?W 1 change TIM)

Clamping pressure N/A N/A 140

kPa

Heat source size mm  Full base Full base 17 x 17

Photography in pub- no yes no

lication

Table 1.1: Summary of the parameters of NGS heat sinks in the literature

1.8 Research motivation and goals

Despite the previous research on NGS heat sinks, the open literature does not contain
clear conclusions on the feasibility of NGS heat sinks. The published work on server CPU
cooling suggests that the low through—plane thermal conductivity and fragility of NGS
pose a challenge for the thermal performance and heat sink mounting. However, the work
considered heat sink geometries and clamping methods that are typical for isotropic metals,
which can be considered irrelevant due to the different material properties of NGS. Further
research is necessary for evaluating the feasibility in various applications such as computers,
micro-electronic chips, or power electronics.

In power electronics applications, which are the focus of this thesis, the size and heat
dissipation rate of heat generating components varies greatly. The variation is reflected in

the cooling systems whose types range from large air-cooled natural convection heat sinks,
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through compact fan-cooled heat sinks, to liquid-cooled cold plates. Despite the growing
market share of liquid cooled systems especially in space-limited high-power applications
such as electric vehicles, air cooled heat sinks are often preferred for their simplicity, relia-
bility, low cost, and low weight. Technological innovations such as heat pipes or 3D printing
keep on improving the achievable thermal performance of air cooled systems. The differ-
ent material properties and manufacturing method of NGS offer a possibility to produce
improved heat sinks with shapes that were previously impossible or cost prohibitive. Fur-
thermore, manufacturing of the improved heat sinks without a cost penalty may be possible
and additional benefits such as lower weight or better electromagnetic performance.

The primary goal of this PhD program is to evaluate the feasibility of using NGS heat
sinks for power electronics cooling. An emphasis is placed on identifying the implications on
the performance metrics of the entire system, rather than focusing on one of the subtopics
such as thermal resistance. In scientific terms, the following hypothesis is tested: Using
natural graphite sheet heat sinks leads to improved power electronics products.

The evaluation of feasibility as well as the subsequent design of heat sinks requires a
detailed knowledge of material properties. NGS has been studied by material scientists,
however, the understanding is incomplete and the data are scattered across many publica-
tions, poorly communicated, and often show high variability. Material characterization of
NGS is a crucial pillar of the present work.

Based on the list of relevant parameters for heat sink design in section 1.5, the present
research focuses on answering the fundamental questions about the thermal and electromag-
netic performance, weight, cost, reliability, and environmental impact of NGS heat sinks.

In particular, the research questions are:

e Does the anisotropy in thermal conductivity of NGS limit the thermal performance
of NGS heat sinks? If yes, how can it be mitigated?

e How does the thermal contact resistance at the interface between a heat sink and heat

source differ between NGS and metal heat sinks?

e Can — and under what conditions — using NGS heat sinks lead to an opportunity to
eliminate thermal interface materials (TIM)? What will be the impacts on reliability,

manufacturing, and overall cost of cooling systems?

e Does the low electrical conductivity of NGS affect the conducted and radiated emis-

sions of power electronic devices?

e What are the implications on reliability of power semiconductors after replacing metal
heat sinks with NGS ones?

e Does the low mechanical strength of NGS impede the practical applications of heat

sinks?
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e What is the estimated cost of NGS heat sinks?
e What weight reduction can be achieved by replacing metal heat sinks with NGS ones?

e How do NGS and conventional heat sink compare in terms of the environmental

impact?

1.9 Overview of the thesis structure

The following chapter (Chapter 2) introduces the reader to the most common graphitic
materials and elaborates on the NGS manufacturing process. In Chapter 3 a summary
of the material properties and structure of NGS is first presented, and then a detailed
description of all the measurements follows.

The manufacturing of NGS heat sink prototypes is described in chapter 4. Chapters 5,
6, 7, and 8 describe the tasks performed to investigate the thermal performance, electro-
magnetic behavior, cost, and environmental impact of NGS heat sinks. Chapter 9 uses all
the findings from the previous chapters together with expanded analyses to evaluate the
feasibility of NGS heat sinks for specific applications. Projections of the future development
of NGS technology are given in chapter 10.

The structure of the thesis was optimized to allow a reader who is interested in a single
particular part of the work to find the most of the relevant information in one place. Each of
the chapters—and some sub-chapters—contains a brief introduction, a review of the relevant

previous work, results, and the key conclusions.
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Chapter 2

Graphite

Graphite is a form of carbon with the characteristic hexahedral layered atomic structure
shown in Figure 2.1. Atoms within each layer are bonded by a strong covalent bond, while
individual layers are bonded by weak van der Walls forces. It is common to denote the
directions in the plane of graphite layers as ab, and the perpendicular direction as c¢. The
difference in atomic bonds in ab and c directions is reflected in the anisotropy of graphite
properties. For example, the thermal conductivity is estimated to be 2000 Wm 'K~ in the
ab directions, and 6 to 9 Wm 'K~ in the ¢ direction [41]. The high ab thermal conductivity
attracts a significant amount of attention, but it is important to note that the value is rel-
evant to a monolithic (single crystal) structure with no defects. In reality, all the graphite
materials are polycrystalline, i.e., they consist of many crystals whose size and shape de-
pends on the particular material. A general trend in developing graphitic materials for heat
transfer applications is an effort to align the crystals in the same direction, which requires
using thin sheets instead of standard shapes such as blocks, bars, or rods. If a polycrystalline
graphitic material consists of large crystals whose a and b directions are aligned in the same
direction direction, a high thermal conductivity can be achieved.

Graphite can be mined in its naturally occurring forms or manufactured from carbon-
rich materials [43]. Both forms have significantly different properties and are suitable for

different applications.
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Figure 2.1: Atomic structure of graphite (The values of the spacing based on Inagaki (2014)
[42]).

2.1 Synthetic graphite

The term synthetic graphite describes the family of materials that is manufactured from
carbon-rich substances in gas, liquid, or solid phases. The most known synthetic graphite
material, which has been used for decades in metal production and nuclear reactors, is
referred to as polycrystalline or molded graphite. It is manufactured from petroleum coke
and coal tar pitch in a process that involves heat treatment at high temperatures up to
3000 °C [43], and forming by extrusion or pressing. It is a relatively hard and strong material
which is composed of mostly randomly oriented graphite crystals whose size depends on the
starting material and the manufacturing process. The random crystal orientation results in
isotropic material properties. For example, the thermal conductivity is 70 to 140 Wm~'K—!
and the coefficient of thermal expansion is 3.5 x 1075 t0 6.5 x 107¢ K~ [42]. To manufacture
complex shapes, such as heat sinks, polycrystalline graphite stock has to be machined, which
significantly increases the product cost and limits the applications to those where no other
options exist.

Thin synthetic graphite films are manufactured from hydrocarbon gases such as methane,
or from polyamide sheets such as Kapton. In the first case, a carbon-rich gas is deposited on
a heated substrate and subsequently heat treated under pressure (1 MPa) at temperatures
up to 3600 °C to obtain a tens or hundreds of micrometers thin film known as highly oriented
pyrolytic graphite (HOPG) [42]. In the second case, a solid uncompressed polyimide film
is heat treated at similarly high temperatures to form a pyrolytic graphite sheet (PGS!).

!Currently a trademark owned by Panasonic Corporation (Serial Number 75726644)
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In both cases, the structure consists of large crystals aligned parallel to the film which
results in the in-plane thermal conductivity very close to the theoretical limits of a sin-
gle graphite crystal. Commercial products with the claimed thermal conductivities as high
as 1950 Wm 'K ! are available [44]. The values are in agreement with the measurements
in scientific literature [45]. PGS sheets are used as heat spreaders for their high in-plane

thermal conductivity in applications such as handheld devices or screens.

2.2 Natural graphite

2.2.1 Raw forms of natural graphite

Natural graphite can be found in deposits around the world in various forms — amorphous
(microcrystalline), flake, and vein. The main distinctions of the forms are the crystallinity
and purity, both of which contribute to the material properties.

The form of natural graphite with the lowest crystallinity has been historically called
amorphous, which is defined as “having no real or apparent crystalline form” [46]. Later,
it was proven that the name is inappropriate because the material is composed of small
(40 to 70pm [47]) randomly oriented crystals (Figure 2.2a) and therefore a new name —
microcrystalline graphite — was suggested [48]. Microcrystalline graphite is not suitable for
thermal applications, but it has been used in refractory materials, lubricants, brake linings,
or pencil lead.

The other two forms of graphite — flake and vein — have similar microstructure com-
posed of relatively large crystals 1 to 25 mm [49], but their geological occurrence, mining
practices, and quality are very different. Flake graphite (Figure 2.2b) is found as discrete
flakes enclosed by soft or hard host rock. Vein graphite, which is also known as crystalline,
chip, or lump graphite, occurs in a form of coherent lumps that contain high percentage
of graphite with minimum impurities (Figure 2.2c¢). After extraction from surface or un-
derground mines, vein graphite requires minimal processing and can be readily shipped as
lumps or milled into vein graphite flakes. Flake graphite has to be separated from the host
rock by crushing, milling, and flotation, which reduce the initial flake size into sub-millimetre
sizes. The industry standards are: super jumbo >500 pm, jumbo 300 to 500 pm, large 150 to
300 pm, and medium/small 106 to 150 pm [50]. To achieve high purity, i.e. to increase the
fixed carbon content and eliminate impurities such as sulfur, iron, quartz or clay, additional

chemical or thermal treatment is used for both vein graphite and flake graphite [47].
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Figure 2.2: Schematics of a) microcrystalline, b) flake, and ¢) vein graphite

2.2.2 Natural graphite sheet

Loose graphite flakes can be formed into cohesive sheets in a process that does not require a
binder [51]. First, the flakes (Figure 2.3a) are treated with an intercalation agent (most often
sulfuric acid), which penetrates in between the graphite layers. This so-called graphite inter-
calation compound (GIC) or expandable graphite (EG) is then rapidly heated, which forces
the intercalation agent to expand and push the individual carbon layers apart, and results
in exfoliated natural graphite (ENG) particles known for their worm-like or accordion-like
structure (Figure 2.3b). Compressing ENG particles using compression molds (Figure 2.3c)
or calenders (Figure 2.3d) yields thin, cohesive sheets with graphite layers aligned per-
pendicular to the sheet thickness (Figure 2.3e). The nomenclature in this thesis uses the
term through—plane direction to refer to the direction parallel to the compression direction.
The term in—plane direction refers to the directions perpendicular to the through—plane
direction. An illustration of the in—plane and through—plane direction is shown in Figure
2.3e.

In this thesis, the name natural graphite sheet (NGS) is used, but other names such as
flexible graphite, compressed exfoliated natural graphite, or graphite foil have been used in
the literature. Flexible graphite is the most common name, however, it can be misleading as
thicker sheets are rigid and break easily when flexed by mere finger strength. Caution needs
to be exercised to distinguish between NGS and PGS. The flexibility of highly-compressed
thin NGS is closer to that of PGS, but thicker sheets, which are more relevant to the heat

sink research, cannot be flexed, as is demonstrated in Figure 2.4.
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Figure 2.3: Illustration of production of NGS: a) natural graphite flakes, b) exfoliated natural
graphite (ENG) particles, ¢) compression forming, d) calendering, and e) finished NGS.
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a) b)

Figure 2.4: An illustration of the flexibility of a) thick natural graphite sheet and b) pyrolytic
graphite sheet.

2.3 Kish graphite

Kish graphite has the structure and properties similar to the natural flake graphite, but
instead of mining, it is obtained as a by-product from the steel making process [52]. When
molten steel cools down, it becomes supersaturated with carbon, which segregates into
graphite flakes. The segregation of carbon in presence of liquid iron has been studied in
laboratory conditions [53, 54, 55, 56] and the conclusions state that large, highly crystalline
flakes can be produced at temperatures significantly lower than those required for production
of synthetic graphites. The largest graphite crystal produced by cooling of an iron melt under
controlled conditions was 30 mm long (a and b directions) and 0.06 mm thick (¢ direction)
[57]. An SEM image of a commercially available kish graphite flake (Graphite Supermarket,
grade 200, 2018) is shown in Figure 2.5.

Liu and Loper [58] investigated the crystallographic properties and the impurity content
of kish graphite recovered from steel making process, and stated that despite a large tonnage
of kish graphite being generated every day, it is not being used because the impurity content
is expected to be high, and no suitable methods for recovering graphite flakes from steel
making waste are available. It should be noted that the study was published in 1991 and
may be obsolete. In the same study, sheets with the density of 1.1 gcm ™3 and carbon content
of 96 % were manufactured from thermally exfoliated kish graphite flakes, and their tensile
strength, compressibility, and compression recovery were measured. The reported in—plane
tensile strength is 30 % lower than that of NGS measured Gao et al. [59]. The thermal
properties of kish graphite sheet have not been measured and conclusions on heat transfer
applications cannot be made.

To the author’s best knowledge, kish graphite sheets are not commercially available.
However, an effort to commercialize the process is evident from the patent application by
Klett et al. [60]. Frost [61] concluded that recovering kish graphite from steel making waste

is economically feasible.
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Figure 2.5: SEM image of commercially available kish graphite flake supplied by Graphite
Supermarket. The production method was not confirmed by the supplier, but based on the
flake size and research-focus of the supplier, it can be assumed that controlled environment
was used and the flakes were not extracted from steel making waste
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Chapter 3

Material properties of natural
graphite sheet

In this chapter, the NGS material properties that have been identified to be relevant to
heat sink applications are reviewed, and the literature gaps are filled by performing the
necessary measurements. The thermal conductivity, thermal diffusivity, heat capacity, and
emissivity dictate the steady-state and transient thermal performance of heat sinks, and
they are considered essential for any future work on NGS heat sinks. The electrical con-
ductivity is relevant to the electromagnetic performance of heat sinks, and reliable values
are necessary for quantifying the conducted and radiated electromagnetic emissions of heat
sink. The compression behavior is addressed to quantify the forming process and to provide
the stress-strain data necessary for describing the change of the properties under compres-
sion. Assessing the potential reliability issues requires knowing the coefficient of thermal
expansion (CTE) and stress-strain curves under compression. To provide explanations to
the trends in the material properties, the structure of NGS is studied using microscope
images.

In the greater context, the extensive material characterization study reported in this
chapter is expected to offer the data for other applications such as fuel cells or flow batteries.
An easy-to-use graphical summaries of the material properties and the forming process were
prepared and included as Appendices A and B. Reduced size versions are shown in Figures
3.1, 3.2, and 3.3. The raw data, data processing scripts, results, and SEM images in high res-
olution are available in [62]. An audiovisual summary of the chapter is available at https://
www.youtube.com/watch?v=d9BnnHE9ywg&list=PLaX555IXaD20NQQ2JLP-7abmET71-6LS4&
index=3 !.

In many cases the standard nomenclature had to be substituted with alternative sym-

bols; for example, even though the standard symbol for strain is €, it was substituted with

!The video files are also available in Appendix F
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S because € was already reserved for emissivity. The reader is referred to the nomenclature

for the complete list of symbols.
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Recommended design and manufacturing process:

1) Determine desired free-standing density d based on considered application and NGS properties in Appendix B
2) Determine desired free-standing thickness ¢ [mm)]

3} Calculate (or estimate graphically) surface density: dg = dli’o

4) Calculate the mass of ENG particles: meng = dsA

5) Compress ENG particles at forming pressure: py = 0.35¢204
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Figure 3.1: A graphical compilation of the NGS forming process. An enlarged high-resolution
version is available in Appendix A.
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Figure 3.3: A graphical summary of CTE and through—plane compression strain of NGS.

The best fit equations for all the measured properties are given in the table at the bottom.
An enlarged high-resolution version is available in Appendix B.
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3.1 Sample preparation

All samples in this work were prepared from a 0.2gcm™2 NGS that was supplied by
Nano Carbon Technology CO., LTD, Qingdao, China. The ordered surface densities were
70 mgem 2, 140 mgem 2, and 210 mgem 2, which translates to the thicknesses of 3.5 mm,
7mm, and 10.5mm. The supplier stated that raw graphite flakes used for manufacturing
the sheets had the fixed carbon content 99.27 % and size composition 81 % larger than
300pm (50 mesh). The flakes were intercalated with an HoSO4+HoO2+KMnO, solution
and exfoliated at 950°C with 5 minutes residence time. The resulting exfoliated natural

I which is equal to

graphite (ENG) particles had the apparent specific volume of 250 ml g~
the apparent density dpng of 4mgem™2. The details about the compression of the ENG
particles into the sheets were not provided by the supplier.

The 0.2gcm ™ sheets were cut and further compressed using a calendering machine
shown in Figure 3.4. The machine consists of two 93.5 mm cylinders that are kept at the set
distance by a pneumatic system that imposes a 6.9kN force. The calendered sheets were
100 mm wide, 300 mm long, and their density and thickness ranged from 0.5 to 1.7 gcm ™3
and from 0.4 to 4.1 mm as shown in Figure 3.5. For each of the measurements, samples
of the desired shape and size were cut from the calendered sheets. When calendering the
high-density sheets (1.7 gem™2), the upper cylinder visibly lifted, which implies that the
capacity of the calendering machine was reached.

Using sheets with varying surface density allowed preparing samples with matching
density but different thickness. For example, a 1.2mm thick sample prepared from the
140 mgem ™2 sheet has the same density as 0.6 mm thick sample prepared from the 70 mgem 2
sheet. Samples with multiple thicknesses were desirable to study the effect of thickness, and

investigating the thermal and electrical contact resistance in stacks of sheets.
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Figure 3.4: An image of the calendering machine that was used for sample preparation. The
image was provided by John Kenna of Terrella Energy Systems.
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3.2 Density

The density of the calendered sheets was determined by measuring the weight, thickness,
and diameter of discs that were cut using a 25 mm hole punch. The density was calculated

as:
m m

d:azv7

where m, t, A, and V are the disc mass, thickness, surface area, and volume, respectively.

(3.1)

The weight was measured using an OHAUS AX124 scale and the dimensions by a Darson
Instruments 0-1" 211-1313 analog micrometer. The uncertainty analysis is presented in
section 3.11.1. The samples for measuring density were also used for measuring the through—

plane electrical conductivity.
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3.3 Structure

In this section, the structure of NGS is studied using a scanning electron microscope. The
goal is to describe the structure and its change with density so that the trends in the
measured material properties can be explained. The structure of ENG particles is also

addressed because of its relevance to that of NGS.

3.3.1 Previous work

NGS is manufactured by compressing ENG particles with the apparent density in the
range 2.6 x 1073 to 7.5 x 1073 gem ™3 [63] into sheets with the density ranging from 0.2
to 1.9gcem™3. During the compression, the ENG particles deform, interlock, and form a
cohesive object (NGS) without using a binder [63, 51]. The higher the forming pressure the
higher is the density of the final sheet. The structure of ENG particles was reviewed in [51].
Before exfoliation, graphite flakes are highly crystalline with the density close to that of a
theoretical graphite crystal (2.26 gcm ™2 [43]). During exfoliation, some graphite layers are
pushed away but some remain in their original crystal configuration. The crystalline part
of ENG particles is referred to as cell walls, and the same nomenclature is adopted in this
thesis. A schematic and microscope images of ENG particle are given in section 3.3.3.1.

The literature contains multiple studies of NGS structure. Celzard et al. [63] man-
ufactured a compression setup with a transparent wall to visually study the process of
compressing ENG particles into sheets. While images are missing in the publication, the
authors reported that at the beginning of the compression, the ENG particles rearrange
spatially until contact points are made, and then start to deform and interlock. The au-
thors defined the rigidity threshold — the density at which a block of compressed ENG
particles becomes rigid and has a non-zero elastic modulus — to be in the range of 3 x 1073
to 10 x 1073 gcm~3. Additionally, a model to predict the intraparticle ENG density and
the average disorientation of graphite basal planes was developed.

Dowell and Howard [64] studied the structure of NGS by microscope, X-ray diffraction,
and porosity measurements. The samples for SEM microscope imaging were prepared by
impregnating NGS in low viscosity epoxy in vacuum, polishing, and cathodic etching. Images
of the surface of low density sheets (0.2 gem~3) showed that individual ENG particles are still
distinguishable and were described as flattened sinuous tubes. Observing the fracture surface
of a high density sheet that has been fractured under tension showed signs of interlocking
of ENG particles. Wrinkling and interlocking was mentioned as the mechanism of joining
individual ENG particles in NGS structure. The cross-section was described to have a
cellular appearance consisting of wrinkled graphite plates approximately 1pm thick, and
voids 1 pm thick and several micrometers long. The density of the observed sheet was not
explicitly specified. The thickness of the cell walls was estimated using three methods (X-

ray diffraction, surface area, and SEM microscope) and its value ranged from 30 to 60 nm,
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which is higher than the range 15 to 23nm reported by Celzard et al. [65]. The difference
can be explained by the fact that the thickness is most likely dependent on the quality of
raw flakes and exfoliation method. The flake properties were not identical in the two studies.

To investigate the strength and quality of the interlocking of ENG particles, Dowell and
Howard [64] positioned two ENG particles in an x-shape alignment, and compressed them.
The subsequent intercalation and exfoliation did not change the region where the particles
overlapped, but the rest of the particles re-gained a circular cross section. Repeating this
process several times did not disconnect the joint and the authors therefore concluded that
chemical bonding does not contribute greatly to the cohesion of the ENG particles.

Nitrogen adsorption measurements showed that the specific surface area of NGS de-
creases with increasing density. Since displacement in helium and kerosene yielded the same
value of 2.25gem ™3, the possibility of NGS containing closed pores was rejected. While a
detailed description of the conclusion is missing, it is assumed that if NGS contains closed
pores, helium or kerosene would not be able to access them and the trapped air would
increase the buoyancy of the sheet, thus leading to a lower density reading.

The presence of impurities in raw graphite flakes was shown to reduce the tensile strength
by limiting the number of bonds between individual exfoliated graphite particles. According
to Dowell and Howard [64], the edges of raw graphite flakes contain oxide and silicate impu-
rities, which can limit a proper exfoliation. While references or an explanation to support
the claim are missing, it can be assumed that the chemical bond between an impurity and
a graphite flake is stronger on the edges and weaker on the faces, which is analogical to
the weak bonding of graphite layers in the ¢ direction, but very strong cohesion within the
layers in the ab directions.

Multiple authors focused on quantifying the average misalignment of graphite basal
planes using x-ray diffraction measurements. A summary of the measured values is given
in Figure 3.6. For the range of densities 0.5 to 1.7 gem ™2, which is the most relevant to the
topic of this thesis, the average misalignment angle remains constant or slightly decreases.
At the lowest relevant density of 0.5gem™ it ranges from 9 to 20deg. The data for the
highest relevant density of 1.7 gem ™3 is not available, but at the highest measured density
of 1.3gem™3 the misalignment angle ranges from 8.5 to 14deg. To offer a comparison,
pyrolytic graphite, which is known to have a superior highly-oriented crystalline structure,
was reported to have the misalignment in the range 0.4 to 9.4° [64, 66]. Gu et al. [67, 59]
also concluded that increasing the density does not result in all of the graphite basal planes
being aligned perpendicular to the compression direction.

Toda et al. [69] studied the deformation of a single ENG particle during the forming pro-
cess. They deposited a small tracing particles on the surface of the ENG particle, which was
then placed in a 3mm wide and 20 mm high cavity together with other ENG particles. Us-
ing the synchrotron X-ray micro tomography they observed the deformation of the marked

ENG particle as a function of the compression of the entire sample. The deformation of the
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Figure 3.6: The average misalignment angle of graphite basal planes in NGS as a function
of NGS density. The data were reported by Gu et al. [59]
, Dowell and Howard [64], Celzard et al. [63], and Afanasov et al [68].

marked ENG particle consisted of bending and thickness reduction. Bending was significant
in the initial stages of the compression (i.e. at low sheet density) and thickness reduction
became more pronounced at higher compression levels. During the unloading process the
compressed ENG particle showed thickness recovery and transversal contraction.
Bonnissel [70] assumed that the density of NGS is non-uniform and varies in the thickness
direction from 0.05 gcm ™2 at the center of a sheet to 2.2 gem ™ on the surface, following the
relationship
d =d(1— )57 221 1 0,05, (3.2)

where d’ is the local density and z is the coordinate in the thickness direction normalized by
the half-thickness value. The variation of density with thickness was not based on observing
the structure and the validity was confirmed only by comparing the predicted thermal and

mass transfer properties with the experimental data.

3.3.2 Preparation of samples for microscope imaging

NGS samples at four densities (0.55 gem ™3, 1.05 gem =3, 1.55 gem ™2, and 1.7 gem —3) were cut
from the calendered sheets whose preparation was described in section 3.1. Two approaches
to sample preparation were used to observe the cross-section of NGS: polishing and tension
fracturing, as is shown in Figure 3.7.

In the polishing approach, the four studied NGS samples were placed in a 30 mm diam-

eter mold, which was then filled with an epoxy resin. Once cured, the epoxy resin blocks
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Figure 3.7: Illustration of the two sample preparation approaches: a) polishing and b) tension
fracturing

were polished using a Struers Tegramin-20 polisher. The polishing process involved grinding
the surface of the block to expose the NGS samples, and polishing to produce a uniformly
flat analytical surface. Grinding of the block was done using a diamond-impregnated abra-
sive disc with an alcohol-based lubricant. A series of progressively finer grades of abrasive
were used and ranged from 220 to 1200 grit until a uniform cross-section was achieved. The
surface was then polished using diamond suspensions ranging from 3 to 6 pm. Given the
very soft nature of the material, finer suspensions were not necessary. After each step of
the process, the blocks were cleaned with denatured alcohol and checked for defects using
an inverted microscope. Once polished, a thin carbon coating (25 A) was applied on the
surface of the sample to prevent charging in the SEM microscope. The sample preparation
was done by SGS Canada Inc., Burnaby, B.C., Canada. A photograph of the mounted and
polished sample is shown in 3.8a.

Initial observations of the polished cross-sections revealed smearing of the graphite layers
as can be seen in Figure 3.9. To expose the true cross-section, oxygen plasma etcher was used
as illustrated in Figure 3.7a. The etching was performed at 280 mTorr pressure, the power
was 300 W, and the total etching time was 50 min. The conductive coating was renewed
after the plasma etching step.

After the plasma etching step, bright artifacts were discovered on the observed surface as
shown in Figure 3.10d. As shown in Figures 3.10a and 3.10b, it is assumed that the artifacts

are a result of non-volatile contaminants that cannot be removed by plasma etching. Since
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Figure 3.8: Photograph of a) four NGS samples mounted in an epoxy cylinder, b) a stack
of five tension-fractured samples with spacers, ¢) a compressed stack of NGS sheets before
and after mounting in resin, and d) ENG particles mounted on an SEM sample holder.
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Figure 3.9: SEM image of smeared surface after polishing (right) and a simplified illustration
of the smeared structure (left)

the artifacts are present on both NGS and on the mounting resin (3.10c), the contaminants

are most likely the residue particles from the polishing process. The structure of NGS was
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visible despite the artifacts and no further sample processing was done. It is likely that a
sonication step can remove the non-volatile particles.

In the tension-fracturing sample preparation approach, the samples were fractured by
applying a tension force, which resulted in breaking the interlocking of the ENG particles
and exposing the cross-section structure as illustrated in Figure 3.7b. A photograph of the
tension-fractured samples is shown in Figure 3.8b.

Besides cross-sections of a single sheet, the interfaces between stacked sheets under
compression were of interest to support the understanding of the interfacial phenomena such
as thermal or electrical contact resistance. A stack of six 1.05 gcm ™2 sheets was compressed
to 400 kPa using two metal brackets and a bolt. The assembly was then encapsulated in a
resin and polished in the same way as the single NGS samples. The plasma etching step was
not included. A photograph of the compressed stack of sheets before and after mounting in
resin is shown in Figure 3.8c.

Samples of raw ENG particles were obtained from the supplier of NGS described in
section 3.1. To observe the structure in an SEM microscope, the particles were mounted on

a sample holder using a double-sided carbon tape as shown in Figure 3.8d.
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Figure 3.10: a,b) A schematic visualization of the formation of image artifacts due to non-
volatile contaminants, and ¢,d) microscope images showing the artifacts.
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3.3.3 Section results

3.3.3.1 Exfoliated natural graphite flakes

A compilation showing the images of ENG particles with a detailed view of one of the
particles is shown in Figure 3.11. From the low-magnification image (Figure 3.11a) it is
clear that the particles have a vermicular structure, and their size and shape varies widely.
The diameter of the particles is related to the flake size before exfoliation (the dimension
in the ab crystal directions). The length of the ENG particles is dependent on the thickness
of the unexfoliated flake and the degree of exfoliation. The images at higher magnification
(Figures 3.11b, 3.11c, and 3.11d) reveal that the structure at the scale of tens of micro
meters is highly disorganized with signs of the original flake layering. The cohesive thin
layered structures in 3.11d are considered to be the highly crystalline cell walls described
in [51].

Comparing the images of ENG particles to the commonly known atomic structure of
graphite (Figure 2.1) demonstrates the vast difference in the scale. The individual graphite
crystals in the structure of cell walls consist of atoms organized in the layered hexagonal
fashion, however, on larger scales, ENG shows different, highly random structure in which
the cell walls are the building blocks. In Figure 3.12, a microscope image of an ENG particle
(Figure 3.12a) is used as the reference for a simplified visualization of cell walls (3.12 b).
Each of the cell walls was reported to be 15 to 60nm thick [65, 64] and it consists of
approximately 45 to 177 atomic layers with the characteristic spacing of 0.34 nm (Figure
3.12 d). Crystal defect was included in Figures 3.12¢ and 3.12d to symbolize that real world

materials contain crystal imperfections [71].
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Figure 3.11: a) A low-magnification microscope image of multiple ENG particles. A high-
magnification images of one of the particles are shown in b), ¢), and d). High resolution
images are available in [62].
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Figure 3.12: a) A microscope image of an ENG particle with a highlighted area that was
used as a reference for b) simplified illustration of the cell walls. A schematic of the layered
graphitic structure with the lines symbolizing the atomic layers is shown in c) and d).
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3.3.3.2 Polished NGS cross-sections

Images of polished and etched NGS cross-sections at three levels of magnification are shown
in Figure 3.13. The low and medium magnification images in Figures 3.13a and 3.13b
reveal that polishing marks oriented diagonally from top left to bottom right are visible
on the 0.55gem ™3, 1.05gem ™3, and 1.7 gem ™3 sheets. However, it is still possible to make
conclusions about the structure.

At macro scale (hundreds of micrometers, Figure 3.13a), the structure becomes pro-
gressively more homogeneous with increasing density. The image of the lowest density sheet
(0.55 gem™3) contains dark horizontal slit-shape areas, which were interpreted as large pores.
Small pores were identified in the 1.05gecm ™2 sheet and no pores were seen on the high-
density sheets.

The medium scale images (Figure 3.13b) confirm the observations made on the large
scale images. By assuming that the bright linear features correlate with the angle of the
cell walls, and in turn with the graphite basal planes, it is possible to qualitatively confirm
the conclusions reported in [67, 68, 63, 64] stating that the average disorientation angle of
graphite basal planes with respect to the sheet plane varies from 9 to 20° and its change
with the sheet density is low at densities higher than 1 gem™3. A quantitative analysis can
be performed by applying feature recognition to the SEM images and statistically analyzing

the angle distribution. However, such a study was beyond the scope of this work.

a)

0.55gcm? 1.05gcm 155 g'cm'3 1.7gcm?

Figure 3.13: SEM images of cross-sections of polished and plasma-etched NGS samples at
a) low, b) medium, and c¢) high magnification. High resolution images are available in [62].

On the micrometer scale (Figure 3.13c), the individual cell walls become visible and
both their thickness and spacing decrease with increasing density. The images were rotated
and cropped to allow an easy comparison of the thickness and spacing of the cell walls. In

Figure 3.14, the raw non-rotated versions of the images at two random locations are shown.
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The angle of the cell walls varies, no conclusion about the angle can be made as only two
observations were made. The bright fuzzy features in the microscope images are the non-
volatile impurities that are impossible to remove by plasma etching. Their formation was

explained in the previous section.

0.55gcm? 1.05gcm 1.55gcm™ 1.7gcm*

®

Random
location 2

Random
location 1

Figure 3.14: High magnification microscope images of NGS cross-sections at two random
locations. High resolution images are available in [62].

In Figure 3.15, multiple raw images were combined to show the cross-section over the
entire thickness of the sheets. No variation of the structure with the sheet thickness was
observed and the conclusions based on Figure 3.13 made earlier therefore hold. The variation

of the sheet density predicted by Bonnissel [70] was not seen in Figure 3.15.
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2.8 mm

Figure 3.15: Composite images of NGS cross-sections. The images were created by merging
multiple raw microscope image files using Image Composite Editor software. High resolution

images are available in [62].
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3.3.3.3 Tension-fractured NGS cross-sections

While it is a common practice to encapsulate samples of materials in resin, polish them,
and observe the cross-sections, the idea of tension fracturing first introduced by Dowell
and Howard [64] is a complementary method that offers an additional insight into the NGS
structure. Low magnification images of tension-fractured NGS shown in Figure 3.16 confirm
the platelet shape of compressed ENG particles that was well described and visualized by
Toda et al. [69]. With increasing density the thickness of the platelets decreases, which

correlates to the decrease in spacing and thickness of cell walls seen in Figure 3.13c.

Figure 3.16: Low-magnification SEM images of the tension fractured samples. High resolu-
tion images are available in [62].

A comparison of the medium magnification images of the tension-fractured samples
for the four measured densities in Figure 3.17 confirms not only the reduction of platelet
thickness seen in previous images, but also confirms the concept of inter- and intra-particle

porosity introduced in [63]. The intraparticle porosity, which arises from pores within ENG
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particles, is visible in the image of the 0.55gcm ™2 sheet but disappears with increasing
density,m and therefore it can be concluded that the intraparticle porosity decreases with
density. Contrary to that, the relative amount of voids between the ENG particles is seen
to increase, which can mean that the interparticle porosity increases with density. However,
conclusions about porosity based on the images of tension-fractured samples are prone
to error as the sample structure contains voids that were filled by platelets prior to the

fracturing process, and the interparticle porosity can therefore appear significantly higher.

0.55gcm? 1.05gcm™ ~155gcm® 1.7gcm?

500 um
——rT

Figure 3.17: Medium-magnification SEM images of the tension fractured samples. High
resolution images are available in [62].

3.3.3.4 Cross-sections of a compressed stack

In Figure 3.18, the image of the cross-section of the stacked sample is shown and the expected
location of the sheet interfaces is marked by the arrows. Since no signs of the interfaces are
visible in the image, it can be concluded that at 400 kPa compression pressure, the sheets
coalesce and the interfaces are not visible. However, the surface structure can be distorted
by the polishing process and the interfaces can be masked by smearing of the flakes. To
make a reliable conclusions about the sheet interfaces, a plasma etching step should be

added to the sample preparation process and the imaging should be repeated.
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Expected location of sheet interfaces

Figure 3. 18 Low- (top) and medium- (bottom) magnification SEM images a stack of six
1.05gem ™3 compressed at 400 kPa

3.3.3.5 Faces

Low and high magnification images of NGS faces are shown in Figures 3.19 and 3.20.
The surface roughness decreases with increasing density. The boundaries of deformed ENG
particles are visible in the low magnification image of the 0.55gcm™ (top-left in Figure
3.19).
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Figure 3.19: Low magnification microscope images of NGS faces. High resolution images are
available in [62].
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Figure 3.20: High magnification microscope images of NGS faces. High resolution images

are available in [62].
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3.3.4 Section conclusions

During the NGS forming process, vermicular ENG particles become thin platelets that
consist of multiple highly crystalline cell walls separated by voids. The platelets are visible in
the tension-fractured samples, but cannot be identified in the images of the polished samples.
On a large scale, NGS heterogeneous at low densities, and becomes homogeneous at high
densities. Macroscopic pores with the dimensions in the order of hundreds of micrometers in
the in—plane direction and micrometers in the through—plane direction were identified in the
cross-sections of the lowest density sheet (0.55gem™3). At higher densities, the macroscopic
pores reduce in size, and become invisible above 1.55 gem ™. On a small scale, the thickness
and spacing of cell walls decreases with increasing density and the spacing appears to be
larger in comparison with the thickness. The thickness of the cell walls, which was reported
to be in the range from 15 to 60nm [64, 65], could not be verified because the achieved
level of magnification did not give enough resolution for reliable measurements. However,
the order of magnitude agrees. The cell walls are preferentially aligned perpendicular to the
compression direction at all studied densities but the variation could not be studied. The
non-uniform density distribution predicted by Bonnissel [70] was not seen in the composite

images of NGS cross-section.

3.3.5 Future work

The clarity of the images of polished and plasma-etched samples can be improved by remov-
ing the layer of non-volatile residue that blocks the structure of the material. It is expected
that a sonication could remove some or all of the residue. For observing the tension-fractured
samples, Helium-ion microscope may results in a better images because of its higher depth of
field. Also, tilting the sample could allow a better insight into the material structure. Study-
ing the structure of NGS under compression could be beneficial for explaining changes of
material properties with pressure. If the plasma etching and sonication steps are performed
on the compressed stack samples, the variation of the cell wall spacing can be quantified as

a function of pressure.
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3.4 Porosity

Porosity was calculated from the density of NGS and the density of a graphite crystal as:

dgr —d

pP= :
dgr

(3.3)
where P is the porosity, d is the NGS density, and dg, is the graphite crystal density of
2.26 gcm™3 [43]. This approach to calculate the porosity of NGS has been also used by
Gu et al. [59] and Celzard [63]. For the range of densities 0.5 to 1.7 gem ™3, the porosity
decreases from 76 to 25 %.

The literature sources do not agree on whether the pores in NGS are open or closed.
Dowell and Howard [64] concluded that all pores are open while Toda et al. [69] claimed
that 92 % of the pores are open.
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3.5 Compression behavior

The work in this section is split into two parts:

i) forming of NGS at high pressures (up to 17 MPa in the present measurements and
31 MPa in the literature) during which the forming pressure is imposed on a low-

density NGS to permanently increase its free-standing density, and

ii) low-pressure compression of formed NGS to pressures lower than the forming pressure,

during which there is none or negligible permanent deformation.

