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ABSTRACT

A study of interfacial heat transfer between metal-metal contacts is essential in various
engineering applications for designing thermal systems with increased efficiency.
Interfacial heat transfer between metal-metal contacts under transient conditions is
discussed in the present investigation. A novel technique based on solution to inverse heat
conduction problem was adopted to estimate the interfacial heat flux transients between
metal contacts. Thermal conformance parameters and a thermal conformance assessment
parameter (TCAP) were proposed to assess conformance of metal-metal contacts. The
metal-metal contacts with different combinations, such as Cu-Cu, Al-Al, Brass-Brass, Cu-
Al, and Al-Cu, were subjected to varying degrees of interfacial pressure, and the heat flux
transients were estimated using lumped heat capacitance and inverse heat conduction
approaches. The effects of thermal interface materials (TIMs), thermophysical properties
and surface roughness on the thermal conformance were also investigated. The study used
polymer-based TIMs with thermal conductivity ranging from 0.193 W/m K to 7 W/m K.
The interfacial pressure had a significant impact on heat transfer across the interface under
bare conditions (without TIMs).

However, the effect of interfacial pressure on contact heat transfer is reduced with the
application of TIMs of high thermal conductivity. The study also revealed that the effect of
pressure was negligible on heat transfer beyond a limiting value of interfacial pressure. A
smooth surface texture of the contacting materials resulted in enhanced heat transfer across
the interface. The addition of multi-walled carbon nanotubes (MWCNT) in low conductive
polymer-based TIMs on heat transfer was investigated. At low weight percentages, the heat
flux transients increased marginally by about 6%. However, increasing the weight
percentages of MWCNTS resulted in deterioration in heat flux owing to the agglomeration
of MWCNTSs. The study also found that the thermophysical properties of metals in contact
affected the interfacial heat transfer with thermal conformance parameters increasing
linearly with TCAP for all the combinations of metal-metal contacts except for the Cu-Cu

combination, where interfacial pressure becomes dominant.

Further, 1-Methyl-2-pyrrolidone (NMP), a cleaning solvent generally used in the
semiconductor industry, was applied on the source and sink surfaces to assess its effect on
heat transfer at the interface. The use of NMP resulted in a significant increase in the

thermal conformance at the interface. The increase in the thermal conformance on the



application of NMP was attributed to the (i) removal of oxide films on the source and sink
surfaces and (ii) surface smoothening effect increasing the microscopic contact points and
effectively reducing the mean gap width. The surface smoothening effect was validated by

carrying out surface roughness measurements.

Keywords: Thermal conformance; metal-metal contacts; heat transfer; heat flux transients;
interfacial pressure; thermal diffusivity; thermal effusivity; TIMs; thermal conformance
parameters; thermal conformance assessment parameter (TCAP);1-Methyl-2-pyrrolidone;

surface roughness
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ABBREVIATIONS

Al Aluminium

AAO Anodic aluminum oxide

BLT Bond line thickness

CNT Carbon nanotube
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CvD Chemical vapor deposition
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SFE Surface free energies
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TCR Thermal contact resistance
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TC Thermal conductivity
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VACNT  Vertically aligned carbon nanotube

Nomenclature

A Cross sectional area of specimen (m?)
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k Thermal conductivity (W/m K)

L Length (m)

tg Time for the source to reach target temperature (s)
AT Temperature difference (°C)

p Density (kg/m?®)

C) Dimensionless transient temperature

n Dimensionless heat transferred

o Dimensionless temperature

q Heat Flux (W/m?)

Rt Thermal contact resistance (cm? °C/W)
\Y Volume of specimen (m°®)



Chapter 1 INTRODUCTION

The study of heat transfer across the solid interfaces is of significant importance in
many engineering applications (Gao and Liu 2012). One such example is in the field of
electronic devices, wherein heat needs to be transferred across processor-heat sink
interface (Luo et al. 2001). Apart from microelectronics, the study of heat transfer at
interfaces finds applications in the nuclear, space industry and cryogenics (Dai et al.
2018). Rapid miniaturization and massive scale integration especially in the field of
microelectronics has resulted in generation of enormous amounts of heat that needs to
be efficiently transferred from devices to ensure longer life cycles and enhanced
performance (Sartre and Lallemand 2001) (Leong and Chung 2003). The efficient
transfer of heat offers advantages such as achieving higher operating temperatures and
prevents component failure. A device engineer has to, therefore, identify methods that
would facilitate the efficient transfer of heat from the systems. Studies have found that,
at a temperature range of 70°C to 80°C, every 1°C rise in temperature reduces the
reliability of the equipment by over 10% (Zhao et al. 2019b).The existence of an
interface between the heat source and the heat sink impedes the efficient transfer of
heat.

High thermal conductive heat sinks are used to dissipate heat from the heat generating
package (Leong and Chung 2004)(Xu and Chung 2000). Thus, there exists a structural
interface between the heat generating package and the sink. Studies have shown that
when two solids are brought in contact, the actual area of contact is very limited to a
few discreate points and thus heat is constricted to flow though these points leading to
thermal contact resistance and significant temperature drop at the interface (Snaith et
al. 1984) (Gao and Liu 2012) (Qingyun and Weifang 2016). Hence, the presence of
interface between the heat generating source and sink creates a bottleneck that limits
the efficient heat transfer of heat (Ramakrishna Devananda P and K NarayanPrabhu
2019)(Yu et al. 2015). A conforming thermal contact between the heat source and the
sink is highly essential for the efficient dissipation of heat (Hu and Chung 2011). A
non-conforming contact interface as shown in Figure 1.1 leads to thermal contact
resistance (TCR) which is the thermal resistance between two solids which are in

contact(Zhang et al. 2014b). This resistance to heat flow at the interface is primarily
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due to microscopic irregularities or unevenness of the surfaces in contact at the interface
leading to voids and gaps which is the principal reason for TCR (Sarvar et al. 2006).
These voids or gaps at the interface are filled with air/gaseous medium having a very
low thermal conductivity and acts as a barrier to the heat transfer across the interface
significantly (Gwinn and Webb 2002)(Roy et al. 2016) (Hansson et al. 2018). The
inefficient heat transfer is also attributed to the thermal boundary resistance that arises
as a result of the scattering of electrons and phonons caused by the abrupt changes in
materials at the interface (Gwinn and Webb 2003) (Nagabandi et al. 2017). Thus, the

interface is a natural barrier to the transfer of heat at contacts between two surfaces.

Material 1

Figure 1.1 Waviness and roughness of two contacting surface (Sarvar et al. 2006)

Over the years, researchers have explored techniques that could be employed to reduce
the interface impediments. Enhancement in heat transfer across the interface can be
achieved increasing the contact area at the interface by applying contact pressure (Choi
and Kim 2014). Increasing the contact pressure at the interface results in enhanced heat
transfer, however load constrains curtail employing higher pressures in many practical
applications (Gwinn and Webb 2003) (Hansson et al. 2018). Apart from pressure, the
increase in surface finish of the contacting surface would also result in enhanced heat
transfer, however, superior quality surface finishes would require expensive machining

and polishing resulting in increased maintenance challenges(R.S Cook 1983).

One of the most widely used method to enhance heat transfer across the interface is by
the application of Thermal interface materials (TIM) between the source and the
cooling module. The TIMs acts as a thermal channel between heat generating source

and heat sink and offers least thermal resistance path by filling the gap at the interface



and thereby enhancing the contact between the interfaces (Liu and Hu 2015) (Chu et
al. 2019)(Hill and Strader 2006). Thus, the application of TIMs enhances the thermal

conformance of the interface.

In many engineering applications it is important to quantify the amount of heat flow
across the interface. Further it is also important to quantify the effectiveness of the
application of TIMs at the interface. This can be accomplished by the measurement of
TCR at the interface between the source and the sink and is an effective technique to
assess the heat flow between them. The interfacial heat transfer is also quantified by
thermal contact conductance (TCC) which is simply the reciprocal of TCR(Dai et al.
2018).

The steady-state approach is one of the techniques used in the estimation of TCR/TCC
at the interfaces and has been extensively used in determining the performance of TIMs
(Tarig and Asif 2016) (Roy et al. 2016). This approach of testing has been outlined in
ASTM D5470 (Gwinn et al. 2002). The apparatus employing ASTM D5470 standard
typically consists of two blocks forming an interface. The blocks are instrumented with
temperature sensors. The TIMs that need to be tested are laced at the interface of the
blocks. One of the blocks is heated and the temperature at different locations within the
block and across the interface is measured by thermal sensors. Further, by using the
Fourier heat conduction equation (equation 1.1) the heat flux can be computed within
each block (Roy 2016).

Q=-kA(dT/dx) (1.2)
Subsequently the contact resistance is computed by using equation 1.2

R=AT/Q (1.2)
where AT is the temperature drop across the interface, Q is average heat flux.

The steady-state technique is useful for characterizing a particular TIM under known
interfacial conditions. However, it cannot accurately assess the actual heat flow
between two materials that are separated by TIM under transient conditions. Under

transient conditions of heat flow, one can define a dynamic thermal contact resistance



which can be calculated as the ratio of instantaneous heat flux to the temperature drop
at the interface. The instantaneous heat flux is useful for modeling and simulation of
heat transfer in microelectronics heating and cooling. Dynamic thermal contact
resistance is not only a good parameter for comparison of various thermal interface
materials but also a better estimator of contact conformity than that estimated under
steady-state techniques. Further, there is a need for a better standard for assessment of
the thermal performance of TIMs. The use of dynamic contact resistance instead of
static contact resistance to determine the thermal performance of TIMs is a better way
to quantify the thermal conformance of materials in contact separated by an interface
material. However, a single value of TCR to quantify the heat transfer between two
contacting surfaces is valid only under conditions of steady-state heat transfer and does
not represent the transient conditions existing at the thermal interface. Further, dynamic
thermal contact resistance takes into account the instantaneous heat transfer conditions
at the thermal interface and is a better estimate of heat transfer between the two

contacting surfaces, particularly in microelectronic applications.

1.2 Organization of the thesis
The thesis is organized into six Chapters. Chapter 1 gives the introduction to the field
of thermal interfaces and TIMs. Chapter 2 presents a detailed review of the literature
with subsequent sections of the chapter dwelling on scope and objectives of the research
work. The experimental methodology employed in the present investigation are
detailed in Chapter 3. Chapter 4 deals with the theoretical background of the present
work. The results of the experiments carried out and a detailed discussion of the results

are given in Chapter 5. Chapter 6 highlights the findings of the current research work



Chapter 2 LITERATURE SURVEY

2.1 Effect of interfacial pressure/load on heat transfer across the interface

There are several ways by which the interface resistance could be minimized. One such
method is to increase the actual contact area-by applying high contact pressure (Choi
and Kim 2014). The application of pressure at the interfaces reduces the contact

resistance as shown in Figure 2.1.
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Figure 2.1 Thermal resistance without TIM and in presence of TIM (Prasher 2006)

(Stewart 1972) conducted an experimental study to determine TCR between various
metals. The study found that the TCR decreased with the increase in the contact
pressure and it was concluded that the apparent decrease in the TCR was due to the
increase in the actual contact area. (Yovanovich et al. 1997) in their study on the
aluminum-ceramic interface found the joint resistance decreases from 2.665 x 10 m?
K/W to 1.903 x 10 m? K/W as the contact pressure increased from 0.007 to 0.35 MPa.
(Abdullah, et al. 2017) studied the effect of pressure (0 to 868kPa) and roughness (2.63
to 40.69um) on TCR. The study revealed that the application of higher contact pressure
resulted in reduced contact resistance. (Xu et al. 2007) in their study on improving
thermal contact found an increase in TCC between copper disks as the contact pressure

increased. (Liu et al. 2010) reported the reduced values of TCR between brass contacts



with the increase in interfacial pressure. Similar trends of reduced TCR between
aluminium alloy contacts upon increasing the pressure were reported by (Zhang et al.
2017). (Tarig and Asif 2016) assessed the TCC for copper, stainless steel, brass metallic
interfaces and found that the TCC increased with the increase in contact pressure.
(Narayana and Narayan 2014) in their study on TCR between similar and dissimilar
materials also found that as the load increased, the TCR reduced. A similar trend in
enhanced heat transfer with increased load was observed by (Ramakrishna Devananda
P and K NarayanPrabhu 2019) for Cu-Cu interfaces. Thus, studies have shown that the
increase in contact pressure results in decreased thermal contact resistance resulting in
enhanced heat transfer across the interfaces. This trend of decrease in TCR is attributed
to the increased contact area and elimination of air gap. However, the increase in
contact pressure is not an ideal solution particularly in the electronic application as the
application of higher load is unsuitable owing to the load constraints (Bahrami et al.
2005).

2.2 TIMs for thermal management of microelectronic packages

Heat transfer across the interface could also be enhanced by employing highly polished
surfaces which would eliminate the surface roughness (Roy et al. 2016). The other
techniques which could enhance heat transfer across the interface include treating
contact surface by certain techniques like anodized CVD. The CVD technique is more
effective. However, the implementation of it is complicated as it necessitates a vacuum
environment (Sartre and Lallemand 2001). Further, these methods offer certain
challenges that would either increase the cost of the entire system (Bahrami et al. 2005)

or is not practically feasible.

One of the effective methods to reduce TCR is by placing a highly conductive TIM at
the interface (Zhang et al. 2017) (Chung 2001). Figure 2.2 and 2.3 show the schematic
representation of TIMs at the source-sink interface. TIMs eliminate the air gaps at the
interfaces that are poor conductors of heat and thus reduce the TCR (Raza et al.
2015)(Saadah et al. 2017). The application of TIMs at the interface resulted in a

reduction in the values of interface resistance as shown in Figure 2.1
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The thermal performance of a TIM is a function of thermal conductivity and thermal
resistance (Prasher et al. 2003) Thus,

The total effective thermal resistance (Prasher et al. 2003) is

R=Rc1t+Rc2+ (BLT/Ktim) (2.1)



Where, BLT and krim are the bond line thickness and thermal conductivity of the TIM
respectively. Rci is the interfacial resistance between the TIM and the heat sink. Rcz is
the corresponding resistance between the TIM and the electronic package (Sarvar et al.
2006).

Hence, from the above equation, it is clear that TIM with high thermal conductivity and
low BLT would be ideal for achieving lower thermal resistance (Sarvar et al. 2006)
(Roy et al. 2016). However, the total effective thermal resistance also depends upon the
contact resistance between TIM and Individual surfaces. The contact resistance in turn
depends on factors such as clamping pressure, surface roughness, compressive modulus

and flatness of the surface (Sarvar et al. 2006).

In addition to conformability and high thermal conductivity, the other factors that
influence the selection of a TIM are minimal thickness, easy deformability, ease of
manufacture, non-toxic, minimum weight, wide operating temperatures, resistance to
chemicals, and dielectric strength, phase change temperature, optimum contact
pressure, long term chemical stability, mechanical properties, viscosity, operating
temperature, electrically conductivity and cost effectiveness (Sarvar et al. 2006)
(Gwinn and Webb 2003) (Martin et al. 2007)(Chung 2001) (Yu 2012).

Over the years, thermal design engineers have used different classes of materials as
TIMs. Table 1 shows the broad classification and typical commercially available TIMs.
These could be broadly classified as thermal greases, Low melting alloys (LMA), metal
foils, Phase change materials (PCM) and gels. In this section, an attempt is made to
review the scientific progress that has been carried out in understanding the
implications of using some of these TIMs in thermal management. Efforts have also
been made to highlight the various factors that could affect the performance of these
materials, the methods employed in characterization, and the recent advancements that

have been accomplished in the field of TIMs.