Part i) is important for manufacturing NGS parts while part ii) is necessary for the in-situ
performance of NGS parts as well as for the measurement of changes of NGS properties

with compression pressure.

3.5.1 Previous work

Dowell and Howard [64] studied the compression behavior of NGS at high pressures. They
loaded the sheets to a gradually increasing pressure and the subsequent relaxation revealed
that the deformation of the graphite sheet consists of reversible and irreversible strain. When
the sheet was compressed to the same pressure multiple times, the contribution of the irre-
versible strain diminished. The highest achieved free-standing density was 1.73 gcm ™3 after
a compression to 31 MPa. Increasing the pressure to 100 to 150 MPa resulted in a compres-
sion failure during which the sheets extruded from the loaded area. Heating the sheet to
2750 °C for one hour changed the compression behavior. Before the heating, the maximum
density (current, not free-standing) at 27.6 MPa was 1.89 gcm™3. After the heating, it in-
creased to 2.26 gcm ™3, which corresponds to the theoretical density of a graphite crystal
[43]. Contrary to the other studies in the literature, Dowell and Howard [64] concluded that
the air in the pores has no effect on the overall compression behavior.

Wei et al. [28] prepared the samples for their material characterization in two steps. First,
they compressed the exfoliated graphite flakes in a 100 mm-diameter mold to 3 to 5mm
thickness, and then they calendered the sheets to achieve the final density. The relationship
between the forming pressure and the final free-standing density contradicts the findings
of Dowell and Howard [64]. The forming pressures in the work by Wei et al. [28] are an
order of magnitude higher that the values by Dowell and Howard [64], which is expected to
be due to the the ambiguous definition of the compression area between two cylinders of a
calendering machine. The data by Wei et al. [28] also suggest that by using ENG particles
with lower apparent density dg ¢ it is possible to achieve higher maximum sheet density. In
particular, compressing ENG particles with dgyg of 6.6 x 1072 gecm™2 at 200 MPa yielded
NGS with the free-standing density of 1.89 gcm™3, which was 9% higher than that using
particles with dgng of 1.85 x 1073 gem™3. The authors attributed the phenomenon to the
higher elastic thickness recovery of NGS made of flakes with low dgn¢.
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Toda et al. [69] studied the deformation of a single ENG particle during the forming pro-
cess. They deposited a small tracing particles on the surface of the ENG particle, which was
then placed in a 3mm wide and 20 mm high cavity together with other ENG particles. Us-
ing the synchrotron X-ray micro tomography they observed the deformation of the marked
ENG particle as a function of the compression of the entire sample. The deformation of the
marked ENG particle consisted of bending and thickness reduction. Bending was significant
in the initial stages of the compression (i.e. at low sheet density) and thickness reduction
became more pronounced at higher compression levels. During the unloading process the
compressed ENG particle showed thickness recovery and transversal contraction. In contrast
to Dowell and Howard [64], Toda et al. [69] concluded that the air trapped in the pores is
responsible for the recovery process. In a similar study using particle tracking and computer
reconstruction of the structure, Kobayashi et al. [72] visualized the structural change of a
small piece of NGS 0.5 mm wide, 0.8 mm long, and 0.5 mm thick under a compression to a
35.6 % strain. The reconstructed images show that the 1 gcm ™2 sheet contains gaps between
the structural units that closed at 31.3 % strain and did not appear after unloading. After
complete unloading, the sheet did not recover to its original thickness, and the recovery
ratio was 12.9 %).

Gu et al. [67] measured the compressibility and thickness recovery of NGS under com-
pression at 32 MPa. At high densities, the thickness recovery was close to 100 % which was
explained by the air pressure in the pores.

Only a very limited coverage of the low pressure compression of NGS is available in the
literature. Luo and Chung [73] reported a reversible strain of 7% at 0.42MPa and 11 % at
0.81 MPa. At 4.12 MPa the strain kept increasing in each of the ten subsequent compression
cycles. Density of the measured sheet was not reported. Afanasov et al. [68] measured the
elasticity modulus of low-density sheets and reported the elastic modulus of 10 MPa at
0.2gcm™3.

Chen and Chung [74] studied the dynamic behavior of low-density sheets at 0.02 to
0.35g cm ™2 under compression, and observed a viscoelasctic behavior which was deemed to

be useful for damping of vibrations. No data is available for higher sheet densities.

3.5.2 Experimental method

The present measurements were done using a Bose Electroforce 3300 Series II machine
(Figure 3.21) in the configuration including circular, 50 mm diameter compression platens,
and a 3kN load cell (Figure 3.22a). For the forming tests, square samples 10 to 15 mm
wide were cut from the 7mm thick 0.2 gem™ low-density NGS (see section 3.1) using a
conventional metal hand saw. The sample dimension was chosen so that the desired pressure
can be achieved given the maximum force limitation of 2100 N. For the low-pressure tests,
32mm diameter discs were cut from the calendered sheets using a hole punch. Images of

the samples are shown in Figures 3.72 and 3.73. The details of the forming and low-pressure
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tests are discussed separately in the following sub-sections. The raw data and processing

scripts are available in [62].
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Figure 3.21: a) A photograph of the equipment used for the measurements (Bose Electro-
Force 3300 Series II).
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Figure 3.22: a) A photograph of the test section, b) a scheme of the measurement, and c)
a scheme of the calibration run

3.5.2.1 Forming

The square samples were compressed by imposing the pressure profile shown in Figure 3.25b.
After the first cycle, in which the forming pressure py was reached and the majority of the
non-reversible deformation was done, an additional sequence consisting of three repetitions
of cycles to 0.25py, 0.5p; ,0.75py, and py followed. The pressure was increased and decreased
at the rate of 30kPas™!, and the peak pressure was held constant for 10 seconds. For each
of the samples, the profile shown in Figure 3.25b was repeated seven times at a gradually

increasing value of py.

3.5.2.2 Low-pressure compression after forming

The detailed compression behavior of the 0.55gcm ™3, 1.05gcm ™3, 1.54gem ™3, and 1.7 gcm ™3
sheets was studied by measuring stacks of the 32 mm circular samples. Stacking of samples
was necessary because the dimension change of a single sheet at 1 MPa was in the order of
the uncertainty of the thickness measurement. At least six measurements were performed
for each of the four studied densities. After each of the measurements, the samples were
dismounted and a different combination of all available samples was measured next. A single
measurement consisted of loading to 1.06 MPa, 10-second hold, and unloading. The rate of

pressure change was 1.58 kPas™!.
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3.5.3 Data reduction

The raw data files contained the time, force, and displacement readings. To obtain the
thickness value and to account for the machine compliance, a calibration run in which
there was no sample between the platens was necessary (Figure 3.22c¢). The no-sample
displacement yo(F') was determined from a series of calibration runs. The thickness ¢ was

calculated as:
t= yO(F) - Y, (34)

where y is the displacement as sketched in 3.22b. The reference thickness for the strain
calculations (Figure 3.28) was taken at 30 kPa. The same pressure was used for determining
the thicknesses ¢; and t,, in Figure 3.22b. Although ideally the reference thickness should
be measured in an unloaded state, any contact thickness measurement method requires a
small compression pressure.

The tangent modulus was determined as the first derivative of the stress-strain curve.
The derivative was found to be very sensitive to the noise in the data, and smoothing using

a spline interpolation was necessary.

3.5.4 Section results

3.5.4.1 Forming

The free-standing density of the sheet after a single compression cycle to the forming pres-
sure py is shown in Figure 3.23. With increasing density, the pressure required to further
compress the sheet is increases exponentially following the relationship d = 0.35¢%Ps. The
data are in a good agreement with those reported by Dowell and Howard [64] and Wang et
al. [75]. Generating data points for pressures higher than 17 MPa was not possible in this
study because the measurements would require samples smaller than 10 mm, which would
cause a high uncertainty.

A viscous behavior was observed during the periods of constant pressure at the peaks of
the compression cycles. Figure 3.24a shows that the thickness decreases in an exponential
profile. The change in thickness was quantified using the viscous strain .S,,, which is defined

as:
Sv _ tv,end - tv,O

foo , (3.5)
where t,0 and t,.nq are the thicknesses at the beginning and the end of the constant
pressure period, respectively. In Figure 3.24b, the magnitude of S, was plotted against the
forming pressure and a decreasing trend can be seen. At low forming pressures py < 2 MPa,
which correspond to the free-standing densities less than 0.7 gcm™3, the thickness of the
sheet reduces by 2 to 3%. At higher pressures, S, becomes negligible, and the dimension

change is within the uncertainty of the measurement.
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Figure 3.23: Free-standing density as a function of the forming pressure
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Figure 3.24: a) Illustration of the viscous behavior at constant pressure, b) Viscous strain
as a function of the forming pressure

In Figure 3.25a, the strain at constant pressure .S, is plotted for each of the cycles in the
test profile. Two measurements at the highest (16.9 MPa) and the lowest (0.9 MPa) forming
pressure were included to show the variation of S,. The two left-most data points in Figure
3.25a correspond to the minimum and maximum points in Figure 3.24b. The magnitude
of S, at the high forming pressure of 16.9 MPa remains low and within the measurement
uncertainty for all the cycles. In the case of the low forming pressure of 0.9 MPa, it drops
after the forming cycle, remains small during the 0.25p; and 0.5p; cycles, then slightly
increases during the 0.75ps cycles, grows in the first py cycle, and decreases again in the

second and third py cycles.
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The reduction in the free-standing thickness after each of the cycles is quantified in
Figure 3.25¢ by plotting the ratio of the thickness after nth cycle ¢,, and the thickness after
the forming cycle ty. The thickness remains unchanged during the 0.25p; cycles. In the
subsequent 0.5p¢ and 0.75p cycles a small reduction of thickness within 1% of the original
thickness is seen, however the change falls within the uncertainty of the measurement. Re-
compressing the sheet to the forming pressure py results in a significant thickness reduction
that increases with every cycle and reaches 3% after the third cycle. The 3% decrease in

thickness causes a 3% increase in density.
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Figure 3.25: a) Viscous strain at the peak of the corresponding cycle, b) pressure profile
used for the forming measurements, c¢) relative thickness reduction after the corresponding
cycle

To investigate the thickness reduction after more than three cycles, one of the samples
was left in the machine for 48 hours, and subsequently additional 19 cycles to the forming
pressure py were performed. The results in Figure 3.26 are burdened with a high uncertainty
of the measurement. However, they suggest a minor thickness increase after the wait pe-

riod. During the additional cycles, the thickness reduced as expected. The rate of thickness
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reduction decreased following an exponential decay and reached the value of 4 % after the
last cycle. It should be noted that the three original cycles in Figure 3.26 do not correspond
to the three last data points in Figure 3.25¢ because Figure 3.26 contains data for a single

sample while Figure 3.25¢ shows the average of three samples.
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Figure 3.26: Relative thickness reduction after additional cycles

Figure 3.27 was created to analyze whether the the overall thickness reduction in a given
cycle is related to the viscous thickness change at the peak of the cycle. The dashed line
symbolizes the equality of the compared thickness changes. For points above the line the
viscous thickness reduction is lower than the overall thickness reduction in the given cycle.
While the interpretation of the most of the points in the upper-right corner is not viable due
to the measurement error, the points in the middle and left part suggest that the viscous
thickness reduction is always lower than the overall thickness reduction, which suggests that
the permanent thickness reduction happens throughout the entire cycle and not only at its

peak pressure.

61



O - .-m- 1
.. g..'."\'./.'-!sﬁ:
-10 ¢t . /‘:/' o
20 : ’
= -20¢ . s
g R
(=} /
— /
! /
g v
4—15 g
-40 -20 0
Loty [HM]

Figure 3.27: Correlation between the overall absolute thickness reduction after a compression
cycle (horizontal axis) and the dimension change during the viscous deformation at the peak
of the compression cycle (vertical axis). Only two error bars are shown to increase the clarity
of the plot

3.5.4.2 Low-pressure compression after forming

The results in this section describe the compression behavior of NGS at low pressures up
to p=1.06 MPa, which is lower than the forming pressure of any of the measured sheets.
Based on the results of the forming process, the deformation is expected to have mainly
an elastic character. For the lowest density, which requires the lowest forming pressure, the
forming pressure is 1.45 MPa and thus the p/p ratio is 0.73. According to Figure 3.25, low
permanent thickness reduction within 1% is expected in this region. For the densities of
1.05gcm™3, 1.54gcm ™2, and 1.7gem ™3, the forming pressures are 5.3 MPa, 18.8 MPa, and
28.3 MPa and the corresponding p/py ratios 0.21, 0.056, and 0.06, respectively, making the
elasticity assumption to hold even stronger than that for the lowest density.

The stress-strain curves for each of the measured densities are compiled in Figure 3.28.
Only the maximum and minimum measurements are shown to improve the readability of
the figure. All the measurements that are not shown fall within the bounds given by the
maximum and minimum measurements.

All the densities show hysteretic behavior that is the most pronounced for the lowest
density sample, and decreases with increasing density. The shape of the stress-strain curves
and the value of the maximum strain varies with density. The lowest measured density
(0.55gcm™3) shows almost linear behavior during the loading cycle, but the unloading
cycle is highly non-linear. For the higher densities, the loading cycle becomes progressively

more non-linear and the curves flatten at high pressures.

62



The strain at the maximum pressure, which quantifies the overall stiffness of the sheet,
does not show a monotonically increasing or decreasing dependence on the density. It is the
highest for the lowest density (6 %) but then drops and remains in the range 2 to 3.5 % for
all remaining densities. The strain value of 11 % at 0.81 MPa reported in [73] is higher than

any strain measured in this work.
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Figure 3.28: Low-pressure stress-strain curves of measured NGS samples. Loading and un-
loading is represented by the solid and dashed lines, respectively. For each of the plots only
two measurements with maximum and minimum value of strain are shown to demonstrate
the measurement variability.

To make the results easy to reuse by other researchers, an explicit compact mathematical
relationship describing the loading portion of the stress-strain curves was sought. The best
fit of the through—plane compression strain Sy, as a function of pressure p and the free-

standing density d was determined as:

Sin = (0.0026 — 0.014d 4 0.0166d2)(1 — ¢~ (P=30)0.03d71%)
+(0.00012 — 0.000147d + 4.8 - 107°d)(p — 30) (error = +0.004) (3.6)
d € [0.5,1.7]gem ™3, p € [30, 1060]kPa.

3

A comparison of the fit with the collected data points for the measured densities of 0.55 gcm ™2,

1.05gem ™3, and 1.7 gem ™ is shown in Figures 3.29, 3.30, and 3.31. For the lowest density
0.55 gem ™3, the fit is in a good agreement with the data at low pressures but diverges slightly
at high pressures. The higher variability of the 1.05 gcm ™2 data results in the measurements
being scattered around the reported best fit value. The measured data for the 1.7 gcm™>
density are consistently lower than the best fit but within the reported error. The fitting

process is a trade off between compactness of the relationship and its accuracy. While it is
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possible to obtain a best fit that would follow the experimental data better, the resulting

relationship would be significantly longer, and its practicality would be reduced.
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Figure 3.29: A comparison of the through—plane compression strain best fit with the mea-
sured data for the density 0.55 gem™3.

64



d=1.05g cm™

0.03 ' ' ' S
— — - Sy, = (0.0026 — 0.014d 4 0.0166d%)(1 — e~ (P~30)0.03d 1%

—_ +(0.00012 — 0.000147d + 4.8 - 10~°d*)(p — 30) .-
= 0.025 | (err =+0.004) i
'S

17 J .

c Reported average fit error
2 0.021 . -
7 PR Measured data points .-

()

2 .

£

S 0.015 - .
)

c
<

o
< 001 i
()]

>

o
=

+_0.005 | -
N
0 1 1 1 1 1
0 200 400 600 800 1000

Pressure [kPa]

Figure 3.30: A comparison of the through—plane compression strain best fit with the mea-
sured data for the density 1.05 gem™3.
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Figure 3.31: A comparison of the through—plane compression strain best fit with the mea-
sured data for the density 1.7 gcm 3.
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The stiffness at any given pressure can be quantified by the tangent modulus. Figure
3.32 shows the average tangent moduli that were evaluated for the loading part of the
compression cycle (i.e. the solid lines in Figure 3.28). The linear shape of the stress-strain
curve during the loading cycle of the lowest density sample (0.55gcm™3) translates to the
constant value of the tangent modulus of approximately 20 MPa, which is a value comparable
to 10 MPa for a 0.2gcm™3 sheet reported in [68]. The modulus of the 1.05gcm™> sheet
shows a slight increase at low pressures and then stabilizes at 50 MPa. The modulus of
the remaining two densities (1.54gcm™> and 1.7 gcm™3) increases over the entire range of
measured pressures and reaches 170 MPa and 220 MPa, respectively. The increase follows

an s-curve trend with the inflection point at approximately 500 kPa.
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Figure 3.32: Tangent compression modulus during the loading part of the compression cycle

The viscous behavior at the constant pressure periods was analyzed in the identical
way as in the previous section using the viscous strain, which is plotted in Figure 3.33.
In comparison with the forming process, the viscous strain is approximately two orders of
magnitude lower, but a similar trend of decreasing magnitude with increasing density can be
seen. The error bars for each of the points in Figure 3.33 were omitted as the relative error
reaches 500 %. Despite that, the trend of the results is expected to hold as the proximity of
the data points suggests a good repeatability. The high uncertainty of viscous strain is due
to the low change in thickness. The details are addressed in the discussion section.

To exclude the possibility of the viscous behavior being an artifact of the load cell, a
control measurement with no sample between the compression platens was performed. The
absolute dimension change during the constant pressure period of the control run was much
lower than that of the the sample that shows the least viscous behavior (the dimension
changes were 0.3 um and 7.6 pm, respectively). The viscous behavior is therefore considered

a real phenomenon.

67



x10™

S, [-]

05 075 1 125 15 1.75
Density [g cm'3]

Figure 3.33: The viscous strain during the 10 second period of constant pressure (1.06 MPa)
for each of the measured densities.

3.5.5 Section discussion

In the forming section of this work, the focus was to measure and summarize the properties
that are crucial for a successful manufacturing of NGS parts and samples. The reader is
referred elsewhere [64, 72, 69, 63| for the detailed description of the structural changes that
happen during the forming process.

Compression of NGS increases its density, but it is not possible to achieve the free-
standing density to be equal to the theoretical density of the graphite crystal (2.26 gcm ™3
[43]). The maximum achieved density varies from 1.73gem™ at py = 31MPa [64] to
1.89gem™ at py = 200 MPa [28]. The drastic difference in the forming pressure is ex-
pected to be due to its unclear definition in the latter publication, which used calendering
for manufacturing the sheets. The area used for calculating the pressure between two cylin-
ders is ambiguous and was not stated. Moreover, the forming pressure of 200 MPa is above
the failure stress of 150 MPa defined in [64].

Wei et al. [28] observed that the maximum NGS density is a function of the density of
the ENG particles. Another similar trend can be observed when comparing the thickness
of the sheets. While Dowell and Howard [64] reported that they tested stacks of sheets not
less than 1.27 mm, the lowest value of thickness in Wei et al.[28] is 0.15 mm. It is likely that
a higher maximum density can be achieved when the sheet thickness is low. For a reference,
the thinnest sheet in the present work was 0.84 mm thick, its density was 1.7 gcm ™3, and
it was formed by rolling under a 6.9 kN compression force.

The viscous behavior of NGS observed in the present measurements is in agreement
with Chen and Chung [74] who reported a decreasing viscous effect with increasing density
over the density range 0.02 to 0.35gcm ™. As seen in Figure 3.24 and 3.33, our data for

higher densities (0.3 to 1.7 gcem™3) follow the same trend. Chen and Chung [74] attributed
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the viscous behavior to the sliding of graphite layers at interfaces. While this theory is
plausible, the viscous behavior can be also caused by the air in the pores. The porosity of
natural graphite sheet ranges from 76 to 25 % for the densities of 0.5 gcm ™ and 1.7 gcem ™3,
respectively, and the pores have been reported to be all open [64] or 92% open [69]. It
is likely that upon compression, the air pressure in the pores increases, and the air starts
flowing out through the constrictions formed by the material structure. Upon unloading,
the stored elastic energy forces the sheet to increase the thickness, which lowers the pore
pressure, and air is drawn into the pores from the surroundings. To confirm or reject this
theory, measurements under vacuum are necessary. To offer further suggestions for potential
future measurements, a set of measurements was performed on a stack of four 1.05gcm™>
sheets. Increasing the rate of the load change from 1.6 kPas™! to 46 kPas™! (29 times more)
was found to increase the viscous dimension change seven times.

The main source of uncertainty of the viscous strain S, is the uncertainty of the thick-
ness measurement, which is in the order of +5 to £10um. The thickness difference in the
numerator of S, (Eq. 3.5) is calculated from the thicknesses at the end and the beginning
of the constant pressure period. In this special case when all parameters are fixed and only
the time change of the thickness is required, the absolute uncertainty of the thickness is
not relevant and it may be possible to base the uncertainty analysis on the sensitivity of
the displacement reading, which was reported by the manufacturer to be +1 nm. However,
to confirm this, a detailed understanding of the processing of the displacement signal is
required. Further work was omitted due to its complexity and time requirements.

The magnitude of the viscous behavior is low and most likely negligible for the majority
of the practical applications. From the material characterization perspective, the viscous
behavior can become significant when measuring properties that are highly sensitive to
minute changes in the material structure. For example, the electrical resistance of NGS was
found to follow the same exponential decay as the thickness. This phenomenon may need to
be addressed in high-accuracy measurements of electrical conductivity under compression.
If a need to fully understand the viscous behavior of NGS arises, be it for the practical
needs or to complete the scientific understanding of the phenomenon, an experimental setup
capable of imposing pressures of up to hundreds of mega pascals and measuring micrometer
displacements is suggested.

Measurements of the compression modulus can be biased by the barreling effect [76].
The highly anisotropic structure of NGS was considered to be prone to this behavior as the
low shear stiffness in the in-plane direction (perpendicular to the compression direction)
can allow high lateral displacement during the compression tests. The description of the
compression failure in [64], during which the sheets displaced laterally, validates the expec-
tation. The photographs of the stack of sixteen 1.54gcm ™ sheets shown in Figure 3.34
did not reveal any lateral expansion at 1030 kPa, and the barreling theory was therefore

rejected.
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Figure 3.34: A photograph of a stack of sixteen 1.54gcm™ sheets at 4kPa (top) and
1030 kPa (bottom). No lateral displacement was seen.

3.5.6 Section conclusion

The production of NGS parts involves compressing low-density NGS to the forming pressure
to form a high-density sheet. The forming pressure required to achieve a given free-standing
density was found to follow the relationship d = 0.35¢%%Pf where d is the free-standing
density in gecm™3 and p ¢ is the forming pressure in MPa. Re-loading the high-density sheet
to the forming pressure caused further increase in the free-standing density by up to 4%
after 23 cycles. The prediction of the maximum achievable free-standing density varies from
1.73 to 1.89gcm 3. During the periods of constant forming pressure, NGS underwent a
viscous deformation that was the highest at low forming pressures (3 % thickness reduction
after 10s at 0.9 MPa) and quickly decreases with increasing forming pressures. The forming
pressure dwell time should be taken into account when designing methods for production
of NGS parts, as it can affect the resulting free-standing density.

The detailed compression behavior of high-density sheets ranging from 0.55 to 1.7 g cm ™3
was studied at pressures up to 1.06 MPa. All the sheets showed a hysteretic behavior that
became less pronounced at higher densities. The stress-strain behavior was linear only dur-
ing the loading cycle of the lowest-density sheet (0.55gcm™3), and non-linear for in all
other cases. The non-linearity increased with increasing density. The strain at the maxi-
mum pressure (1.06 MPa) was 6 % for the 0.55 g cm ™3 sheet and approximately 3 % for the
1.05gem™3, 1.54gcm ™3, and 1.7gcm ™2 sheets. The tangent modulus of the 0.55gcm™3
sheet was 20 MPa, and that of 1.05gcm™3, 1.54gcm ™3, and 1.7 g cm ™3 sheets started from
approximately 10 MPa at 30kPa for all of the sheets, and increased to 50 MPa, 170 MPa,
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and 220 MPa at 1 MPa, respectively. Small viscous deformation whose magnitude decreased

with increasing density was detected during the periods of constant pressure.

3.5.7 Future work

Dowell and Howard [64] observed that heating of NGS causes its compression behavior to
change. A detailed description of the phenomenon can be useful for determining the effects of
a heat treatment on the properties of NGS. Similarly to steel that is heat treated to achieve
different properties (e.g. hardness), heat treatment could be used during manufacturing of

NGS parts to tailor the properties to the requirements given by various applications.

3.5.8 Expanded literature review

Additional data and observations with marginal relevance to the present work are summa-
rized in the following paragraphs.

Dowell and Howard [64] used commercial graphite sheet ("Grafoil", Union Carbide Cor-
poration, GTA grade with 0.1% of ash (per weight) or GTB grade with 5% - GTA used
unless noted). For some tests they compressed the sheets themselves from thermally ex-
panded graphite using a piston sliding in a cylinder. Samples for compression tests were
discs 1.90 cm in diameter or squares 2.54cm on side stacked to at least 1.27mm. The com-
pressive stress-strain curves were performed at 8.3 x 1074 s~! strain rate up to 31 MPa.

Based on microscope images of microstructure, Dowell and Howard [64] concluded that
the irreversible strain is due to folding and interlocking of the basal planes that are highly
misaligned with respect to the sheet plane while the reversible deformation is due to basal
planes well aligned with the sheet plane. The Tangent compressive modulus at 6.9 MPa
was found to be higher for samples with higher misalignment of the basal planes. The
misalignment was determined by an X-ray diffraction measurement of 002 peaks.

Wang et al. [75] [77] used compression mold consisting of a 50.8 mm piston and a match-
ing female counterpart to create cylinder shape samples. The surface density calculated from
their data ranges from 46 to 642 mgem 2. The thickness of their sheets was higher than
in the present work, ranging from 5 to 10mm. The raw graphite contained 0.2 %. The

information about the flake size is missing.
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3.6 Heat capacity

In this section, the heat capacity of NGS is determined from the literature sources. In
addition to the free-standing heat capacity, a relationship for evaluating the change of

volumetric heat capacity with the compression pressure is developed.

3.6.1 Specific heat capacity

In this work, the specific heat capacity of NGS was assumed to be equal to that of pure
graphite because the fixed carbon content of the NGS used in the present study was 99.27 %
and the typical value is large than 95 %. The base for determining the heat capacity of NGS
was the relationship by Spencer [78] reported in [71], which is:

Cmgr = —5.293+58.998 x 10737 —43.225 x 10772 +11.51 x 107?72 [Jmol ' K™!], (3.7)

where ¢, gr is the molar heat capacity of graphite and 7' is the temperature in Kelvins.
Using the molecular weight of carbon My, = 12.011gmol ™! the specific heat capacity

(per unit mass) is:
Cpgr = —440.68 +4.91T — 3.6 x 107372 +9.58 x 10773 [T kg ' K] (3.8)

The data predicted by Equation 3.8 are compared to the experimental data by Wang et al.
[75] in Figure 3.35. It can be seen that the polynomial relationship by Spencer [78] predicts
slightly higher values in comparison with the experimental data for NGS. However, the
difference is low and therefore the relationship by Spencer [78] was considered valid, and
the specific heat capacity of NGS in this work was determined by evaluating Equation 3.8
at 25°C, which resulted in the value of 729.3Jkg ' K~1.

Besides NGS, Wang et al. [75] also measured the specific heat capacity of aluminum and
the data was included in Figure 3.35. At room temperature, the heat capacity of NGS is
approximately 82 % that of aluminum. However, because the change of heat capacity with
temperature is higher for NGS, the specific heat capacity of NGS and aluminum become
equal at approximately 90 °C. Beyond this temperature, NGS shows a higher value of specific
heat capacity.
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Figure 3.35: The specific heat capacity of graphite (Spencer [78], solid line), NGS (Wang et
al. [75], circles), and aluminum (Wang et al. [75],triangles) as a function of temperature.

3.6.2 Volumetric heat capacity of NGS under compression

Volumetric heat capacity ¢, is more practical for some of the comparisons of heat sinks
described later in this thesis. Inputting ¢, is also required for the measurement of thermal

conductivity and diffusivity using the TPS method. It is defined as:
¢y = dep, (3.9)

where ¢, is the volumetric heat capacity, d is density of the material, and ¢, is the specific
heat capacity (per unit mass).

Since the thickness of NGS reduces significantly under compression, the change of density
needs to be considered when evaluating the volumetric heat capacity of NGS at a compressed

state. The density in the relaxed (uncompressed) state d is:

m

d:a,

(3.10)

where m is the mass of the sample, t is the relaxed thickness, and A is the sample area.

Density at a compressed state is:
m
dp = —, (3.11)
tp
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where t,, is the thickness under compression. The thickness under compression can be cal-

culated based on the strain at a given pressure S as:
t,=1t— 5t (3.12)

Combining equations 3.10, 3.11, and 3.12 yields:

m d
dp_tA(l—S)_l—S_Kdd’ (3.13)

where the density correction factor Ky was defined as:

1

The volumetric heat capacity under compression is:
Cop = Kqde, = Kgc, (3.15)

The density correction factor K, for four measured densities is shown in Figure 3.36. The

values for other densities were calculated using linear interpolation.
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Figure 3.36: The density correction factor of the volumetric heat capacity as a function of
the pressure
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3.7 Thermal conductivity and diffusivity

In this section, the thermal conductivity and diffusivity of NGS are measured using the tran-
sient plane source method for the range of densities from 0.5 to 1.7 gem ™ and pressures
from 100 to 1080 kPa. The results are compared with the literature sources and recommen-
dations for future measurements are made. The role of the sheet-to-sheet TCR in stacks
of sheets is investigated. Lastly, the shortcomings of the TPS method are identified, and

possible solutions are proposed.

3.7.1 Previous work

The available literature sources show that the thermal conductivity and diffusivity increase
with density in the in—plane direction, and decrease with density in the through—plane direc-
tion. The explanations of the change of the thermal properties with density are consistent
across the sources, and state that both the orientation of the highly anisotropic graphite
cell walls and the contact resistance at their boundaries change with density and alter the
overall bulk properties of NGS. Most of the studies [28, 79, 70, 68] were performed using
the laser flash method, which is inherently not capable of measuring the dependence of the
thermal properties on the uniaxial compression in the through—plane direction. Two relevant
studies used the guarded heat flow meter method [75, 80|, which requires the samples to be
compressed to allow the heat to flow from the flux meters into the samples, but the pressure
was not varied, and in one case its magnitude was not reported. Only one published article
[81] focused on the thermal contact resistance (TCR) between the sheets, and the authors
concluded that it is negligible at 100 kPa

Wei et al. [28] used the ASTM C714 laser flash method to measure the in—plane and
through—plane thermal conductivity and diffusivity of NGS in the range of densities 0.55 to
1.89 gcm 3. They reported that the in—plane thermal conductivity is increasing with den-
sity while the through—plane thermal conductivity is decreasing. The authors argued that
the change of the thermal conductivity with increasing density is due to the increase of the
preferential orientation of the graphite basal planes and the decrease of porosity. In the in—
plane direction, both factors cause an increased thermal conductivity. In the through—plane
direction, the decreased porosity is expected to increase the thermal conductivity, but the
increase in the preferential orientation is expected to decrease the thermal conductivity. The
decrease of the through—plane thermal conductivity with density was explained by stating
that the increase of the preferential orientation is dominant over the decrease in porosity.
Besides the sheet density, the density of ENG particles dgyg was found to have an effect
on thermal diffusivity and conductivity. The thermal diffusivity of a 1.65 gcm ™ sheet man-
ufactured from exfoliated graphite with the dgyg of 6.25 x 1073 gem ™ was 330 mm? s~ 1,
which is 18 % higher than that of the sheet made of 3.4 x 1073 cm? g~! flakes. The decrease

was explained by the increased misalignment of graphite basal planes and by the fact that
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the sheet made from flakes with lower dg g has more interfaces, which amplifies the contri-
bution of the thermal contact resistance (TCR) between the cell walls to the overall thermal
conductivity.

Liu et al. [79] measured the in—plane and through-plane thermal conductivity and dif-
fusivity using the laser flash method, and their data closely follows the results of Wei et al.
[28]. After observing the structure using an SEM microscope, the authors related density
dependence to the orientation of the graphite basal planes, porosity, and the distribution
of impurities. When comparing NGS to the conventional metals, the mode of heat transfer
was deemed to be due to the phonon and electron diffusion for NGS, and only electron
diffusion for copper and aluminum. Both the phonon and electron diffusion in NGS was
claimed to be inhibited at the boundaries of the cell walls, which is in agreement with the
TCR explanation in the other literature sources.

Bonnissel et al. [70] measured the in—plane and through—plane thermal conductivity and
diffusivity, and the results are in agreement with Wei et al. [28] and Liu et al. [79]. The
authors developed a model to relate the structure, thermal properties, and mass transfer
properties. It was assumed that the density of NGS is not uniform and varies in the through—
plane direction from 2.2gecm™3 at the surface of the sheet to 0.05gcm™ at the middle
of the sheet. However, the assumption was not based on observing the structure and its
validity was confirmed only by comparing the predicted thermal and mass transfer properties
with the experimental data. The thermal conductivity was expected to vary with thickness
proportionally to the local density such that it is the highest at the surface and lowest at
the middle of the sheet. The overall thermal conductivity was calculated as an integral of
the local thermal conductivity over the thickness. If the assumptions about the structure
of NGS by Bonnissel et al. [70] are correct, the thermal conductivity is expected to be a
function of thickness, in which case sheets with equal density but different thickness would
show different values of thermal conductivity.

Chen and Chung [80] measured the through—plane thermal conductivity of low density
NGS (<0.67gcm™3) under compression (460kPa) at 56°C using the guarded hot plate
method according to ASTM D5470. The samples were prepared from graphite flakes that
were intercalated in sulfuric acid, exfoliated at 900 °C, and their resulting specific surface
area was 40m? g~!. The measured values are lower than the other literature sources, and
the trend does not show the inflection point at low densities that was reported by Bonnissel
et al. [70] and Wang et al. [75]. Using the Hashin-Shtrikman and effective medium theory
models, the authors concluded that within the given range of densities, 93.7 to 99.7 % of
the heat transfer is in the ab directions of the graphite crystals.

Afanasov et al. [68] studied the effect of the intercalation agent and exfoliation method
on the through—plane thermal conductivity of NGS. The standard intercalation method,
which comprises of treating natural graphite flakes with a solution of sulfuric acid and an

oxidizer, was compared to the anodic graphite oxidation in aqueous nitric acid solution. The
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resulting intercalated graphite flakes were referred to as graphite bisulfate and graphite ni-
trate, respectively. The intercalated flakes were exfoliated in a furnace at 900 °C and 600 °C,
respectively, and their dgyg and specific surface area were measured to be 2.5 x 1073 gecm ™3
and 20m? g~ !, respectively, for the exfoliated graphite bisulfate, and 1 x 1073 gem ™ and
150m? g~ !, respectively, for the exfoliated graphite nitrite. The through—plane thermal con-
ductivity of NGS prepared from the graphite bisulfate flakes was higher than that of the one
prepared from the graphite nitrite flakes over the entire range of measured densities (0.02 to
1.2gcm™3). For densities higher than 0.5gcm™3, the difference in the thermal conductivity
was 6 Wm ™! K~!. The difference was explained by the difference in the specific surface area,
in particular by assuming that a higher surface area increases the TCR at the interfaces
of cell walls, which is in agreement with Wei et al. [28]. Contrary to the other literature
sources, the data by Avanasov et al. [68] show a slight increase of the through—plane thermal
conductivity with increasing density.

Wang et al. [75] measured the through—plane and in—plane thermal conductivity of NGS
using the guarded hot plate method according to ASTM E1530. While the preparation of
the samples for the through—plane direction measurements was comparable to the other
literature sources, the samples for the in—plane measurement were manufactured from ENG
particles by pressing them in a tall narrow rectangular tube as shown in the related publi-
cation [77].

Smalc et al. [81] investigated the possibility of using NGS as a thermal interface material
(TIM) for electronics cooling. They used sheets with the thickness of 0.13 mm and noted
that at such low thicknesses, the impurities in NGS with dimensions higher than the sheet
thickness can limit the conformity of graphite by not allowing the mating metal surfaces to
be in contact. The purity of the NGS that was used for the study was low, with the typical
impurity content of 5 %. Besides pure NGS, samples impregnated with synthetic and min-
eral polymers were studied. The thermal conductivity and TCR at the sheet-to-flux-meter
interface was measured at 100 kPa using the guarded heat flow meter method according to
ASTM D5470. To deconvolute the sheet-to-flux-meter TCR, and the bulk thermal conduc-
tivity, the authors measured stacks of sheets and assumed that the sheet-to-sheet TCR is
negligible. The assumption was confirmed by a measurement thermal resistance of a single
0.26 mm sheet and two 0.13 mm sheets that showed the same values. The reported ther-
mal conductivity ranged from 4 to 6 Wm~'K~!. However, since density of the measured
sheets was not reported, a comparison with other data sources is not possible. The samples
impregnated with polymers showed slightly higher average thermal conductivity but the
variation across the samples was large and the difference is likely not statistically signifi-
cant (no statistical method was employed to judge the significance). The specific contact
resistance at the interface between the sheet and the flux meter was 132 mm2KW ™! for the
pure graphite sample and 59 mm?KW~! and 67 mm?KW~! for the samples impregnated

with mineral and synthetic polymers, respectively. The results suggest that polymer im-
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pregnation can reduce the TCR by approximately 50 %. The thermal resistance of a single
0.13mm sheet was measured as a function of the through—plane compression pressure in
the range from 50 to 1000 kPa and a decreasing behavior that was steep at low pressures
and mild at higher pressures was seen. Whether the decrease was caused by the TCR or

the change in the bulk thermal conductivity was not addressed.

3.7.2 Experimental method

All the measurements in this study were performed using the Hot Disk TPS 2500S machine,
which is a commercial implementation of the transient plane source method [82, 83]. The
method uses a sensor in the form of a nickel spiral. During the measurement the sensor
is inserted between two identical samples, electric current is passed through it, and the
generated heat penetrates the samples. The temperature increase of the sensor is recorded
by measuring the current and voltage, and correlating it to the known resistivity of nickel.
Based on the shape of the temperature-versus-time curve, the thermal properties can be
determined. The TCR at the sensor-sample interface is excluded by discarding the initial
section of the temperature-versus-time curve.