Table 1 Broad classification and typical examples of TIMs
(Gwinn and Webb 2003)(Narayana and Narayan 2014)(Prasher 2006)(Fletcher
1990)(Gao and Liu 2012)(Ji et al. 2015)(YYang et al. 2014) (Huilong Yan 2019)(Sartre

and Lallemand 2001) (Roy et al. 2015) (Roy et al. 2016)

SI No

Thermal interface materials (TIM)

Typical examples/commercially
available TIMs

Thermal grease/paste:
PEG-based),

sodium silicate based thermal

Polymer

(Silicone-based,

greases

Artic silver, ShinEtsu G751,
ShinEtsu G765, ShinEtsu G750,
Berquist TIC 7500, G641,DC
340,P12,Eupec, Unial Rhodorsil,
etc

LMA

Eutectic(Bi-Pb-Sn-In-Cd),
Indium-Bismuth-Tin alloy
(Ga-In), (Ga, In-Bi-Sn),
(17Sn261n57Bi),
(17Sn51In32Bi),

(51 In, 32.5Bi, 16.5Sn), (100 Ga),
(75.5Ga, 24.51n),

(Gas2.5In 215Sn36),

(Galn10), (Galn 205Sn 1355)

Metallic foils

Copper, aluminum, lead, Gold,

tin, indium

PCM

ThemaxHF-60110-BT,
Chromeries T454,
Bergquist HiFlow,
Power Strate 60(AG),
Orcus inc. FSF 52

Gels

Vinyl terminated silicone oil




2.3 Thermal grease/paste

Thermal greases also termed as thermal pastes (Skuriat et al. 2013) are generally
polymer-based TIMs. The application of these polymer-based TIMs in the form of thick
paste between the mating surfaces is found to have enhanced the heat transfer across
the interface as it replaces the poor conductive air (Gwinn and Webb 2003). Thermal
grease is synthesized by incorporating conductive particles like silver, zinc, carbon-
based materials, aluminum oxide, etc to silicone oil or a hydrocarbon oil (Roy et al.
2016). Thus, it contains two principal components namely a polymer base/vehicle and

a filler material.

The most commonly used polymer base is silicone owing to its superior thermal
stability, wetting characteristics, high elasticity, low moisture uptake, ionic purity, and
superior electrical properties (Becker et al. 2005) (Peterson 1990). Apart from silicone
oil, PEG (Polyethylene glycol), and sodium silicates based thermal greases/pastes has
been used. The filler material will be either metallic or ceramic (Sarvar et al.
2006)(Kusuma et al. 2019). Studies have also been conducted with carbon allotropes as
filler materials. Some of the important parameters that have to be considered while
selecting a filler materials are its thermal conductivity, coefficient of thermal expansion,
geometry and concentration in the mixture (Lewis et al. 2020). Based on fillers applied,
thermal greases can be classified into three categories namely metal-based, ceramic-
based, and carbon-based (Otiaba et al. 2011)(Mallik et al. 2011). Metal-based thermal
grease based on metals uses metals like silver (Ag), aluminum (Al), copper (Cu), etc
whereas ceramic-based greases use ceramic fillers like alumina, AIN, SiC, ZnO,
beryllium oxide, etc. In the case of carbon-based thermal greases, CNTs, Graphene,
few layered graphene sheets (FLG), graphite nanoplatelets, carbon black dispersions,
are used (Raza and Westwood 2019). The advantages of carbon-based fillers especially
the likes of CNT and graphene is attributed to their high thermal conductivity that
ranges from about 3000W/m K to 6000 W/mK (Otiaba et al. 2011) (Wang et al. 2014).

Before 1990 thermal grease was primarily used as interface materials to address TCR
problems (Veilleux 1968). A detailed review of these studies was published by Fletcher
(Fletcher 1990). The review paper compiled the studies that involved the usage of
thermal grease (mostly silicone-based) and other materials such as metallic foils,
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composite and cement, etc for obtaining thermal solutions. The paper highlighted the
effect of various parameters such as surface finish, the thickness of the grease, contact
pressure, the effect of additives on viscosity, material property, etc on contact
resistance. (Prasher 2006) published a review paper that focused on various physical
models that could be used in analyzing polymer-based TIMs. The typical
thermophysical values of greases are given in a research paper by (Gwinn and Webb
2003). The paper records the thermophysical properties of various commercially
available greases such as Arctic Silver, ShinEtsu G751, ShinEtsu G750, ShinEtsu
G765, Berquist TIC 7500 with resistance values ranging from 0.018x10* m? K/W to
0.387x10* m?K/W. The typical thermal conductivity values of these thermal greases
range from 2.89 W/mK to values greater than 7.5 W/mK. The paper published by
(Chung 2001) has also recorded the values of thermophysical properties of many types
of greases based on both silicone and sodium silicate greases. Majority of the studies
that are associated with thermal grease is aimed at enhancing thermal conductivity,
estimation of TCR/ TCC, and the parameter that affect it. Studies have also been
focused on understanding the reliability of greases at operating temperatures.

(Chiu et al. 1997) investigated grease type interface material in Plastic Pin Grid Array
(PPGA) application. The study concluded that the selection of TIMs must not be based
only on bulk thermal conductivity. Apart from bulk thermal conductivity, the contact
resistance also needs to be considered. (Yovanovich et al. 1997) in their attempt to
calculate the joint thermal resistances between aluminum-ceramic interfaces used
silicone grease as TIM. The study was conducted by subjecting the interfaces to a
pressure range of 0.007 and 0.35MPa. For interfaces with silicone greases, the
calculated joint resistance was in the range of 0.335x10“ m? K/W to 0.213 m? K/W.
Similarly, for the case of bare interfaces with the above-mentioned pressure range, the
joint resistance was recorded to be in the range of 2.665x10* m? K/W to 1.90310** m?
K/W. Thus, the magnitude of joint resistance values was lower in the case of interfaces
with TIM (silicone grease) as compared to bare interfaces. The study also noted that
the joint resistance could be reduced to values lower than 0.065x10* m? K/W if the
gaps at the interfaces were filled with ceramic particle doped grease. Sartre et al [3]

conducted experiments based on steady state approach to determine TCR when
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silicone-based greases were used as TIMs. These were applied at the copper- aluminum
interface. Among them, the application of one of the greases G641 (General Electric)
yielded TCR of 1.46x10* m?K/W. However, for bare junctions, the TCR value was
6.67x10* m?K/W. The study also investigated various metallic foils, silicone foils, and
PCM coated foils. It was found that among various interstitial materials, greases were
most promising. Further, the performance of PCM coated foils was comparable with
that of greases. The effect of various parameters like heat transfer rate, bolt torque, and
grease thickness was studied. It was found that among the parameters bolt torque is the

highest influential parameter.

(Skuriat et al. 2013) calculated thermal resistance using Ag thermal grease (thermal
stability range: -57°C to 252°C) from Circuitworks® as TIM for Copper stack samples.
The thermal resistance values were determined based on steady state test method. The
study found that the thermal resistance of Cu stacks with Ag thermal grease was
significantly lower when compared to Cu stacks without Ag thermal grease. The study
also focused on the effect of aging time and found that the Ag thermal grease to be not
durable for continuous operation at 170°C. This is attributed to the fact that all the
polymer base burns out during isothermal aging resulting in decreased contact between
Ag particles and Cu. The effect of pressure on thermal resistance was studied. The study
revealed that the thermal resistance of the Cu stacks reduced as the pressure increased
owing to the reduced contact resistance. Furthermore, the study was also conducted
with Sn-3.5Ag, Sn foil (25um) as TIMs. Among the TIMs employed, Ag-based thermal

grease produced superior results with the lowest thermal resistance values.