Pressure was imposed on the samples by manually turning a wheel attached to a threaded
rod that lifts the sample table. The compression force was monitored by the Mark-10 M5-500
Series 5 force gauge. The measurement method and the sample size varied for the in—plane

and through—plane directions.

3.7.2.1 In—plane direction

For the in—plane direction, the slab mode was used. 7cm by 7cm square samples were
cut from the calendered sheets described in section 3.1. The measurement configuration
consisted of the sensor, sample, insulation, and pressure spreader as shown in 3.37a. The
sensor radius was 3.189 mm for all the in—plane measurements except for the samples at
the lowest density and high thickness. In this case, the large thickness required using the
6.403 mm sensor to satisfy the slab mode criterion 0.03125 < h/a < 0.79836 given in [84],
where h is the sample thickness and a is the sensor radius. The heating power was in the
range 0.4 to 1.8 W to achieve the total temperature increase given in [84]. The measurement
time, which should be chosen so that the heat penetration depth is less than the available
probing depth, was always set to the low limit of the machine (1s) due to the high in—
plane thermal diffusivity of NGS. Optimal measurement conditions would require lower
measurement times or larger samples. The latter was not possible due to the limited size
of the test section. The in—plane properties were measured under compression at 100 kPa.
Additionally, an attempt to measure the pressure dependence of the in—plane properties was
made. However, the insulation started deforming at pressures of approximately 500 kPa and

other drawbacks were discovered. The drawbacks are addressed in the discussion section.
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Figure 3.37: Schematics (top) and photography (bottom) of the thermal conductivity mea-
surement

3.7.2.2 Through—plane direction

To measure the through—plane thermal properties, the one-dimensional mode was used.
It requires the samples to match the sensor size, and therefore circular samples 32 mm in
diameter were cut from the calendered sheet using a hole punch, and the measurements
were performed using the 29.2 mm sensor. The difference between the sensor and sample
diameters was within the requirements given in Ref. [84]. Stacks of sheets with the total
height ranging from 6.7 to 27 mm were measured at pressures of 100 kPa, 200 kPa, 400 kPa,

800 kPa, and 1080kPa. Measurements at no compression were attempted, however, the
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repeatability was low and the results were not included in this text. The measurement time
and the heating power were fixed to 2s and 3 W, respectively. In all cases the penetration
depth was smaller than the total height of the stack. Measurement of the through—plane
properties of a single sheet was not possible as the required measurement times are much

lower than the low limit of the machine.

3.7.3 Data processing

The data processing was done using the Hot Disk Thermal Constants Analyzer 7.3.12
software. While it is generally possible to determine the volumetric heat capacity using
the TPS method, the modes used in this study required inputting it. The value of the
volumetric heat capacity was calculated from the specific heat capacity of 729.3 Jkg7 'K~}
and the density. The density was corrected for the change with pressure as described in
section 3.6. Both the raw data files and the implementation of data processing in Matlab

are available in [62].

3.7.4 Section results

The results are summarized in Figure 3.38. While the in—plane thermal conductivity and
diffusivity increase with the density, the through—plane properties decrease with density,
which is in agreement with the data in the literature. The in—plane thermal conductivity
increases linearly with density and can be approximated by the relationship k;,, = 212d —22.
The thickness of the sheet, which is directly proportional its surface density, does not affect
the in—plane thermal properties. The data points for the in—plane thermal diffusivity in
Figure 3.38b are scattered and do not follow the expected trend a;, = 0.29 — 0.0301d~!
that was calculated from the thermal conductivity fit using the relationship between the
thermal diffusivity and conductivity a = %. Since the values of the thermal conductivity
and diffusivity were calculated using the proprietary software designed by the manufacturer
of the TPS machine, further investigation of the scatter of the diffusivity data was not
possible. Over the measured range of density, the in—plane thermal conductivity increases
by approximately 250 % while the diffusivity increases only marginally by approximately
20 %, which likely makes the scatter in the data more pronounced.

No dependence of the in—plane thermal properties on pressure was seen. However, the
pressure distribution may have been affected by the presence of the sensor between the
samples as is explained later in the discussion section.

The through—plane thermal conductivity and diffusivity are a function of not only the
density but also of the pressure. With increasing density, the through—plane thermal conduc-
tivity and diffusivity decrease non-linearly with the exception of the thermal conductivity
at 100kPa, which shows a linear decrease. Increasing the compression pressure results in

an increased thermal conductivity and diffusivity for all the measured densities, but the
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Figure 3.38: The results of the in—plane thermal conductivity (top left), in—plane thermal
diffusivity (top right), through—plane thermal conductivity (bottom left), and through—
plane thermal diffusivity (bottom right). The thickness of the samples is proportional to
their surface density, which is distinguished by the triangle and circle symbols.

increase is more pronounced at higher densities as can be seen in Figure 3.39. After in-
creasing the compression pressure from 100 kPa to 1080 kPa, the thermal conductivity and
diffusivity of the 1.7 gcm ™3 sheet increased by 116 % and 112 %, respectively, while that of
the 0.55gem ™3 sheet increased only by 12% and 6 %, respectively. The change of thermal

properties with pressure is linear at low densities and becomes non-linear with a logistic
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profile at high densities. The repeatability of the measurements was better at higher pres-
sures but this trend cannot be seen in Figures 3.38 and 3.39 as the overall uncertainty of the
measurement is dominated by the 5% accuracy of the machine given by the manufacturer
[85].
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Figure 3.39: The pressure dependence of the thermal conductivity (left) and diffusivity
(right) for the 140 mgem ™2 samples.

The through-plane conductivity and diffusivity and the in—plane diffusivity of the 0.5 gem ™3
70 mgem 2 sample deviate from the rest of the measurements. For the through—plane direc-
tion, the deviation is within the measurement uncertainty, and for the in—plane diffusivity,
the deviation might be caused by the above mentioned scatter in the data. However, a
similar trend was seen in the data by [28] and therefore the possibility of the low-density
and low-thickness samples showing increased thermal properties cannot be rejected.

To make the results easy to reuse by other researchers, an explicit compact mathematical
relationship between the measured properties and the relevant parameters was sought. The
best fit of the in—plane thermal conductivity k;, as a function of the free-standing density

d is a simple linear function that was determined as:

kin = 212d — 22 [Wm™'K™']  (error = £15Wm 'K ™)

(3.16)
d € [0.5,1.7]gem .

A comparison of the k;, best fit with the measured data is shown in Figure 3.40.
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In the through—plane direction, the thermal conductivity is also a function of pressure

p and the best fit was determined as:

ke, = (34.63 — 34.44d + 29.614%)p" 01015 ~0.0008422d
—30.59 + 34.99d — 31.75d* [Wm 'K~ (error = £0.4Wm'K™') (3.17)
d € [0.5,1.7]gem ™3, p € [100, 1080]kPa.

A comparison of the k;, best fit with the measured data is shown in Figure 3.41.
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Figure 3.40: A comparison of the best fit of the in—plane thermal conductivity with the
measured data.
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Figure 3.41: A comparison of the best fit of the through—plane thermal conductivity with
the measured data.

Since stacks of sheets were measured, the sheet-to-sheet TCR is inherently included
in the value of the through—plane thermal conductivity and diffusivity. Neither the TPS
nor the guarded heat flow meter method are capable of deconvoluting of the sheet-to-sheet
TCR. The importance of the sheet-to-sheet TCR can be estimated by comparing the results
for stacks of sheets at different thicknesses. Figure 3.42 illustrates the theory employed to
judge the importance of the sheet-to-sheet TCR. The surface density of the sheet dictates
its thickness at the given density. A varying number of interfaces per stack height can be
achieved by using stacks of low and high surface density sheets. If the sheet-to-sheet TCR
is significant, the stack with more interfaces will show lower effective thermal conductivity.
In practice, it was not possible to manufacture sheets at the same density because the
calendering process did not allow a fine control of the final sheet thickness. Therefore, the
sheets prepared for this measurement had a comparable but not identical density, as can
be seen by the horizontal distance between the circular and triangular symbols in Figure
3.38. The results for the through—plane thermal conductivity and diffusivity in Figure 3.38
do not show the vertical stacking order outlined on the left side of Figure 3.42, and the
contribution of the sheet-to-sheet TCR was therefore deemed to be negligible.
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Figure 3.42: Illustration of the theory used for evaluating the importance of the sheet-to-
sheet TCR

The theory for estimating the importance of the sheet-to-sheet TCR only holds if the
through—plane thermal conductivity is not a function of thickness. Bonnissel et al. [70] stated
that the local density of NGS varies across the thickness which can in turn cause a variation
of the thermal conductivity between sheets with equal density but different thickness. If the
low-thickness sheets have a higher bulk through—plane thermal conductivity, the decrease
of the effective thermal conductivity caused by the added interfaces can be negated by the
increased bulk thermal conductivity. Since the through—plane variation of local density was
not confirmed based on the SEM images presented in section 3.3, the through—plane thermal
conductivity was assumed to be independent of sheet thickness and the conclusion about

the significance of sheet-to-sheet TCR is considered to be valid.

3.7.5 Section discussion

A comparison of the present and literature data with an extended legend that lists the
relevant parameters is shown in Figure 3.43. The present data for the in—plane thermal
conductivity are in a good agreement with the literature data at 0.5 gem ™3, but then start

to deviate and become progressively lower. The same trend is seen for the in—plane thermal
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diffusivity. The main source of the deviation is expected to be the mismatch in the value of
the specific heat capacity. In the present study the value of 729.3 J kg~! K—! was used, which
is smaller than 850 Jkg=! K=! used by Wei et al. [28], Liu et al. [79], and Bonnissel et al.
[70]. The value of 850 J kg~! K=1 was referenced from the study by Wang et al. [75], in which
the average for the temperature range 30 to 140 °C was reported. This temperature range
is relevant to adsorption cooling systems but not for a measurement of thermal properties
at room temperature.

Wang et al. [75] measured the in—plane thermal conductivity directly using the guarded
heat flow meter method, which does not require inputting the heat capacity. Their data
deviate from the other literature sources above 100 Wm~'K~!, which was found to coincide
with the upper limit of the used equipment [86] and the deviated data were therefore not
considered valid.

Based on the table at the bottom of Figure 3.43, the density of ENG particles dgng
used to prepare the samples does not correlate with the variation in the in—plane thermal
properties. Other factors, such as graphite purity, sheet thickness, or the inherent inaccuracy
of the measurement methods, can be responsible for the data mismatch between the present
and literature data. Definite conclusions cannot be made because the parameters vary widely
and some of them have not been reported.

Similarly to the in—plane properties, the through—plane thermal conductivity and diffu-
sivity measured in this work are in most cases lower than the literature data. The scatter
of the literature data for the through—plane thermal conductivity is high, reaching differ-
ences of approximately 8 Wm™'K~!. The present data agrees the best with the data by
Chen and Chung [80] which can be explained by the comparable compression pressure and
thickness of the sheets. The data by Afanasov et al. [68] suggest a high dependence of the
through—plane thermal conductivity on the density of ENG particles. However, the rest of
the data sources do not confirm this trend as can be illustrated by the overlap of the data
by Bonnissel et al. [70] and Wei et al. [28] who prepared the sheets from ENG particles
with dgyg of 1.7 x 1073 gem ™ and 6.25 x 1073 gem ™3, respectively. Since Afanasov et al.
[68] reported an increase in the through—plane thermal conductivity with increasing density,
which is contrary to the other studies, it was concluded that their study is more likely to be
inaccurate and the sensitivity to dgyg may not be valid. Contrary to the in—plane thermal
conductivity, the inconsistency in the value of the specific heat capacity cannot explain
the lower values of the present through—plane thermal conductivity data, because the data
by Wang et al. [75] were obtained using the guarded heat flow method, which measures
the thermal conductivity directly and does not require inputting the specific heat capacity.
The reason for the difference between the present and literature data for the through—plane
properties could not be determined based on the available information.

During the measurements in the in—plane direction, the sensor covered only a part of the

7cm by 7cm sample, which causes a non-uniform pressure distribution, an in turn a non-
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Figure 3.43: A comparison of the present results of the thermal conductivity and diffusivity
measurements with the relevant literature data.
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uniform deformation as shown in Figure 3.44a and b. The importance of the non-uniformity
can be estimated by comparing the half-thickness of the sensor ¢s/2 to the difference between
the uncompressed and compressed sheet thickness At¢. The two dimensions are sketched in
Figure 3.44c. The thickness of the sensor t; measured by a caliper is 0.05 mm. If ¢,/2 is
comparable to At then the sensor is expected to significantly affect the pressure distribution

and distort the results. It is convenient to define the ratio of At and ¢5/2 as:

At

Qﬂ:@;

(3.18)

and use it for quantifying the importance of the pressure non-uniformity for the measured
sheet densities. High values of ¢ mean that the pressure non-uniformity is negligible, and
values closer to and 1 and lower suggest that the pressure non-uniformity is significant.
Based on the compression study in section 3.5, the thickness difference At associated with
compressing the sheet to 400 kPa was calculated to be 0.054, 0.019, 0.02, and 0.024 for sheet
densities 0.55 gcm ™2, 1.05 gem ™2, 1.55 gem ™3, and 1.7 gem ™3
to ¢ of 2.16, 0.76, 0.80, and 0.96, respectively. It is therefore assumed that the non-uniformity
is most likely negligible for the 0.55 gem ™2 but significant for higher densities.

, respectively, which translates

Based on this analysis, it is recommended to conclude a study to verify the reliability of
TPS measurements in the slab mode under compression for materials with the compression
behavior similar to that of NGS. The shortcoming of the method can be potentially overcome
by filling the low-pressure region (3.44b) with an additional material. It is important to keep
the thickness of the additional material equal to the thickness of the sensor, and ideally use a
material with similar mechanical properties as the sensor. Another potential improvement
of the slab mode measurement is using an insulation material that can withstand high
pressures and still provide a sufficient thermal insulation.

For the TPS measurements in the slab mode it is assumed that the thermal properties
in the two perpendicular in—plane directions are identical, i.e. the measured material is
orthotropic. Dowell and Howard [64] observed that the in—plane tensile strain of NGS at
4.9MPa in the rolling direction is approximately half of the one in the direction perpen-
dicular to the rolling direction. Similar difference may be seen in other material properties
such as the thermal conductivity. Most of the conventional methods for measuring the ther-
mal properties are not capable of measuring the difference in the directions parallel and
perpendicular to the rolling direction. It is assumed that the TPS method can be used for
measuring the difference if a rectangular sensor together with the one-dimensional mode are
used as illustrated in Figure 3.45. Another option is to use the optical method developed
by Pech-May et al. [87], which is capable of measuring the in—plane properties in two direc-
tions. Samples of NGS were sent to the authors of Ref. [87]. However, the measurement was
not successful. It is likely that the upon further development of the method, it can become

a desirable tool for thermal characterization of NGS and similar materials.
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Figure 3.44: An illustration of the pressure and deformation non-uniformity during the slab
mode TPS measurements. a) The section view of sheet deformation, b) a visualization of
the low and high pressure regions on a measured sample, and c¢) comparison of thickness of
the sensor and the sheet before and after compression.

Hot disk TPS2500S offers the anisotropic mode that is claimed to be capable of mea-
suring the through—plane and in—plane properties simultaneously. Stacks of 7cm by 7cm
sheets were measured, however, the results did not agree with those obtained from the slab

and one-dimensional modes.
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Figure 3.45: Hlustration of measurement of in—plane thermal properties of NGS using the
one-dimensional TPS method.

3.7.6 Section conclusions

The in—plane and through—plane thermal conductivity and diffusivity of NGS were measured
at densities ranging from 0.5 to 1.7 gcm ™! and pressures from 100 to 1080 kPa. The in—plane
thermal conductivity increases linearly with density from 100 Wm™'K~! at 0.5gcm™! to
350 Wm~!K~! at 1.7gcm™!. The in—plane thermal diffusivity increases non-linearly from
230mm?s~! at 0.5gcm™! to 270 mm?s~! at 1.7gem™!. The in—plane thermal properties
are not a function of the compression pressure.

The through-plane thermal conductivity at 100 kPa decreases linearly from 5 Wm 1K ~!
at 0.5gcm ™ to 2Wm'K~! at 1.7 gcm™!. The through-plane thermal diffusivity at 100 kPa
decreased non-linearly from 12mm?s~' at 0.5gcm™! to 1.5mm?s™! at 1.7gcm™!. The
through—plane thermal properties increase with compression pressure. The increase is within
the uncertainty limit for low densities but becomes significant at higher densities. The
pressure dependence shows a logistic profile with a steeper increase at low pressures. At
the highest measured pressure of 1080kPa, the through—plane thermal conductivity and
diffusivity increase by 116 % and 112 %, respectively, with respect to the 100kPa values.
The effect of the sheet-to-sheet TCR was considered negligible based on the measurements
of sheets with varying thickness.

A comparison of the present results with the literature data showed significant differ-
ences, especially for the through—plane thermal conductivity. Factors such as the apparent
density of ENG particles dgpng, flake size, or the impurity content can influence the thermal

properties and should be addressed in the future studies. The discrepancy between litera-
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ture sources can also be due to different measuring methods (TPS, Laser flash, heat flow
meter, Angstrom). To the best knowledge of the author, the open literature does not con-
tain a study that clearly evaluates the suitability of the methods for measuring anisotropic
materials.

All the data presented in this section were at room temperature. The thermal prop-
erties of graphite are dependent on temperature. For example, the thermal conductivity
of crystalline graphite in ab directions was shown to be the highest at cryogenic tempera-
tures of approximately —150°C, and decrease with increasing temperature [88]. Over the
temperature range 25 to 300 °C the ab thermal conductivity decreased from approximately
1400 Wm'K~! to 600 Wm "K', which is a 57 % decrease. In the ¢ direction, the thermal
conductivity was also reported to decrease with temperature, halving over the temperature
range from room temperature to 1000 °C [43]. The trends in the temperature dependence
of crystalline graphite cannot be directly translated to the thermal conductivity of NGS,

and future work is necessary.

3.7.7 Future work

Besides the need to address the non-uniform pressure distribution in the slab mode measure-
ments, another recommendation is to investigate the potential of combining the structure
function approach used in thermal transient measurements (see section 5.1) with the hard-
ware used for the TPS measurements. Evaluating the structure functions for stacked or
layered materials could allow for a quantification of the TCR at the sample-to-sample or

layer-to-layer interfaces.
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3.8 Electrical conductivity

In this section, the electrical conductivity of NGS is measured for the range of densities and
pressures identical to the thermal conductivity study presented in section 3.7. The terminol-
ogy of the methods used for measurements of electrical conductivity is often ambiguous in
the available literature. Within this text, the method names stated in [89] are followed and
the term four probe method is used to refer to the methods identical or similar to the one
described in ASTM C611. The term four point probe method is used to refer to the method
in which small pins placed typically a few millimeters apart in a collinear configuration are

used.

3.8.1 Previous work

The electrical conductivity of NGS is anisotropic and generally lower than that of metals
by approximately two to four orders of magnitude. Wei et al. [28] measured the in—plane
electrical conductivity of NGS using the four probe method according to the ASTM C611
standard. Celzard et al. [90], Luo and Chung [91], and Chen and Chung [80] measured the
in—plane and through—plane conductivities using a variation of the four probe method in
which the contact wires were attached to the samples using a silver paint. Qian at el. [92]
measured the bulk electrical conductivity using the four point probe method, however, from
their description it is not clear whether the anisotropy was taken into account. Literature
sources that focus on the conductivity around the percolation threshold exist, but they were
omitted from this review because of their marginal relevance to this work.

The available data for the in—plane electrical conductivity are in a good agreement across
the literature sources, and the coverage is complete over the entire range of densities. An
increasing trend with values reaching 3000 Scm™! at high densities is seen. The available
data for the through—plane conductivity vary widely across the sources, and values for higher
densities are missing.

The goals of this section are to: i) measure the in—plane and through—plane electrical
conductivity of NGS in the range of densities 0.5 to 1.7gcm™ to offer a reliable and
comprehensive data source for designing or researching devices such as heat sinks or fuel
cells, ii) expand the available data by exploring the effect of the compression pressure on
the electrical conductivity, iii) investigate the role of electrical contact resistance (ECR) at
the sheet-to-sheet interfaces of stacked NGS sheets, iv) determine if the thickness of NGS

affects the electrical conductivity.

3.8.2 Experimental method

The measurements were performed using a Raytech Micro Junior 2 micro ohm meter that

uses the four probe method to measure the resistance of the samples of interest. The resis-
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tivity was calculated from the resistances based on the fundamental equation:

p= gA, (3.19)

where p is resistivity, R is the electrical resistance, t is the sample thickness, and A is the
sample cross-section. The measured resistance is a combination of the bulk resistance Ry
and the probe-to-sample electric contact resistance Rpcrp—s as is shown on the left side
of Figure 3.46. To deconvolute the contact resistance at the probe-sample interface, the

two-thickness method is typically used as illustrated in Figure 3.46.

RECR,p-s

N
RS { SR,— 1 v (V) )
Recrps”

i .

Figure 3.46: Illustration of the two-thickness method for measuring the electrical resistivity.

The bulk resistance Rj can be expressed in terms of resistivity and sample dimensions

as: .
Ry = p— 3.20
b= Py (3.20)
and the total measured resistance is:
t
R = pZ -+ 2REC’R,p—s~ (3.21)
Evaluating Equation 3.21 for two thicknesses t; and ¢ and subtracting the two equations
yields:
to t1
Ry — Ry = PPyt 2REcRp—s — 2RECRp—s) (3.22)
which simplifies to:
to — 11
R2 — R1 =P N (3.23)
A
and the resistivity of the measured sample can be calculated as:
Ry — R))A
p= (2 — Ri)A (3.24)
to — 11

The electrical conductivity can be calculated as the inverse of resistivity. If necessary the
contact resistance Rpcrp—s can be calculated by using the resistivity value in Equation

3.21 as:
R pt

RECR,pfs = E - 24" (325)
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In this study, the two-thickness method was extended by measuring more than two thick-
I?:fl term can be improved by substituting it with the slope
2 1

nesses. The accuracy of the
of the linear fit of the resistance versus thickness data points. Due to the vast difference
between the in—plane and through—plane properties, the measurement method and sample
shape varied for the two directions. All the raw data files and the implementation of data

processing methods can be accessed in [62].

3.8.2.1 In—plane direction

For the in—plane measurements, strips 210 mm long and 9 to 15 mm wide were used. The
ohm meter terminals were attached to the samples using clips in a way showed in Figure
3.47. Each sample was measured at four nominal voltage terminal distances Ly of 50 mm,
100 mm, 150 mm, and 200 mm that were set by locking a caliper at the given distance,
attaching it to the sample, and clipping the terminals next to the upper jaws. For each of
the measured distances, the measurement was repeated at least three times. Before each
of the repetitions, the clips were removed and re-attached again. The measurement current
was 1 A.

Ohmmeter
-1 Voo+V o+

I I

| Sample o |
Ly N W
Ls

111 EEE

Figure 3.47: A scheme (top) and a photograph (bottom) of the in—plane electrical conduc-
tivity measurement. The length, width, and thickness of the sample are marked as Lg, W,
and t, respectively. +1 and -I are the current terminals and +V and -V are the voltage
terminals. The distance between the voltage terminals is Ly, .

For calculating the in—plane resistivity p;,, the general Equation 3.19 was modified to

reflect the measurement configuration shown in Figure 3.47 as:

R
in = _Aina 3.26
pin =1 (3.26)
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where R is the measured resistance, Ly is the distance between the voltage terminals, and

A;p, is the cross-section area for the in —plane measurements, which is defined as:
Ay = Wi, (3.27)

where W and t, are the sample width and thickness, respectively. For each of the samples,
a line was fit thought the data points to obtain the slope a as illustrated in Figure 3.48.
The fraction on the right side of Eq. 3.24 corresponds to the slope of the fitted line a and

Eq. 3.26 can be therefore rewritten to:
p = aAin. (3.28)

The slope of the line a was obtained using the fit function in Matlab.
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Figure 3.48: The measured data for the 1 gcm™3 140 mgcm ™2 sample. Left: the resistance
data for the four measured voltage terminals distances. Right: a detail of the 150 mm ter-
minal distance showing the variation of the data points and the measurement uncertainty.

3.8.2.2 Through—plane direction

For the though-—plane direction, disc-shaped samples 24.7 mm in diameter were used and
measured between gold-plated copper probes at pressures ranging from 100 to 1080 kPa as
shown in Figure 3.49. The compression force was imposed using the same device as in the
measurements of thermal conductivity (section 3.7). The measurement procedure consisted
of mounting the samples between the probes, collecting the resistance readings at increasing
values of pressure, and repeating the measurement for two random combinations of available
samples.

In comparison with other materials such as metals, for which samples for the two-
thickness method can be prepared by machining, preparing NGS samples at varying thick-

ness and matching density requires the ability to control the compression in the forming

95



yF
Current

Probe -L +

Voltage
Probe +V

Samples -

Ohmmeter

Voltage
Probe v

C t -l
s T
AF

b

Figure 3.49: a) a photograph and b) a scheme of the through—plane electrical conductivity
measurement. The compression device is not shown for clarity.

)

process at high accuracy. At the sheet thickness less than 1 mm, a 0.1 mm change in thickness
can results in a 20 % increase in density. In this work, the accuracy required to prepare the
samples for the two-thickness method was not achievable. Additionally, even if a different
device was used for the forming process, it cannot be guaranteed that the bulk electrical
conductivity is the same for thick and thin NGS samples. Based on the two drawbacks,
using the two thickness method with two single-body samples was rejected, and stacks of
samples were measured instead. This configuration introduces additional sample-to-sample
(or sheet-to-sheet) contact resistances that need to be accounted for.
As illustrated in Figure 3.50, when a stack of sheet is measured, the total resistance R is
a sum of the NGS bulk resistance Ry, probe-to-sheet contact resistance Rrpcg p—s, and the
sheet-to-sheet contact resistance Rpcg, s—s. For the number of sheets n the total resistance
is:
R =n4Ry+ 2REcRrp—s + (ns — 1) RECR,s—s- (3.29)

The bulk resistance R; can be expressed as:

ts
Ry = pinp A, (3.30)

where pyp, , is the bulk through—plane resistivity, ¢, is the sheet thickness, and Ay, is the sam-
ple cross-section area relevant to the through—plane measurements. Substituting Equation
3.30 into 3.29 and rearranging the terms yields:

S

t
R= (Pth,bA—h + RECR,S—S) ns + 2RECR,p—S - RECR,s—sa (331)
t

C
a
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where the equation of the line R = ang + ¢ outlined in Figure 3.50 can be identified. The

slope of the line a is:
a = pin ts + TECR,sfs7
" A, Awn
where specific contact resistance rgcr s—s was used instead of Rpcr s—s. Rearranging Equa-
tion 3.32 yields:

(3.32)

aAth TECR,s—s
=pthy T ——,
ls ls

(3.33)

where the first term corresponds to the effective resistivity p, ;¢ and the equation can be

therefore rewritten as:
TECR,s—s

. (3.34)

Ptheff = Pthb +

It can be seen that the effective resistivity is a combination of the bulk resistivity of NGS,
specific contact resistance at the sheet-to-sheet interface, and the thickness of the sheet.
The contribution of the contact resistance decreases with increasing sheet thickness, which

can be explained by fewer interfaces per unit length.

Probe Rrcrps
? RTCR,S-S

= Ry

L
Samples -

r—<

Rb+nsRTCR,p—s+(ns_l) RTCR,S»S

Probe

Rp+2R1crpstRrcrss

Resistance [mQ]

Rp+2R1crp-s

|
0 tg 2t Ngts
Stack thickness [mm]

Figure 3.50: Illustration of the resistance of a stack of sheets during the four-probe mea-
surement.

In the implementation of the theory, the slope of the line a was determined by fitting
a line through the experimental data, and subsequently using it to calculate the effective

resistivity as:
CLAth

ts

Ptheff = (3.35)
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In the two-thickness method, the contact resistance at the probe-to-sample interface can
be determined from the intersection of the fitted line with the y axis, which was denoted c
in the previous derivation. Equation 3.31 shows that in the case of stacks of samples, the
intersect is not equal to the probe-to-sample contact resistance. Instead, it is reduced by
the value of the sheet-to-sheet contact resistance. As illustrated in Figure 3.51, conclusions
about the relative magnitude of the probe-to-sheet and sheet-to-sheet contact resistances
can be made based on the magnitude and sign of the intersect. When the intersect is equal to
zero, the sheet-to-sheet contact resistance is equal to double the probe-to-sheet resistance.
Positive and negative values of the intersect mean that sheet-to-sheet contact resistance is

smaller or larger than double of the probe-to-sheet contact resistance, respectively.

D RTCR p-s
" Probe
D RTCR,S-S \

-Rb\

Samples —

Probe
2RTCR,p-s> RTCR,s-s 2RTCR,p—s = RTCR,s-s 2RTCR,p-s> RT(:R,s-s
£ R = . £ :
® . ) . ® .
[&] .7 (&] [&]
G T . G ‘
0 . (7] [72]
Q|- o, )
n'd o L a'd
0 1 2 3 -0 1 2 3 < 0 1 2 3
C>Y Number of sheets =Y Number of sheets €<V Number of sheets

Figure 3.51: Illustration of the relationship between the intercept ¢ and the relative magni-
tude of the sheet-to-sheet and probe-to-sheet contact resistances

At higher pressures, the thickness of the samples reduces, and the thickness value in
Equation 3.35 should be therefore corrected to obtain reliable values. The relative increase

in resistivity can be quantified as:

aAth 1
Pih . (A=5ts _ = K, (3.36)

Pth,100kPa ‘“f—;h 1-S

where pp, 100k Pq is Tesistivity at the lowest reference pressure of 100 kPa, and S is the strain
at the given pressure. In the last step in Equation 3.36, the term ﬁ was identified to
correspond to the density correction factor K4, which was introduced in section 3.6. Figure
3.36 shows that the maximum value of K is approximately 1.06 for the 0.55 gcm ™2 sheet at

1080 kPa, which means that correcting the values of resistivity for the change in thickness
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would result in the maximum increase of 6 %. Since the relative uncertainty of resistivity
for the 0.55gcm ™3 sheet at 100kPa is 4 %, the correction was omitted as no significant

improvement in the data quality can be achieved.

3.8.3 Section results

The results for the in—plane direction are shown together with the literature data in Figure
3.52. It can be seen that the present data agree with the literature except for the single
data point by Qian at el. [92]. Based on the limited description of the method in [92],
it is possible to assume that the anisotropy was not taken into account and the reported
value is a combination of the through—plane and in—plane electrical conductivities. Over the
measured range of densities 0.5 to 1.7gcm ™3 the electrical conductivity of NGS increases
linearly with the density following the relationship o, = 1167d — 193 Scm™!, where d is
the sheet density in gcm™3. The present data are slightly lower than the literature data.
The possible explanations are addressed later in the discussion section. Comparing the data
for the three tested surface densities 70 mgcem™2, 140 mg cm ™2, and 210 mgcm 2 does not
reveal any trend and the through—plane electrical conductivity can be therefore considered
independent of the sheet thickness. The data by Wei et al. [28] suggest that the in—plane
electrical conductivity increases rapidly beyond 1.7gcm™3 and does not follow the linear
trend seen at the lower densities. Verification of this trend was not possible because the
forming pressure required for manufacturing the high density samples exceeded the capacity

of the equipment used in this work.
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Figure 3.52: In—plane electrical conductivity as a function of density. The literature and
present data are represented by solid and hollow symbols, respectively.

The present through—plane electrical conductivity data together with the literature data
are shown in Figure 3.53. The through—plane electrical conductivity decreases with density
and increases with pressure. The latter trend can be seen in Figure 3.54 where the through—
plane electrical conductivity was plotted against the pressure. At 100 kPa the decrease with
density is linear, while at higher pressures the trend is slightly convex. The increase in the
through—plane electrical conductivity with pressure is higher at pressures below 400 kPa
and lowers at higher pressures.

Since the data for different surface densities (and therefore various sheet thicknesses)
do not show the distribution shown in Figure 3.42, the sheet-to-sheet contact resistance is
not considered to significantly contribute to the effective conductivity. Analyzing the the
intercept of the linear fits with the y-axis ¢ showed values scattered between 0 m§2 and 5 mf2,
which suggests that the sheet-to-sheet contact resistance is comparable to, or lower, than
the double of probe-to-sheet contact resistance.

The present data for through—plane electrical conductivity at 1080 kPa agree well with
the data by Chen and Chung [80] at 460 kPa. The values by Celzard [90] at no compression
show higher values than the data by Chen and Chung [80], which is contrary to the trends
observed in this work, and it is therefore expected that the difference is either due to a

measurement error, different sample material (impurity content, flake size, apparent density
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of ENG particles dgng, etc.), or the measurement methods. The single data point by Luo
and Chung [91] at 1.1 gem ™ and no compression is approximately 15 Scm ™! higher than the
present data at 100 kPa. The lack of measurement details in [91] prevents the explanation
of the difference. Both Celzard [90] and Luo and Chung [91] did not explicitly report that
the samples were measured at no compression. However, they used silver paint to attach the
terminals to the samples, which is expected to make the measurement under compression
impossible because the terminals would interfere with the compression platens. Since using
silver paint for attaching the terminals is expected to eliminate the probe-to-sheet contact
resistance, the higher values in [90] and [91] can be related to the inclusion of the contact
resistance in [80]. The same argument does not apply to comparing the present data to
Celzard et al. [90] and Luo and Chung [91] as the contribution of the contact resistance was

eliminated by measuring stacks of sheets.
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Figure 3.53: Through—plane electrical conductivity as a function of density. The literature
and present data are represented by solid and hollow symbols, respectively.
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Figure 3.54: Through—plane electrical conductivity as a function of compression pressure

To make the results easy to reuse by other researchers, an explicit compact mathematical
relationship between the measured properties and the relevant parameters was sought. The
best fit of the in—plane electrical conductivity o;, as a function of NGS density d is a simple

linear function that was determined as:

Oin = 1.167-10°d — 1.934 - 10* [Sm™'] (error = £10%)

(3.37)
d € 1[0.5,1.7)gem ™3,

A comparison of the o;, best fit with the measured data is shown in Figure 3.40. In the
through—plane direction, the thermal conductivity is also a function of pressure p and the

best fit was determined as:

o = 2667 — 3806d + 4.111p + 2945d% — 1.795dp — 0.004019p? — 99243 + 0.9967d*p—
0.0003251dp* + 1.877 - 10%p3 Sm™  (err = 150 Sm™1)

d € [0.5,1.7]gem ™3, p € [100, 1080][kPal.
(3.38)
A comparison of the k;, best fit with the measured data is shown in Figure 3.41.
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3.8.4 Section discussion

The trends in the measured data can be related to the structure of NGS, which was de-
scribed in detail in section 3.3. The available literature sources generally relate the overall
NGS electrical conductivity to the orientation of graphite basal planes, contact resistance
between platelets, contact resistance between cell walls, and the electrical conductivity of
cell walls. Because of the high crystalline structure of cell walls, their electrical conductiv-
ity approaches the theoretical conductivity of a graphite crystal, which was reported to be
12500 to 26 000 Scm ™! in the ab directions, and 150 to 230 Sem ™ in the ¢ direction [43, 71].

The measured values of the through—plane electrical conductivity of NGS are approxi-
mately one order of magnitude lower than that for a graphite crystal, which suggests that
the contact resistance between the cell walls is significant. It should be also noted that
the porosity of NGS varies from 76 to 25 % for the densities of 0.55 to 1.7 gem ™3 and the
conduction path in both in—plane and through—plane directions is expected to be hindered
by the pores filled with air. The SEM images in section 3.3 confirm that the cell walls
are separated by voids and touch only at discrete locations. Additionally, macro-pores that
are present in low-density sheets also limit the conduction, especially in the through—plane
direction. With increasing density, the thickness and spacing of the platelets and cell walls
decreases, which is expected to decrease the contact resistance between the cell walls and
also between the platelets. However, since the through—plane electrical conductivity was
seen to decrease with density, the decrease in the contact resistance is likely lower than the
increased resistance caused by the change of the orientation of the cell walls.

By increasing the pressure, the spacing between the cell walls is expected to decrease
even further, which in turn reduces the contact resistance and causes the through—plane
conductivity to increase. A similar mechanism can cause the in—plane electrical conductivity
to increase with pressure. However, the pressure dependence in the in—plane direction was
not studied in this work. Considering the orientation of the cell walls and the fact that the
in—plane thermal conductivity was found to be independent of the compression pressure,
the pressure dependence of the in—plane electrical conductivity is expected to be low, or
even negligible.

Attempts to measure the through—plane electrical conductivity at pressures as low as
tens of kilo pascals have been made. The measurements showed very low repeatability and
were not included in the results. Despite the low repeatability, the results suggest that the
through—plane electrical conductivity at pressures imposed only by the weight of the copper
probes can be up to one order of magnitude lower than at 100 kPa. The line fit intercept with
y-axis ¢ increased drastically at very low pressures, which suggests that the probe-to-sheet
contact resistance was significantly higher than the sheet-to-sheet contact resistance.

The through—plane resistance of NGS was found to show hysteretic behavior, which is in

agreement with the results of the compression tests in section 3.5. Increasing the compression
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pressure causes the resistance to decrease in a non-linear manner. The decrease becomes
smaller at higher pressures. Upon unloading, the resistance-versus-pressure curve does not
follow the same path, and the resistance at any given pressure is lower than during the
loading step. The difference between the loading and unloading steps is more pronounced at
lower pressures. During the periods of constant pressure, the resistance drifted towards lower
values, which can be partially explained by the viscous behavior of NGS under compression.
However, after the initial exponential drop, the resistance was decreasing continually and did
not reach a steady state even after one hour. A scale analysis ruled out the possibility of the
decrease being due to the temperature increase cause by Joule heating. It was assumed that
a relaxation at the probe-to-sheet interface can cause the resistance drift. This phenomenon
was previously reported in the literature [93, 94, 95].

The complex behavior of the through—plane electrical conductivity at very low pressures
requires an accurate measurement method to deconvolute all the competing factors. The
four probe method is not expected to be able to offer the required accuracy. Instead, a
modified version of the four point probe method is suggested for the future measurements.
To account for the effect of pressure, the probes can be embedded in an electrically insulating
compression platen. Methods for accounting for the anisotropy have been developed and

experimentally validated [96, 97].

3.8.5 Section conclusions

The in—plane and through—plane electrical conductivity were measured in the density range
from 0.5 to 1.7 gem 3. In the in—plane direction, the conductivity increases with density lin-
early from approximately 400 Scm ™! at 0.5gcm ™3 to 1700 Sem ™! at 1.7 gem ™ and can be
approximated by the relationship oy, = 1167d—193 Scm ™!, where d is the free-standing NGS
density in gecm 3. In the through-plane direction, the conductivity at 100 kPa compression
pressure decreases from approximately 16 Scm™' at 0.5gem™ to 3Scm™! at 1.7 gem ™3,
and by increasing the pressure to 1080 kPa it increases by 56 % at 0.5 gem ™ and 263 % at
1.7gem™3. Based on the measurements of samples at three surface densities, the electrical
conductivity of NGS was concluded to be independent of the sheet thickness. The contri-
bution of the sheet-to-sheet ECR to the overall through—plane electrical conductivity was
concluded to be negligible and its magnitude was deemed to be comparable or smaller than
the double of the probe-to-sheet contact resistance. The unsuccessful measurements at very
low pressures, which were not included in the report due to low repeatability, indicate that
the free-standing through—plane electrical conductivity can be up to one order of magnitude
lower than that at 100 kPa, and this trend should be investigated in the future work.
Both the density and pressure dependence arise from the changes in the structure
of NGS. With increasing density, the cell walls—whose electrical conductivity is strongly
anisotropic—become progressively more oriented in the direction perpendicular to the com-

pression direction, which leads to an increase in the in—plane and a decrease in the through—
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plane electrical conductivity. The increase in density also causes the spacing between the cell
walls to reduce, which leads to a reduced contact resistance between the cell walls. However,
the effect on the overall through—plane conductivity is most likely smaller in comparison
with the change in the orientation because the through—plane electrical conductivity was
seen to decrease with density. The increase of electrical conductivity with increasing com-
pression pressure is due to the reduction of the contact resistance between the cell walls. The
through—plane electrical conductivity of low-density sheets is also expected to be affected
by the presence of macro pores.

The four probe method in the present configurations can be used to measure the in—plane
electrical conductivity in the relaxed state, and the through—plane electrical conductivity at
pressures higher than 100 kPa. To measure the pressure dependence of the in—plane electrical
conductivity and the through—plane electrical conductivity at low pressures, it is suggested
to investigate the possibility of modifying the four point probe method by embedding the

pin probes into an insulating compression platen.
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3.9 Coefficient of thermal expansion

In the context of thermal management of electronics, the coefficient of thermal expansion
(CTE) is an important quantity for evaluating the reliability of the devices. When two parts
made of materials with different CTE are attached to each other and periodically heated and
cooled, the different dimension change results in stresses that cause a cumulative damage,
and in some cases can lead to a failure of the component. The goal of this section is to
measure and report the in—plane and through—plane CTE of NGS to provide a reliable data
source for evaluating of the reliability of NGS heat sinks. In other applications such as fuel
cells or flow batteries, the CTE data are necessary for addressing the thermomechanical
stresses that arise from an expansion of the compressed stack.

Thermal expansion of a graphite crystal is anisotropic and temperature dependent
[43, 71, 98]. In the ¢ direction, the CTE increases drastically from zero at 0K to approx-
imately 25 x 1079 K~! at room temperature, and then further increases at a lower rate to
approximately 37 x 1076 K= at 2000°C. In the ab directions, the CTE decreases from a
near-zero negative value at 0 K to the minimum of —1.8 x 10" K~ after which it increases,
intersects the zero axis at 400°C, and reaches the value of 1.5 x 1075 K1 at 2000 °C.

3.9.1 Previous work

Mag-isa et al. [99] measured the in—plane CTE of a graphite crystal sample prepared from a
natural graphite flake by mechanical cleaving. The sample was 40 nm thick, 110 pm long, and
67 pm wide. The measurement method involved mounting the sample in a bulged shape on a
silicone substrate and measuring the change of the sample length using white light interfer-
ometry. The in—plane CTE varied from —1.8 x 1076 to —0.7 x 1079 K~! in the temperature
range from 25 to 225°C.

Many of the publications on NGS [51, 100, 39, 101] list the low thermal expansion
coefficient as an advantage, or give a broad range of typical values. However, a comprehen-
sive study of the thermal expansion of NGS is missing. NGS manufacturers reported val-
ues ranging from —0.4 x 1076 to 0 x 1079 K~! in the in-plane direction, and 25 x 1076 to
28 x 1079 K~! in the through-plane direction. Norley et al. [33] studied laminated and com-
pression molded composites based on NGS. The reported value of the in—plane CTE for the
laminated composites was —0.77 x 1079 K1 and that for the compression molded compos-
ites was 3 x 107% to 24 x 1079 K—! in the in-—plane direction and 9 x 1076 to 41 x 1079 K~!
in the through—plane direction. The reported values are a combination of the CTE of NGS

and the polymer material used to make the composites.

3.9.2 Experimental method

The measurements were performed using a TA Instruments TMA Q400 thermo-mechanical

analyzer shown in Figure 3.57a. For the in—plane measurements, rectangular samples 10 mm
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wide and 15 to 29 mm long were cut from the calendered sheets described in section 3.1, and
measured as shown in Figure 3.57b. For the through—plane measurements, square samples
10 mm wide were used and stacked to achieve the minimum recommended sample height
of 5mm as shown in 3.57c. Each of the measurement consisted of i) heating the sample to
100 °C at the rate of 4 °Cmin~1, ii) keeping the temperature constant for 10 min, iii) cooling
the sample to the room temperature at the rate dictated by natural convection from the
chamber, and repeating the i)-iii) steps at least three times. An example of the raw data
is shown in Figure 3.58. In some cases the measurements were left to run overnight or over
weekends to measure as many cycles as possible. The probe compression force was set to
0.1 N, and nitrogen gas was introduced in the furnace at the flow rate of 50 mLmin~!. The
cooling rate in the measurements performed later in the study was increased by flowing
compressed air on the outside of the furnace. This allowed reducing the measurement time,

which was previously limited by the low heat transfer rate during the cooling phase.
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furnace

Figure 3.57: a) A photograph of the TMA Q400 machine with the test section highlighted
by the dashed line. In b) and c) the test section is showed with the sample for in—plane and
through—plane measurements, respectively.
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Figure 3.58: A sample of the raw data for the 1.05 gcm ™3 140 mgem ™

sample in a) through—

plane and b) in—plane direction. In a) the cooling rate was increased by flowing compressed
air around the furnace to reduce the measurement time. The solid lines represent the di-
mension change, and the dashed lines represent the temperature.
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3.9.3 Data processing

To obtain the CTE, the raw data were plotted in the dimension-versus-temperature plot
as shown in Figure 3.59 and a line fit in the range 35 to 95°C was determined for each
of the cycles. The CTE values were calculated by dividing the slope of the line by the
sample dimension. The final reported value of CTE is a mean value of all the cycles whose
R? value is larger than 0.9. The criterion for the R? value was necessary to eliminate
poor measurements arising from inevitable vibrations and other disturbances that occurred
during the data collection period. The raw data files and the implementation of the data

processing method is available in [62]
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Figure 3.59: A plot of dimension change as a function of temperature for the 1.05gecm™>

140 mgem~2 sample in a) through-plane and b) in—plane direction.

3.9.4 Section results

The results of the through-—plane and in—plane CTE measurements are shown in Figures
3.60 and 3.61, respectively. Thermal expansion of NGS is anisotropic and density depen-
dent. In the through—plane direction, CTE is relatively large, positive, and increases with
density from approximately 10 x 107 K~! at 0.5 gem ™3 to 33 x 1079 K~! at 1.7 gem 3. The
increase of the through-plane CTE is higher at low densities (0.5 to 1 gem™2) and reduces
beyond 1 gem 3.

In the in—plane direction, CTE is very low, negative, and its magnitude increases with
increasing density from approximately —0.6 x 107 K~! at 0.5 gcm ™3 to —1.4 x 1075 K1 at
1.7 gem ™3, Similarly to the through—plane direction, the rate of change with density appears
to change at 1gecm™3. However, the high uncertainty and spread of the low-density data,

which arises from the very low dimension change, limits the strength of the conclusions.
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Figure 3.60: The results of through—plane CTE measurements.

The distribution of the circular and triangular symbols in Figures 3.61 and 3.61 is
random, which suggests that the CTE is independent of the sheet thickness. It should be
reminded here that the thickness of the sheet is proportional to the surface density, which
was reported in all the figures.

The equations of best fits were calculated and shown in Figures 3.61 and 3.60 to allow
other researchers to easily reuse the results. The through—plane CTE at a given density can

be evaluated using the relationship:

CTEy, = 11947 %1 4142 - 107° [K™']  (error = £18 %)

(3.39)
d € [0.5,1.7]gem .
The in—plane CTE can be evaluated using the relationship:
CTEy, = —0.132d%4% — 0.6 -107¢ [K™!] (error = £0.2- 107 K1) (3.40)

d €[0.5,1.7]gem 3.
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Figure 3.61: The results of in—plane CTE measurements.

3.9.5 Section discussion

The anisotropy and density dependence of the thermal expansion of NGS arises from the
structure of the material. The orientation of graphite cell walls is expected to be the main
factor for the overall CTE, but the size and spacing of cell walls are also relevant factors.
At very low densities (less than 0.2gem™2), the CTE of NGS is assumed to be isotropic
because of the random orientation of cell walls. With increasing density, the cell walls become
oriented perpendicular to the compression direction, which makes the CTE anisotropic. At
high densities, CTE is expected to approach the crystal properties.

A comparison of the measured values with the CTE of a graphite crystal is shown
in Figure 3.62. At room temperature, the CTE of a graphite crystal is approximately
—1.8 x 1079K~° in the ab directions and 26 x 107 K~! in the ¢ direction. The CTE of
NGS at the highest measured density (—1.5 x 1076 K~! at 1.7gem™3) is slightly higher
(lower in magnitude) than the crystal value in ab directions, which confirms the expecta-
tion. In the through-plane direction, the CTE of the 1.7 gem ™ sample is 33 x 1076 K1,
which is 7 x 107K~ or 27% higher that the crystal value in the ¢ direction. However,
the difference lies within the uncertainty limit. If future measurements confirm the values
higher than the CTE of a graphite crystal the difference can be attributed to the expansion

of the air in the pores, or the residual intercalation agent in the structure of graphite.
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The possible contribution of the expansion of air in the pores to the overall through—
plane CTE was estimated to be 74 x 1079 K1 (see Appendix C), which is much higher than
the observed 7 x 1079 K~ difference. The calculation assumed an unconstrained expansion
of the air, which is in reality limited by the stiffness of the surrounding NGS structure. The
calculation also assumed that all pores are closed and the air remains in the pores. Since
the pores were reported to be mostly open (see section 3.3), the latter assumption may be
invalid, but the permeability of NGS must also be accounted for. Low permeability would
result in the air not being able to escape the pores and the closed pores approximation
would become relevant.

During the NGS manufacturing process, graphite flakes are treated with exfoliation
agent whose molecules penetrate between the graphite layers. Upon exfoliation, most of the
agent is removed, but a small amount may remain in the graphite structure and cause a

change in the ¢ direction CTE.

0 . . . .
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Figure 3.62: A comparison of the measured data with the CTE of a graphite crystal taken
from [43, 71, 98]. Only the 140 mgem 2 measurements are shown to improve the clarity of
the plot

In practical applications, NGS is often impregnated with polymer materials to achieve
better mechanical or sealing properties. Preliminary tests showed that impregnating a
1gem™3 NGS with Hernon HPS 991 sealant (Poly(methyl methacrylate)) increases the
through-plane CTE from 24 K~! to 106 K~!, and the in—plane CTE from —0.8 x 1076 K~!
to 1.6 x 1070 K1,

A comparison of the CTE of NGS with that of other materials that are common in the
electronics cooling field is shown in Figure 3.63. The through—plane CTE of NGS is always
higher than that of alumina (Al2Os3), but for aluminum and copper it can be both larger
or smaller depending on the density. At approximately 1 gem ™3, the through—plane CTE of
NGS is identical to that of aluminum. For higher densities the through—plane CTE of NGS is
higher and vice versa. For copper, the equivalency point is at approximately 0.7 gcm™3. The

in—plane CTE of NGS is very low in comparison with all the materials included in Figure
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3.63. Theoretically, NGS offers the possibility for the CTE to be tailored to match the other
parts in the assembly. However, this is possible only for the through—plane direction, only
if pure NGS is used, and only if other properties such as thermal conductivity at the given

density are satisfactory for the thermal or other performance metrics.
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Figure 3.63: Comparison of the CTE of NGS and other materials

3.9.6 Section conclusions

The in—plane and through-—plane CTE of NGS was measured in the range of densities
from 0.55 to 1.7gem™3. In the through-plane direction, the increases with density from
approximately 10 x 1076 K~1 at 0.5gem™3 to 33 x 107K~ at 1.7gcm ™2, following the
relationship CTEy, = —118.8d7%15! 4 142 where d is the free-standing density in gem™3.
In the in—plane direction, the CTE is negative, and its magnitude increases with increasing
density from approximately —0.6 x 107 K= at 0.5gcm ™ to —1.4 x 107 K~! at 1.7 gem ™3
following the relationship CTE;, = —0.132d34% — 0.6. In comparison with aluminum and
copper, the in—plane CTE of NGS is much lower, but the through—plane CTE is in the
same order and can be higher or lower depending on the density of NGS. The anisotropy
of the CTE in the in—plane and through—plane directions arises from the anisotropy of
the graphite crystal in ab and c¢ directions. The orientation of the cell walls in the NGS

structure is expected to be the dominating factor dictating the overall CTE. Preliminary
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results showed that by impregnating NGS with a polymer-based sealant, the through—plane
CTE can increase by 340 %, and the negative in—plane CTE can become positive and double

in magnitude.

3.9.7 Future work

Mounting the long in—plane samples in the way shown in Figure 3.61b is inherently unstable
and prone to error. The TMA Q400 offers the possibility to use the tension sample holder,
which is more appropriate for the in—plane measurements. However, the sample holder can
only accommodate sample less than 1 mm in thickness, which only allowed measuring NGS
at high density. The values obtained using the tension sample holder did not agree with
those obtained using the standard expansion probe. For the future work, it is suggested to
investigate the reason for the data mismatch and potentially modify the tension holder so

that in can carry samples with thicknesses up to several millimeters.
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3.10 Emissivity

In this section, the spectral and total hemispherical emissivity is measured for four samples
of NGS. The change of emissivity with the sheet density is related to the surface structure

and electrical conductivity.

3.10.1 Previous work

The scientific literature contains several studies of emissivity of graphitic materials, but
emissivity of NGS has not been previously studied. Since graphite is often used in high
temperature applications for its chemical stability, most of the available data is for temper-
atures of hundreds of degrees Celsius and higher, which is not relevant to heat sinks that
typically operate at temperatures below 100 °C. Manufacturers of NGS reported the values
of emissivity in the range of 0.4 at 400°C [102] and 0.65 at 1500 °C [103].

Autio and Scala [104] studied the normal spectral emissivity of polycrystalline and py-
rolytic graphite in the temperature range 800 to 1200 °C and observed a low temperature
dependence. The authors discovered that the orientation of graphite crystals correlates with
the normal spectral emissivity, and provided a qualitative explanation using the Hagen-

Rubens equation (derived in Ref. [105]), which is given as:

e = 4y /)\—607760, (3.41)

where )\ is the wavelength, o is the DC electrical conductivity, ¢ is the speed of light, and
€o is the permittivity of vacuum. The Hagen-Rubens equation suggests that with increasing
electrical conductivity, emissivity decreases. The electrical conductivity of pyrolytic graphite
is anisotropic, and its magnitude is dictated by the preferred orientation of the graphite basal
planes [90, 91, 80]. The authors of [104] argued that the normal emissivity of a surface is
affected by the electrical conductivity in the direction perpendicular to the normal vector as
this direction coincides with the electric field vector of the electromagnetic wave leaving the
surface. To prove the hypothesis, the authors prepared and measured samples of pyrolytic
graphite that were cut in a crystal wafering unit so that the basal planes were aligned
at varying angles with respect to the normal of the measured surface. The emissivity of
the sample with the basal planes oriented parallel to the surface was lower than the one
of the sample with the basal planes oriented perpendicular to the surface. The results
supports the validity of the Hagen-Rubens equation. The higher electrical conductivity in
the direction parallel to the surface results in a lower normal emissivity and vice versa.
In all measurements of pyrolytic graphite the surface was mechanically polished, and the
effect of the surface structure was not studied. The measurements of the polycrystalline

graphite samples revealed that the polished surfaces had lower emissivity in comparison
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with the rough ones. Another study by Wang et al. [106] also concluded that polishing of
polycrystalline graphite resulted in lower values of emissivity.

Roh et al. [107] measured the thermal emissivity of a composite material consisting of
graphite flakes and organic binder. The composites were manufactured by mixing graphite
flakes with a binder, ball milling, compressing the samples at 80 MPa, and curing them at
1200 °C in a nitrogen atmosphere. Three samples with the alignment of graphite basal planes
of 0°, 45°, and 90° were prepared and measured at 100 °C in a setup consisting of an infrared
camera and a thermocouple. The sample surface was first polished using a sand paper and
then using a 1 pm diamond polishing abrasive. The results showed a higher emissivity when
the basal planes were oriented perpendicular to the surface, which is consistent with Autio
and Scala [104].

3.10.2 Experimental method

In this study, four 5 x 5 cm samples with the density of 0.55gcm™2, 1.05gcm ™2, 1.54 gcm ™3,
and 1.7 gcm ™2, and the thickness of 2.76 mm, 1.43 mm, 0.96 mm, and 0.84 mm, respectively,
were cut from the 140 mgem ™2 calendered sheets that were described in section 3.1. The
measurements were made using the Surface Optics Corporation 400T Fourier Transform
Infrared Reflectometer [108] (Figure 3.64) in accordance with the Method C of ASTM
E408-13 Standard [109]. In the calibration process, the room was used as the black body,
and a polished gold film as the reference for the spectral reflectivity (98 %). The samples
were measured at room temperature and wavelengths ranging from 2 to 26 pm. Four mea-
surements were made for each of the densities to capture the variation with the location and
orientation of the sheet. The reflectometer outputs the near-normal-hemispherical spectral

reflectivity at the accuracy of £1%. Both the raw and processed data are available in [62].
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Figure 3.64: A photograph of a Surface Optics Corporation 400T Fourier Transform Infrared
Reflectometer that was used for measuring the emissivity.

3.10.3 Section results

The total hemispherical emissivity integrated over the measured wavelengths (2 to 26 um)
decreases linearly from 0.52 at 0.55gcm ™3 to 0.39 at 1.7gcm™> as shown in Figure 3.65.
The data can be approximated by the line fit:

e=—-0.11d+ 0.58 (error = +5%)

(3.42)
d € 1[0.5,1.7]gem ™3,

where d is the free-standing sheet density in gcm™3.

The spectral emissivity shown in Figure 3.66 decreases with increasing wavelength and
the rate of the decrease is higher at 2 to 6 pm wavelengths. The large error bars for the

1.05 g cm ™ sheet are due to the high variability in the measurements at different locations.
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Figure 3.66: The average spectral emissivity of NGS at four measured densities. The symbols
and error bars are shown only at several randomly selected locations. The shape of the curves
is measured, not interpolated

The observed relationship between the emissivity and the density can be related to i) the
electrical conductivity as suggested by Autio and Scala [104] and ii) the surface structure.
According to the Hagen-Rubens equation (Equation 3.41) the emissivity is proportional
to the square root of the inverse of the DC in—plane electrical conductivity (e o \/g)
In Figure 3.67, this quantity is plotted against the density together with the emissivity

data, and it can be seen that it follows the same decreasing trend. The in—plane electrical
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conductivity of NGS was measured on samples that were prepared in the same batch as those
for the present emissivity measurements, and it was found to follow the linear relationship
Oin = 1167d — 193Scm™'. The SEM images of the surface structure shown in Figure 3.67
reveal that the surface becomes progressively smoother with increasing density. The lowest
density (0.55gcm™3) contains cracks and pores whose size is in the order of the measured
wavelengths, and they can therefore act as small black bodies and increase the surface
emissivity [104]. For the 1.05gcm ™3 density the cracks and pores appear to be mostly
closed, and the two highest densities contain no pores or cracks. Based on the surface
structure, the emissivity is expected to decrease with density, which is in an agreement
with the measured data.

Both the increase in the in—plane electrical conductivity and smoothing of the surface
correlate with the decrease of emissivity with increasing density. It is assumed that both
factors contribute to the overall emissivity but quantifying their relative contribution was
not within the scope of this work. It is possible to expect that the surface structure will
have more pronounced effect at smaller wavelengths as the interaction of the electromagnetic

waves with the surface is more complex.
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Figure 3.67: Top: A plot showing the measured total emissivity (solid circles, left axis)
and the square root of the inverse of the in—plane electrical conductivity (solid line, right
axis). Bottom: Microscope images of the surface structure. The high-resolution version of
the microscope images is available in [62].

To further investigate the claim of Autio and Scala [104] who noted that for graphite
the Hagen—Rubens equation holds only qualitatively, a comparison of the predicted and
measured values of the spectral emissivity was compiled in Figure 3.68. The black and
green dashed lines correspond to the predicted spectral emissivity that was calculated by

3

evaluating Equation 3.41 using the in—plane electrical conductivity of the 0.55gcm™ and

1.7gcm ™ samples. The predicted values match the experimental data only at high wave-
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lengths for the 1.7 g cm ™3 sheet. At wavelengths smaller than 3 pm, the emissivity prediction
for the 0.55 g cm ™3 sheet reaches non-physical values larger than one. At higher wavelengths,
the Hagen-Rubens equation under predicts the measured values. The discrepancy between
the predicted and measured values is expected because the Hagen-Rubens equation was

derived for highly conductive isotropic metals [105].
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Figure 3.68: Measured (solid) and predicted (dashed) spectral emissivity as a function of
density. The black and green dashed lines were calculated using the in—plane electrical
conductivity of the 0.55gcm™ and 1.7 gcm ™3 sheets, respectively.

A comparison of the present results with the two most relevant studies in the literature
is shown in Figure 3.70. It is important to note that the materials, measurement methods,
temperature, and surface finish of the samples in each of the studies were different which
makes the comparison prone to inconsistencies. In both of the compared studies [104, 107],
the authors prepared the samples so that the effect of the orientation of the graphite basal
planes on the emissivity could be studied. In Figure 3.69, the average angle of the graphite
basal planes ¢ is defined to unify the results. For polycrystalline graphite, ¢ is not relevant
as the structure consists of randomly oriented graphite particles [43]. In the present study
the orientation of the basal planes was inherently given by the calendering process and ¢
was always 0. It should be noted here that the average angle of graphite basal planes ¢ is
not equivalent to the mean misalignment angle, which was reviewed and shown in Figure
3.6.

The spectral emissivity of NGS appears to be comparable to that of pyrolytic graphite
at 15° < ¢ < 90°. The lowest and the highest values of emissivity shown in Figure 3.70 are
those of the pyrolytic graphite at ¢ = 0° and polycrystalline graphite with rough surface,
respectively. Pyrolytic graphite has the highest emissivity because of its high electrical
conductivity (6250 S cm ™! [104]) and smooth surface. Polycrystalline graphite has the lowest
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Figure 3.70: Comparison of the measured spectral emissivity with the data available in
the literature. The extended legend on the right includes the material, average angle of
the graphite basal planes ¢ (defined in Figure 3.69), surface state (calend = calendered),
measurement temperature, and the reference number. The spectral data for [107] was not
available therefore the arrows were used to symbolize the total emissivity.

emissivity because of its low electrical conductivity (328 to 1316 Scm ™! [104]) and rough
surface.

The data for the natural graphite flake composite by Roh et al. [107] does not contain

the spectral information. Therefore, only the total emissivity was shown using the arrows
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on the left axis, and their position suggests that the emissivity is higher than that of NGS.

The difference can be accounted to the effect of the binder.

3.10.4 Section conclusions

The total and spectral emissivity of NGS in the range of densities from 0.55 to 1.7 gcm™3

and wavelengths from 2 to 26 pm were measured at room temperature. The value of the total
emissivity is decreasing with increasing density and can be approximated by the relationship
€ = 0.11d+0.58 where d is the free-standing sheet density in gcm™3. The in—plane electrical
conductivity and the surface structure were both found to be relevant factors affecting
the emissivity, but their relative contributions could not be determined. Using the Hagen-
Rubens equation with the value of the in—plane electrical conductivity cannot predict the
spectral emissivity of NGS accurately.

While the reported data is expected to be satisfactory for designing heat transfer devices
made of NGS, further work is necessary for a complete quantitative understanding of the
surface emissivity of NGS. To provide a reliable comparison of the emissivity of various
graphitic materials, a study using a single measurement method with well reported state of

the sample surface is necessary.
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3.11 Uncertainty
3.11.1 Density

The density was calculated as:
m m

d:tiA:V7

where m, t, A, and V are the sample mass, thickness, surface area, and volume, respectively.

(3.43)

The uncertainty was calculated using the partial derivative method as:

i (Zn) + () = () + (). G

where u,, and uy are the uncertainties of mass and volume, respectively. The uncertainty

U = */“1271,51 + 02, (3.45)

where wu,, 4 is the scale accuracy of 0.0002g [110], and oy, is the standard deviation of the

of mass was determined as:

mass of the six measured samples. The uncertainty of the sample volume was calculated as:

wy = \/(%‘Zutf + (gZuA>2 = A + (a2, (3.46)

where u; is the uncertainty of the sample thickness and w4 is the uncertainty of the sample

area, where the former was determined as:

Up = \/uid—i—at, (347)

where u; 4 is the micrometer accuracy of 0.0254 mm, and o, is the standard deviation of
the thickness of the six measured samples. The uncertainty of the area was determined in

the same way as described in section 3.11.2 using the burr size b = 0.5 mm.

3.11.2 Compression behavior

3.11.2.1 Thickness

The uncertainty of the thickness reading is a product of the subtraction of the two displace-
ment values as seen in Equation 3.4. The uncertainty of the displacement reading is given
by the manufacturer as :

Uy = £5pm. (3.48)

The base for determining the uncertainty of yo(F) was a set of calibration measurements
during which no sample was in the mechanical tester. In Figure 3.71 the calibration measure-
ments are represented by the gray curves. The overall uncertainty u,,(F') is a combination

of the machine accuracy u, and the standard deviation of the values from the calibration
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runs oy, (F'). While u, is a constant, the standard deviation of the calibration runs oy, (F')
varies with the force, which can be seen by the varying vertical spacing of the gray curves in

Figure 3.71 where the two sources of uncertainty were combined using the sum-of-squares

Uy (F) = V uy2 + 0y, (F)27 (3.49)

and the result were plotted in Figure 3.71. The black solid line shows the value of yo(F')

method as:

and the error bars show the uncertainty u,,(F).
The uncertainty of the thickness was calculating according to the rules for addition of

two random variables as:

wp =\ (g (F)? + 2 (3.50)
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Figure 3.71: The gray lines are the multiple repetitions of measurements with no sample
between the compression platens. The thick black line is the average value of displacement
with no sample between the platens yo(F'), and the error symbolize the magnitude of the
thickness uncertainty.

3.11.2.2 Forming pressure

Forming pressure is defined as:
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where F is the forming force and A is the area of the shape to be formed. The uncertainty

of forming pressure is

2
B b 2 1 2 _F 2
=J<a—§§> () = Gon) + () 0

where up, is the force uncertainty and ua is the area uncertainty. The uncertainty of the

force up, is given by the load cell and its calibration. Due to a previous damage and
subsequent repair, the load cell that was used for the measurement did not comply with the
relevant ASTM E4 standard, and its accuracy was estimated by an application engineer to
be £1% of the full scale (3000N), which results in up, = £30N.

The sample dimensions W and H were measured using a digital caliper prior to the
measurement. Due to the lateral expansion that occurs as the result of compression the
uncertainty of the area A had to be expanded to account for this phenomenon. The sample
images (Figure 3.72) show that the sheet expands by approximately 0.5 mm on each side.

This dimension is referred to as b. The nominal dimensions of the sample were set to be

Sample 2 - before compression

r ‘Sample 3 - before compre:

‘Sample 3 - after compression

051 mm

|h“" Before ¥ 8 ™ Before

compression E | compression

Figure 3.72: Images of the samples for the forming measurements before and after compres-
sion. The lateral expansion was included in the uncertainty of the results.

W =W +b (3.53)

H' =H+b (3.54)
from which the nominal area is calculated as

A=W H (3.55)
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The uncertainty of the area was set to be

e Wt 2b)(H2—|— 2) — WB (3.56)

From Eq. 3.52 it was found that the dominating source of the pressure uncertainty is
the sample area, which amplifies u4. Increasing the sample area u4 would result in lower
pressure uncertainty u,, however, this would require increasing the compression force, which

was already at the maximum limit of the machine (2100 N).

3.11.2.3 Pressure (in the low-pressure measurements)

The uncertainty of the pressure in the low-pressure compression part of this work was
calculated analogically to the forming pressure. However, since the samples had a different

shape, the parameters were adjusted. The size of the burr was estimated to be 0.5 mm. The

uncertainty region of the samples is shown in Figure 3.73.

Figure 3.73: Photographs of the samples used for the low-pressure measurements with the
area uncertainty region highlighted by the yellow circles. The density of the samples in the
order top-left, top-right, bottom-left, bottom-right is 0.55gcm ™3, 1.05gcm ™3, 1.54 g cm ™3,
and 1.7 g cm ™3 respectively
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3.11.2.4 Thickness ratio

In Figure 3.25¢, the uncertainty of the average values of the t/ty ratio is a product of u; and
the standard deviation of the values oy /4, which arises from combining results for multiple

samples and forming pressures. While the uncertainty of a single t/ty point is:

g = \/ (tlout<F>)2 + (tOZuAF))Q, (3.57)

the uncertainty of the average value t/ty, was calculated as

2 2
ut/TO = $ Ut/t02 + (;Ut(F)) + <—t2Ut<F)> (358)

3.11.2.5 Strain

The uncertainty of both the viscous strain and the low-pressure compression strain was

calculated using the same formula. The general definition of strain is:

t—ty At
= 9= (3.59)

S —
to to

The two thicknesses in the numerator were considered to be independent random variables
and the uncertainty of the numerator was therefore taken as the sum of variances, which

translates to the following sum of squares expression:

uar = \Ju® + ug, 2. (3.60)

In the case of the viscous strain, in which the thicknesses in the numerator of Eq. 3.59 are

evaluated at the same force, the uncertainty of ¢t and ¢y are equal and Eq. 3.60 simplifies to:
uns = \/2u?. (3.61)
The final uncertainty is then calculated using the partial derivatives as:
dS 2708 \? 1 2 At \?
= — — = — —— 3.62
“ps \/(Mt““) * <6to “t°> \/<to “At> - ( t02UtO> (3.62)

3.11.2.6 Compression modulus

The uncertainty of the tangent modulus at a given pressure p was determined in two steps.
First the average value within the interval given by the load cell uncertainty [p—“£, p+ “£]
was calculated for every measurement. The maximum and minimum values of the averages

were then used to calculate the mean value and the error.
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3.11.3 Thermal conductivity and diffusivity

The uncertainty of the thermal conductivity ux was calculated as:

uk = Jul ,, + 0%, (3.63)

where uy, ,, is the measurement accuracy of the TPS machine and o}, is the standard devi-
ation of the measurements. The value of wy ., reported by the manufacturer is 5% of the
reading [85].

The uncertainty of diffusivity u, was calculated identically to the conductivity as:

Uq = \JU2 ,, + 02, (3.64)

where u, m was set to be 5% of the reading. However, the equipment manual [85] does not
specify the accuracy of the diffusivity. For a detailed analysis of the measurement uncertainty
the implementation of the data processing within the Thermal Analyzer would have to be
known. As this software is proprietary, an advanced uncertainty analysis was not performed.

The uncertainty of pressure u, was determined as:

R S RS A

where p is the pressure, F' is the force, and A is the sample area. The uncertainty of the

force gauge reading is given as 0.1 % of the full scale [111]. However, due to the viscous
behavior of NGS, which was described in section 3.5, the uncertainty of the force reading

was expanded to up = 10N.

3.11.4 Electrical conductivity

The propagation of the uncertainty through the data processing steps starts with the line
fitting. The uncertainty of the line slope u, was determined from the confidence interval
of the slope, which was calculated using the confint function in Matlab with which the
confidence level was set to 68.27 %. The error of the resistance and voltage probe distance
is not accounted for in the confint implementation. To calculate the uncertainty of the
cross-section area, the uncertainty of the thickness and width were set to u; = 0.05 mm
and uy = 0.5 mm. The magnitudes were chosen based on the highest value of the standard
deviation of the micrometer thickness measurements, and based on a conservative estimation
of the dimension variation caused by the imperfect edges that are created when cutting NGS

by a razor blade, respectively. The uncertainty of the cross-section area was calculated as:

. \/ ((f;’;uwf + (%‘fut)? = /w2 + (W2 (3.66)
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The uncertainty of the resistivity u, was calculated as:

u, = \/(22%)2 + (E?ZUA>2 = \/(Aua)2 + (aun)? (3.67)

The electrical conductivity is the inverse of resistivity and therefore the uncertainty of

electrical conductivity u, is:

e =\ (g = 020 = 72, (3.68)

The uncertainty of the pressure was calculated in an identical way as described in section
3.11.3.

3.11.5 Coefficient of thermal expansion

The uncertainty of CTE was calculated by grouping the values from all the cycles and
calculating the standard deviation. This approach does not reflect the accuracy of the device.
The manufacturer reported 0.1 % precision of CTE measurement and 15nm resolution of
the displacement measurements [112]. However, the information on the absolute accuracy
of the length measurement was not provided [113], which limited the possibility to perform
an advanced uncertainty analysis. For this work the uncertainty arising from the standard

deviation was considered dominating but the future work should verify this assumption.

3.11.6 Emissivity

The uncertainty of the total emissivity u. was calculated as

Ue = \JuZ,, + 02, (3.69)

where u ,, is the measurement accuracy of the device (1 %) and o is the standard deviation
of the four measurement repetitions. The 1 % measurement accuracy Ue,m does not account
for the propagation of the uncertainty through the spectral averaging process. The ASTM
standards do not provide a clear guideline on how to address the propagation. It is likely
that the error is amplified during the spectral averaging process, however, addressing this

issue was out of the scope of this work.
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Chapter 4

Design and manufacturing of NGS
heat sink prototypes

In section 1.7 the published literature on NGS heat sinks was reviewed. The two most
relevant previously reported approaches to building a parallel plate NGS heat sink are
visualized in Figure 4.1a and 4.1b. In the approach by Marotta et al. [35] (Figure 4.1a),
fins and spacers are stacked to form a heat sink made solely of NGS. In the approach by
Shives el al. [36] (Figure 4.1b), NGS fins were bonded to a copper base with machined slots
to form a hybrid heat sink. The copper base was used to improve the poor spreading due
to the low through—plane thermal conductivity. All the heat sinks in this thesis were built
by stacking L-shape sheets in an alternating fashion to form a staggered plate fin topology,
as is shown in Figure 4.1c.

The design of the heat sinks in this thesis was aimed at a proof-of-concept demonstra-
tion. The goal was not to build a heat sink with an optimal performance. The topology was
selected based on a qualitative evaluation of heat transfer, which is described below. The
review of the previous work suggested that the low through—plane thermal conductivity of
NGS may render NGS heat sinks not feasible for applications in which the heat source is
smaller than the heat sink width. This possibility was reflected in the design by prioritizing
the applications in which the heat source width matches that of the heat sinks. In the later
stages of present research, the performance of large-scale heat sinks was investigated. Mul-
tiple uncertainties had to be reflected in the design. The significance of the poor spreading
in the through—plane direction and the sheet-to-sheet TCR, were not known and therefore
a conservative approach was adopted, in which the contribution of the two phenomena was
minimized.

Figure 4.2 shows a qualitative heat transfer analysis of the heat sink design in the
previous and present work. In the design by Marotta et al. [35] (Figure 4.2a), the heat that
enters the spacers must travel in the through—plane direction and cross the sheet-to-sheet
interface, which can lead to an increased thermal resistance. Adopting a similar design in

the present work was therefore not considered desirable. In the design by Shives el al. [36],
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Figure 4.1: A visualization of a,b) previously proposed NGS heat sink designs, and c) the
present design.

the dissipated heat must cross the copper-NGS interface, which poses an uncertainty for
the thermal performance because the magnitude of the TCR at the interface has not been
well studied. Moreover, additional cost, weight, and reliability concerns lead to rejecting the
hybrid design for the purposes of this thesis. The cost of a hybrid heat sink was assumed
to be high due to the complexity of the bonding process, and due to the high material
cost of copper (Figure 1.6b). The density of copper is up to eighteen times higher than
that of NGS, which was expected to lead to a higher heat sink weight, which would in
turn hinder the usage in weight-sensitive applications. From the reliability perspective, the
bonding interface may suffer from a long-term fatigue due to the mismatch in thermal
expansion coefficient and resulting stresses. It should be noted that the advantages of the
hybrid design are easy mounting using threaded holes and an improved heat spreading in

the through—plane direction.
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In the staggered-fin design that was used in this thesis, the heat travels only in the in—
plane directions and does not need to cross any interfaces. It should be noted that the above
statement holds only when the width of the heat sink and the heat source are the same. The
gap between the fins allows for mounting without using threaded inserts or through-holes,
but at the same time it reduces the available fin heat transfer area. However, interrupting
the thermal boundary layer can lead to an improved heat transfer coefficient and the overall

performance may be the same, or better, despite the lower fin area.
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Figure 4.2: A Qualitative heat transfer analysis of multiple possible heat sink designs.

A simplified schematic of the manufacturing process is shown in Figure 4.3, and pho-
tographs of three stages of the process are shown in Figure 4.4. First, sheets in the shape
shown in Figures 4.3a and 4.4a were die-pressed from the raw NGS described in section 3.1.

The sheets were then glued together under compression (Figures 4.4b and 4.4c) to form
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pairs (4.3b), which were assembled and glued in an alternating fashion into stacks (4.3c).
The final heat sinks were cut from the stacks using a band saw as shown in Figures 4.3d

and 4.3e. A photograph of one of the final heat sinks is shown in Figure 4.5.