(Leong and Chung 2003) studied thermal pastes based on organic vehicles namely PEG
and butyl ether along with ethyl cellulose. These thermal pastes were prepared by
dissolving ethyl cellulose, carbon black, and other conductive fillers. In their study, the
thermal pastes were applied between copper disks, and the TCC was measured by using
the laser flash method. The thickness of the thermal paste was about 25um and the
copper thermal paste sandwich was subjected to pressure at 0.46, 0.69, and 0.92MPa.
Ethyl cellulose and carbon black were added to the organic vehicles at different
proportions and were tested. For thermal pastes based on PEG, the highest TCC of
3x10° W/m? °C was recorded when ethyl cellulose and carbon black were added at 3
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vol% and 1.25 vol% respectively. Similarly, for thermal pastes based on butyl ether,
the highest TCC of 28x10* W/m? °C was recorded when ethyl cellulose and carbon
black were added at 40 vol% and 0.2 vol% respectively. Their study also revealed that
more than the thermal conductivity, conformability, and spreadability play a significant

role in determining the performance of TIMs.

Apart from silicone oil and other polymer-based thermal pastes, sodium silicate based
thermal pastes have been studied. When compared to the polymer-based pastes, sodium
silicate based TIMs yielded better TCC when used across conductors and also
facilitated application of lower contact pressure (Yunsheng Xu, Xiangcheng Luo 2000).
The superiority in thermal performance of sodium silicate is attributed to the lower
viscosity and there by conforming to the topography of the surfaces between which it
has been applied (Chung 2001)

(Kusuma et al. 2019) studied sodium silicate based thermal grease TIMs for CPU
applications. In their study Zinc oxide (ZnO) was used as filler materials with
concentrations of 16, 18, and 20wt%. The thermal resistance of sodium silicate TIMs
with ZnO filler concentration of 16 wt% was 0.0123 °C/W. Thus, the reported value of
thermal resistance was significantly lower when compared to the resistance values of

thermal grease that are available in the market

The use of thermal greases as TIM provides several vital advantages. Thermal grease
provides a very thin thermal joint (Sarvar et al. 2006) and could be screen printed to
specific thickness on heat sinks (Nagabandi et al. 2017). The ability to have a thin
thermal joint would result in very low thermal resistance as it would reduce BLT to a
significant level. Thermal greases have been found to have excellent flowability at the
interfaces which would fill the cavities that were previously filled by air(Roy et al.
2016) and thereby decreasing the contact thermal resistance. Further, thermal grease
requires no post dispensing (Due and Robinson 2013). In addition to these stated
advantages, the other advantages include reduced manufacturing cycles (Gowda et al.
2005), significantly low cost when compared to other types of TIMs, and the
requirement of lower pressure to fill the interstitial gaps (Otiaba et al. 2011). Thermal

grease as TIM is best suited for applications which operate at a relatively lower
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temperature as well as applications which employ lower loading and requires low

power cycling(Viswanath et al. 2000).

The loading of the thermal greases with filler conductive material is another important
critical factor that affects the performance of the thermal greases. The thermal
conductivity of the thermal grease increases as the loading of filler material increases
(Becker et al. 2005), which in turn would make them eligible for carrying out effective
heat transfer and thereby validating their use as potential TIMs. The typical thermal
conductivity values of thermal greases lie in the range of 0.45-5 W/m K (Otiaba et al.
2011). Further, there have been reports of thermal greases with a thermal conductivity
greater than 7.5 W/mK (Nagabandi et al. 2017). Further, attempts have been made to

enhance the thermal performance of greases by the addition of nanoparticles

The thermal resistance offered by thermal greases typically lies in the range of
0.1x10% m? K/W to 1x10* m? K/W (Roy et al. 2015). Studies have shown that the
voids in TIMs severely affect the heat transfer across the interface. These voids that are
found in TIMs are formed due to outgassing or due to inadequate volume resulting in
reduction in performance, reliability and strength of TIMs (Chiu et al. 1997)(Gowda et
al. 2005) (Gowda et al. 2004) found that the voids have got a direct bearing on the
thermal performance of TIM. In their study, they found that as the percentage of voiding
increased, thermal resistance values increased. TIMs were placed between a silicon die
and aluminum heat spreader at a pressure of 0.07 MPa. In their study, three different
TIMs adhesive systems namely, unfilled silicone (TIM-1), alumina filled silicone
(TIM-2) and an alumina filled epoxy (TIM-3) were used. The in situ thermal resistance
for the void-free sample in the case of TIM-1 is 232x10° m? K/W. However, TIM-2
and TIM-3 recorded a thermal resistance of 45x10°® m?K/W. The experimental results

showed a rise in thermal resistance value as the voiding percentage increased.

The effect of voiding was also studied by (Chiu et al. 1997). Figure 2.4 shows the effect
of grease voids on the thermal interface resistance. The study was conducted by using
finite element model. The study revealed that the thermal resistance is significantly
affected by center voiding, whereas it is less sensitive to peripheral voiding. The overall

thermal resistance value in the case of 30% centre voiding came out to be 0.23°C/W.
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However, the value of interface resistance in the case of 30% peripheral voiding
resulted in almost no change. Further, they also investigated the role of the thickness of
grease on the thermal resistance and concluded that the increase in the thickness of
grease increases the thermal resistance for both the conditions of center voiding and

peripheral voiding

0.40
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Figure 2.4 Impact of voiding area on thermal interface
resistance (Chiu et al 1997)

Thermal greases have some of the disadvantages which hinder their usage. Apart from
being messy, the application of thermal greases is considered untidy(Snaith et al. 1984)
and removal of the thermal greases is a challenge. Grease dry out and pumped-out are
other problems associated with usage of thermal grease as TIMs (Gwinn and Webb
2003). The temperature of operation plays a significant role in TIM’s performance of
and it has been found that the thermal performance deteriorated with temperature and
time (Chen et al. 2013). Further, with power cycling, it has been seen that expansion
and contraction lead to a pump out phenomenon and resulted in thermal degradation
(Viswanath et al. 2000). Thermal greases are also found to be ineffective in applications

wherein long contact must be maintained (Fletcher 1990).
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2.4 Metal based /Low Melting Alloys (LMA)/ Solders

One of the inherent characteristics of the metal is its high thermal conductivity (Yu et
al. 2012). Hence, metals form a perfect fit as TIM owing to high thermal conductivity
values. The enhanced interfacial heat transfer can be achieved by having an all-metal

thermal path between the heat source and heat sink.

The bulk of the work in the field of TIMs is focused on enhancing heat transfer at the
interfaces that occur in the electronic package; particularly computers. In the case of
computers, the operating temperatures are typically below 100°C and hence the metal-
based TIMs ideally need to be in a liquid state in the operating temperature zones(Ma
and Liu 2007). Hence metals or metal alloys with low melting temperatures need to be
identified. With the use of Low meting alloys (LMASs), the TCR is significantly reduced
as it flows into the surface cavities while being in a liquid state below the operating
temperature of the equipment attached (Sarvar et al. 2006). Metal such as Gallium,
mercury, indium, Tin etc could be used as TIMs. (Roy et al. 2016)(Ma and Liu 2007)
(Hill and Strader 2006) (Hamdan et al. 2011).

High thermal conductivity and excellent wettability make low melting alloys (LMAS)
or sometimes referred to as LMTI (Liquid metal thermal interface); an excellent choice
as TIM (Sarvar et al. 2006). Apart from being high thermal conductive some of the
other advantages of LMAs include reworkability, excellent wetting characteristics
requiring no curing cycle, and ease of handling. Further, LMAs could be well
implemented as a TIM in the case of materials having a different coefficients of thermal

expansion(Macris et al. 2004).