©
U:ﬂ] heat sink
a) b) d)
Die-pressed Glued sheet Glued stack Cut stack
sheet couple

Figure 4.3: A schematic of the heat sink manufacturing process.

While only a general description of the manufacturing method is given here, the following
chapters include details about the heat sinks used for each of the studies. It should be noted
here that forming process of the sheets (Figure 4.3a) varied through out the course of the
research work. While die-forming was eventually deemed to be the most suitable method,

water jet cutting has been used too.
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Figure 4.4: Photographs of a) NGS sheets, b) applying glue to sheet pairs, and c¢) compres-
sion of the glued pairs.
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Figure 4.5: A photograph of a NGS heat sink produced within this thesis
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Chapter 5

Thermal performance of NGS heat
sinks

The thermal performance of NGS heat sinks is investigated here with the focus on comparing
NGS and aluminum. In section 5.1, two methods for experimental characterization of heat
sinks are analyzed and compared. The attention is focused on the possibility of measuring
the TCR at the interface between a power semiconductor and a heat sink in an in-situ
environment. Suggestions on the feasiblity of each of the methods are made. An audiovisual
summary of the chapter is available at https://www.youtube.com/watch?v=cxMcAGcPzAE&
1ist=PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4&index=4 .

In sections 5.2 and 5.3 the thermal performance of small scale and large scale NGS heat
sinks is measured. The small scale heat sinks are defined by their width being comparable
the heat source width, as shown in Figure 5.1. Using the small scale heat sink in the first set
of experiments allowed to reduced the complexity because the low through—plane thermal
conductivity of NGS does not significantly affect the thermal performance. In addition, using
small heat sinks also reduces the complexity and time requirement of the manufacturing
process. The study of large scale NGS heat sinks in section 5.3 builds upon the small scale
results and extends the focus on heat sinks whose thermal performance is limited by the

low through—plane thermal conductivity.

!The video files are also available in Appendix F
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Figure 5.1: Illustration of the small scale and large scale heat sinks.

In section 5.4 the TCR at the interface between NGS and machined metals is studied
using a standalone measurement device that eliminates the shortcomings of the methods

used in sections 5.2 and 5.3. A comparison with the TCR at metal-to-metal interfaces with

common thermal greases is provided.
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5.1 Analysis of methods for experimental characterization of
heat sinks

The performance of electronics cooling systems is typically expressed in terms of thermal
resistance whose definition was given in section 1.4. In the design of commercial electronic
devices, the overall juntion-to-ambient thermal resistance is typically the most valuable
quantity because it relates the critical junction temperature to the ambient temperature. In
research and development, a detailed knowledge of partial resistances that were summarized
in Figures 1.4 and 1.5 is crucial for identifying the heat transfer bottlenecks and improving
the cooling performance.

To evaluate the partial thermal resistances the relevant temperatures and heat fluxes
must be measured. In electronics cooling, the heat flow through a heat sink is typically
assumed to be equal to the heat dissipation rate in the power semiconductor. Measuring
the heat dissipation is simple as only current and voltage drop readings are necessary.
The temperature measurement, on the other hand, is complex because sensors must be
installed at carefully chosen locations. In some cases, the most desirable locations such as
the semiconductor junction cannot be measured because installing a sensor would disrupt
the functionality of the device under test. A typical practical workaround is installing the
temperature sensor as close to the junction. The junction temperature can also be deter-
mined by measuring the variation of temperature sensitive electrical properties such as the
forward voltage [114].

The following section describes a study aimed at comparing two methods for heat sink
characterization: thermocouples and transient thermal testing. The goal is to determine
which method can deliver more detailed information about the heat flow in a heat sink,
and to review the practical aspects including ease-of-use, accuracy, measurement time re-
quirement, and cost. Other methods for heat sink characterization exists, however, the two
selected methods represent the two major directions: using temperature sensors versus the
temperature sensitive property of semiconductors. The focus of the present measurements
is to capture the thermal resistance at the device-heat sink interface in an in-situ configura-
tion. Throughout the following text, the names thermocouple method and transient thermal
method are adopted. To the best knowledge of the author, the names of the heat sink char-
acterization have not been standardized, and it is therefore likely that different names for

the same methods are used in other publications.

5.1.1 Thermocouple method

Installing thermocouples at multiple locations along the heat flow path allows determining
the desired partial thermal resistances. However, since not all the locations are feasible,
thermocouples must be installed at nearest available locations, which introduces a system-

atic error in the measurement. Installation of thermocouples is labor intensive and prone to
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errors arising primarily from the imperfect contact between the thermocouple and the mea-
sured surface [115]. Attaching thermocouples with a tape is the simplest and fastest solution
but the variation in the contact quality can become high. Alternatively, thermocouples can
be attached using thermally conductive adhesives, which decrease the mounting uncertainty
but reusing of thermocouples is typically not possible. Other complications may arise from
the fatigue of thermocouple wires, or from a measurement noise due to interactions with
electric fields in power electronics. Despite the drawbacks, the simplicity and low cost makes

the thermocouple method most common in the majority of electronic cooling applications.

5.1.2 Transient thermal method

The transient thermal tester uses the semiconductor chip as the temperature sensor, and in
principle, the method is a variation of the four-point resistance measurement. It consists of
a DC power supply and a voltmeter as shown in Figure 5.2a. The temperature of the chip
is determined based on the forward voltage or other temperature sensitive property. The
relation between the forward voltage and the temperature is obtained in the calibration
process, during which the device under test (DUT) is clamped to a controlled temperature
source (aluminum plate with internal liquid channels) and the relationship between forward
voltage and temperature is captured.

The measurement starts with the heating phase, in which a heating current Iy is passed
through the DUT until it reaches steady-state. The dissipated power is determined by mea-
suring the voltage and current through the DUT and multiplying the two values. The current
is then lowered to the measuring current I,;, which results in the DUT gradually cooling
down. The transient temperature profile of the chip is recorded and deconvoluted into a
curve called a structure function, from which the thermal resistances can be determined.
While the details of the deconvolution are complex [116], the basic idea is to numerically
generate an equivalent one-dimensional resistor-capacitor thermal network (Figure 5.2b)
whose transient response is identical to the experimentally obtained response of the mea-
sured system. The structure function is a graphical visualization of individual resistor and
capacitor pairs with the resistance on the horizontal axis and the capacitance on the vertical
axis (Figure 5.2¢). The differential structure function is a derivative of the capacitance with

respect to resistance.
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Figure 5.2: a) A schematic of the transient thermal tester, b) Equivalent 1-D RC thermal
circuit, and c) illustration of the structure function

5.1.3 Experimental method

The experimental setup, which is shown in Figure 5.3a and 5.3b, was designed to allow
a simultaneous measurement using thermocouples (Extech SDL200 thermometer) and the
transient thermal tester (Mentor graphics T3ster with a 50A-30V Booster). It consisted of
an acrylic wind tunnel with 4cm axial fan (JMC 4028-12) and a mounting plate (Figure
5.3c and 5.3d) with a plastic frame, printed circuit board, and the IXYS DSEI 30-06A
diode whose structure is shown in Figure 5.4a and 5.4b. The current probes of the transient
thermal tester were connected using three-pin connectors while the voltage probes were
attached directly to the device terminals using test leads. The heat sinks were attached to
the mounting plate using a 2 mm thick insulated metal bracket and two M3 bolts tightened
to 0.05 Nm resulting in a contact pressure of approximately 0.5 MPa. Bending of the metal
bracket was not observed. CAD files showing the geometry of the wind tunnel are available
in the corresponding dataset [117].

Both heat sinks had the same geometry (Figure 5.5a) consisting of seven fins in the
staggered configuration with the fin thickness of 2.4 mm, fin spacing of 2.4 mm, fin height
of 24.1mm, fin length of 19.1 mm. The base plate height was 7.6 mm and the total heat
sink length, width, and height were 50.8 mm, 16.8 mm, and 31.7 mm. The aluminum heat
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Figure 5.3: Experimental setup. a) a photograph of the whole setup (the transient thermal
tester is not shown), b) scheme showing the two measurement methods, c) detail of the
mounting plate and d) bottom of the mounting plate (rotated by 180°)

Semiconductor chip
Thermocouple location

Figure 5.4: a 3D CAD visualization of a) the device (diode) and b) its internal structure.
Right: The device mounted on the printed circuit board with the detail of the thermocouple
location (picture before attaching the thermocouple)

sink was manufactured by CNC machining and the surface was anodized. The NGS heat
sink was manufactured from a 1.2mm thick sheet with the density of 0.58 gcm™3, which
translates to the through-plane and in-plane thermal conductivity of 5 Wm™'K~! and
100 Wm K1, respectively. CAD files showing the geometry of the heat sinks are available
in the corresponding dataset [117].

Four thermocouples (Omega 5SRTC, T-type, 36 AWG) were used to measure the tem-

perature of the device Tgc, heat sink Tg ¢ inlet air TZ;C, and outlet air ngut. The location
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Figure 5.5: a)A photograph of the aluminum heat sink, b) Mounting dent for the heat sink
thermocouples, the dashed lines show the position of the device.

of the device thermocouple shown in Figure 5.4 was chosen to be as close to the chip as
possible while minimizing the risk of damaging the bond wire. The copper lead frame of
the diode was exposed by machining off a portion of the molding compound, and a small
dent 1 mm in diameter was drilled in the lead fram. A thermocouple was then inserted into
the dent and secured using the J-B Weld two-part epoxy. The heat sink thermocouple was
mouted identically and the location is shown in Figure 5.5b.

As illustrated in Figure 5.6, a single measurement started by the heating phase, in
which the transient thermal tester ran the heating current Iy through the device. When
steady-state was reached, the thermocouple readings were recorded and subsequently the
heating current [ was reduced to the measuring current Ij; and the cooling curve of the
device junction was recorded. Three configurations were measured: i) aluminum heat sink
without thermal grease, ii) aluminum heat sink with the Shin-Etsu G751 thermal grease,
and iii) NGS heat sink without thermal grease. Each configuration was tested at 5A, 7A,
and 10 A heating currents, which translates to the disipated power of approximately 5.3 W,
7.5W, and 11 W. The free-stream air velocity was 3.5ms™!, and it was calculated from
the vane anemometer flow rate measurement at the outlet of the wind tunnel. Each of the
measurements was repeated three times and the heat sink was dismounted and re-mounted

in all the repetitions.
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Figure 5.6: A visualization of the temporal profile of the current through the device (top),
device forward voltage (middle), and thermocouple readings (bottom).

5.1.4 Data processing

The raw data for a single measurement included the thermocouple readings (device temper-
ature Tgc, heat sink temperature Tg C and inlet ambient air temperature TZC), dissipated
power Q, and the cooling curve. For the thermocouple method, the device-to-sink Rg;l%s

and sink-to-ambient Rz;l% 4 thermal resistances were calculated as:
RLSs = M,Rﬁ%/‘ ) (5.1)

Q Q

The cooling curves obtained from the transient thermal tester were processed using the
T3ster Master software to get structure functions (SF’s) and differential structure functions
(DSF’s). As illustrated in Figure 5.7 in which one randomly selected SF and DSF for each of
the measured configurations were plotted, by identifying the C (Case) and S (Sink) points it
is possible to determine the junction-to-case Rg,ﬁc, case-to-sink th;z% g» and sink-to-ambient
Rﬁ@ 4 thermal resistances. Rgﬁc is typically obtained using the Transient Dual Interface
Method (TDIM) [116, 118, 119], which requires measuring the device on a cold plate with
and without a thermal grease. The principle of the method is that when an identical device

is measured under different boundary conditions, the initial parts of the structure functions,
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which describe the heat flow within the device, will overlap and only when the heat has
reached the device case, they will diverge. Thus, the divergence point (C point in Figure 5.7)
is used for determining RESC. Since the heat sink measurements performed in this work
also provide three different boundary conditions, there were two options of determining
the R;‘Fh@c: i) from heat sink measurements, and ii) from a standalone measurement of the
device on a cold plate using the TDIM. The data were collected for both and plotted in
Figure 5.8. The curves diverge slightly sooner for the TDIM method. For the purposes of
this work a graphically determined Rz;ﬁc value of 0.6 K/W was used, however, a more
rigorous approach should be implemented in the future to assure consistent results from
different operators. To determine the magnitude of the case-to-sink resistance Rﬁ%s, the
work of Poppe et al. [120] was followed and the point S (Figure 5.7) was assumed to be
at the local maximum of the DSF, which demarcates the left limit of the flat section of
the SF. The raw data and the implementation of the analysis method are available in the

corresponding dataset [117].
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Figure 5.7: A single SF (solid lines) and differential DSF (differential structure function)
for each of the measurements at 5 A heating current and 0.2 A measuring current.
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Figure 5.8: Compilation of all SF’s (solid lines) and DSF’s (dashed lines). Grey — mea-
surements with heat sinks, black — measurements on a temperature controlled plate. The
bottom figure is a detail of the top one.

5.1.5 Results

Figure 5.9 shows a summary of all the measured thermal resistances, where the height of the
bars corresponds to the average values and the error bars show the maximum variation in the
collected data. The major conclusions are: i) using thermocouples leads to underpredicting
the total resistance due to inability to capture the true junction temperature, ii) if used for
relative comparison of the heat sinks, both method result in the same conclusions (i.e. the
aluminum heat sink with thermal grease shows the lowest total resistance followed by NGS
and aluminum without thermal grease), iii) the average sink-to-ambient resistances (darkest

gray bars) measured by the two methods are in a good agreement, iv) the average device-
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to-sink resistance measured by thermocouples corresponds to the case-to-sink resistance

measured by the transient thermal tester.
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Figure 5.9: Comparison of the thermal resistances measured by thermocouples (hatched
bars) and the transient thermal tester (solid fill)

The absolute difference between the average sink-to-ambient resistances (Rgfq 4 and
Rg;ng) measured by the two methods is 0.14 KW', 0.13KW~!, and 0.02KW~! for the
aluminum without thermal grease, aluminum with thermal grease, and NGS heat sinks,
respectively, which corresponds to the relative difference of 10 %, 10 %, and 1 %, respectively.
All the relative differences reported in this thesis use the transient thermal tester values as
the reference value. Analyzing the data on the individual measurement basis instead of the
averages, which is relevant because the data was gathered at the same time using the same
testbed, reveals the maximum absolute difference between the method to be 0.25 KW,
0.20KW~!, and 0.17KW~!, which translates to the maximum relative difference of 20 %,
15 %, and 11 %, respectively. The comparison suggests that the methods agree better in the
case of the NGS heat sink.

The absolute difference between the average case-to-sink resistance measured by thermo-
couples Rtj;% 5 and the average device-to-sink resistance measured by the transient thermal
tester RLG ¢ is 0.31 KW~1 0.15KW !, and 0.01 KW~! for the aluminum without thermal
grease, aluminum with thermal grease, and NGS heat sinks, respectively, which corresponds
to 14 %, 22 %, and 1% relative difference. Performing the comparison for individual mea-
surements instead of the averages yields the maximum absolute differences between Rz;l% g
and RLE to be 0.39 KWL, 0.22KW !, and 0.35 KW', which corresponds to 17 %, 31 %,
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and 49 % relative difference, respectively. The scatter of the data is much higher than in

the case of sink-to-ambient resistance.

5.1.6 Discussion

To further understand the differences between the two investigated methods, a numerical
simulation of the aluminum heat sink with thermal grease was performed using the finite
volume solver Ansys Fluent R19.2. The geometry of the diode shown in Figure 5.10a was
simplified into the shape shown in Figure 5.10b. The size of the simulation domain matched
the size of the wind tunnel. The inlet velocity was set to 3.5ms™!, which is the value
measured by a vane anemometer. The solver was set to the laminar flow mode. The TCR
at the diode-heat sink interface was set to 17 Kmm?W ! based on the manufacturer’s data
sheet [121]. The dissipation power was 11 W in accordance with the highest power measured
experimentally. It should be noted here that the purpose of the simulation was to provide a
qualitative insight into the temperature field of the heat sink, not to accurately predict the
heat sink performance. Validation, mesh dependency study, and detailed description were
therefore omitted.

The temperature field of the lead frame and the heat sink base plate at the mid-plane
cross-section was visualized in Figures 5.10c and 5.10d. In Figure 5.10e the surface tem-
peratures of the lead frame and the heat sink were plotted as the function of length (y
coordinate). In all cases the relative temperature difference with respect to the maximum
temperature of the lead frame (58 °C) is presented.

The simulation results in Figure 5.10 show a highly non-isothermal temperature dis-
tribution in both the lead frame and the heat sink. The location of the device and heat
sink thermocouples (TH¢ and T¢“) was outlined in Figures 5.10d and 5.10e. The device
temperature measured by the thermocouples Tgc is approximately 5°C lower than the
maximum temperature of the lead frame, which confirms that the thermocouple method
fails to capture the real junction temperature. The experimentally obtained average dif-
ference between the junction temperature measured by the transient tester and the device
temperature measured by thermocouples in the case of aluminum with thermal grease is
6.4 °C, which is higher than the observed 5 °C due to the die attach resistance which was not
captured in the simulation. Dividing the simulated 5 °C temperature drop by the dissipation
power of 11 W yields the thermal resistance of 0.45 KW ™!, which agrees with the constant
0.6 KW~! offset between the methods seen in Figure 5.9, and it can be therefore concluded
that the offset is caused by the fact that the device thermocouple does not capture the true
junction temperature. For engineering purposes, the offset can be accounted for in the heat
dissipation calculations, however, it should be noted that the heat spreading in the lead
frame and the base is non-linear with the dissipation power, and the magnitude of the offset
is expected to change for the values of dissipation power significantly higher or lower than

the measured ones.
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Figure 5.10: Simulation geometry a) before and b) after simplification, c) the temperature
field and d) its enlargement, e) the temperature at the surface of the heat sink and the lead
frame.

For the purposes of heat sink development, it is desirable to capture the TCR at the
device-sink interface during the experimental characterization of heat sinks. While other
standalone methods for measuring the TCR between two materials exist, in-situ measure-
ments are preferable because they reduce the research and development time and include
the effect of real surfaces as opposed to idealized samples clamped at uniformly distributed
pressure. In the context of NGS heat sinks, an in-situ measurement of the device-sink TCR
(Renrcrps) is relevant for investigating the effect of the low material hardness, which is

expected to decrease the TCR. For the measured case of aluminum with thermal grease,
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the theoretical value of R}, ;~ppg can be calculated from the specific TCR given by the
thermal grease manufacturer (17 Kmm?W ™! [121]) and the the interface area (314 mm?),
which results in the value of 0.05 KW~!. The device-to-sink resistance measured by ther-
mocouples RtTh%S and the case-to-sink resistance measured by the transient tester Rﬁ%s
were expected to capture the TCR at the device-sink interface; however, comparing the
two (0.53 KW' and 0.67 KW~!, respectively) to R}, rorps reveals an order of magnitude
difference.

For the thermocouple method, the explanation of the difference between R}, ;- ppg and
Rg;z%s can be made based on the simulation results in Figure 5.10d and 5.10e. From the
temperature field in Figure 5.10d it is clear that the temperature difference T l:g(] - T ;:F ¢
used for calculating Rﬂ%s contains not only the temperature drop due to the device-to-
heat sink TCR, but also the temperature drop that arises from the spreading of heat, where
the latter is a function of the thermal conductivity and geometry of the device and heat
sink. In Figure 5.10e it can be seen that the relevant temperature difference to evaluate the
contact resistance is the vertical distance between the red and blue curves; however, even
if a measurement of this temperature difference was possible, the total dissipated heat Q
cannot be used for calculating Ri,rcrps as the heat flux distribution is non-uniform. To
conclude, the device-to-sink thermal resistance measured by thermocouples Rﬁ% g does not
correspond to the device-to-sink TCR and includes a parasitic component that arises from
the location of the thermocouples. Despite this short coming, the values of R%Fh%g obtained
for the three configurations measured in this work follow the expected trend because the
TCR of aluminum without thermal grease is significantly higher than the aluminum with
thermal grease and NGS cases. The thermocouple method is deemed to be sufficient for
a relative comparison of the quality of the heat transfer through the device-sink interface.
However, a further numerical work to understand the effect of the thermocouple location
on the measured resistance is suggested.

In the case of the transient tester, the difference between RLE ¢ and R}, rcrpg 15 ex-
pected to be due to the method used for determining the S point on the structure functions.
The complexity of the transient thermal method does not allow for a simple analysis as in
the case of the thermocouple method. However, the most plausible explanation is that the
local maximum of the DSF used for determining the point S corresponds to portion of the
1-D R-C network that is associated with the heat wave reaching the fins of the heat sink.
To verify this hypothesis, it is suggested to perform a numerical work that would explain
the relationship between the shape of the structure function and the heat sink parameters
such as shape, thermal conductivity, and TCR.

The error bars in Figure 5.9 reflect only the repeatability. The equipment error was
not considered because the propagation of uncertainty through the complex calculation
of structure functions was beyond the scope of this work. The equipment error for the

thermocouple measurements was not included to keep the meaning of the error bars the
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same when comparing the two methods. Some portion of the dissipated heat leaves the heat
source through the leads and the circuit board. Accounting for this heat loss in the transient
measurements was beyond the scope of this work. To keep the measurements comparable,
the heat loss was neglected for the thermocouple method. However, measurements with
a block of insulating material mounted instead of the heat sink showed that the losses
are in the order of Qress ~ 0.04ATp AW/, where ATpy is the temperature difference
between the device and the ambient air. The daily fluctuations in the laboratory ambient
air temperature may have affected the results by disturbing the steady state, or by altering
the cooling conditions during the recording of the cooling curves. The relevant temperature
drift was estimated to be in the order of 1 to 2°C per hour. All of the above points should
be addressed in the future measurements.

Suitability of the methods for various applications is given by many factors. The ther-
mocouple method is inexpensive and well known, but the installation of the thermocouples
is time consuming and comes with challenges related to mounting and heat leakage through
the thermocouple. The cost of a transient thermal tester is significantly higher, but it can
be offset by other advantages: the need for an intrusive installation of thermocouples is
eliminated. Additionally, other information describing the heat sink such as its heat ca-
pacity or the location of heat transfer bottlenecks can potentially be extracted from the
shape of the structure functions. However, the extraction methods need to be developed. A
promising, already documented method, is using the structure functions to calibrate a 3D
numerical thermal model [122]. However, to the author’s best knowledge, a study on how
much information about a heat sink can be inferred using this approach is not available in

the literature.

5.1.7 Section conclusion

The thermocouple and transient thermal methods for experimental characterization of heat
sinks were compared using a setup that allowed a simultaneous measurement using the
two methods. Both methods agree on the relative performance of the heat sink and can
be therefore used for comparative studies of heat sinks. The thermocouple method fails to
capture the true junction temperature which leads to under predicting the total junction-
to-ambient thermal resistance.

Neither of the methods is capable of measuring the TCR at the device-sink interface.
The values of the device-to-sink resistance measured by thermocouples and the case-to-sink
resistance measured by the transient tester are a combination of the device-sink TCR and
a parasitic resistance arising from the imperfection of the methods. Despite this, judging
the relative quality of the heat transfer through the device-sink is deemed viable. However,
caution should be practiced as the values are dependent on the dissipated power, thermal

conductivity, and geometry of the system.
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To decide which of the methods is practical for a given application, a complex trade-
off has to be considered. The thermocouple method is simple and inexpensive but labor
intensive and offers only a limited information about the thermal performance. The transient
tester is complex and costly, but more time efficient and the results include more information

such as the transient behavior and detailed insight into the heat flow in the measured system.
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5.2 Small-scale prototype NGS heat sinks

Two studies of the thermal performance of small-scale NGS heat sink are presented in this
section. First, the difference between geometrically identical NGS and aluminum heat sink
is addressed. Then, the results of a detailed study of the effect of density, clamping pressure,

and polymer impregnation on the thermal resistance of NGS heat sinks are reported.

5.2.1 Comparison of aluminum and NGS heat sinks

The results in the previous section (5.1) were used to draw conclusions about the methods
for experimental characterization of heat sinks. Here, the same dataset is used to evaluate
the performance of the NGS heat sink in comparison with the aluminum one. In Figure 5.11
the data from Figure 5.9 were reduced, rearranged, and the relative differences between the

NGS and aluminum heat sink were annotated.
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Figure 5.11: Results of thermal resistance measurements of small scale heat sinks. Left: case-
to-sink (RL2¢) and sink-to-ambient (RLE ,) thermal resistances measured by the transient
thermal method. Right: device-to-sink (R}%¢) and sink-to-ambient (R5S ) thermal resis-
tances measure by the thermocouple method.

As was explained in detail in the previous section, the physical meaning of the mea-
sured thermal resistances is inherently uncertain. To be able to draw conclusions about
the aluminum and NGS heat sinks based on the results from both methods, a simplified
terminology is used here. The case-to-sink (RLE ) and device-to-sink (RLS ) resistances
are both considered to reflect the quality of heat transfer through the device-sink interface,
and they are referred to as the interface resistance. The sink-to-ambient resistances (Rtj;fg A
and RLS ) are referred to as the sink resistance. The sum of interface and sink resistances,
which corresponds to the total height of the bars in Figure 5.11, is referred to as the total

resistance.
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The total resistance of the NGS heat sink is 33 to 36 % lower than that of aluminum
without thermal grease, and 15 to 16 % higher than that of aluminum with thermal grease.
The sink resistance (dark gray portion in Figure 5.11) of the aluminum heat sink does not
change significantly in cases with and without thermal grease, which confirms the validity
of the measurement. The sink resistance of the NGS heat sink is 7 to 19 % higher than that
of aluminum heat sink, however, the difference is not statistically significant because of the
overlapping error bars. For the thermocouple method, the error bar of the NGS sink resis-
tance overlaps with those of both the aluminum with and without thermal grease. For the
transient thermal method, the error bar of the NGS sink resistance overlaps only with that
of aluminum without grease. Based on these observations, the difference in the sink resis-
tance between the NGS and aluminum heat sinks is not considered statistically significant.
Nevertheless, a physical explanation for the difference exists. The thermal conductivity of
the NGS heat sink was 5 Wm~!K~! in the through—plane direction and 100 Wm*K~! in
the plane in—plane direction, which is lower than 200 Wm 'K ~! of the aluminum heat sink.

To make conclusions about the interface resistance, the light gray portion of the bar
chart in Figure 5.11 was plotted separately in Figure 5.12. The stacked bar chart in Figure

5.11 is not suitable for taking the uncertainty into account.
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Figure 5.12: Left: case-to-sink thermal resistance (R;Fh% g) measured by the transient thermal
method. Right: device-to-sink thermal resistance (RS ¢) measured by the thermocouple
method.

The interface resistance of the aluminum heat sink dropped by 70 to 73 % when the
thermal grease was used at the device-sink interface. The interface resistance of the NGS
heat sink is 63 to 66 % lower than that of aluminum without thermal grease. From the
average values it appears that the interface resistance of the NGS heat sink is higher than
that of the aluminum heat sink with thermal grease, however, since the error bars are

overlapping, a definite conclusion cannot be made.
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5.2.2 The effect of density, clamping pressure, and polymer impregnation

Here, an experimental study is designed to resolve the effect of NGS sheet density, clamping
pressure, and polymer impregnation on the thermal performance of NGS heat sinks. The
clamping pressure affects the magnitude of the TCR at the device-sink interface, which in
turn affects the total thermal resistance of the system. Understanding the pressure depen-
dence is necessary for determining the adequate clamping pressure. A polymer impregnation
is a technique used to improve the poor mechanical properties of NGS. During the impregna-
tion process, NGS is immersed in a liquid polymer under vacuum, which forces the polymer
to fill the pores. The subsequent thermal treatment solidifies the liquid polymer. Since the
porosity of NGS ranges from 76 to 25% for the densities 0.5gcm™ and 1.7gcm™3, the
amount of polymer in the pores is significant, and it can affect the mechanical and thermal

properties, which in turn affect the TCR at the device-sink interface.

5.2.2.1 Previous work

Smalc et al. [81] used the guarded heat flow meter method to measure the through—plane
thermal conductivity and TCR at the interface between the flow meter and NGS sam-
ples. Cases with and without polymer impregnation were considered. The reported ther-
mal conductivity ranged from 4 to 6 Wm~'K~! but the density of the measured sheets
was not reported. The samples impregnated with polymers showed slightly higher average
thermal conductivity, but the variation was large and the difference is likely not statisti-
cally significant. The specific TCR at the interface between the sheet and the flux meter
was 132mm?KW ! for the non-impregnated samples. The polymer-impregnated samples
showed values of 59 mm2KW ™! for mineral polymers and 67 mm?KW ™! for synthetic poly-
mers, which leads to a conclusion that the polymer impregnation can reduce the TCR by

approximately 50 %.

5.2.2.2 Experimental method

The measurement was perfomed using the transient thermal method in a setup that was
derived from the one described in section 5.1. To improve the noise-to-signal ratio, the IXYS
DSEI 30-06A diode was replaced with the Infineon AUTRGPS4067D1 transistor. The air
flow velocity was lowered from 3.5ms™! in the original setup to 3.3 ms™!. The geometry of
the heat sinks was kept the same, however, the sheets where manufactured using a water
jet cutter instead of a compression mold. The raw data, implementation of the analysis
method, and CAD files of the heat sink geometry are available in the corresponding dataset
[117].

The effect of density was addressed by manufacturing heat sinks out of NGS at 0.79 gcm 3
and 1.25gem 3. For each of the densities, heat sinks with and without polymer impregna-

tion (Hernon HPS 991) were prepared. To include the manufacturing variability in the
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study, two heat sinks were prepared for each of the measured configurations, which resulted

in a total of eight heat sinks. Figure 5.13 shows an image of all the heat sinks and a table

T

summary of the parameters.

Polymer
impregnated X X Y v X X v v
NGS density

[g cm] 0.79 1.25

Figure 5.13: The small scale heat sinks manufactured for the study on the effect of density,
clamping pressure, and polymer impregnation.

The heat sinks were clamped by two M3 bolts tightened using the CDI 151NSM torque
screwdriver set to 0.01 Nm, 0.05 Nm, and 0.1 Nm, which translates to the clamping pressures
of 0.1 MPa, 0.5 MPa, and 1 MPa, respectively. The clamping force of one bolt was calculated

as:
T

Fo=——-
c dev

(5.2)

where T is the torque, K is the coefficient of friction set to 0.2, and dj is the bolt diameter.
The clamping pressure was determined as:
F,
DPec = Af:ﬁ (53)
where Ay is the device area of 336 mm?.
Multiple measurement repetitions were made for each of the configurations, resulting in
a total of 64 measurements. The data processing was identical to that described in section
5.1. The value of the junction-to-case thermal resistance Ry, jco of the device was set to
0.2KW~! based on the manufacturer’s specifications [123], and the validity of the value

was confirmed by determining the C point from the diversion of structure functions.

5.2.2.3 Results

The results of the measurements are summarized in Figure 5.14 where the light bars repre-
sent the case-to-sink thermal resistance (Rics), the dark gray bars represent the sink-to-
ambient resistance (Rps.4), and total height of the bars represents the total case-to-ambient

resistance (Rgpc4). It must be noted here that multiple of the observations described later
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in this section are statistically insignificant due to overlapping error bars. Repeating or
otherwise improving the results was not possible as the data were collected during a one-
week-long stay at an external commercial facility. The observations are discussed despite
the statistical insignificance, and recommendations on future measurements are made.
Among all the measured heat sinks, the one manufactured from the high density 1.25 gem™
sheet with no polymer impregnation shows the lowest total thermal resistance of 2.03 KW,
while the one manufactured from the low density 0.79 gcm ™2 sheet with polymer impregna-
tion shows the highest total thermal resistnace of 2.74 KW ~!. The sink-to-ambient resistance
does not vary significantly for all the measured heat sinks and remains at the value of ap-
proximately 1.6 KW~ Its magnitude is independent of the clamping pressure and polymer
impregnation. The average sink-to-ambient resistance of the heat sinks made of 1.25 gcm ™3
sheet with the in-plane thermal conductivity of 243 Wm™'K~! is 7% higher that of heat
sinks made of 0.79 gcm ™3 sheet with the in-plane thermal conductivity of 145 Wm 'K,
The sensitivity of the sink-to-ambient resistance to the thermal conductivity is dictated by
the shape of the heat sink, its material properties, and the flowfield conditions. The low
changes of the sink-to-ambient thermal resistance with the increased thermal conductivity
of the high-density sheet must not be interpreted as a general trend, but only as a case-
specific results. The primary reason for including the density as a parameter in this study

was to investigate its effect on the TCR at the device-sink interface.
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Figure 5.14: Results of the measurement of small-scale NGS heat sinks

160



Figure 5.14 shows that the variation in the case-to-ambient resistance is primarily due
to the variation in the case-to-sink resistance. In Figure 5.15, the case-to-sink resistance was
plotted separately, and the overlapps of the error bars, which are relevant to judging the
effect of polymer impregnation, were highlighted by the semitransparent gray areas with
dashed-line borders. In all cases the error bars are overlapping, which prevents forming
statistically significant conclusions. It appears that polymer impregnation causes an increase
in the device-to-sink TCR and that the the low-density (0.79 gcm~2) sheet is more sensitive
to the effects of resin impregnation. The latter trend can be explained by the higher porosity
of the low-density NGS that allows for a higher polymer uptake, which in turn causes an

increases in hardness and TCR. The present data cannot confirm this assumption.
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Figure 5.15: The case-to-sink thermal resistance of small scale heat sinks. The order of the
bars is selected to resolve the effect of resin impregnation. The overlapping error bars are
highlighted by the semitransparent gray rectangles and dashed-line border

In Figure 5.16 the case-to-sink resistance was plotted in an order that allows for eval-
uating the effect of sheet density. Similar to Figure 5.14, the overlaps of error bars were
highlighted to assist in the evaluation of uncertainty. In cases without polymer impregna-
tion, the case-to-sink resistance appears to decrease with increasing density, however, the
differences are within the uncertainty limit. For the polymer impregnated cases, the decrease
is statistically significant and the sensitivity of the case-to-sink resistance to the increase in
density is higher than that in cases without polymer impregnation. The explanation of the
trend is in line with the statement in the previous paragraph. The difference in polymer
uptake may affect the mechanical properties of NGS and the high-density can conform to
the surface imperfections better than the low-density one.

It must be noted here, that the conclusions in section 5.1 stated that the case-to-sink

resistance determined by the transient thermal method is affected by the thermal conduc-
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tivity of the heat sink. In particular, increasing the heat sink thermal conductivity will lead
to a lower case-to-sink resistance. It is likely that the lower case-to-sink resistance of the
1.25gem ™ heat sinks is partially or fully due to the higher in-plane thermal conductivity.
To validate if increased NGS density leads to lower case-to-sink resistance, a standalone
study of the TCR between stacked NGS and a metal counterpart must be studied using the

specialized methods such as the guarded heat flow meter.
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Figure 5.16: The case-to-sink thermal resistance of small scale heat sinks. The order of
the bars is selected to resolve the effect of NGS density. The overlapping error bars are
highlighted by the semitransparent gray rectangles and dashed-line border

The pressure dependence of the case-to-sink thermal resistance was plotted in Figure
5.17. All heat sink show a decrease in the case-to-sink resistance with increasing pressure,
and the decrease is slightly steeper at high pressures. However, the large uncertainty results
in the decrease being statistically significant only for the 0.79 gcm ™ sheet density with-
out polymer impregnation. Calculating the decrease of the case-to-sink resistance over the
measured pressure range 100 to 1000 kPa yields similar values in the range 16 to 20 % for
all the measurements, which suggests that the pressure dependence is not affected by the
polymer impregnation or NGS density. The decrease in the case-to-sink resistance is due
to the decreased case-to-sink TCR, which is caused by a better compliance of imperfect

surfaces at higher pressures.
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Figure 5.17: The case-to-sink thermal resistance of small-scale NGS heat sinks as a function
of clamping pressure. The dashed line visualizes the only case (0.79 gcm ™2 without polymer)
where the decrease of the case-to-sink resistance is significant over the measured pressure
range. In all other cases, the decrease is within the uncertainty limit.

5.2.3 Section conclusions

This section first focused on comparing the thermal performance of a NGS heat sink with
a geometrically identical aluminum one. In the second part, the small scale NGS heat sinks
were studied in detail with an emphasis on the effect of density, clamping pressure, and
polymer impregnation.

The measured small scale NGS heat sink showed the total thermal resistance 33 to
36 % lower than the aluminum one without thermal grease and 15 to 16 % higher than the
aluminum one with thermal grease. The total thermal resistance is a sum of the sink and
interface resistances. Determining which of the two resistances causes the total resistance
to increase is not possible due to the overlapping error bars.

The measurements of the effect of density, clamping pressure, and polymer impregna-
tion are burdened with high uncertainty. The sink-to-ambient resistance does not change
significantly with any of the studied parameters. The case-to-sink resistance of the poly-
mer impregnated samples decreases by 40 % when the density increases from 0.79 gcm™>
to 1.25 gem 3. However, due to the inherent uncertainty of the transient thermal method,
the change cannot be attributed to a decreased TCR at the device-sink interface. Instead,
it is likely that the decrease is due to the increased in—plane thermal conductivity of NGS.
Over the measured clamping pressure range 100 kPa to 1 MPa, the case-to-sink resistance
of the 0.79 gcm ™2 heat sink without polymer impregnation decreased by 20 %, which is can

be attributed to the reduction in the TCR at the device-sink-resistance.
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To address the high uncertainty in the future measurements, the following points should
be considered. The variation in the collected data may arise from the heat sink manufac-
turing process. Improved manufacturing precision can lead to a reduced difference between
heat sinks manufactured from the same material in the same batch. The repeatability of the
TCR at the device-sink interface may be poor due to the different contact after re-mounting.
Standalone measurements of the TCR using specialized equipment can help to explain the
sensitivity of the TCR to re-mounting. The present data were collected at a facility where
the ambient air temperature varied over the course of the day. Since one of the assumptions
of the transient thermal method is a constant ambient temperature, the drift of the ambient
temperature during the test could have affected the results. The effect of unsteady ambient
temperature should be studied, and if proven to be significant, air conditioning at the inlet
of the test bed should be considered.
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5.3 Large-scale prototye NGS heat sinks with integrated heat
pipes

In the study of small-scale heat sinks in the previous section, the width of the heat sink
was kept comparable to that of the heat source so that the effect of the low through-plane
thermal conductivity is minimized, and the complexity of the measurement is reduced. In
this section, the focus is expanded to large heat sinks whose performance is limited by
the low through-plane thermal conductivity. A concept of NGS heat sinks with embedded
heat pipes is introduced, and the effect of electric insulation at the device-sink interface is
studied.

5.3.1 Measurement description

Figure 5.18 shows the three heat sinks used for this study: i) reference CNC machined
6061 aluminum heat sink (AL), ii) NGS heat sink with aligning plastic rods in the base
(NGS) and iii) NGS heat sink with two 4mm diameter U-shape heat pipes (NGS+HP).
The used heat pipes were 300 mm long, 4 mm in diameter, the manufacturer was Advanced
Thermal Solutions Inc. and the product number ATS-HP-D4L300G20W-002. The shape of
the heat sink was dictated by the NGS prototyping limitations and the it was not optimized
for the best heat transfer under given conditions. All the heat sinks have 42 fins, and the
target dimensions were 50.8 mm width, 34.1 mm height, 117.6 mm length, and 2.8 mm fin
thickness. CNC machining delivered a perfect result, but the same level of accuracy was not
possible when building the NGS heat sinks. As a result, the fin spacing and thicknes of the
NGS and NGS+HP heat sinks varied by fractions of millimeters, which resulted in the total
width of the NGS and NGS+HP heat sinks to be 119 mm and 123.7 mm, respectively. The
CAD model of the heat sink is available in the accompanying data set [124]. Both NGS heat
sinks were prepared from a 140 mgem~2 NGS that was described in section 3.1. The final
sheet density was 1 gem ™3, which corresponds to the in-plane and through-plane thermal
conductivities of 190 Wm~'K~! and 4 Wm~'K~!, respectively. To improve the mechanical
strength and machinability, the sheets were polymer-impregnated with Hernon HPS 991
porosity sealant.

The measurement setup was designed to mimic the real-world power converters. A power
electronics diode (IXYS DSEI 30-06A) was used as the heat source and each of the heat
sinks was tested i) with no electrical insulation, ii) with an adhesive coated polyimide
film insulator (Nitto P-221 [125], polyimide thickness 0.0254 mm, adhesive layer thickness
0.04 mm), and iii) with an aluminum oxide (Al2O3) insulating pad (Aavid 4169G [126],
19.23mm x 13.84 mm x 1.57 mm).

The test setup consisted of an acrylic frame with two axial 40 mm diameter fans (JMC
4028-12) in an impinging flow configuration as shown in Figure 5.19. The fans were driven

by a 5V power supply and their alignment with the heat sink was kept by the mounting
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51mm

NGS

Figure 5.18: Three heat sinks manufactured for this study. AL - Aluminum, NGS - Natural
graphite sheet, and NGS+HP - Natural graphite sheet with heat pipes

rods that fit into the holes in the base of the heat sink. The diode was attached to the heat
sink with an M3 bolt, but since tapping threads in NGS is not possible, an acrylic part
with a M3 nut was installed between the fins on the other side of the base. The bolt was
tightened using the CDI 151NSM torque screwdriver set to 0.2 Nm, which translates to the
contact pressure of 1 MPa.

Identically to the measurements of the small-scale heat sinks, the device (diode) tem-
perature was measured by the Omega 5SRTC, T-type, 36 AWG thermocouple that was
installed as shown in Figure 5.4. Four thermocouples were attached to the heat sinks using
an aluminum tape at locations shown in Figure 5.19, and one thermocouple was used to
sense the ambient air temperature at the inlet of the fans T4. A labview interface was used
to collect the temperature data at 1s intervals. The measurement was considered to have
reached the steady state when the slope of a line fitted thought the last 60 data points was
less than 0.05°Cmin~'. A Chroma 62012P-40-120 programmable DC power supply kept
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a constant /=15 A current through the diode, which translated to the dissipated heat of
approximately 16 W. A National Instruments NI N9229 module 7?7 was used to measure the

voltage drop V across the diode terminals so that the dissipated heat can be determined as:
Q=VI (5.4)

The relevant thermal resistances were calculated as:

T —TS TS —TA T _TA
Rinps = 22 Ripsa = 22 Rypa = —2—

Q Q Q

where Ry, pg is the device-to-sink thermal resistance, R;;g4 is the sink-to-ambient thermal

(5.5)

resistance, Ry, p4 is the device-to-ambient thermal resistance, T is the device temperature,
Ts is the heat sink temperature, and T4 is the ambient air temperature. The values of
the temperatures were calculated as averages over last 60s of the measurements. The raw
data, the implementation of the data processing method, CAD model of the heat sink, and

additional images are available in [124].

Mounting bolt

Device l— Diode (heat source)
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Figure 5.19: A photograph of the measurement setup with marked thermocouple locations.
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5.3.2 Results

In Figure 5.20, the results are summarized in the bar chart form identical to the previous
sections. The light gray bars represent the device-to-sink thermal resistance (Ryu,ps), the
dark gray bars represent the sink-to-ambient resistance (Ryps4), and total height of the
bars represents the total device-to-ambient resistance (R,pa). The device-to-sink resistance
corresponds to the portion of the total resistance due to the device, the insulation material,
and the corresponding interfaces. The sink-to-ambient resistance corresponds the conduction

within the heat sink and convection from the heat sink to the ambient air.
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Figure 5.20: Measured thermal resistnace of AL, NGS-HS, and NGS heat sinks with and
without electrical insulation.

In all measured cases, the AL and NGS+HP heat sinks show a comparable sink-to-
ambient resistance of 0.4 to 0.5 KW ™!, while that of the NGS heat sink is approximately
three times higher with the value of 1.1 to 1.2 KW ~!. In the measurements without electrical
insulation, the total device-to-ambient resistance of the NGS+HP heat sink is comparable
to that of the AL one with thermal grease, and the difference falls within the range of uncer-
tainty as was highlighted by the semi transparent rectangles in Figure 5.20. It is therefore
possible to conclude that for the considered geometry, NGS heat sinks with embedded heat
pipes deliver the same thermal resistance as geometrically identical aluminum ones with
thermal grease at the device-sink interface. As discussed in the previous section, the device-
to-sink thermal resistance of NGS heat sinks is comparable to that of AL heat sinks with

thermal grease because the lower hardness of NGS allows for a better conforming to sur-
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face imperfections, which in turn results in a lower TCR. The reason for the comparable
sink-to-ambient resistance of the NGS+HP and AL heat sinks is discussed below.

The difference between the sink-to-ambient resistance of the NGS and NGS+HP heat
sinks is caused by an improvement in the heat transfer in the through—plane direction. In
case of the NGS heat sink, the low through—plane thermal conductivity limits the heat
spreading in the base of the heat sink. Adding the heat pipes mitigates this limitation and
allows the heat to be spread easily into all the fins. The infrared camera images in Figure
5.21 clearly show that the temperature distribution in the NGS+HP heat sink is uniform,
and that the entire heat sink dissipates the heat into the ambient air. In case of the NGS
heat sink the hot spot below the heat source suggests that the heat cannot reach all the

fins and only a small portion of the heat sink transfers the heat to the air.

28.0 $FLIR

Figure 5.21: Infrared camera images of NGS+HP (left) and NGS(right) heat sinks

The qualitative analysis using the infrared camera was possible because the NGS and
NGS+HP heat sinks were made from the same material and the emissivity did not vary.
The same technique is significantly more complicated for comparing the NGS and AL heat
sinks. The highly reflective aluminum surface reflects thermal radiation from other surfaces,
which results in a measurement error. Anodizing can help by decreasing the reflectivity, but
the difference in surface emissivity needs to be accounted for when comparing the infrared
images. To investigate the difference in the detailed thermal behavior of NGS and AL heat
sinks, an alternative analysis of based on thermocouple readings was used instead of thermal
imaging.

The thermocouple locations are shown in Figure 5.22. The sink and ambient thermo-
couples T and T’y were used to calculated the sink-to-ambient resistance that describes the
overall resistance of the heat sink. Detailed information about the heat conduction within
the heat sink can be obtained by analyzing the readings of all the heat sink thermocouples.

To do so in an intuitive way, the concept of a thermal performance diagram is introduced
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in Figure 5.22. The normalized heat sink temperatures 7™ are calculated as:
T-T
Q

and plotted in a diagram with the location on the horizontal axis and T* on the vertical

(5.6)

axis. The shape created by connecting the T™ points can be used for evaluating the thermal
performance of heat sinks. The vertical distance between T and T'¢, determines the quality
of heat spreading in the base. The vertical distance between 7§ and T}, points is proportional
to the temperature difference between the base and the tip of the fin located directly below
the heat source. The vertical distance between Tg, and T}, points is proportional to the
temperature difference between the base and the tip of the right-most fin. Examples of the
performance diagrams for three idealized heat sinks are given in Figure 5.23. The ideal
isothermal heat sink, which would in practice require a material with very high thermal
conductivity, is represented by a horizontal line. A heat sink with poor spreading in the base
but perfect conduction in the fin direction (vertical direction in Figure 5.23) is represented
by a rectangle whose area is proportional to the spreading resistance. A heat sink with
perfect spreading in the base but poor conduction in the fin direction is represented by a

line whose slope is proportional to the fin resistance.

Thermal performance

Thermocouple measurement diagram
Ts <
= T | 5l
~
IT* *
]TSZ 'Tr2
Heat Fins
sink
Tye base

Figure 5.22: The thermocouple locations (left) and an illustration of the thermal perfor-
mance diagram (right).

The thermal performance diagrams generated for the heat sinks in the present study
are shown in Figure 5.23. The large red area of the NGS heat sink shows that spreading in
the base limits its performance. Since the diagram is reaching zero in the vertical direction,
it can be concluded that the right-most fin does not participate in the heat transfer, which
is a conclusion that agrees with the measurements using an infrared camera. The diagram
for the NGS+HP heat sink shows a significantly reduced vertical size, which indicates an
improved heat spreading in the base. The T} and T}, points show a comparable value

that is larger than zero, which suggests that the tip temperature of the two measured fins
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Ideal isothermal heat sink
Q

Poor base spreading,
perfect fin conduction

Q

Poor fin conduction,
perfect spreading
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Figure 5.23: Examples of thermal performance diagrams for three idealized heat sinks

is identical, and that all the fins participate in the heat transfer with their entire length.
The diagram of the AL heat sink is overlapping with the NGS+HP one which confirms the
comparable performance seen in Figure 5.20. Evaluating the detailed difference between the
diagrams for AL and NGS+HP heat sinks was omitted because the differences fall within

the uncertainty limit.

AL Il NGS H NGS+HP

15
1
<
T
~
05

Heat Fins
sink
base

Figure 5.24: Thermal performance diagrams for the three measured heat sinks. The reference
data were for the non-insulated case.
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To make conclusions about the device-to-sink resistance, the data in Figure 5.20 were
reduced and plotted in Figure 5.25. In the case without electrical insulation, the device-to-
sink resistance of the the AL heat sink reduces by 50 % from 1.1 KW~! to 0.5 KW~ (note
the numbers were rounded) when thermal grease is applied to the device-sink interface.
The device-to-sink resistance of the NGS, NGS+HP, ands AL heat sinks is deemed to be
identical because of the overlapping error bars. The trends in data agree with the results for
the small scale heat sinks presented in Figure 5.12. The only difference is the magnitude of
the reduction of the interface resistance after applying the thermal grease. The small scale

heat sinks showed a 70 to 73 % decrease, while the large scale heat sinks showed a 50 %

decrese.
No electrical Electrically insulated
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Figure 5.25: The device-to-sink thermal resistance for the measured large scale heat sinks.

Adding an electrical insulation increas the device-to-sink resistance to approximately
2.5 KW~! with the exception of the polyimide film on AL heat sink for which the value
reached 2.9 KW~!. When Al,O3 insulation is used, no difference in the device-to-sink ther-
mal resistance can be seen between the AL and NGS heat sinks. Since the only difference
in the three AlsO3 measurements in Figure 5.20 is the TCR between the insulation pad
and the heat sink, it can be inferred that the TCR at AlyOs-aluminum and Al,O3-NGS
interfaces are equal, and the possibility to eliminate the need for a thermal grease seen in
aluminum-NGS interfaces does not apply to AlyO3-NGS ones. While a detailed study of
the TCR at AlyOs-aluminum and AloO3-NGS interfaces is necessary to explain the present
results, the SEM images in Figure 5.26 show that the surface structure of Al,O3 is sub-

stantially different in comparison with machined aluminum. It is likely that NGS cannot
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conform to the fine surface features of AlsOg, but other parameters such as the thermal

conductivity likely contribute to the TCR value too.

Al,O4 ' _ Machined aluminum

contaminantion
(dust particles)

Figure 5.26: SEM images of the surface of an AlOgz insulation pad (left column), and
machined 6061 T6 aluminum (right column). The images of Al,O3 pad are a courtesy of
Mikel Garcia Poulin. The images of machined aluminum are a courtesy of Zhongchen Zhang.

The results presented in Figure 5.20 suggest that when polyimide film is used for insu-
lation, the device-to-sink resistance for the AL heat sink is 0.4 KW~! higher than that of
NGS and NGS+HP ones. The difference can be considered statistically significant because
the error bars are not overlapping, however, the close proximity of the error bars makes the
conclusion prone to error. Since the polyimide film was attached to the device in the same
way in all of the measurements, the variation could only arise from the polyimide-aluminum
interface. It can be therefore concluded that the TCR at polyimide-aluminum interfaces is
higher than that at polyimide-NGS ones, which is in agreement with the measurements

with no insulation.
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The device-to-sink resistance is comparable for both the Al,O3 and polyimide insulation
despite the vast difference in the thickness, which can be explained by considering the
thermal conductivity of the insulation material. The thickness of the AlsO3 pad is 1.57 mm
while that of polyimide film is 0.066 mm. The thermal conductivities are 18 Wm™'K~! and
approximately 1 Wm 1K1, respectively [126, 127]. Assuming the device-sink interface area
to be 314 mm?, the bulk thermal resistance can be calculated as:

t

i [KW™1], (5.7)

Ripp =

where k is the thermal conductivity and ¢ is the thickness. The bulk thermal resistance is
0.27KW~! for the Al;O3 pad and 0.21 KW~! for the polyimide film, which is only 11 %
and 7 %, respectively, of the measured device-to-sink resistance of the AL heat sink. In the
cases with electrical insulation, the device-to-sink resistance is dictated by not only the
bulk properties of the insulation material, but also by the TCR at the interfaces. It must
be also noted here that due to the location of thermocouples, the measured device-to-sink
resistance is likely higher than the sum of bulk and interface resistances by the parasitic
resistance that includes a part of the bulk resistance of the heat sink and the device, as
was discussed in section 5.1. The magnitude of the parasitic resistance is a function of
the thermocouple location, thermal conductivity of heat sink and lead frame, and other
parameters that affect the temperature field in the heat sink and the device. To measure
the TCR directly, standalone methods such as guarded heat flow meter should be used.

The importance of the interfaces is illustrated by the measurement of the AL heat sink
with thermal grease applied at the device-AloO3 and AlsOs-sink interfaces, which showed a
64 % reduction in device-to-sink thermal resistance compared to the case without a thermal
grease. The reduction is comparable to the value of 75 % reported in [128].

The comparative study in this section was based on imposing the same convective condi-
tions on all heat sinks. However, the effect of radiation was neglected. To verify the validity
of neglecting the radiative heat transfer, the following simplified calculation was carried out.
A box-shaped envelope with dimensions 50.8 mm by 34.1 mm by 117.6 mm was assumed to
be the substitute radiation body and its area was calculated to be Ap = 0.024m?. The
temperature of the heat sink Ts was 31 °C based on the measurement data. The emissivity
of NGS and aluminum was eygs = 0.47 and €47, = 0.1, respectively. The radiative heat

flux was calculated as:
Qr = cospAp(T§ — fo,R)a (5.8)

where ogp is the Stefan-Boltzmann constant, and Ty g = 25°C is the temperature of the
surrounding environment. The estimated radiative heat flux is 0.43 W for NGS and 0.09 W
for aluminum, which is 2.7 % and 0.6 % of the total heat flux, respectively.
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5.3.3 Section conclusions

Three geometrically identical heat sinks made of aluminum (AL), NGS without heat pipes
(NGS), and NGS with heat pipes (NGS+HP) were manufactured and their thermal per-
formance was measured. The sink-to-ambient thermal resistance of the NGS heat sink is
1.2 KW, which is three times higher than 0.4 KW~ for the AL heat sink. The NGS+HP
heat sink showed a comparable thermal resistance as the aluminum one. Adding the heat
pipes mitigates the poor heat spreading in the base of the heat sink caused by the low
through—plane thermal conductivity of NGS.

When no electrical insulation is used, the trends in the device-to-sink resistance agree
with the small scale heat sink measurements in section 5.2. In particular, the interface
resistance of NGS heat sinks is comparable to that of the AL heat sink with thermal grease.
When an AlsOs insulating pad is used between the device and the heat sink, the interface
resistance of the NGS heat sinks is not comparable to the AL one with thermal grease. Using
NGS heat sinks with adhesive-coated polyimide insulation offers a possibility to decrease the
device-to-sink thermal resistance by 14 % with respect to the aluminum heat sink reference
case.

In cases without electrical insulation, the overall device-to-ambient thermal performance
of the NGS+HP heat sink is comparable to that of the reference AL one. Among all the
electrically insulated configurations tested in this work, the AL heat sink with Al2O3 insula-
tion and thermal grease shows the best device-to-ambient thermal resistance of 1.4 KW,
which is 51 % lower than the best performing NGS case that consisted of the NGS+HP
heat sink and polyimide insulation. Detailed studies of TCR at interfaces between NGS
and insulating materials are required to determine whether NGS heat sinks can be a viable

solution for applications requiring electrical insulation.

5.3.4 Uncertainty analysis

The raw measured quantities are the diode voltage wa diode current [ ,Dm’ diode temper-
ature T}, ,, heat sink temperatures T, and T, ,, and fin temperatures 7%, and Ty,
where the subscript n represents the n-th repetition of the measured configuration. Each
of the raw quantities was recorded in a 1 second interval, and the steady-state values Vp ,,
Ipn, Ton, Tsm, Ts2n, TFp, and Tra, were calculated as averages of the last 60 samples.
The corresponding standard deviations are ov, n, 01pn, OTpm, OTsns OTgyns OTwn, and
OTpy,n Were calculated from the same 60 samples.

The uncertainty of the steady-state temperatures ur,, n, Uy n, UTgy.n, UTp n, a0d UT,, n

U, n = /U + O'%mn, (5.9)

was determined as:
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where up is the uncertainty of the thermocouple measurement, which is given by the man-
ufacturer as +0.5°C (T-type, Omega 5SRTC). The subscript z in eq. 5.9 was used instead
of D, S, A, F, S2, and F2 to generalize the relationship for all the measured temperatures.

The uncertainties of the steady state diode voltage uy,, ,, and current oy, ,, were calcu-

lated as:
Uypn = /u%/[,) +0%n (5.10)
and

Uipn = \[Ug + O (5.11)

where uyy, and u 1, are the uncertainties of the voltage and current measurements, respec-

tively. Based on the equipment specifications [129, 130], uyy, and u 1, are:
uyy = 0.3 % + 0.11 %F.S. = 0.003U + 0.0011 - 62.64, (5.12)

and
up = 0.1%+0.1%F.S. =0.0011 + 0.001 - 24, (5.13)

where F.S. stands for the full scale.

A general relationship for a steady-state thermal resistance is:

Txn—Tyn _ ATxyn

5.14
@n @n (519

Rth,XY,n =

where ATy, is the temperature difference and Q,, is the heat flow. Using the partial

derivative method the uncertainty of the thermal resistance ug,, v, is:

2
| [ OB xvn ORinxvn \°
URsp xvm — OATxy 1 UATxy,p + aQ ug,
) n

1 2 [ ATxyn  \
= = UATxy ., + 2  Udg, | »
n Qn

where uary, , and U, are the uncertainties of temperature difference and heat flow, re-

(5.15)

spectively. The uncertainty of the temperature difference is:

UATyy,, = ,/u%x’n + UZQFy,n' (5.16)

The heat flow was calculated from the current and voltage measurements as:

Qn = VD,nID,na (517)
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and the resulting uncertainty is:

Ug = 8Q"u 2+ 0Cn U 2
o =\ \avp " oIp, " (5.18)

- \/(ID,anD,n>2 + (VD,nuIDm)Q'

The steady state thermal resistances R, psn, Rin,sAn, Rin,pan and the corresponding
uncertainties upg,, pg,.» YRy sams WRinpa, Were calculated for each of the repetitions by
substituting the relevant values into equations 5.14 and 5.15. The final reported thermal

resistance values were calculated as averages of the repetitions:

LN
Rinxy = > Rinxvm: (5.19)
n=1

where N is the number of repetitions. The corresponding uncertainties are:

N
1
URih xy = (N Z uRth,XY,n)2 + O’%thyxy7 (5.20)

n=1

where the term % Eﬁlzl URy, xv. 18 the average uncertainty of the N steady-state values,

and oR,, y, is the standard deviation of the N steady-state values.
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5.4 Thermal contact resistance at NGS-metal interface

The results of the measurements of small scale and large scale heat sinks in sections 5.2
and 5.3 suggest that in applications where no electrical insulation is needed, NGS heat
sinks are a feasible alternative to aluminum because the TCR at the device-sink interface is
comparable to aluminum with thermal grease. The discussion in section 5.1 revealed that
the interface resistance measured by the thermocouple and transient thermal methods does
not capture the device-to-sink TCR accurately. The value of the device-to-sink TCR is
required for validating the conclusions of the small scale and large scale results, but also
for modeling the performance of NGS heat sinks. This section describes the measurement
carried out to obtain the value of the TCR at NGS-metal interfaces.

NGS has been previously used as a thermal interface material (TIM). In such applica-
tions, thin NGS is inserted between two hard surfaces to reduce the interface resistance, as
is shown in Figure 5.27a. In case of NGS heat sinks, the sheets are stacked and attached
to a heat source as shown in Figure 5.27b. In TIM applications, the heat flows through the
surfaces whose normal is parallel to the NGS compression direction, and the relevant TCR
can be denoted as TC'R|. In the heat sink applications, the heat flows through the surfaces
whose normal is perpendicular to the NGS compression direction, and the relevant TCR
can be denoted as TC'R . Due to the high anisotropy of NGS material properties, it is likely
that TCR) and TCR, are not equivalent and must be measured separately. Throughout
this section, it was assumed that the TCR at NGS-metal interfaces is independent of the

type of metal because of the high hardness and thermal conductivity of metals.
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Figure 5.27: Illustration of differences in TCR of NGS in a) thermal interface material
applications and b) heat sink applications.

5.4.1 Previous work

Smalc et al. [81] measured the through—plane thermal conductivity of NGS using the
guarded heat flow meter method and evaluated TCR| at the interface between the sample
and the copper flow meter. TCR) for pure NGS was 132 mm?KW~!, and that for NGS
impregnated with a mineral and synthetic polymer was 59 mm?KW~! and 67 mm2KW 1,
respectively. The density of the measured samples was not reported.

Marotta et al. (2005) [29] developed a model for predicting the interface thermal re-
sistance of metal-metal joints with NGS used as a TIM. The model was validated using
the experimental data for the range of pressures from 34.4 to 1033.7kPa. At pressures
below 413.5 kPa the joint resistance was deemed to be dominated by the gaps at the NGS-
metal interfaces, while above 413.5kPa, the resistance was deemed to be dominated by
the through—plane thermal conductivity of NGS. The density of the NGS sheet was not
reported.

To calculate TCR) from the results reported by Marotta et al. (2005) [29], the bulk
resistance must be subtracted from the interface resistance. The thermal conductivity was
properly reported only at 172.3 kPa, and therefore TC'R)| can be calculated only at that pres-
sure. It should be noted that the through—plane thermal conductivity reported by Marotta
et al. (2005) [29] is significantly higher than that measured in this work. However, the

contribution of the bulk resistance to the interface resistance is expected to be low at low
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pressures, and the possible error in the thermal conductivity does not affect the calculated
TCR significantly. The calculated value of TCR) at 172.3kPa is 18 mm?KW1.

In another publication by Marotta et al. (2003) [35], the authors built a parallel plate
graphite/epoxy heat sink, which was used in a configuration shown in Figure 5.27b. TCR |
at the interface between the heat source and heat sink can be calculated from the reported
temperature drop and heat flow. The values ranged from 34 to 194 Kmm?W~!. The range
is due to the variation in surface flatness, and due to using two thermal interface materials
(PAO-100 synthetic oil and PowerStrate60 phase change TIM).

5.4.2 Experimental method

The measurements were performed using the Mentor Graphics DynTIM tester whose de-
velopment was summarized by Vass-Varnai et al. [131]. The samples were prepared from a
1.23 gem ™3 sheet that was cut and stacked into two approximate cylinders with the diameter
of 12.8 mm, and length of 15mm and 35 mm as shown in Figure 5.28. To explore the effect
of polymer impregnation on TCR)|, two sets of samples were prepared. The first one was
made of pure NGS, while the other one was impregnated with Hernon HPS 991 porosity
sealant. The compression pressure was 1100 kPa, which is higher than the typical clamping
pressure in eletronic cooling assemblies. However, the measuring equipment did not allow

using a lower pressure.

Figure 5.28: A photograph of samples for measuring the TC' R, at NGS-metal interfaces
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The output of the DynTIM tester is the thermal resistance and thickness of the measured
sample. The two-thickness method, whose principle was described in section 3.8, was used
to determine the TCR between the NGS sample and the copper jaws. All collected data
points were plotted in Figure 5.29. The values of TC'R; and the thermal conductivity were
calculated from the slope of the linear fits. The calculation steps were identical to those

used for calculating electrical conductivity in section 3.8.

5.4.3 Results

As summarized on the right side of Figure 5.29, the measured specific TCR, for the pure
and polymer-impregnated samples is 46 mm?KW~! and 230 mm?KW 1, respectively. The
calculated values of thermal conductivity can be used to validate the measurements by
comparing them to the values of the in—plane thermal conductivity obtained in section 3.7.
For the pure samples, the value calculated in this section is 200+32Wm'K~! and that in
section 3.7 is 240+15Wm'K~!, which is a satisfactory agreement, and TCR | of the pure
sample is therefore considered valid.

The measurement of the polymer-impregnated samples showed the in—plane thermal
conductivity of 6544+225Wm~'K~!, which suggests that the result is not valid. Observing
the data points in Figure 5.29 reveals that the long 35 mm samples showed a comparable
thermal resistance for both pure and polymer-impregnate NGS. The thermal resistance of
the short 15mm samples varies substantially, and the data for the polymer-impregnated
samples are significantly higher that those for pure NGS. It is likely that the poor flatness
of the small polymer-impregnated sample caused the measurement to be unreliable. The
measured value of TC R for the polymer-impregnated samples is not considered valid and
the measurement should be repeated.

In Figure 5.30, the measured TC R, was compared to the data in the literature. The
present value of 47mm?KW~! at 1100kPa is comparable to the low-range values in the
study by Marotta et al. (2003) [35]. Since the pressure was not reported, it is impossible to
comment on the reasons for the observed trend. In addition to the NGS, the TCR of several
common thermal greases were included in Figure 5.30. TCR; at metal-NGS interfaces
appears to be comparable to the TCR of metal-metal ones with the thermal grease that
performed the best in the study by Narumanchi et al. [132]. It must be noted that the

pressure was not the same and the difference should be addressed in the future work.
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Figure 5.29: Results of the TCR measurements.
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Figure 5.30: Comparison of the results of the TCR measurements with the literature data
for commonly used thermal interface materials. The lower and upper limits of the thermal
grease data are related to bond line thicknesses of 31 pm and 200 pm. The data by Marotta
et al. [35] for NGS were collected with PAO-100 synthetic oil and PowerStrate60 phase
change thermal interface materials. Both the present data and data by Marotta et al. [35]
correspond to TC' R (see definition in section 5.4.1)
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5.4.4 Section conclusions

A first-approach measurement of the specific TCR between stacked NGS and metal was
performed and yielded the value of 47mm?KW~! at 1100kPa. The quality of the heat
transfer through a NGS-metal interface is comparable to that of metal-metal interfaces
with commonly used thermal greases. Further measurements to understand the effect of
density, surface roughness, and clamping pressure need to be carried out in the future. The
DynTIM tester was used in the present study for its ease of use and short measurement
time. However, the low pressure spectrum could not be measured and the fixed jaws of the
machine did not allow for exploring the effect of the metal surface roughness. The future
work should consider using the guarded heat flow meter method that is typically used
for TCR measurements. To bypass the complex and time-consuming sample preparation
employed in this work, using samples and flux meters with square cross-sections is suggested
instead of circular ones. Caution should be exercised during the design of the experiment

as the TCR at low pressures is expected to be highly sensitive to sample mounting.
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5.5 Chapter conclusions

Experimental characterization of heat sinks is limited by the capabilities of available meth-
ods. Using the data from the transient thermal method to calibrate 3D numerical model
is predicted to provide a better tool for identifying the heat transfer bottlenecks. However,
the necessary equipment is costly, the model calibration requires high computational power,
and the methods for evaluating uncertainty yet need to be developed. Thermocouples will
likely remain the most popular choice despite the labor intensity because of the simplicity
and low cost.

When electrical insulation is not required, both the small scale and large scale NGS heat
sinks can deliver a thermal performance comparable to geometrically identical aluminum
heat sinks without the need to use thermal grease. In case of small scale NGS heat sinks, the
low through—plane thermal conductivity of NGS does not significantly affect the thermal
performance. In case of large scale heat sinks, embedding heat pipes into the heat sink base
mitigates the poor heat spreading caused by the low through—plane thermal conductivity.
The reason for the good performance of NGS is its soft complying nature that results
in a low thermal contact resistance that is comparable to metal-to-metal interfaces with

commercially available thermal greases.
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Chapter 6

Electromagnetic performance of
heat NGS sinks

In switch mode power converters, the voltage at the lead frame of power switches follows
a trapezoidal waveform with the typical amplitudes of up to 400V and frequencies of tens
to hundreds of kiloHertz. Parts in the proximity of the switches, such as heat sinks, be-
come capacitatively and inductively coupled to the switches, which causes a degradation of
the optimal shape of the voltage waveform [133], and allows unwanted currents to flow to
other parts of the circuit or the ground. Additionally, the high frequency currents generate
unwanted electromagnetic waves, which can disturb the function of components within the
same device, or in other devices nearby. The size, shape, and material of a heat sink affects
the magnitude of the parasitic capacitances and inductances, as well as the magnitude, har-
monic content, and directionality of emitted electromagnetic waves. In the power electronics
community, the unwanted currents and electromagnetic waves are referred to as conducted
and radiated emissions, respectively, and the sub-discipline is known as electromagnetic
interference (EMI) or electromagnetic compliance (EMC). Methods to mitigate or reduce
the emissions exist and have been described for example in [134, 135].

This chapter aims to investigate if a reduction in emissions can be achieved by substitut-
ing conventional aluminum heat sinks with ones made of NGS. The main motivation for this
work was the two-to-four orders of magnitude difference in the electrical conductivity which
is shown in Figure 6.1. An audiovisual summary of the chapter is available at https://www.
youtube . com/watch?v=CKvOvtzhAOA&1list=PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4&index=
51

!The video files are also available in Appendix F
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Figure 6.1: Comparison of electrical conductivity of aluminum, copper, and NGS.

6.1 Conducted emissions

In a typical power converter, multiple discrete semiconductor devices (transistors or diodes)
are mounted on a heat sink as is illustrated in Figure 6.2. The electric insulation between
the device and the heat sink prevents any direct current from flowing through the device-
heat sink interface. However, since the interface acts as a parallel plate capactior with the
capacitance C'p_pg, alternating current can flow through the interface and return to the
device either through other devices or the ground. The currents flowing through the heat
sink and the ground are referred to as the common mode conducted emissions, while the
currents flowing from a device through the heat sink to another device are referred to as
the differential mode conducted emissions. In Figure 6.2, the resistances of the heat sink
for the differential mode and common mode emissions were labeled Rys py and Rysc,
respectively. The heat sink resistance is low and negligible for highly conductive metal heat
sinks but can become significant for lossy materials such as NGS. The illustrated example
represents the case of an isolated grounded heat sink, but other designs are possible. The
heat sink can be floating (ungrounded), or connected to other parts of the circuit such as
the 0V trace.
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Figure 6.2: Illustration of paths for differential-mode and common-mode conducted emis-
sions.

6.1.1 Previous work

Williams [14] modeled and measured the common mode conducted emissions of three circuit
configurations in which a power transistor was i) electrically connected to the heat sink, ii)
insulated from the heat sink, which was connected to the 0V trace, and iii) mounted directly
on the chassis with a layer of electric insulation. Both the predicted and experimental data
showed that the configuration ii) had the lowest emissions, followed by i) and iii). The
author noted the trade-off between the EMI and thermal performance, and pointed out that
in many case the configuration iii) has the best thermal performance. If the configuration
iii) is necessary, additional filtering using capacitors was suggested to mitigate the high
conducted emissions.

Grobler and Gitau [136] investigated the effect of the heat sink material on the thermal
and EMI performance of low power converters. In their experiments, a TO-247 transistor
was bolted to a natural-convection-cooled heat sink in a form of a block 7cm by 6 cm by
lcm. Aluminum was used as the reference material, and the performance of epoxy and
urethane resins with and without up to 82 % (per mass) of copper particles were tested.

For the aluminum heat sink, a silicone insulating pad was used between the transistor and
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the heat sink. For the resin heat sink, the transistor was mounted directly on the heat sink.
Measurements of the transistor-to-ground capacitance resulted in the value of 40 pF for the
reference aluminum heat sink, and the range of 2.15 to 7.07 pF for the four resin heat sinks
where the higher values correspond to the copper filled resins. The lower capacitance of the
epoxy heat sinks resulted in approximately 25 % decrease in the common-mode emissions
in the range of frequencies from 300 kHz to 20 MHz. At higher frequencies, the emissions of
aluminum and resin heat sinks were comparable. No difference in differential-mode emissions
was seen. The temperature of the transistor was monitored by an infrared camera and the
results showed the value of 36.7 °C for the aluminum heat sink, and 41.2 to 54.7 °C for the
resin heat sinks (the lower values of the range corresponded to the copper filled resins).
When a nylon bolt was used for clamping instead of a steel one, the transistor-to-ground
capacitance reduced by 2.2 pF.

Gong and Ferreira [137] pursued a reduction of conducted emissions in a 2.2 kW inverter
for motor drives. The baseline design, which included a single large heat sink, was modified
by cutting the heat sinks into six separate heat sinks. Only a minor reduction in common-
mode and differential mode emissions was seen, and further modifications including snubbers
and ferrite beads were necessary to achieve the given emission target. A similar study was
performed in the PhD thesis by Dolente [138]. In the majority of the measured frequency
range, no significant difference between the single large heat sink and four small heat sinks
was observed. However, the conducted emissions of the separated configuration were up to

10 dB lower at frequencies around 5 MHz.

6.1.2 Theoretical analysis

The following analysis focuses on the common mode emissions, which are typically more
difficult to mitigate and their magnitude is affected by the heat sinks more than in the case
of differential mode emission [139]. While in a real world converter there are multiple paths
for the common mode current, in a well designed converter the path going through the heat
sink is dominant [139)].

In Figure 6.3a, the assumed equivalent circuit is overlaid on a section-view of the heat
sink assembly. For improved clarity, the circuit has been isolated in Figure 6.3b, and all
the elements were labeled there. The circuit contains the excitation voltage source Vgx,
device-to-heat sink capacitor Cp_pg, heat sink resistance Rpysca, heat sink inductance

Luscwm, and the impedance of the ground coupling Z.
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Figure 6.3: The equivalent circuit for the theoretical analysis of common-mode conducted
emissions.

The current I through the circuit is given as:

Ioy = VE—X, (6.1)
Zom

where Z¢ )y is the total impedance of the circuit, which is:

Zcm = Ruscm + jwLuscom — jL + Zg. (6.2)

wCp-ms
The impedance of the ground coupling Zz and the inductance of the heat sink Lgyg are
dependent on the physical circuit layout and the heat sink geometry. The goal of this analysis
is to compare aluminum and NGS. Zg and Lpg were considered to be identical in the two
cases, which allows eliminating them in the further calculations. As a result, Equation 6.2

reduces to: )
Zov = Rpgs — j——. 6.3
S — (6.3)
The magnitude of the overall common mode impedance, which is proportional to the am-

plitude of the common mode current, is:

1

2
7CD—HSW) . (6.4)

Zom| = \/R%IS+(

The term on the right is the contribution of the capacitor to the overall impedance. By
evaluating its magnitude, it is possible to estimate what values of the heat sink resistance

can significantly affect the common mode current. The capacitance C'p_pg is known to be
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in the order of tens of pico Farads for TO-247 devices [136]. In this analysis, a conservative
value of 10 pF was assumed. The contribution of the Cp_gg capacitance to the overall

impedance at 1 MHz is: ) )

Cp-nsw Cp_ps2rf

~ 15kQ, (6.5)

and therefore the heat sink resistance would have to be in the order of kilo Ohms to signif-
icantly contribute to the overall impedance. A conservative estimate of the heat sink resis-
tance can be made by ignoring the fins and assuming that the current flows only through
the base of the heat sink. Using the through—plane NGS resistivity p;, of 0.1 Qcm and the
length L, width W, and height H of the base plate of 10 cm, 5cm, and 0.8 cm, respectively,

the estimated NGS heat sink resistance is:

L
Rygg = Phyr g — 0.25 42, (6.6)

which is five orders of magnitude lower than the capacitive contribution. NGS heat sinks

are therefore not expected to affect the conducted emissions significantly.