To reduce TCR, (Cook et al. 1984) introduced a novel approach of using low melting
alloys (LMAs) at the metal-metal interstice and were successful in reducing the TCR
to a significant level. Subsequently other researchers (Gwinn and Webb 2003) (Hill and
Strader 2006) (Hamdan et al. 2011) studied LMA TIMs and reported significant

reduction in thermal resistance with LMAs as TIMs.
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Figure 2.5 Thermal interface resistance with heat load (Gao and Liu 2012)

(Gao and Liu 2012) studied Gallium based thermal interface materials (GBTIM). The
thermal resistance was found by applying GBTIM between copper blocks under steady
state conditions. The study found that, when compared to thermal grease, the thermal
resistance values with the application of GBTIM were significantly lower. This
reduction in thermal resistance values was attributed to better wettability of GBTIM.
Further, it was also observed that as the pressure is increased, GBTIM offers increased
performance. As shown in Figure 2.5, it was found that as the heat load increases the
thermal resistance of GBTIM decreased from 9.1x10° m? K/W to 7.5x10° m? K/W.
The decrease in thermal resistance was also found in the case of pressure being applied
to GBTIM. The value of thermal resistance decreased from 5.6x10° m? K/W to
2.6x10° m? K/W when the pressure of 0.05 MPa was applied. The thermal resistance
values were minimal when the heat load was above 75W. This was attributed to the fact
that fluidity of GBTIM increased the mobility under higher heat flux resulting in filling

up voids which reduced the thermal resistance values.
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Figure 2.6 Changes in thermal resistance after aging for different times

(Yang et al 2014)

(Yang et al. 2014) studied the thermal performance of LMTAS viz. 17Sn26In57Bi
and17Sn51In32Bi between copper plates. The study used laser flash method to
determine thermal resistance of LMTA TIMs and found that LMTA TIMs degrade
during the heating process. Figure 2.6 shows the variation of thermal resistance with
annealing time. The findings revealed that the thermal resistance change in the case of
17Sn511n32Bi was insignificant during 800h of aging with the thermal resistance value
increasing from 4.83x10°® m2K/W to 5.55x10° m?K/W, thus recording an increase of
15%. Whereas in the case of 17Sn26In57Bi there was an increment of 51% in the value
of thermal resistance from 9.83x10° m2K/W to 14.83x10® m?K/W. It was found that
the interfacial reactions between molten LMTA TIMs and copper were the main
reasons for the deteriorating thermal performance. Further, they concluded that the
precipitation of intermetallics that are brittle leads to crack initiation resulting in its

expansion and thus causing a rise in the value of thermal resistance of TIM.

(Roy et al. 2015) studied the performance of LMA TIMs containing In, Ga, Sn, Bi as a
function of applied pressure. The thermal performance of TIMs was generated using
ASTM D5470 tester. They investigated three alloys namely alloy 19(51 In, 32.5Bi,
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16.5Sn), alloy 14(100 Ga), and alloy 60 (75.5Ga, 24.5In). The results revealed that the
interfacial resistance is independent of applied pressure because LMAS are non-viscous
and hence higher pressures need not be employed to fill the irregularities. The
experiments were conducted with different substrate-alloy combinations, and the study
revealed that depending on the specimen preparation, the lowest thermal resistance was
0.005x10* m?K/W and the highest was 0.065x10* m? K/W. Further, they also studied
the performance of these TIMs by subjecting it to thermal cycling from -40°C to 80 °C.
In their study, an alloy 19 (51 In, 32.5Bi,16.5Sn) in the form of a sheet and molten form
were applied on copper discs and subjected to thermal cycling. The study revealed that
the thermal resistance of the alloy in the sheet form saw an increase of about 115% after
500 cycles owing to improper wetting of the alloy at the interface. However, for the
alloy in molten form, the degradation was negligible as the alloy wets the interface and
thereby surviving for a larger number of cycles. Thus, wetting of alloy is of significant
importance as it determines the reliability of LMAs. Further, the study also revealed
that post alloy melting the interface temperature has no significant effect on the
performance of the LMAs.
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Figure 2.7 Isothermal aging performance of Ga-In, Ga and In-Bi-Sn alloys
between Cu and Ni surfaces at 130°C (Roy et al 2016)

(Roy et al. 2016) studied the thermal performance by subjecting three alloys viz., Ga-

In, Ga, In-Bi-Sn to accelerated thermal aging at a temperature of 130°C. The

19



experiment was carried out by employing a pressure of 20 psi by placing the alloys at
the interface of Cu and nickel surfaces. All three alloys performed well, with very low
thermal resistance. The alloys were subjected to thermal aging for up to 3000 hours as
shown in the Figure 2.7 (Roy et al. 2016). The study noted that there were no significant
changes in thermal resistance value after 1500 hours and that the superior performance
of the three alloys was attributed to the enhanced wetting of alloys at the substrates. It
was also observed that the resulting intermetallics formed did not contribute to
increasing the thermal resistance. Further, the thermal performance was studied by
subjecting the assembly to thermal cycling and the temperature was made to fluctuate
between -40°C to 80°C. It was observed that thermal degradation occurred earlier in
the case of thermal cycling than in the case of aging. The degradation was the result of
subjecting the thermal joint to expansion and contraction during thermal cycling which

causes the onset of degradation early.

(Li et al. 2017b) investigated the use of LMA based thermal paste as TIM. The
experiments were carried out based on laser flash technique. The LMA that was
proposed was eutectic Gae2.5In2155n16 alloy. LMAS were sandwiched between specially
designed copper plates. Three variants were used that include LMA, OLMA (Oxidized
liquid metal alloy) and OLMA mixed with copper particles of 9um (5% Wt). The
thermal conductivities of these TIMs were 44.48, 13.55, and 24.34 W mK
lrespectively.The corresponding thermal resistance was 4.044x10° m? K/W, 5.638x10-
® m? K/W, and 4.075x10° m? K/W respectively. The study also found that, for, OLMA
mixed with copper particles, as the percentage of copper particles increased from 5%
to 10%, the thermal conductivity value increased from 24.34 Wm*K? to 29.09 Wm"
1K1, Further, as the percentage of copper particles increased, the value of TCR reduced
from 4.075x10 ® m2K/W to 3.37x10°° m?K/W.

(Ji et al. 2015) used vertically aligned CNTs with LMA as a bonding material in their
study on TIMs. The study showed that employing VACNT film as TIM resulted in
increased performance with regards to the heat transfer at the contacts. Further, LMASs
were also used as the bonding material. The study found that the plasma treatment of

contacts enhanced the contact area of LMASs. The study used a laser flash method to
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measure thermal resistance and revealed a decrease of 31% in the thermal resistance

values between copper silicon contacts after the application of VACNT films.

(Ji et al. 2020) studied the use of Gallium based Gas25 In215 Snig (MP 10.7°C) as TIM
between aluminum substrates and used laser flash method to measure thermal
performance. The substrates were coated with AAO (anodic aluminum oxide) film to
reduce the reaction between Al and Ga based substrates. The thermal parameters such
as thermal conductivity, thermal diffusivity, and thermal contact resistance were
measured by the laser flash method. For comparison, dry Al-Al contacts and Al contacts
with TG 250 (Thermal grease) as TIM were tested. The thermal contact resistance
values were over 0.001 m?K/W at all pressure ranges for dry Al contacts owing to the
presence of air gaps at the interface. For all the three types of contacts, the thermal
resistance reduced significantly as the pressure increased at the initial ranges and
reached to near-constant values as the pressure increased. For contacts with TG 250 as
TIM, at 0.05MPa the TCR was about 2.79604x10* m2K/W which reduced to about
99% for contacts with Ga based TIM with the value of TCR recorded as low as 3.575
x10°® m? K/W at 0.05MPa. As the pressure was increased to above 1 MPa the TCR was
about 2.5x10° m? K/W for gallium-based contacts. Thus, the application of GBLMA

resulted in enhance heat transfer across interfaces.

(Chu et al. 2019) studied the use of LMTA with a confined seal as TIMs. This novel
design of using LMTA with an annular seal was proposed so as reduced the problems
such as overflow and dislocation problems that were associated with the use of LMTAS
as TIMs. The study was conducted under steady state conditions. In their study, they
also used solid-state TIMs such as Indium, copper, lead, and Tin TIMs. Among the
solid-state TIMs Indium outperformed other solid TIMs. Further, In the case of Indium
foil as TIMs, with the increase in pressure, the thermal contact resistance was reduced
to 0.112x10™* m2K/W to 0.078x10™* m2K/W at pressures of 130 kPa to 550 kPa owing
to low Young’s modulus and high thermal conductivity of Indium. Also, with the
loading and unloading of contact pressure, hysteresis was observed. The use of LMTA
further reduced the thermal contact resistance to 0.0332x10* m?K/W. However,
problems such as overflow and dislocation remained. Hence to mitigate the problems

of overflow and dislocation a novel design of using an annular seal was proposed. The
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thermal contact resistance was recorded to be 0.0388x10™* m? K/W in the case of an
indium seal. The application of 100 thermal cycles resulted in thermal contact resistance
to fluctuate between 0.039x10* m2K/W to 0.044x10** m? K/ W under the heating load
of 100W and 50W.