6.1.3 Impedance measurements

To verify the theoretical analysis in the previous section, the heat sinks described in Chapter
5 were measured using the Keysight E4990A Impedance analyzer with the 42941A probe as
shown in Figure 6.4. The labeling of the heat sinks is the same as in section 5.3, namely AL
for the reference aluminum heat sink, NGS for the baseline NGS heat sink, and NGS+HP for
the NGS heat sink with embedded copper heat pipes. Same as in the thermal measurements,
three cases were measured for each of the three heat sinks: i) no electrical insulation, ii)
adhesive-coated polyimide film insulation, and iii) AlsO3 insulation pad. Four measurement
repetitions were performed for each of the cases. The raw data, the implementation of the
data processing method, CAD model of the heat sink, and additional images are available
in [124]. The measured impedance is shown in Figure 6.5 where the the absolute value
(amplitude) |Z| and phase 6 were plotted in two separate plots with a matching horizontal

axis.
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Figure 6.4: A photograph of the test setup during the impedance measurement.

In cases with no electrical insulation (dentoed AL, NGS, and NGS+HP in Figure 6.5),
the measured impedance is expected to be mainly due the heat sink. At frequencies lower
than 1 kHz all the heat sinks show the phase angle of 0 deg which implies that they behave as
pure resistors with the resistance values of 0.026 €2, 0.15 2, and 0.34 2 for the AL, NGS+HP,
and NGS heat sinks, respectively. The resistance of the NGS heat sink (0.35€) is in a
good agreement with the estimate of 0.25¢) that was used in the theoretical analysis. The
resistance of the NGS+HP heat sink is lower than that of the NGS one because the current
can flow through the highly conductive copper heat pipes. The resistance of the AL heat
sink is one order of magnitude lower than the NGS heat sinks, which is contrary to the
expectations based on the four orders of magnitude difference in the electrical conductivity
of aluminum and NGS (Figure 6.1). The unexpectedly high resistance of the AL heat sink
was accounted to the contact resistance at the device-sink interface and in other connections.
At frequencies above 1kHz, the phase angle begins to change from 0deg to 90 deg, and the
impedance amplitude increases. The change in the phase angle suggests that the inductive
part of the impedance is becoming to be dominant. All the measured heat sinks show the
same impedance amplitude at frequencies higher than 1 MHz.

In the cases with electrical insulation, the impedance at low frequencies is dominated by
the capacitive contribution as can be seen from the —90° phase angle. The sharp minimums
seen in the impedance amplitude curves correspond to the resonant frequencies in which
the capacitive and inductive contributions are equal. The impedance amplitude of the cases
with the polyimide film is lower than that of those with the AloO3 pad, which is due the
the higher parasitic capacitance at the device-sink interface caused by the lower thickness
of the polyimide film. By using an equivalent RLC circuit with the components connected
in series, the average capacitance was determined to be 23 pF for AloO3 and 80 pF for the
polyimide film.
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The most important conclusion can be made by comparing the values of the impedance
amplitude with and without electrical insulation. It is clear that the capacitive contribution
is up to eight orders of magnitude higher than the resistive one, which confirms the conclu-
sion in the theoretical analysis saying that the four-orders-of-magnitude change in electrical

conductivity does not significantly affect the total impedance.
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Figure 6.5: Results of the common-mode impedance measurements.

6.1.4 Section conclusions

A theoretical and experimental studies were performed to evaluate the potential reduction
of conducted emissions by using heat sinks manufactured from NGS instead of highly con-
ductive aluminum. Despite the four orders of magnitude lower electrical conductivity, NGS
heat sinks cannot reduce the conducted EMI emissions because the total impedance of the
common-mode current path is dominated by the parasitic capacitance at the device-sink
interface. For significant emission reduction, the heat sink resistance would have to be equal

to the capacitive reactance. Assuming a capacitance of 80 pF and a frequency of 1 MHz,
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the electrical conductivity of the heat sink would have to be in the order of 10 Sem™!, which

is two orders of magnitude lower than the through—plane conductivity of NGS.

6.2 Radiated emissions

Heat sinks affect the magnitude and directionality of radiated emissions by interacting
with the electromagnetic fields generated by electronic devices. The shape and material
properties of the heat sink can be adjusted to achieve the desired EMI performance of
electronic products. In this chapter, a first-approach study of the effect of NGS heat sinks

on the radiative EMI of power electronics is carried out.

6.2.1 Previous work

Felic and Evans [140] studied the radiated emissions in switch mode power supplies by
modeling and measurements using an electric field probe. The authors observed that the
emission spectrum in the near field changes for cases with and without a heat sink on a
power transistor, but the difference was not detectable in the far field at the distance of
1m from the transistor. The change in the emission spectrum was not a constant increase
or decrease. Instead, the presence of the heat sink apmlified emissions at some frequencies,
but also dampened the emisssion at other frequencies.

Bhobe et al. [15] compared the thermal performace and radiated emissions of heat
sinks made of aluminum and two plastic composites designed to absorb electromagnetic
waves. The details about the composite materials were not disclosed and only labels A
and B were defined. Tests in a reverberation chamber showed approximately constant 2dB
decrease in the total radiated power over the whole spectrum range for material B, and
very high decrease up to 25dB at low frequencies for material A. The authors argued that
the broadband behavior of material B is due to the low electrical conductivity that causes
the common mode emissions to reflect back to the radiation source. The measured thermal
resistance of the composite heat sinks was approximately 15 to 25 times more than that of
the aluminum one because of the low thermal conductivity of the composites, which was
reported to be anisotropic in the range 2 to 20 Wm~'K—!

A commonly used solutions to reducting the radiated emissions are grounding using a
low-impedance line or adding ferrite cores [135]. Ahn et al. [141] proposed grounding using
resistors, and in their case a 12dB decrease in electric field intensity 3m from the source
was achieved by using 10 to 20§ resistors.

If the heat sink is identified as the source of the emissions later in the design process
when adding grounding posts to the PCB is not feasible, emission reduction can be achieved
by using a strip of engineered lossy material at the gap between the chip and the heat sink
[142]. In the work by Cheng et al. [143], the region between the heat sink and the IC

substrate was identified to be the source of the radiation, and a hybrid insert consisting of
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graphite and a lossy material was used to reduce the radiated emissions while keeping the
thermal resistance low.

Chromy et al. [144] measured the thermal performance and radiation characteristic of
geometrically identical liquid cooled heat sinks manufactured from aluminum and aluminum
nitride (insulating ceramic). A replica of a TO-247 device was attached to the heat sink
and connected to a spectrum analyzer. The second terminal of the spectrum analyzer was
connected to an antenna. The entire experiment was performed in a semi-anechoic chamber.
While the details about the thermal measurements are missing, the authors concluded
that the thermal performance of the two heat sinks was comparable. The effect of the
heat sink material on the radiated emissions was deemed to be dependent on the system
impedance. The authors stated that changing the material from aluminum to ceramic can
lead to increased radiated emissions. Ceramic heat sinks are commercially available and
their manufacturers often list the EMI performance as the benefit. However, no scientific
study aimed at quantifying the reduction is available.

NGS has been reported to perform well in shielding applications [145] where the purpose
is to reflect or absorb any incoming electromagnetic waves. This property is not expected
to be relevant to the emissions, however, the susceptibility of the electronic devices under

the heat sink may be improved.

6.2.2 Summary of work performed

The work on this part of the present research was limited by the lack of expertise and the
need to initiate a multi disciplinary collaboration. The following section summarizes the
steps that have been performed and suggests the future work.

To explore the potential of reducing radiated emissions by using NGS heat sinks, two
relevant approaches were identified: A comparative experimental study similar to that per-
formed for the thermal performance and conducted EMI, or modeling using either low order
or full numerical models. Due to the lack of access to an experimental facility, the latter
approach was pursued. Any modeling work requires the knowledge of the electromagnetic
properties of NGS, namely the electric permittivity and magnetic permeability. For the
first-approach calculations, the magnetic contribution to the interaction of NGS with elec-
tromagnetic fields is expected to be negligible due to the diamagnetic nature of graphite
[71].

6.2.2.1 Permittivity of NGS

The open literature contains a several studies of permittivity of graphitic materials [146,
147, 148, 149]. However, a complex study of permittivity of NGS including the effect of den-
sity and compression pressure is missing. Four NGS samples were sent to Micro-Electronics
and Advanced Sensors Laboratory at University of British Columbia Okanagan. Permittiv-

ity measurements were performed using an Agilent Technologies PNA-X network analyzer
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(Figure 6.6) with the conventional probe that is not designed to measure anisotropic mate-
rials. The measured values were expected to be satisfactory for a first-approach evaluation
of whether NGS heat sinks have the potential to reduce radiated emissions. The measured
values of the real and imaginary part of permittivity are shown in Figures 6.7 and 6.8,
respectively.

The real part of permittivity € remains within the 10 to 12 range for the entire measured
frequency spectrum except for the initial increase at the low-frequency end of the spectrum.
Samples A and B had the same density but their thickness was different. It was expected
that the corresponding curves will overlap because the permittivity was assumed to be
independent of thickness as was seen in measurements of electrical conductivity. In the
present results, the curves for samples A and B do not overlap, which suggests that thickness
plays a role, or that the sample thickness was too low. Comparing the curves for samples A,
C, and D, for which the corresponding densities are 0.5 gem ™3, 1.0 gem ™3, and 1.5 gem ™3,
there is no obvious stacking order showing a monotonic increase or decrease of the real
permittivity with density. Assuming that non-monotonic behavior is confirmed by future
measurements, a possible explanation is that the measured value is a combination of the in—
plane and through—plane permittivity that increase and decrease with density, respectively.

The results for the imaginary part of permittivity ¢’ show negative values at low frequen-
cies, which suggests an error in the measurements, or an incompatibility of the measurement
method with highly anisotropic materials. The conclusions made for the real part (¢') also
apply to the imaginary part. From the heat sink development perspective, the imaginary
part is the most relevant to the potential reduction in radiated emission as it dictates the
amount of energy that is dissipated as heat instead of being radiated from the heat sink in
the form of electromagnetic waves. Comparing the ¢’ at 2 GHz with the data for graphite
reported by Hotta et al. [148] yields the approximate values of 0.5 and 15, respectively.
The difference suggest that the permittivity measurements presented in this work should

be revised.
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Figure 6.6: Experimental setup used for measuring permittivity
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Figure 6.8: The imaginary part of permittivity of NGS. A - density 0.5 gem ™3, thickness
2.8 mm; B - density 0.5 gem ™3, thickness 1.4 mm; C - density 1 gem ™3, thickness 1.4 mm; D
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6.2.2.2 Potential emission reduction

The potential of NGS heat sinks to reduce radiated emissions can be based on an analogy
with antennas. As shown in Figure 6.9, a non-insulated ungrounded heat sink is conceptually
identical to a monopole antenna. In antenna design, the radiation efficiency is a quantity
that expresses the ratio of radiated and input energy. While antennas are designed for max-
imum radiation efficiency, a low value is desired for heat sinks to minimize the radiated
emissions. Shahpari and Thiel [150] analyzed the effect of electrical conductivity on the
radiation efficiency of antennas in three shapes: dipole, yagi, and meander. The results of
their numerical work are shown in Figure 6.10 and the regions of interest for this work are
overlaid on top. Assuming that a heat sink excited by a semiconductor device behaves the
same as an antenna, the following conclusions can be made. If the electrical conductivity
of conventional metal heat sinks is used as a reference, reductions in radiation efficiency of
12 to 45 % for the dipole and 70 to 97 % for the meander antenna are expected. The lower
values correspond to the high in—plane electrical conductivity of NGS, while the high val-
ues correspond to the low through-plane electrical conductivity of NGS. Besides numerical
work, Shahpari and Thiel [150] also manufactured the antennas from graphite (round pencil
lead o = 6.4 x 102 Sm~!) and brass (¢ = 2.56 x 10" Sm~!) and experimentally showed that
the radiation efficiency of the graphite one is 9 % and 51 % lower for the dipole and meander
shapes, respectively. In another study, Chen and Fumeaux [151] manufactured two flexible
microstrip antennas from pyrolytic graphite (o = 2 x 105Sm™!) and reported their radia-
tion efficiency to be 8 % and 20 % lower than reference copper ones. Based on all the results,
NGS is expected to reduce the radiation efficiency of heat sinks by up to 97 %. However, it

is not possible to guarantee that an equal reduction in radiation emissions will be achieved.

< Heat
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Figure 6.9: An illustration of the analogy between an antenna (monopole) and ungrounded
heat sinks.
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Figure 6.10: The radiation efficiency as a function of electrical conductivity for two types
of antennas (data by [150]). The gray regions highlight the electrical conductivity of NGS
and metals. The potential reductions in radiation efficiency are shown by arrows.

6.2.3 Future work

From a practical standpoint, the most time-efficient and persuasive way to prove the ex-
pected reduction in radiated emissions is to perform a comparative study with geometrically
identical NGS and aluminum heat sinks in the same way as was described in section 5.3
for the thermal performance, and 6.1 for conducted emissions. While an anechoic chamber
is a relevant method, a reverberation chamber described in [142] may be more useful as no
directional averaging is necessary. Alternatively, an in-situ measurement using a commercial
product can be considered. The existing heat sink can be replaced with an NGS one, and

the electric field can be measured using an electric field probe.

6.2.4 Section conclusions

Compared to metals, graphite is a lossy material. The additional resistance is expected
to cause a decreased radiation efficiency of the heat sink, and, in turn, reduced radiated
emission. Quantifying the reduction requires measuring the material properties and devel-
oping a mathematical model, or building geometrically identical heat sinks and comparing
their radiation behavior by measurements using specialized equipment. A theoretical anal-
ysis based on studies of graphite antennas suggests that NGS heat sinks can reduce the
radiation efficiency by 12 to 97 %.
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Chapter 7

Cost of NGS heat sinks

A cost analysis of the large-scale NGS heat sinks produced within this thesis is performed
to support the holistic evaluation of the feasibility of NGS heat sinks. The low material
cost, which was stated as one of the research motivations, is reviewed and compared to
the other costs. The cost of NGS heat sinks is compared to the conventional, commercially
available aluminum ones, and the indirect cost benefits arising from using NGS heat sinks
are reviewed. Predictions on the financially feasible applicatoins, future development of the

cost, and the necessary future work are made.

7.1 Material cost

Determining the material cost of NGS heat sinks can be ambiguous as the boundary between
material supply and manufacturing is not clearly defined. The heat sinks in this work were
manufactured from a low-density NGS, which was produced from raw graphite flakes by an
external supplier. In future, the technology commercialization is expected to lead to process
integration, which will result in graphite flakes becoming the raw material entering the heat
sink manufacturing facility. Therefore, an effort is made here to split the cost of raw flakes
and NGS production.

The cost of graphite flakes is lower than that of aluminum or copper as can be seen
in Figure 7.1. United States Geological Survey [32] reports the average flake graphite cost
of 1.5 USDkg ™!, which is 42 % lower than that of aluminum, and 78 % lower than that of
copper. The average value in [32] considers all the flake sizes and carbon contents that are
available on the market. Two additional sources [152, 153] were included to estimate the
price of flake graphite with the flake size larger than 180 pm (480 mesh size) and the carbon
content of 94 to 97 %. For the purposes of NGS heat sinks, the +80 flake size was considered
the most relevant and the flake cost of 0.91 USDkg~! was used for further calculations. It
must be noted here that a clear relationship between the flake size and the final NGS
properties are missing in the open literature. None of the previous studies reported the

distribution of the flake size. In the material characterization part of this thesis (chapter 3),
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the exact size distribution was not provided by the NGS supplier. When this knowledge gap
has been filled, the relevant flake cost for NGS heat sink applications should be revisited
and adjusted.
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Figure 7.1: A comparison of per-mass cost of graphite flakes. The data by U.S. Geological
survey [32] are averages in United States, while the data by Northern Graphite [152] and
Triton Minerals [153] are the values for specific class of flakes, namely +80 mesh size at 95
to 97 % carbon content for [152], and +80 mesh size at carbon content larger than 97 % for
[153].

For comparing heat sink materials, it is more relevant to present the cost per-volume,
as is shown in Figure 7.2 where the dark gray bars correspond to the values reported in
Figure 7.1 multiplied by the density of each of the materials, namely 8.9 gem ™2 for copper,
2.7gem ™3 for aluminum, 0.5gem ™3 for low-density NGS, and 1.9 gem ™ for high-density
NGS. Since the density of copper and aluminum is higher than that of NGS, the relative cost
difference seen in the per-mass comparison in Figure 7.1 is further amplified to 97 to 99 % for
copper and 75 to 93 % for aluminum. However, including the cost of NGS production (light
gray bars) drastically changes the comparison. The cost of NGS production was estimated
by subtracting the average cost of graphite flakes from the cost of the NGS order that
was placed as a part of this research. The total cost of NGS (including graphite flakes)
is dominated by the 95 % contribution of NGS production, which consists of purification,
exfoliation, and compression. In comparison with the conventional metals, the total cost of
NGS is 29 to 391 % higher than aluminum, and 43 to 85 % lower than copper.

It should be noted here that the NGS supply chain is not as developed as those for
aluminum and copper, which complicates the cost estimates. When sourcing the material for
this research, the majority of suppliers refused to sell small amounts of NGS. The smallest
possible order size was 100 square sheets 1 m wide. The NGS in this work was sourced

from a Chinese supplier and the material cost determined in the previous paragraph is
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likely incorrect when considering suppliers in other parts of the world. The value should
be considered a first-approach estimate. For the future work, it is crucial to factor in the
varying purity and chemical content, and also consider other factors such as the predicted
market growth, the effect of environmental regulations on graphite prices, and the cost of

existing and emerging exfoliation methods.

60
50 >
‘D
c
(]
%40 =
£ 5
© T
o)
N
2,30
1%
38 2
8 20 = NGS production
2 i cost (estimate)
s =
= o
10 =
[ > Graphite flakes cost

Copper Aluminum NGS

Figure 7.2: Comparison of the material cost of copper, aluminum, and NGS.

7.2 Heat sink cost
7.2.1 Prediction of NGS heat sink cost

The cost of the NGS heat sinks manufactured in section 5.3 (Figure 5.18) was estimated
in collaboration with Terrella Energy Systems - an industrial partner that has an extensive
experience in manufacturing NGS parts for the fuel cell industry. The estimate assumed
forming the sheets (Figure 4.4a) using the calendering technology, for which the upfront
cost is high and it is therfore suitable for high-volume production of heat sinks. Most of
the parameters in the cost analysis were given by the industrial partner. Only the sheet
geometry, sheet density, NGS cost, and heat pipe cost were based on the work in this thesis.
The NGS cost was assumed to be 17.8 USDkg~!. The cost of the U-shape heat pipes shown
in Figure 5.18 was estimated based on a communication with a heat pipe supplier [154].
At 500 heat sinks production volume, the heat pipe cost was assumed to be 5 USD, and at
10,000 volume it was 1 USD. The two data points were linearly interpolated to determine

the cost at other production volumes.
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The results of the cost analysis are visualized in Figure 7.3 where the total heat sink
cost was split into the cost of low-density NGS, cost of additional materials such as a glue
for bonding and polymer for the impregnation process, cost of manufacturing labor, the
cost of the tool for forming the sheets, and the cost of heat pipes. For all the following
observations, the relative percentage values were evaluated with respect to the cost of the
heat sink without heat pipes. The cost of embedding heat pipes is discussed separately.

The results confirm the expectation of a high cost at low production volumes. At the
lowest considered production volume of 500 heat sinks, the total heat sink cost is high
(55.1USD) and the tooling cost makes up 78 % of the total cost. Values for less than 500
heat sinks were not shown because they are not financially feasible. For low production
volumes, simple uniaxial compression forming should be considered, and a separate cost
analysis should be performed. It is likely that the tooling cost of uniaxial compression will
be lower than that of calendering, however, the labor cost will likely increase.

With increasing production volume, the heat sink cost decreases due to the return of
investment into the manufacturing tool, and due to the reduced heat pipe cost. At the
highest considered production volume of 10,000 heat sinks, which was assumed to be the
most relevant to high-volume production estimates, the total heat sink cost is 14.5 USD, the
contribution of the tooling cost drops to 15 %, and the manufacturing labor becomes the
dominating cost with the relative contribution of 62 %. The material cost is 23 % of the total
cost with 11 % for glue and impregnation polymer, and 12 % for the raw low-density NGS.
Both the material and labor cost were assumed not to vary with the number of produced
heat sinks. It is possible that this assumption is not realistic and it should be reconsidered
in future detailed cost analyses.

NGS heat sinks with embedded heat pipes are 14 to 28 % more expensive than those
without heat pipes. At the highest considered production volume of 10,000 heat sinks, which
is the most relevant for the selected calendering technology, the cost of the heat sink with
embedded heat pipes is 16.5 USD, which is 14 % (2 USD) more than that without heat pipes.
Installing the heat pipes will likely result in an increased labor cost, however, the increase
is expected to be minor and it has been neglected in this study.

A detailed break down of the cost of the considered NGS heat sinks without heat pipes
is shown if Figure 7.4. The total relative labor cost of 61.5% consists 26.6 % for assembling
and 34.8% for sheet forming and polymer impregnation. The 11.3 % additional material
cost is a combination of 6 % for glue and 5.3 % for the polymer in the impregnation process.
The cost of the low-density NGS is a combination of the cost of raw flakes and the cost
of NGS production. As was discussed in section 7.1, the NGS cost is dominated by the
production process, and Figure 7.4 shows the same trend with only 0.6 % of the heat sink
cost being due to the raw graphite flakes. The production of NGS contributes 11.9 % to the

total heat sink cost.
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7.2.2 Comparison of conventional and NGS heat sinks

Comparing the cost of NGS heat sinks to that of existing conventional metal heat sinks
is important for evaluating the feasibility. In Figure 7.5, the previously calculated cost of
NGS heat sink is compared to that of a commercially available Alpha Novatech UB12060-
30B aluminum heat sink whose cost was provided by the manufacturer [155]. The outer
dimensions of the compared heat sinks are similar, but the fin topology is significantly
different as can be seen at the bototm of Figure 7.5. The goal of the comparison is to offer
a rough first-approach estimate of the cost of NGS heat sinks relative to the existing ones.
The difference in fin topology was therefore considered acceptable.

The retail cost of the Alpha Novatech UB12060-30B heat sink decreases with the pur-
chased amount, and the difference was reflected by the light gray portion of the bar chart
in Figure 7.5. Similarly, the estimated cost of NGS heat sinks varies with the number of
heat sinks produced, and the light gray portion of the bar charts represents the variation.
Comparing the two heat sink is complicated by the high variation of the prices. The lowest
cost of the aluminum heat sink was considered to be the most suitable for the comparison
because the overhead retail charge is expected to be the lowest, and the cost is therefore the
closest to the production cost. Similarly, the cost of NGS the heat sink at the highest pro-
duction volume was considered the most relevant for the comparison because the compared
aluminum heat sink was also most likely produced in a large production volume.

Based on the above comparison criteria, the cost of the NGS heat sink is 64 % higher
than that of the aluminum one. When heat pipes are embedded in the NGS heat sink, the
cost difference increases to 87 %. Using the exact percentage of the cost difference is prone
to errors due to the high variation in the reference values. For the purposes of this thesis,
the cost of NGS heat sinks is considered to be approximately double that of conventional
mass produced aluminum heat sinks. By using this expression, the uncertainty in the cost
comparison is reflected in the conclusions.

Besides the most relevant cost comparison based on the lowest values, Figure 7.5 also
contains the worst-case scenario comparison in which the cost of NGS heat sinks with and
without heat pipes is 637 % and 524 % that of the aluminum heat sink, respectively. The
comparison is, however, not well posed because the reference aluminum heat sink was likely

not manufactured in a small 500-pieces production volume.

207



70

Production run
7 60 500 pcs

=2.50

S 40

637%

n
w
o
524%

20 Retail 1 pc

<7 Production run
87%1 6491 10,000 pcs

10 | Retail 400 pcs—

Aluminum without with

Commercially available heat pipes heat pipes
Alpha Novatech T_N GS

N
\\\\\\}\\\,\\.\\r\\\'\,
R

il

Figure 7.5: A comparison of the cost of NGS heat sinks with an existing, comparable,
commercially available aluminum one

The conclusion that the cost of NGS heat sinks is approximately double that of conven-
tional aluminum ones is not valid generally. The validity region was highlighted in Figure
7.6 together with a rough cost estimation of multiple heat sink manufacturing methods.
The cost predicted in this thesis is valid for large production runs of approximately 10,000
heat sinks using the calendering technology. The comparison of NGS and aluminum heat
sinks assumes that the compared aluminum heat sink is manufactured using a high-volume
production method such as extrusion or forging. At small production runs, extrusion, forg-
ing, and NGS calendering become costly and infeasible. No relevant quantitative work was
performed within this thesis for the small production volume region, however, a qualitative
estimate of the cost of available methods was included in Figure 7.6. It is expected that
unidirectional compression will be a feasible technology with the cost decreasing due to the
pay-off of the pressing tool. For large production runs the cost of unidirectional compression
does not decrease significantly because of its labor intensity. 3D printing was included as an
example of a method for producing metal heat sinks at small quantities. It is expected that
3D printing and NGS forming will be competitive for small production batches of highly
customized heat sinks because both methods allow designing geometrically complex shapes.

The details of this prediction are addressed in chapter 10.
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Figure 7.6: An illustration of the validity region of the present heat sink cost estimate. The
expected trends at low production volumes are outlined on the left side of the figure.

7.3 Implications on power electronics cost

Switching from metal to NGS heat sinks has implications on the cost of the entire product
(e.g. a power converter). In products where thermal grease is used, switching to NGS heat
sinks—which do not require thermal grease—eliminates the cost of the thermal grease and its
application in the assembly process. The selection of the mounting mechanism also affects
the cost of the final product directly by the cost of the parts and indirectly by the labor
cost during the assembly. To correctly evaluate the financial feasibility of using NGS heat
sinks, the cost analysis must go beyond just comparing the cost of candidate heat sinks.
The system changes due to a different heat sink must be evaluated and reflected in the total

cost estimate.
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7.4 Section conclusions

Based on a case-specific first-approach cost analysis, the cost of NGS heat sinks produced
in high volumes appears to be approximately double that of comparable mass-produced
aluminum ones. Using embedded heat pipes increases the cost by 14 to 28 %. The high-
volume cost is dominated by the labor cost, and the potential commercialization of the
technology is expected to lead to decreasing the cost. The raw low-density NGS from an
external supplier accounts for only 12.6 % of the total heat sink cost, but the NGS cost was
based on a single order and its value must be validated. The cost of the raw graphite flakes is
only 0.6 % of the total heat sink cost. If the future development of the NGS technology results
in a reduced labor cost and the material becomes a significant expense, it is recommended
to focus on determining the optimal purity, size, and exfoliation method of the graphite
flakes. The current market appears to be driven by applications such as batteries and fuel
cells which require highly processed high-grade flakes. Heat sink applications are likely less
demanding and a significant cost reduction can be achieved when using an appropriate
grade.

NGS heat sinks are expected to be a cost-effective option in applications where the
optimal heat sink shape is easy to manufacture using the NGS forming methods and difficult
to manufacture using the conventional metal forming techniques. The cost of the low-volume
production has not been studied in detail and it should be addressed in the future. NGS heat
sinks with complex shapes that are required in small, highly specialized market segments
are expected to be cost competitive with those manufactured using the conventional metal-

forming prototyping methods such as CNC machining or 3D printing.
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Chapter 8

Environmental impact of heat sink
materials

The environmental impact of electronic products is a result of not only their energy efficiency
but also of the production and disposal of all the parts. To evaluate the overall environmental
impact, the life cycle assessment method (LCA) is typically used to quantify the impact
in several categories such as greenhouse gas emissions, water depletion, or acidification
potential. While aluminum and copper are common materials and many LCA studies are
available, the coverage of natural graphite is relatvely low, with the exception of the recent
development of Li-ion batteries that use natural graphite for their anodes. In this chapter,
the available data for NGS are reviewed and compared to those of aluminum and copper,
and the work is expected to serve as the basis for future LCA studies. An audiovisual
summary of the chapter is available at https://www.youtube.com/watch?v=2Yvb4wIY9uY&
1ist=PLaX55S51XaD20NQQ2JLP-7abmET71-6LS4&index=6 L

The life cycle of a product can be split into four logical parts: material production,
manufacturing, usage, and end-of-life disposal as shown in Figure 8.1. The details of each

of the steps are covered in the following sections.

Product L End-of-life
usage management

Material

production [ Manufacturing >

Figure 8.1: The life cycle of a NGS product

8.1 Material production

The material production processes for aluminum, copper, and graphite flakes are summa-
rized in Figure 8.2. In all cases, the ore is mined and upgraded to a raw material at the

desired purity. The energy input needed to produce a mass unit of the raw material is one

!The video files are also available in Appendix F
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of the most studied metrics in evaluating the environmental impact of material produc-
tion. In Figure 8.3, multiple resources were compiled to compare the energy requirement of
aluminum, copper, and graphite flakes. The large variation of the data can be caused by
many factors such as the selected boundary of the system, inclusion of electricity genera-
tion (grid mix), or variation in the production method. In addition, the reported energy
requirement metric is not unified as can be seen in the middle column in Figure 8.3. This

further increases the uncertainty.

Bauxite , Bayer ,| Hall-Heroult Aluminum
mining Bauxite process Al203 Process ingots
(Alumina)
Copper ores | [Suffides Pyrometallurgical processing ‘_. Cathode
mining Oxides Hydrometallurgical processing ‘—» copper
Graphite ore Benefication Purification Graphite
mining Graphite |(Crushing, flotation)| Graphite | ,{3¢/d feaching. flakes
flakes in flakes ~99% fixed
hostrock |_© (significant carbon content
impurity
content)

Figure 8.2: Material production steps of aluminum, copper, and graphite flakes. Pictures of
the soft host rock, flotation, and drying were reprinted with the permission of Jamie Deith
of Eagle Graphite.

For graphite flakes, the reported data vary from 0.23MJkg~! [156] to 65.4 MJkg~!
[157]. Out of the three reviewed studies [156, 157, 158], only the one by Gao et al. [157]
was published in the scientific literature. The authors of [157] focused on graphite flakes
for lithium-ion batteries, which require additional processing step. To compensate for this
difference, the 41.7 % contribution of the processing step to the overall energy requirement
was subtracted from the reported value of 112.48 MJkg ™! to yield the value of 65.4 MJkg ™!,
which was used in this work. From the description of the method in [157], it is not clear
how the electricity generation was treated. The authors were contacted for clarification, but
the language barrier did not allow for a reliable understanding of the reported values. The
scatter of the available data and the lack of scientific studies has to be addressed in the

future by a comprehensive LCA study performed in collaboration with the industry.
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Figure 8.3: A compilation of gross energy requirement of material production of aluminum,
copper, and graphite flakes. The dotted vertical lines represent the average values used for
calculations in this work.

In the context of heat sinks, the volumetric energy requirement of material production is
more relevant for comparing the candidate heat sink materials because the thermal design
process outputs the shape. The mass is dictated by the density of the used material. The
average values of the energy requirement presented in Figure 8.3 were used to create the
comparison of the volumetric energy requirement in Figure 8.4. The high density of copper
causes the difference between the volumetric energy requirement of aluminum and copper to
decrease in comparison with the per-mass one. The volumetric energy requrement of NGS
varies based on the selected sheet density, but it is always significantly lower than that of
aluminum or copper. At the highest density of 1.9 gcm ™3, the volumetric energy requirement
of graphite flakes is 12 % that of copper and 10 % that aluminum. At the lowest density of
0.5gem ™3, it is 3% that of copper and 2.7 % that of aluminum.
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Figure 8.4: Volumetric energy requirement of material productioin of aluminum, copper,
and graphite flakes

Based on the data presented in Figures 8.3 and 8.4, the energy requirement of NGS
production is approximately 89 % and 93 % lower than that of aluminum and copper, re-
spectively, which suggests a lower environmental fooprint of NGS. However, the conventional
purification and exfoliation processes use large amounts of high concentration acids [47, 159],
which may result in NGS having a higher overall environmental footprint. Methods for pu-
rification and exfoliation are an active area of research both in academia [50, 47, 160, 161]
and in industry [162]. Any future LCA study of NGS should consider the current methods
but also the future projections.

The parameters of the purification process, such as type of acid, its concentration, and
exposure time, are selected based on the requirements on the purity of graphite flakes and
properties of NGS. While most of the studies assume applications in lithium-ion batteries
where high purity with 99.95 % of fixed carbon is required [162], heat sink applications do
not requre such high purity. However, since the relationships between the purity and NGS
material properties are not known, it is not possible to determine the optimal purity. If
properties such as thermal conductivity are not sensitive to the impurity content, flakes
with lower purity can be used and the environmental footprint can be reduced.

Besides mining, flake graphite can be also recovered from the steelmaking waste called
kish [52, 163, 61]. Liu and Loper [163] stated that even though a large amount of kish is
being generated by the steelmaking industry, the recovery of flake graphite is limited by the
lack of processing methods. While recovering flake graphite from kish is in principle similar
to processing of natural flake graphite, the chemical composition of impurities is different,
and a direct transfer of the recovery methods is not possible. Evaluating whether using
kish graphite can have positive implications on the environmental impact of production of
the flake graphite requires the methods for purification of kish graphite to be developed,
analyzed using the LCA approach, and compared to those of natural graphite. In parallel,

the economy of the recovery process must be studied. Currently, kish graphite is commer-
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cially available for research purposes. However, it is produced at small scale in a laboratory
environment, which causes its price to be very high. R. Frost [61] performed a cost analysis
of a facility for recovering kish graphite as a part of their master’s thesis. The recovery was
concluded to be economically feasible.

Another alternative to mining is using non-biodegradable plasitc waste as a source of
carbon for production of flake graphite in liquid iron as proposed by Sri Devi Kumari et al.
[164].

8.2 Manufacturing

The manufacturing process of NGS products consists of exfoliation, rolling, pressing, op-
tional polymer impregnation, and assembling, as is shown in Figure 8.5. Similarly to the
purification step in the production of graphite flakes, the conventional exfoliation method
requires a use of acids. However, novel methods with lower environmental impact are being
developed [165, 166, 167, 168]. Any future LCA study must account for the new methods
and the probability of their use by the emerging NGS industry. The method of exfolia-
tion affects the properties of ENG particles, such as SEV, which in turn affect the NGS
properties (see section 3.7). Many exfoliation methods are aimed at producing graphite
nanoplatelets [159, 169, 166] that require high SEV and using them for production of ENG
for NGS can be unnecessary, or even adverse to the desirable material properties. Studies
on the relationship between the exfoliation method and material properties of NGS are cur-
rently not available. However, once they have been performed, the appropriate exfoliationg
methods for NGS heat sink purposes can be chosen and their environmental footprint can
be evaluated and optimized. Upon commercialization of NGS products, the market pressure
is expected to stimulate the above mentioned future studies because optimizing the use of
chemicals is typically linked with a cost reduction.

Graphite
flakes

Exfoliation |=| Rolling

Low-density .
NGS _'s| Forming
(~0.2 g cm™) Calendering or Assembly
die pressing
Polymer
impregnation
NGS
product

Figure 8.5: Manufacturing steps in production of NGS parts
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The energy requirement of the exfoliation step can be inferred from the work of Pizza
et al. [159] who assumed the microwave exfoliation method, and estimated the energy input
to be 0.9MJkg™3. The rolling step in which the ENG particles are compressed into low-
density NGS is a simple mechanical low-pressure compression task which is not expected
to have a significant environmental impact. Nevertheless, the electricity consumption of
electric motors and the weight of the machinery can be quantified and used for life cycle
inventories (LCI) such as Ecolnvent [156].

The pressing step, in which the semi-finished NGS is formed into the final sheets, requires
presses with the capacity of no more than 20t. As a reference, the sheets for the heat sinks
prepared in this work were pressed using a small manual hydraulic press with the maximum
force of 5t. The pressing step can be included in LCI in the same way as the rolling step.

While the details of the polymer impregnation step depend on the selected polymer,
it typically consists of vacuum impregnation and curing at polymerization temperature.
The LCA of polymer-graphite composites performed by Pizza et al. [159] can be modified
to evaluate the impact of polymer-impregnated NGS by changing the assumed fraction
of ENG particles from 5.8 wt% to 24 wt% and for low-density NGS (0.5 gecm™3) and 86 %
for high-density NGS (1.9gem™3). The polymer was assumed to fill all the pores, and
its density was assumed to be 2gem™3. Pizza et al. [159] concluded that only 2.6 % of
the total energy requirement comes from the preparation step and the resulting 97.4 %
arise from the energy usage during the primary production of the materials. The energy
requirement of vacuuming and curing was estimated to be 0.16 MJ per kg of polymer, which
translates to the volumetric energy consumption of the polymer impregnation process of
0.05 to 0.25 GJm =2 (with respect to NGS volume). The energy consumption of the polymer
impregnation is 0.4 to 0.5 % of that of primary material production.

For comparing the energy consumption of manufacturing of NGS heat sinks with conven-
tional heat sinks, extruded aluminum heat sinks were selected as the reference case due to
their widespread use and data availability. The energy consumption of aluminum extrusion,
which is a combination of pre-heating of aluminum ingot to 450 to 550 °C and pressing it
through the die, is 12.6 GJm 3, out of which 87 % is the energy for heating [170] (assuming
density 2.7 gem—3). The typical capacity of the press in aluminum extrusion machines was
considered to be 2500t, which is 125-times more than that in NGS pressing step. The en-
ergy consumption of the NGS pressing step was conservatively estimated to be 1.6 GJm ™3
by eliminating the heating portion from the extrusion consumption. Copper is typically
formed by cold forging whose energy requirement was assumed to be identical to that of
NGS pressing.

It should be noted that aluminum heat sinks are typically anodized to increase the radia-
tive heat trasfer. Anodization is an electrochemical process involves submerging the parts
in acid (most often sulfuric acid at 10 to 15% concentration [171]) and its environmental

footprint should not be overlooked in the future studies.
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8.3 End-of-life management

Conventional aluminum and copper heat sinks are easy to recycle with only minor complica-
tions arising from accumulation of manganese and lead [172]. The end-of-life management of
graphite is much more complex and has not been developed thoroughly due to its relatively
low usage. Efforts have been made to recycle the synthetic graphite used in nuclear reactors
[173], and the recent development in lithium-ion batteries stimulated a research interest in
recycling flake graphite in their anodes [174, 175]. In the LCA study of graphite-polymer
composites by Pizza et al. [159], the authors used landfill and incineration as the disposal
method, and highlighted the difficulty of separating the individual parts of the composite.
It was also noted that after incineration, around 50 % of the composite remains as ash. Re-
cycling of NGS has not been studied before. In the following section the problem is analyzed
and recommendations are made.