To enhance interfacial heat transfer, (Liu et al. 2018) proposed a composite TIM. This
new composite was synthesized by combining gallium based liquid metal and PDMS
(Polydimethylsioxane) with AIN powder (ALTG- AIN liquid metal thermal grease).
The thermal contact resistance was obtained by analyzing transient temperature
response curve. In the study, the performance of ALTG was compared with Liquid
metal/PDMS (LMTG), GLTG (Graphene liquid metal Thermal grease), and X23-7762
(commercially available thermal grease). The study revealed that ALTG showed
superior thermal performance when compared to liquid metal/PDMS composites
(LMTG), X23-7762, and GLTG with thermal conductivity of 5.014 W/mK. The contact
resistance for ALTG was recorded to be 15x10® m? K/W which was also lower when
compared to LMTG (18x10® m? K/W), X23-7762 (27x10° m? K/W) and GLTG (16
x10® m? K/W). Further, when compared to the liquid metal TIMs, the ALTG showed
reduced fluidity thus mitigating the problem of spillage.

Furthermore, (Bai et al. 2005) studied the measurement of solder/copper interfacial
thermal resistance wherein the feasibility of employing flash technique was
demonstrated in measuring interfacial thermal resistance. The results showed that the
interfacial thermal resistance (ITR) was found to be in the range of 0.011x10™* m? K/W
to 0.033x10* m? K/W. For interfacial thermal resistance in the case of solder, copper
alloy is attributed to the mismatch of crystal structure in addition to elastic moduli
differences at the interfaces. In addition to this, poor wetting also results in significant
value of ITR.

(Zhang et al. 2014c) applied Sn-Bi solder paste between copper plates. The study used
laser flash method to measure the thermal resistance of Sn-Bi solder paste. The
experiments revealed that, for a defect-free thin Sn-Bi TIM layer, the thermal resistance
of fewer than 5x10° m? K/W was recorded. Further, the TCR between copper alloy and
Sn-Bi was found to be 0.576x10® m? K/W showing Sn-Bi solder paste to be a
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promising TIM. Also, it was observed that thermal cycling resulted in a decrease in

thermal resistance of Sn-Bi TIM.

(Van Heerden et al. 2004) studied the thermal behavior of Si-Cu Interface which was
reactively soldered. Reactive soldering is a technique that employs a nanostructured
reactive multilayered foil as a heat source. The soldering is carried out initially by
metalizing Si with Au. Further, a 37Pb-63Sn eutectic solder foil is placed over followed
by placing a Nano foil. Furthermore, the joint is accomplished by placing a Cu sink
which is pre-wet by the Pb-Sn solder. The bond is formed as a compressive force is
applied and as the reaction in the foil is initiated the heat which gets liberated melts the
solder resulting in bond formation. The study revealed that there was no significant
degradation even after 1000 cycles in the temperature range of 25°C to 125°C with a
mere 1.7% change in thermal resistance. The conventional soldered joint showed
similar results wherein the thermal resistance change was about 4.4%.

(Hansson et al. 2017) characterized carbon fiber solder composite TIM using transient
laser flash technique. The TIM was fabricated by infiltrating molten (Sn95.5 Ag3.8
Cu0.7) into heated carbon fiber at a pressure of 20 MPa in a vacuum filled cavity and
was followed by cooling the composite to room temperature. The addition of carbon
fiber greatly increases the handling characteristics. The fabricated TIM was placed
between Cu plates which were coated with 5um Ni diffusion barrier and 100 nm Au
finish that prevented oxidation. The experiments were conducted at a pressure of
200kPa.The TIM composite shows an excellent performance with a reported thermal
resistance lesser than 2x10°® m?K/W at 43 um BLT. Further, the degree of voiding is
significantly low and was confirmed by SEM analysis of the cross section of TIM. The

reduced voiding resulted in enhanced performance of the system.

(Carlberg et al. 2009) proposed a novel nanostructured polymer-metal composite film
as TIM. The polymer matrix was fabricated by the electrospinning method and
subsequently, the LMTA was infiltrated into the porous polymer network. The resulting
TIM composite film was tested for its thermal performance by using ASTM D5470
technique. In the pressure range of 200-800 kPa the TIM exhibited thermal resistance

as low as 8.5x10® m? K/W at 70um bond line thickness and corresponds to thermal
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conductivity as high as 8 W/mK.

(Gao et al. 2017) studied the use of Gallium based binary alloy (GBTIM- Galn10) and
Gallium based Ternary alloy (GTTIM- Galn 205Sn 135) with about 40um thickness as
TIMs. The TCR was measured by self-designed apparatus under steady-state conditions
with heat loads of 60W, 80W and 100W.The study found that the thermal resistance
values were not significantly affected by varying the heat load. Further, for the heat
load of 100W, thermal resistances of 7.8x10° m? K/W and 4.3x10° m? K/W were
recorded for GTTIM and GBTIM respectively. The experimental studies also found
that the TCR could be reduced to as low as 2.2x10°® m2K/W for the case GBTIM when
the contact pressure was about 0.05MPa. This indicates that a small order of pressure
would sufficient to fill the air gaps at the interface resulting in enhanced heat transfer.
The study also focused on understanding the wettability of the Gallium alloys that were
used as TIMs in the present study and found that increasing the amounts of gallium
oxide (Ga203) in gallium alloys enhances the wettability but results in reduced thermal
conductivity owing to the low thermal conductivity of Gallium oxide. However, the
thermal conductivity values of Gallium based alloys are still higher than the
commercially available thermal grease. The highest thermal conductivity of GBTIM
was recorded to be 19.2 W/m K.

(Huilong Yan 2019) studied the interfacial heat transfer of polished Cu plates with
buffer layers deposited on it. The LMA alloy of Gaezs In21.5 Snig(MP= 10.6°C) was
sandwiched between coated Cu plates. The buffer layers of Ag, Ti, W, Cu, Mo of
thickness 60 nm were deposited using DC magnetron sputtering on copper discs. The
contact angles of water and dilodomethane were determined by the drop shape analyzer
(KRUSS). The surface free energies (SFE) were calculated by Owens-Wendt-Rabel-
Kaelble equation. The study used a laser flash analyzer to determine thermal properties.
The study found that the coatings have a significant impact on the contact angle and
was found that the contact angle decreased with an increase in SFE. The study also
revealed that SFE of the buffer layer significantly impacted on the properties such as
wettability, thermal diffusivity, and thermal contact resistance. The high value of SFE

of buffer layers enhanced the thermal transfer resulting in decreased TCR.
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(Swamy and Satyanarayan 2019a) conducted the study on thermal performance of brass
and Sn coated brass TIMs. In their study, ASTM D 5470 method was used to assess the
thermal performance. The study showed that the use of Sn coated brass TIMs resulted
in lower thermal contact resistance when compared to bare brass TIMs. Thus, coated
brass showed superior performance as TIMs. Further, the study also revealed that the
contact resistance of interface materials reduced with increase in load and surface

finish.

(Narayana and Narayan 2014) studied the effect of load and Interface Materials on TCR
between similar and dissimilar materials. The study involved the use of copperfoil,
aluminium foil, lead, and Sn-9Zn lead-free solder as TIMs. These TIMs were placed
between similar/ dissimilar materials of copper, brass, aluminum and 304 stainless
steel.In their study, the effect of load on the thermal resistance was studied. It was found
that as the load increased, the peak heat flux shifted to lower times, thus as the pressure
was increased, the TCR reduced early resulting in the enhanced heat transfer. The study
was also conducted to understand the variation in TCR for low thermal conductivity
stainless steel and high thermal conductivity copper as hot source materials against
various other materials as cold sink materials have high thermal conductivity. The study
revealed that thermal contact resistance becomes a dominant factor when both the
source and sink are of high thermal conductivity. The study revealed that Sn-9Zn
showed better performancewhen compared to other materials owing to the conformance
to the contacting surface at higher temperatures.A reduction of 67% in thermal contact
resistance was recorded when Sn-9Zn was used as TIM for the Al —Cu interface.
Thestatistical significance of various parameters was determined by the use of Analysis
of variance (ANOVA) technique. It was found among various factors such as materials
in contact, load, and interface materials, the load has got significant contribution when
compared to the other factors in determining the contact resistance.

The formation of intermetallics is one of the major concerns in the application of LMAS
as TIM (Yang et al. 2014). Dewetting, dripout, migration, oxidation and corrosion
related problems are the other challenges faced in using LMAs as TIMs (Macris et al.
2004). The formation of voids and their growth is a major challenge while using solders
as TIM since they reduce the heat transfer across the interface to a significant level.
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(Hu et al. 2004) studied the effect of the void like inclusions in a eutectic alloy of
52In48Sn which is used as a TIM between a silicon chip and a copper plate. In their
study, the temperature field was characterized using through-wafer infrared
microscopy. The study revealed the presence of hot spots with a temperature of about
15°C higher than the average die temperature at the locations corresponding to
void/void like inclusions that were present in the eutectic layer that was used as TIM
between the silicon die and copper plate. This non-uniformity in temperature
distribution reduces the degree of heat transfer between the thermal contacts. However,
polymers are preferred over solders as the implementation of solders involves

considerations of cost and complexity.

2.5 Phase change materials (PCM)

PCMs are essentially a mixture of high conductive materials suspended in base
materials and offer thermal resistance in the range of 0.3x10* m? K/W to 0.7x10™* m?
K/W (Otiaba et al. 2011). The base materials could be refined paraffin, a polymer, or a
copolymer that acts similar to thermal greases due to the reduction in viscosity upon
reaching operating temperatures of typically 50°C-60°C (Gwinn and Webb
2003)(Rauch 2000). Several advantages like easy to handle, no cure, no dry-out
problems make them an ideal candidate for TIMs. However, PCMs are characterized
by lower values of thermal conductivity that varied between of 0.17 and 0.35 W/m
K(Goli et al. 2014)

(Liu and Chung 2006a) studied the effectiveness of wax incorporated with hexagonal
boron nitride as a phase change TIMs. The study concentrated on the role played by
factors that include temperature, boron Nitride content, and pressure on the thermal
contact conductance. The Boron Nitride was added to the wax at different proportions
of 0, 5, 10, 15and 20 wt%. The thermal interface material formed after the mixing of
Boron Nitride with wax was applied between the copper disks. The TCC was measured
using laser flash method. The study revealed that increasing the Boron Nitride content
increased thermal conductance. The increase was seen up to 6.2 vol.%, however, a
further increase in the volume percent of 8.6 saw a decrease in thermal contact
conductance owing to the increase in viscosity that decreased the conformability of the
thermal interface material between the copper discs. The thermal contact conductance
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decreased as the temperature of the interface material was increased from 22 °C to 48
°C owing to the expansion of wax, however, with the increase in temperature from 48°C
to 55°C the thermal contact conductance saw an increase in value as the interface
material melted resulting in increased conformability of the interface material between
the mating surfaces. Further, increasing the pressure increases the value of thermal
conductance as it reduces the voids between the copper discs in addition to the reduction
in thickness by the virtue of pressure. The use of boron nitride in the wax as thermal
interface material saw the highest conductance of 18x10*W/m? at a vol.% of 4.2 at a
temperature of 55 °C for pressure of 0.3MPa. An increase in pressure above 0.3 MPa

resulted in no significant change in the contact conductance.

(Grujicic et al. 2005) et al studied the effect of TCR in thermal performance of
CPU/heat sink assembly. In their study, they used phase change material
(Thermaflow™  T766, k=0.3W/mk) and  acrylic/silicone-based  tapes
(Thermattach®T414 tapes filled with kapton, k= 0.7W/mK) as TIMs. The study
revealed that the deformation of micro contacts aided by increased pressure, lowered
microhardness, and the application of these TIMs results in reduced thermal contact
resistance resulting in reduced temperature being experienced by the CPU. The
temperature experienced by CPU in the case of the application of PCM and

acrylic/silicone tapes is 330.92 K and 390.91 K respectively.

(Zhao et al. 2019a) studied the effect of surface roughness, Interfacial temperature, and
pressure on interface thermal resistance of TIMSs. In their study different variants of
TIMs including thermal pads, PCM, LMPA (Low melting point alloys), and carbon-
based TIMs were studied. The study found that, for pressure below 0.3MPa, the
interfacial thermal resistance (ITR) decreases as the pressure increases. Beyond 0.3MPa
The ITR does not follow similar trends. The study found that for PCMs, the
performance has got no influence on the surface roughness. Further, the ITR of PCM

decreases as the temperature increases.

2.6 Thermally conductive elastomers and Gels
Elastomeric pads consist of elastomers typically filled with thermally conductive

ceramic particles and finds extensive use as TIM in low power devices (Viswanath et
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al. 2000). These pads with typical thickness of 0.25 mm offer advantages like, ease of
handling, high stability, high operating temperatures, overall reduced cost (Mallik et al.
2011) (DeSorgo 1996) . Elastomeric pads are characterized by lower thermal
conductivity and require high pressures to achieve lower contact resistance (Mallik et
al. 2011). However, (Uetani et al. 2014) fabricated elastomeric TIMs with a thermal
conductivity of 23.3W/mK. The study involved the use of electrostatic flocking
technique to fabricate vertical aligned high density carbon fibers and involved filling
the interstitial spaces with elastomeric materials. Some of the other recent study with
respect to elastomeric TIMs includes the works of (Bhanushali et al. 2017) The study
reported copper nanowire filler elastomer TIM with thermal conductivity of 3.1+0.2
W/mK. Further, (Zhang et al. 2019) fabricated elastomer — type TIM with silicone
rubber matrix and graphene aerogel nanofiller. The study reported a thermal

conductivity of 1.26 W/mK at a graphene aerogel loading of 0.50 wt%.

Gels are a class of TIMs that are developed in order to address the limitations offered
by other classes of TIMs such as thermal grease, elastomeric pads etc (Prasher and
Matayabas 2004). Gels contain silicone, crosslinker, and thermally conductive particles
as principal components (Otiaba et al. 2011). Gels exhibit properties similar to that of
thermal grease before cure and are characterized by high thermal conductivity, low
surface energy and good conformance resulting in reduced thermal contact resistance
(Matayabas Jr 2005). They are also characterized by low modulus which enables them
to withstand thermo-mechanical stress without undergoing interfacial delamination
(Otiaba et al. 2011). (Prasher and Matayabas 2004) studied contact resistance of cured
Gel polymeric TIM. They proposed a semi-analytical model which shows that the
contact resistance in the case of a cured gel is a function of applied pressure, the thermal
conductivity of TIM, roughness of the substrate, and shear modulus of TIMs. The study
laid design guidelines for reliable gel TIMs based on the parameters G (storage shear
modulus), G" (loss shear modulus) and showed that to avoid pump out which is a

common problem associated with grease, G should be greater than G'.

(Chano et al. 2017) in their study showed that it is possible to independently optimize
the thermal conductivity of silicone gel TIM with required proprieties like compliance

and minimized contact resistance by replacing cross linker with a chain extender. Thus,
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it is possible to engineer higher performing Gel TIMs with better knowledge or

understanding of the rheology.