All the recycling or re-purposing options stated in this text assume that at the end of the
life time, the electronic products are recollected and transported to a recycling facility, in
which the NGS parts are recovered either directly by disassembling it from the product, or
indirectly by shredding and subsequent separation. In Figure 8.6, the process of recycling of
NGS parts is outlined and the direct recovery is assumed. To input the recovered material
back to the manufacturing process, it must be in the form of ENG particles. Whether
NGS can be re-exfoliated using the same techniques as in the primary material production
has not been studied and future studies are required to prove the feasibility of this step.
In case of polymer-impregnated NGS, additional thermal or chemical separation step is
necessary to remove the polymer. The wet exfoliation process contains the intercalation
step in which graphite flakes are soaked in acid. An integration of the the polymer removal
and intercalation steps might be possible.

If re-exfoliation is shown not to be feasible, NGS can be used for other purposes such as
a precursor in manufacturing of synthetic graphite, recarburizer in production of steel, or
if polyimide impregnation is used, the graphite-polyimide mix may be a suitable precursor

for producing thin pyrolytic graphite sheets [45].
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Figure 8.6: A schematic of possible end-of-life disposal of NGS products.

8.4 Conclusions

The environmental impact of NGS was compared to that of conventional heat sink materials
by investigating the energy requirement, and reviewing other relevant aspects of production,
manufacturing, and end-of-life management. The energy requirement of NGS production
and manufacturing was found to be lowerthan that of aluminum and copper primarily due
to the low energy intensity of production of graphite flakes. However, the energy requirement
data in the literature show high scatter and low reliability, which increases the uncertainty
of the present conclusions. A comprehensive LCA of production of graphite flakes with a
strong focus on predicting the future trends in the industry is suggested to mitigate the
encountered shortcomings. The volumetric energy requirement of aluminum and copper
production is comparable with aluminum showing only 10 % higher value. The end-of-life
management of NGS is poorly studied and significantly more complex than that of easy-to-
recycle metals. Recyclability of NGS is expected to be inferior to that of metals, which will
likely result in an increased overall environmental impact of NGS.

This study showed that introducing NGS heat sinks in power electronics will likely not
increase the environmental impact arising from the energy consumption. However, a detailed
LCA is required to make the similar conclusions about other aspects of environmental
impact such as ecotoxicity, acidification potential, or greenhouse gas emissions.

Kish graphite was identified as an attractive alternative to natural graphite sheet, how-
ever, its processing and resulting material properties have not been well studied. The future

research should focus on: i) developing recovery methods and comparing their environmen-
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tal footprint to that of methods used in natural graphite processing, and ii) measuring the
properties of graphite sheets prepared from exfoliated kish graphite. Combining the results
of the two proposed research topics will determine the feasibility of using kish graphite as

an alternative to natural flake graphite.
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Chapter 9

Holistic evaluation of feasibility of
NGS heat sinks

Evaluating the feasibility of NGS heat sinks requires considering all the benefits and chal-
lenges. This chapter offers a concise summary of all relevant feasibility aspects, and aims to
provide the basis for determining whether using NGS heat sinks can lead to improvements in
overall performance of power electronic products. An audiovisual summary of the chapter is
available at https://www.youtube. com/watch?v=u8dROfdAdXo&list=PLaX55SIXaD20NQQ
2JLP-7abmET71-6LS4%& index=7 .

9.1 Thermal performance

In chapter 5, it was shown that the thermal performance of NGS heat sinks can be compara-
ble to that of geometrically identical aluminum ones. However, the assumption of identical
geometry is relevant only to the fundamental research work. In practical applications, a
direct replacement of an existing aluminum heat sink with a geometrically identical NGS
one will significantly limit the potential to improve the thermal performance. The optimum
geometry for given conditions is different for aluminum and NGS because of the different
material properties and manufacturing constraints. The feasibility of using NGS heat sinks
is case-specific and depends on design restrictions such as available volume or air flow rate.
Nevertheless, the points that can be generalized are discussed below.

The total thermal resistance of a heat sink is dictated by i) the device-sink interface,
ii) conduction within the heat sink, and iii) convection at the sink-air interface. Out of the
three, only i) is independent of the heat sink geometry and its contribution to the NGS
feasibility can be discussed generally.

Based on Figure 9.1, which shows a comparison of the specific TCR at metal-metal and

NGS-metal interfaces, it can be concluded that the thermal resistance at the sink-device

!The video files are also available in Appendix F
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interface of NGS heat sinks is comparable to the best-performing thermal greases in the
reference study. The results of the heat sinks measurements presented in chapter 5 confirm
this conclusion.

Both the conduction and convection resistances of the heat sink are a function of the
geometry and material properties. NGS heat sinks are expected to have lower convection
resistance because the manufacturing method allows making complex shapes at low cost. A

detailed explanation of expected advantages is given in Chapter 10.
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Figure 9.1: Comparison of the specific TCR of metal-metal interfaces with common thermal
greases (left) and NGS-metal interfaces (right). The TIM data are from Narumanchi et al.
[132] and the high and low values visualized by the light-gray portion correspond to the
data for 200 pm and 31 pm bond line thickness, respectively. The value of NGS-metal TCR
was measured in this work and described in section 5.4. The NGS-metal data were collected
at 1100 kPa, while the TIM data by Narumanchi et al. [132] were available only at 255 kPa.

9.2 Electromagnetic performance

The main difference between NGS and conventional heat sink materials from the EMI/EMC?
perspective is the electrical conductivity. NGS has two to four orders of magnitude lower
electrical conductivity, which puts it into the lossy conductors category. In chapter 6, it was
shown that the conducted common mode emissions are not affected by changing the heat
sink material from metal to NGS because the impedance of the emission path is dominated
by the parasitic capacitance between the device and the heat sink. The effect of heat sink

material on radiated emission was not quantified directly, but based on an analogy with

2Electromagnetic interference, Electromagnetic compliance
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antennas, the radiated emissions of NGS heat sinks were estimated to be 12 to 97 % lower

than that of metal ones.

9.3 Weight

Contrary to the conventional heat sink materials such as aluminum and copper whose
density varies insignificantly between different alloys, the density of NGS can be selected by
the heat sink designer within the range starting from the lowest practical value of 0.5 gcm ™3
and reaching up to 1.9 gcm™3. A comparison of the density of NGS, aluminum, and copper
is given in Figure 9.2. By replacing an existing heat sink with a geometrically identical NGS
one, the weight reduction of 30 to 81 % can be achieved in case of aluminum, and 79 to
94 % in case of copper. If polymer-impregnated NGS is used, the weight reduction potential
reduces slightly. A detailed graphical illustration of the possible weight reduction is given

in section 9.9.

0539

(o]

(o]

D

2.7

Density [g cm™]

0.5-1.9

N

Copper Aluminum NGS

Figure 9.2: A comparison of the density of copper, aluminum, and NGS.

9.4 Cost

The results of a case-specific first-approach cost analysis of NGS heat sinks are shown in
Figure 9.3. At high production volumes, the large scale NGS heat sinks produced within this
thesis are expected to be 64 % more expensive than a comparable mass-produced aluminum
heat sinks. For NGS heat sinks with embedded heat pipes the difference increases to 87 %.
Due to the high uncertainty in the cost analysis (see chapter 7) using the numerical results
is not suggested and instead, the cost of NGS heat sinks is considered to be approximately
double that of conventional aluminum ones. The cost at small production volumes has
not been quantified, but a qualitative estimate suggests that NGS heat sinks can be cost
competitive in highly-specialized demanding applications, which require the heat sinks to
be 3D printed or CNC machined.
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It is recommended that the financial feasibility of NGS heat sinks is judged carefully
by considering not only the heat sink cost but also the indirect factors such as the the
possibility to eliminate the need for a thermal grease, the weight benefit, the potential to
reduce the radiated emissions of power electronics, or even the long term cost benefit arising
from improved reliability and longer lifetime. The financial feasibility of NGS heat sinks is—
same as most of the other heat sink selection criteria—case specific and a suggestion on an

integrated approach to judging the feasibility is given in chapter 10.
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Figure 9.3: A compilation of the results of cost analysis of NGS heat sinks.

9.5 Reliability

Replacing a metal heat sink with an NGS one can affect the reliability of electronic devices
directly and indirectly. The direct implications arise from the failure or degradation of the
heat sink itself, while the indirect ones are the result of the changed operating conditions
of the device. The direct reliability concerns are related to the exposure to vibrations and
humidity. Due to the low mechanical strength of NGS, the fins can break in highly vibrating
environment. However, the low strength can be balanced by the lower density of NGS that

reduces the magnitude of inertial forces. Operation in a vibrating environment can also lead
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to detachment of conductive particles from the NGS structure, thus creating a risk of short
circuiting exposed terminals within the device. Penetration of humidity or liquid water into
NGS and subsequent freezing temperatures can disturb the internal structure and cause a
degradation of the material properties. Polymer impregnation is expected to mitigate both
the vibration and humidity issues by improving the mechanical strength and by preventing
the moisture uptake. The measurements to confirm the expectations must be carried out in
the future work.

The indirect reliability concerns are caused by the different thermal and mechanical
boundary conditions that the cooling system imposes on the device. Replacing an existing
metal heat sink with an NGS one will change the thermal and mechanical conditions because
the thermophysical properties such as the heat capacity, CTE, compression modulus, or
flexural strength of NGS are significantly different in comparison with metals.

The lower heat capacity of NGS (15 to 58 % that of aluminum, 11 to 40 % that of copper)
affects the transient thermal behavior under unsteady loads. The resulting temperature
changes are larger and more rapid, which can increase the thermomechanical stresses within
the device and decrease the time-to-failure as was discussed in [176]. Polymer impregnation
increases the volumetric heat capacity of NGS such that it becomes comparable to aluminum
at low densities, and up to 76 % that of aluminum at high densities. The heat capacity of
polymer-impregnated NGS is 53 to 74 % that of copper.

The stiffness of heat sinks is one the factors that affects the deformation of devices
during temperature cycling. The deformation is caused by the different CTE of materi-
als used in the device packaging. Using NGS heat sinks whose mechanical properties are
substantially different than those of conventional metal ones will lead to different thermo-
mechanical stresses in the entire assembly. As a result, the expected lifetime can be reduced
or increased. Further research and a dialogue with the manufacturers of semiconductor de-
vices is necessary to identify if the reduced mechanical stiffness of NGS heat sinks can lead
to an improved reliability of discrete semiconductors or power modules.

Reliability of interfaces with thermal grease suffers from long term degradation due to
the displacement of the grease (pump-out) and its chemical decay (dry out). The latter
is further amplified in modern high-temperature semiconductor materials such as silicon
carbide. Soft and conforming NGS heat sinks do not require thermal grease, and their
temperature stability has been reported to be acceptable up to approximately 400 °C. It is
likely that the reliability of NGS-metal interfaces is better than that of metal-metal ones
with thermal grease. However, the long term evolution of the interface thermal resistance
under fluctuating loads and in vibrating environment should be studied to prove the above
claim. The operating temperature must be reflected in the selection of the polymer for

impregnation.
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9.6 Resiliency

Low mechanical strength makes the NGS heat sinks prone to breaking when impacted by
other objects in applications where a risk of a collision exists. While polymer impregnation
of NGS improves the mechanical properties, using NGS heat sinks in applications without
a protecting case is not recommended.

High chemical stability of graphite suggests its feasibility for applications in harsh envi-
ronments. Ability of synthetic graphite to withstand acidic environment has been shown in
[177]. Whether the results can be extrapolated to NGS is not guaranteed, but the fact that
acids are used in the manufacturing of NGS supports this assumption. Oxidation of natu-
ral graphite in air occurs only at high temperatures (600 °C) and its rate is dependent on
multiple parameters such as the flake size or the amount of impurities [178]. Assessing the
corrosion behavior in humid or even marine conditions requires a complex electrochemical
analysis and/or experimental studies. Since graphite is more noble than copper or tin, which
are typically used for the surfaces of electronic devices that are adjacent to a heat sink, a
risk of galvanic corrosion exists [179], but the relevant measurements have not been reported
in the literature. The risk of NGS causing corrosion of the mating parts is exacerbated by
the possibility of residual sulfur content. The specifications of commercially available NGS

state the upper limit of the sulfur content to be in the range from 120 to 1400 ppm.

9.7 Integration

In many of the current power electronics products, the heat sink is attached to the device
using a bolt and a threaded hole in the heat sink. The low mechanical strength of NGS does
not allow forming threads, and incorporating threaded metal inserts at the base of NGS
heat sinks was reported not to be reliable [35]. Alternative clamping methods exist and
should be used for NGS heat sinks. In applications where electrical insulation is necessary,
pressure-activated adhesive films are a common choice and can be used for NGS heat sinks.
To suggest a possible mounting options for non-insulated cases, a plastic bracket has been
manufactured and is shown in Figure 9.4. The bracket can contain threaded metal inserts,
but other attachment options such as a clip-on mechanism are possible, and their feasibility
should be judged based on the required clamping pressure. It is expected that the most
suitable mounting methods will be developed during the commercialization stage because

a dialog between heat sink manufacturers and system integrators is necessary.
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Figure 9.4: A demonstration plastic bracket for mounting NGS heat sinks.

9.8 Energy efficiency and environmental impact

The manufacturing technology of NGS heat sinks allows advanced heat sink shapes that
can be optimized for low thermal resistance and low pressure drop. As a result, the energy
consumption of the fans can be reduced, and the overall efficiency of the product can be
improved.

Judging the environmental impact of various heat sink materials is complex. The energy
requirement of NGS appears to be 89 % lower than that of copper, and 88 % lower than
that of aluminum. However, the data sources for NGS are sparse and their uncertainty is
high. Recyclability of NGS has not been well studied and it is predicted to be problematic
especially when NGS is impregnated with a polymer. Extensive future work is necessary to

make reliable conclusions.

226



B Manufacturing
] Material production

500

g450 | 12.6
3 400 | —

t[G

G 350 |
L300 t

me

250 r
200

X
(0]
O

435.9 2o

397.2
150 r

100 ¢
1.9

47.4

50 r

Volumetric energy requ

Copper Aluminum NGS

Figure 9.5: Comparison of the volumetric energy requirement of production and manufac-
turing of copper, aluminum, and NGS. The NGS production data is conservative assuming
the highest density of 1.9 gem™3. The energy requirement of manufacturing assumed cold
forging for copper, extrusion for aluminum, and pressing and polymer-impregnation for

NGS.

9.9 Trade-off illustration

Selection of a heat sink is a multi-objective optimization task that should consider all
the factors listed above in this chapter. The following trade-off illustration is relevant to a
situation in which a design team has the time and resources to develop a custom heat sink, as
opposed to only purchasing an off-the-shelf mass-produced one. To address all the degrees of
freedom, an advanced optimization technique must be employed and the process is outlined
in chapter 10. Here, a simplified approach is adopted to highlight the possibility to tailor the
NGS density to achieve the required performance. The effect of varying density is shown on
the thermal resistance and weight, but the same concept applies to all performance metrics.

To be able to isolate the effect of material and compare NGS, aluminum, and copper,
the heat sink geometry is considered to be identical and the heat source is assumed to cover
the entire base of the heat sink. Neither of the assumptions is acceptable for most of the
practical applications, however, the goal of this section is to demonstrate the trends, not to
provide definite conclusions.

In Figure 9.6, the aluminum heat sink was used as the reference for calculating the

relative performance of the NGS and copper one. The calculation of the thermal resistance
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is described in Appendix D. The thermal resistance of the NGS heat sink is a function of
the NGS density because the in—plane thermal conductivity increases with density as was
discussed in section 3.7. At the density of 1.05gcm ™2, the in-plane thermal conductivity of
NGS is equal to that of aluminum (200 Wm~'K~!), and the thermal resistances of the NGS
and aluminum heat sinks are therefore identical. At densities lower than 1.05gem™3, the
thermal resistance of the NGS heat sink is higher than that of the aluminum ones, and vice
versa. The thermal resistance of the copper heat sink is lower than that of the aluminum and
NGS ones because of the high thermal conductivity of copper (385 Wm 1K ~1). The relative
difference between the aluminum, copper, and NGS heat sinks is also a function of the
geometry as is illustrated by the two geometrical configurations (Geometry 1 and Geometry
2 in Figure 9.6). Geometry 1 (blue) consists of short and thick fins, while Geometry 2 (green)
consists of long and thin fins. Geometry 2 makes the thermal resistance more sensitive to
thermal conductivity and the differences between aluminum, copper, and NGS are therefore
more pronounced.

The ratio of the heat sink weight, which is shown at the bottom of Figure 9.6, shows
that the NGS heat sink is lighter than the aluminum one even with polymer impregnation.
A polymer with the density of 2gecm ™3 was considered to fill the entire porosity of NGS.
The high density of copper makes the copper heat sink 3.3 times heavier than the aluminum
one.

In weight sensitive applications, NGS heat sinks can be tailored to suite the design
priority. If a low weight is the primary requirement, the thermal resistance can be sacrificed
and heat sinks with the weight 19 to 76 % of aluminum can be build by using a low density
NGS. If a good thermal performance is the highest priority, using high-density NGS can
deliver the thermal resistance comparable to that of copper at the weight 65 to 76 % that
of aluminum.

It must be noted here that the quantitative comparison presented here is limited the by
the idealized assumptions. The relative weight and thermal performance of aluminum, cop-
per, and NGS heat sinks is case-specific and the recommended methodology for evaluating

the feasibility is outlined in chapter 10.
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Chapter 10

NGS heat sinks: the path forward

One of the main conclusions of this thesis is that the feasibility of NGS heat sinks cannot
be generalized and it has to be evaluated on a per-case or per-application basis. Attempts
to investigate the feasibility in Chapter 9 are burdened with unrealistic assumptions such
as the identical geometry of conventional and NGS heat sinks. This chapter outlines the
future steps that are considered necessary for concluding if NGS heat sinks are a feasible
solution for a given application.

The material properties of NGS and conventional heat sink materials are significantly
different. When considering replacing an existing heat sink with an NGS one, the difference
in material properties must be taken into account to fully exploit the potential of NGS.
In Figure 10.1a a typical case with a conventional parallel-plate heat sink on a relatively
small heat source is shown. The arrows at the top of the figure symbolize the material
properties. The results in section 5.3 can be extrapolated to state that if the heat sink
in Figure 10.1a is replaced with a geometrically identical NGS one with embedded heat
pipes, the resulting thermal performance will be comparable, and a reduction in weight
can be achieved. However, the same outcome can be achieved without heat pipes when a
non-identical heat sink geometry is assumed. In Figure 10.1b, one of many possible designs
that respect the material properties of NGS at 1.7 gem ™ is shown. The in-—plane thermal
conductivity of NGS at 1.7 gem ™2 is 350 Wm~'K~!, which is 75 % higher than the typical
aluminum alloy thermal conductivity of 200 Wm 'K ~!. In the through-plane direction, the
thermal conductivity of NGS si 2.1 Wm'K~!, which is 99 % lower than that of aluminum.
The extended length and width of the heat sink in Figure 10.1b allows for utilizing the higher
in—plane thermal conductivity of NGS. The additional fin surface area allows reducing the
number of fins, which in turn reduces the impact of the poor through—plane heat transfer

in the base.
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Figure 10.1: a) A conventional metal heat sink and b) an NGS heat sink whose dimensions
were adjusted according to the different material properties to achieve the same thermal
performance.

While the example in Figure 10.1 provides only a qualitative insight into the issue,
quantitative results can be given by reducing the problem into two dimensions as shown
in Figure 10.2. The reference aluminum heat sink in Figure 10.2a has twelve fins 10 mm
high and 1 mm thick, and its width is larger than the heat source size. The same thermal
resistance can be achieved by an NGS heat sink with five fins 25.6 mm high and 1mm
thick, and the overall width that is the same as that of the heat source. The underlying
assumptions and calculations are detailed in Appendix E.

To evaluate the feasibility of using an NGS heat sink in an arbitrary case, the demon-
strational design process outlined in Figures 10.1 and 10.2 must be automated using a
computational tool. The goal is to determine the optimal NGS heat sink geometry for given
conditions and compare its performance to that of the heat sink that should be replaced,
or that of another candidate heat sink. Such tool will allow the designers to quickly assess
whether using NGS can lead to a better performance, lower weight, or lower cost.

The published literature contains multiple studies focused on optimization of heat sink

shapes. The most relevant ones introduce versatile algorithms and allow unconventional heat
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Figure 10.2: A graphical visualization of the results of the simplified two-dimensional cal-
culation of thermal resistance. The reference wide aluminum heat sink with 12 fins shown
in a) can be replaced by a narrow and tall NGS one with 5 fins shown in b). The scale of
the figure is 1:1.

sink shapes. Wang et al. [180] and Dede et al. [181] utilized the geometrical flexibility offered
by the additive manufacturing technology (3D printing) to design and produce novel heat
sinks whose shape was optimized for the selected application. In both cases, the methodology
involved developing a heat transfer model and coupling it with an optimization algorithm.
The same approach is expected to be viable for determining the optimal NGS heat sink
geometry.

An outline of the proposed optimization process is shown in Figure 10.3. The design
constraints must be first formulated with respect to the considered case. The size of the
heat sink is typically limited by the volume within the product that can be dedicated to
cooling. The aspect ratio of the available volume is critical for NGS heat sinks because tall
and long heat sinks can better benefit from the high in—plane thermal conductivity. The
heat source size and air flow limits are dictated by the considered semiconductor devices and
air movers. The manufacturing limits must be also taken into account to prevent designs
that are practically not achievable. The maximum thermal resistance of the heat sink can
be prescribed as a constraint in situation where it is desirable.

Once the constrains are defined, a parametric model considering all the relevant variables
can be build. In case of NGS heat sinks, the material properties are not constant and their
magnitude varies with the sheet density. The sheet density can be defined as the only variable
and the material properties can be then calculated using the best fit relationships of NGS
material properties that were developed for this purpose, and are presented in Appendix
B. The compression pressure p is included in the best fit equations, but since the heat
sinks operate in an uncompressed state, it is irrelevant, and values at the lowest pressure of
100 kPa should be used. It should be noted here that measurements of the through—plane
thermal and electrical conductivities at no compression could not be performed within this

thesis due to the limitations of the available measurement methods. The future work should
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focus on measuring the two properties at no compression to avoid the possibility of under
predicting the thermal resistance by using the values at 100 kPa. If designs with embedded
heat pipes should be considered in the optimization, their geometrical and performance
parameters must be included as variables.

The constraints and variables are inputs to the optimization algorithm. The objective of
the optimization must be chosen with respect to the heat sink requirements. Minimizing the
thermal resistance of the heat sinks can be satisfactory in some cases, but in weight-sensitive
applications a multi-objective minimization of thermal resistance and weight is necessary. If
prediction models of cost, electromagnetic performance metrics, or other design objectives
are available, they can be incorporated in the optimization algorithm and the optimal heat
sink geometry with respect to all the objectives can be determined. Using a cost model can
force the optimization algorithm to avoid designs with heat pipes in cases where they are

not necessary.
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Figure 10.3: A schematic of the proposed optimization computational tool.

When the optimization computational tool has been developed, it can be used to evaluate
the feasibility of NGS heat sinks as follows. In a scenario when a power electronics designer
considers replacing an existing heat sink with an NGS one, the computational tool can

determined whether thermal, weight, or cost benefits can be achieved. When a design team
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decides what heat sink material would be the best for their product, the computational
tool can be used for determining the optimal geometry for each of the considered materials,
comparing their benefits, and making an informed decision.

The proposed optimization approach has known drawbacks. Detailed thermal modeling
using finite volume CFD solvers is known to be computationally demanding, which can
make the optimization efforts not feasible. On the opposite side of the spectrum, reduced-
order models such as resistance-capacitance networks can deliver the solution fast, but their
accuracy and versatility is compromised. It is likely that a complementary solution using
both methods can be the most suitable approach for practical applications. The reduced-
order models can be used for a rough identification of the optimum point, and a numerical
model can be used to reach the fine optimum.

It is suggested that the thermal models include the semiconductor packaging because
the low through—plane thermal conductivity of NGS makes the thermal resistance sensitive
to the heat spreading in the base of the heat sink. Preliminary simulations showed that in
some cases the heat flux through the device-sink interface is highly non uniform, and that
the heat enters the heat sink in a small area. Detailed phenomena such as this one might
be negligible in the most of the applications, but can become significant unexpectedly, and
cause a large difference between the predicted and measured thermal performance.

In all the examples above, the optimal NGS heat sink geometry was derived from the
conventional heat sink topologies by adjusting their parameters such as height, width, or
length. The topology of the conventional heat sinks is dictated by the manufacturing meth-
ods. The NGS manufacturing technology is substantially different and it offers the possibility
to build heat sink shapes that were previously cost prohibitive or even impossible. An il-
lustration of the possible NGS heat sink shape is shown in Figure 10.4. Multiple features
are introduced to minimize the thermal resistance and weight. The fins can be in a stag-
gered configuration, their shape can be arbitrary, and perforations or surface features can
be used to enhance the convective heat transfer coefficient. The base does not need to cover
the entire heat sink to achieve further weight reduction without sacrificing the thermal re-
sistance. A major advantage of advanced NGS heat sink shapes is the cost, which is not
expected to be significantly higher in comparison with the conventional shapes, as is shown
in Figure 10.4c. While manufacturing advanced heat sink shapes using the conventional
metal-forming methods is likely to result in a high cost, the NGS manufacturing method,
which is based on stacking sheets, does not need major modification to achieve advanced

shapes, and the cost is therefore expected to increase only marginally.
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Figure 10.4: An illustration of a) the conventional heat sink geometry and b) the advanced
NGS heat sink geometry. An estimate of the cost is shown in c¢). The blurry edges of the
bar charts symbolize the uncertainty of the cost estimate.

The potential of the NGS heat sink is comparable to that of 3D printed ones. Both
technologies allow manufacturing novel shapes of heat sinks and tailoring the parameters
to individual applications. Future studies can compare the feasibility of the two methods
and determine which one is more suitable for next-generation heat sinks. Based on the
conclusions in this thesis, it is possible to expect that the feasibility will be, again, case-

dependent.
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Chapter 11

Conclusions

In the present research, a multitude of steps has been carried out to investigate whether using
NGS heat sinks in power electronics can yield an improvement in performance at a compet-
itive cost and low environmental impact. It is shown that heat sink design is a complex task
with many case-specific constraints. While an attempt to generalize the findings has been
made, the true value of the work lies in providing the fundamental data and suggestions
to allow the power electronic designers to perform feasibility studies on a per-case basis.
NGS heat sinks are a promising alternative in applications that are weight-sensitive, allow
freedom in heat sink size and shape, include a case to protect the heat sink from impacts by
other objects, and operate at high temperatures or in harsh conditions. In such applications,
factoring in the benefits is expected to justify the higher cost in comparison with conven-
tional metal heat sink. The technology is considered to be ready for a transfer the industries
where financial resources for remaining research and development tasks are available. A brief
audiovisual summary of the general conclusions is available at https://www.youtube.com/
watch?v=LtvsAcVieaIl&list=PLaX55SIXaD20NQQ2JLP-7abmET71-6LS4&index=8 .

In scientific terms, the following hypothesis was tested: using natural graphite sheet heat
sinks leads to improved power electronics products. The results of the holistic feasibility
study in chapter 9 suggest that the possible improvements of power electronics products
with NGS heat sinks are case-specific and often require making complex trade-offs. As a
result, the proposed hypothesis is rejected due to its generality. The benefits and challenges
of using NGS heat sinks in power electronics products must be judged on a per-case basis.

A review of the major findings in each of the considered topics is given in the following
paragraphs. Understanding and predicting the thermal performance of NGS heat sinks was
found to be hindered by the limited knowledge of material properties of NGS, and by the
lack of available experimental heat sink characterization methods capable of identifying the
heat transfer bottlenecks. An extensive material characterization study was performed to

provide the missing data, and the emerging transient thermal method was investigated and

!The video files are also available in Appendix F

236


https://www.youtube.com/watch?v=LtvsAcVieaI&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=8
https://www.youtube.com/watch?v=LtvsAcVieaI&list=PLaX55SIXaD20NQQ2JLP-7abmET7l-6LS4&index=8

compared to the conventional thermocouple-based heat sink characterization method. By
completing the two tasks, it is now possible to develop and validate a model for predicting
the thermal performance of NGS heat sinks and use it for determining the optimal shape
for given conditions and constraints.

The material properties of NGS are known to be anisotropic and density dependent,
however, the data variation across sources is often high, some regions of densities have not
been covered, the effect of compression has not been reported, and some properties such as
coefficient of thermal expansion or emissivity have not been studied at all. The value of the
performed comprehensive material characterization lies not only in its span which covers
the most of thermophysical properties that are relevant to heat sinks, but also in using the
same material for all the measurements, which allows studying the relationship between
the material properties without a risk of them being affected by the flake size, impurity
content, or other parameters. The present work includes an easy-to-use graphical summary
(Appendix B) that allows the researchers to quickly reuse the results. Previously, such a
resource was not available, and researchers interested in using NGS in their applications
were left to reading multiple publications, neither of which is freely available to the public.

From the thermal perspective, NGS heat sinks are the most suitable for applications
with large heat sources and no requirements for electrical insulation. The low through-
plane thermal conductivity limits the thermal performance of NGS heat sinks, but heat
pipes embedded in the base can be used to mitigate the issue. The thermal contact resistance
(TCR) at NGS-metal interfaces was found to be comparable to that at metal-metal ones
with thermal grease, which offers a possibility to eliminate the need to use a thermal grease.

NGS is a lossy conductor with the electrical conductivity two-to-four orders of magnitude
lower than aluminum or copper. While the conducted common-mode emissions were shown
not to be affected by the difference in conductivity, a potential to reduce the radiated
emissions by 12 to 97 % was demonstrated. The future measurements were suggested, and if
the reduction is proven, NGS heat sinks will become an attractive option for communication
electronics where radiation noise is a common problem due to high operating frequencies.

The cost of mass-produced heat sinks was estimated to be approximately double that
of commercially available aluminum ones. When using designs with embedded heat pipes,
the cost increases by approximately 25 %. At low-volume productions of custom heat sinks,
the NGS technology is expected to be cost competitive with machining or 3D printing.
Indirect costs arising from the mounting method or the need to use thermal grease must be
considered to capture the net effect of replacing an existing heat sink with an NGS one.

Replacing existing heat sinks with NGS ones can affect the product reliability directly,
by means of degradation or failure of the heat sink, or indirectly, by changing the operating
condition of the devices attached to the heat sink. The possible modes of degradation arising
from the heat capacity and mechanical properties of NGS were identified in chapter 9, and

they should be reflected in the design of future reliability-related experiments. The potential
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to eliminate the need for thermal grease is expected to improve the reliability because the
pump-out and dry-out phenomena can be avoided.

Using NGS heat sinks can lead to a theoretical weight reduction of 30 to 81 % in case of
an aluminum reference heat sink, and 79 to 94 % in case of a copper one. The range arises
from the variable density of NGS that can be tailored to meet the requirements of given
applications. The achievable weight reduction must be evaluated on a per-case basis, and
factors such as polymer impregnation or mounting method must be taken into account.

The energy efficiency of electronic products can be improved by using energy-efficient
cooling systems that were optimized for low thermal resistance and low energy consumption
of fans. The advanced heat sink shapes that are possible using the NGS technology are
expected to result in better thermal and aerodynamic performance, and — in turn — in
better energy efficiency. The energy losses during the operation of an electronic product
are only a fraction of the total environmental impact which arises from the production
and end-of-life management of all the parts. Production of NGS appears to be less energy
intensive than aluminum or copper, but the recyclability of NGS is questionable and has
not been studied. A comprehensive life cycle assessment (LCA) analysis is necessary to
evaluate not only the net energy requirement, but also the production of toxic waste, water
use, or greenhouse gas emission. Only then, the environmental impact of using NGS, metal,
or other heat sinks can be compared.

A clear need for a computational tool for determining the optimal heat sink shape was
outlined in chapter 10. When available, it will allow evaluating the feasibility of using NGS
heat sinks on a per-case basis, which — in turn — is expected to support the penetration of
NGS technology into practical applications. This thesis is structured to serve as a compre-
hensive reference for supporting the early stages of the commercialization process. Besides

that, many opportunities for a relevant fundamental research have been identified.
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Appendix A - Summary of the NGS forming process

Description:
An enlarged version of the summary of NGS forming, which was presented in Chapter 3 in
Figure 3.1.

Filename:
AppendixA_ NGSForming.pdf
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Appendix B - Graphical summary of NGS material properties

Description:
An enlarged version of the summary of NGS material properties, which was presented in
Chapter 3 in Figures 3.2 and 3.3.

Filename:
AppendixB_ NGSMaterialProperties.pdf
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Appendix C - Calculation of expansion of air in the pores

For the lowest and highest measured densities the porosity is:

Pys =78% (A1)
Pr7=25%; (A2)
however, only closed pores can cause the sheet to expand. The literature sources vary
in prediction of whether the pores in NGS are closed or open. Dowell and Howard [64]
concluded that all the pores are open while Toda et al. [69] claimed that 8 % of the pores
are closed. In this calculation the 8 % was used; however, it should be noted that it might

be inaccurate and the amount of closed of pores can also be a function of the density. The
volume of air in closed pores can be calculated as:

Vair = Vsheet 0.08P. (A3)
The surface volume (or volume per unit area) of a sheet is:
Vieheot =1-1-1 [cm3cm_2] =t [cm] (A4)
The volume of air per unit area is:
Vair =t 0.08P, (A5)
The change of volume with temperature under constant pressure is given as:

Avair = AT/BairVaim (A6)

where B, is the volumetric expansion coefficient of air that was assumed to be By =
0.00369 K1,

Figure (A4) shows that the change in thickness is proportional to the change in volume
(assuming that the sheet expands only in the through-plane direction). Therefore, CTE can
be calculated as:

At AV
CTE = AT — IAT (A7)
Substituting Equations A5 and A6 into A7 yields:
AT Byt 0.08P
CTE = — AT Bair 0.08P, (A8)
which for the 0.55gem™ and 1.7 gem ™2 sheets evaluates to:
CTEg5.4ir = 0.00369 - 0.08 - 0.78 = 230 x 107 °K~! (A9)
CTFE) 7 4ir = 0.00369 - 0.08 - 0.25 = 74 x 107 ¢ K~* (A10)
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Appendix D - Calculation of relative heat sink thermal resis-
tance

The heat sinks manufactured in this work consist of L-shape sheets stacked in an alternating
orientation, which results in the staggered-fin topology as shown in Figure Al. By assuming
the heat source to cover the entire heat sink base, and the convective heat transfer coefficient
to be comparable for all the fins, the total heat transferred by the heat sink can be assumed
to be equal to the heat transferred by a single fin multiplied by the number of fins, and the
thermal resistance analysis can be reduced to a single fin.

Figure Al: Illustration of the heat sink topology used in the present work. L-shape sheets
are stacked in an alternating orientation to form a staggered plate-fin heat sink.

A schematic of the heat transfer in a single fin is shown in Figure A2a. The heat enters at
the bottom edge, spreads in the base, travels through the fin and dissipates into the flowing
air. By neglecting the spreading in the base, the three-dimensional problem can be reduced
to two dimensions as illustrated in in Figure A2b.

The heat flow through a fin with the height Hy, thickness ¢, thermal conductivity kf, and
convective heat transfer coefficient h is given as [182]:

where 7y;, is the fin efficiency, Ay;, is the heat transfer area, and AT is the temperature
difference between the fin base and the ambient air. The fin efficiency is defined as:

Nfin = tai};i;f], (A12)
where m is:
m = % (A13)
The fin thermal resistance is:
Ru AT AT 1 (Al4)

B inn B 77finhAfinAT B nfinhAfin.
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Figure A2: A schematic of the geometry and heat transfer conditions of a) single fin, and
b) a simplified two-dimensional case.

FOI' COmparing the heat Sink materials, aluminum was Chosen to be the reference. The
relative thermal performance is then:
R :
NfinhAf; fi
th fin fin ”7 zn,AL ) ( A 15)

R N S ;
th,AL Nfin,ALhA fin Nlfin

The thermal conductivity of aluminum and copper was assumed to be 385 Wm ™ 'K~! and
200 Wm—'K~!. The TCR at the interface between heat source and heat sink was not con-
sidered in the calculation. However, the measurements of TCR at NGS-metal interfaces
showed comparable results to metal-to-metal interfaces with thermal grease, thus the rel-
ative comparison presented here is assumed to be valid for cases where thermal grease is
used.

258



Appendix E - Calculation of equivalent fin height

The following calculation determines the fin height Hygg of an NGS heat sink with the
number of fins ny ygs that has the same thermal resistance as a reference aluminum heat
sink with the number of fins n; 47 and fin height H4y. The calculation has mainly an
illustration purpose and the following assumptions were made to simplify the problem:

e constant convective heat transfer coefficient on the fin surface h = 30 Wm 2K !
e neglecting the spreading and conduction in the base of the heat sink

e neglecting the radiation heat transfer

e the thermal contact resistance between the heat source and the heat sink was consid-
ered identical. This assumption can be validated by the measured trends in section
5.4 that show that metal-metal interfaces with thermal grease perform comparable to
the NGS-metal ones.

The calculation can be based on the equality:

nrNGSQfinNGS = 15 ALQ fin AL, (A16)

where Q fin,AL is the heat dissipated by one fin of the aluminum heat sink, Q fin,NGS 18
the heat dissipated by one fin of the NGS heat sink. The heat dissipation of a fin Q fin
was defined in Equations A1l and A12 in Appendix D, and substituting the equations into
Equation A16 yields:

tanh(myasHnas tanh(marHar,
nfNGS ( )QHNGS =Ny AL ( )QHAL, (A17)
mycsHNGs marHar
which can be rearranged to:
tanh ™ (AL tanh (map H Az ) TGS
Hygs = L maL (A18)

mNGS

where mygs and m 4y, are the fin efficiency m-factors defined in Equation A13 in Appendix
D.
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Appendix F - Video summary

Description:
Video files with a presentation-style summary of the research.

Filename:

01-Intro.mp4

02-Cooling systems, research motivation and goal.mp4
03-Material properties of NGS.mp4

04-Thermal performance of NGS heat sinks.mp4
05-Electromagnetic performance of NGS heat sinks.mp4
06-Energy efficiency and environmnental impact.mp4
07-Feasibility.mp4

08-Conclusions.mp4
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