2.7 Effect of addition of nanoparticles to TIMs on TCR/TCC

Recent studies have shown that apart from microfilters, nanofillers also have a profound
impact on the performance of TIMs. A variety of nanostructures has been used as fillers
for TIMs resulting in enhanced performance. The majority of the work involving nano-
based TIMs has focused on enhancing TC. TC has a direct role in the performance
characteristics of TIMs as higher TC contributes significantly results in heat transfer
(Yujun et al. 2014). TIMs having high TC are generally used as interface materials
since they provide good heat-conducting paths resulting in enhanced performance. Poor
TC values of TIM fail to achieve higher rates of heat conduction required for the proper
functioning of advanced systems. Hence this requires the development of TIMs having
exceptionally high TC. Apart from TC, studies by (Zhang et al. 2014a) has also shown
that TCR also depends on filler property, microstructural characterization, and surface

morphology.

The ability to enhance TCC has made CNTs to achieve much attention in the recent
past (Cola et al. 2007). CNTSs are widely used as a filler material for TIMs due to high
values of thermal conductivity at room temperature. The thermal conductivity varies
from about 3000-3500 W/m K which makes them an excellent filler material (Shahil
and Balandin 2012). In addition to the excellent thermal properties, CNTs have been
reported to have exceptional optical, electrical, vibrational, and mechanical properties
(Yujun et al. 2014)(Lin et al. 2010)(Cola et al. 2009) (Xu et al. 2006) . With regards to
the thermal performance, CNTs can sustain temperatures as high as 200-300°C at
oxygenic environments and could go up to 900°C in vacuum (Tong et al. 2007). The
addition of CNTs as a filler material greatly enhances the TC of the TIMs. Further,
CNTs are mechanically compliant (McNamara et al. 2015) and thus enabling them to
conform to asperities resulting in increased contact area (Hao et al. 2017). Further,
CNTs could be grown on metal substrates thus eliminating challenges such as pump
out and voiding which are major concerns that limit the use of thermal grease and other
liquid TIMs (Haight et al. 2016).
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(Chen et al. 2013) studied the TCC of thermal grease which was added with
functionalized CNTs. They investigated the performance of thermal grease which are
dispersed with pristine CNTs and with that of functionalized CNTs viz. carboxylated
CNTs and amino-functionalized CNTs. The study used the modified ASTM D5470-06
standard to measure TCC. The study found that the thermal impedance of carboxylated
CNTs is significantly lower than thermal grease which is dispersed with pristine CNTs
and amino-functionalized CNTs. Carboxylated thermal grease result in better
performance owing to fine dispersion of CNTs in the polymer matrix. The study
reported that with an addition of 2 wt.% carboxylated CNT, a thermal impedance as
low as 0.18x10* m? K/W could be achieved. Furthermore, the study also found that
with the addition of pristine CNTs at weight proportions of less than 1% to silicone
grease the thermal impedance increased slightly. However, if the addition is beyond 1
wt. % the thermal impedance increases sharply. Further, with the addition of CNTs-
COOH to silicone grease, the thermal impedance decreases and drops to 0.18x10* m?
K/W at 2 wt%. The results further indicated that the addition of CNTs-COOH above
2wt% increases the thermal impedance. In the case of grease with CNTs-NH>, the
thermal impedance remained nearly unchanged up to 0.5 wt%. However, the addition
of CNTs-NH: to about 1 wt%, the value of thermal impedance increased to 0.57x10*

m?2 K/W which further increased to 2.75x10% m? K/W at 2 wt%.

(Xu et al. 2007) studied the use of single-walled CNT as filler material on PEG-based
thermal paste. The paste was sandwiched between copper plates with transient laser
flash method being used to measure TCC. The incorporation of CNTs saw the thermal
conductance value rise to 20x10* W m? K at a vol% of 0.6 as shown in the Figure
2.8. Further, the increase of CNT content above 1.8 vol % resulted in the drop in the
conductance owing to conformability loss. In their study, the TIM was sandwiched
between two copper discs. The surfaces of discs were polished mechanically by 0.05um
alumina particles. The pressures of 0.46, 0.69, and 0.92 MPa were applied to the
sandwich. The study revealed that nanotube performed better than hexagonal Boron
Nitride, However, carbon black outperformed nanotubes and recorded a conductance
value of 30x10* W m? K1,
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Figure 2.8 Variation in the value of conductance for different nanotube vol% at three
different pressure (Xu et al 2007)

(Xu and Fisher 2006) studied the TCR of Cu-Si interfaces. A reference calorific setup
based on axial one-dimensional steady state heat conduction was used to measure TCR
of the interface at different conditions. CNT arrays were grown on the silicon surface
by plasma enhanced chemical vapor deposition (PECVD). Apart from CNTSs, the effect
of placing Indium sheets and PCM were also studied. In addition to these, the
combination of indium and PCMs with CNTs were also tested. The thermal resistance
for Cu-Si interfaces as well as Cu-CNT-Si interfaces decreased with the increase in

pressure as shown in Figure 2.9.

The deployment of CNT arrays resulted in a minimum thermal resistance of 19.8x107
m2K/W at a pressure of 0.45 MPa. Further, the combination of CNTs with indium and
PCMs were also studied. It was found that there was a slight reduction in the thermal
resistance value of the composite upon the introduction of CNTs to the Cu-In-Si.
However, the reduction in thermal resistance was significant in the case of PCM-.CNT
composite. The thermal resistance value was 5.2x10° m?K/W in the case of PCM-CNT

array composite.
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Figure 2.9 Thermal resistance as a function of pressure for Cu-Si and Cu-CNT-Si
interfaces (Xu and Fisher 2006)

(Cola et al. 2007) synthesized CNT array on either side of a metal foil which could be
used as an effective TIM. This method eliminated the necessity of exposing thermally
sensitive materials to temperatures that are required for CNT growth. In their study, a
CNT/foil TIM was fabricated and was placed at the interface. The study found that the
thermal resistance of approximately 10x10® m? K/W was obtained at moderate
pressures. The CNT/foil provides high conformability and reduces the effect of surface
roughness. The deformation of CNT/foil results in increased CNT contact spots which
in turn resulted in reduced thermal resistance. Further, they opined that the performance
of the aforesaid TIM depends on several factors that include CNT density, diameter,

length, foil material, and thickness and whose effects need to be further probed.

(Fabris et al. 2011) studied the effect of CNT addition to TIMs. In their study, two
variants of TIMs were tested. CNTs were added to commercially available TIM (Arctic
silver®) and silicone oil. The experimentation was conducted as per ASTM D4570-06
standard. In the case of CNT- Arctic silver (CNT-AS), the addition of CNTs resulted

in increased thermal resistance which led to the deterioration in the thermal
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performance. The reason behind the reduced performance is due to the increase in
thickness which will also lead to the difficulty in spreading. However, the introduction
of CNTSs into silicone oil resulted in improved performance vis a vis CNT- AS. The
increase in pressure resulted in a decrease in thermal resistance for CNT-silicone oil.

The CNT-Silicone oil and also exhibited high compliance.

(Taphouse et al. 2014) used Pyrenylpropyl Phosphonic acid as a surface modifier to
reduce the thermal resistance of CNT contacts. A reduction of thermal resistance of
over 9 fold was reported. For dry contacts, the thermal resistance values at 7 kPa and
138 kPa were (40 + 20)x10° m? KW? and (20 + 6)x10° m? KW respectively. The
decrease in thermal resistance with an increase in the pressure is ascribed to the fact
that the increase in pressure compressed the CNTs thus increasing the heat conduction
area. Furthermore, the thermal resistance value in the case of samples that were coupled
with the PyprPA modifier was (4.6+0.5)x10° m? K W-tat 7kPa and (4.9+0.5)x10° m?
K W at 138 kPa. The study revealed that the effect of pressure in the case of coupled
samples was insignificant thus revealing the fact that the area of contact remained the
same. Further, the value of electrical resistance also reduced over to a similar

magnitude.

(Pei et al. 2018) used PSTTR (phase-sensitive transient thermo reflectance technique)
to determine the thermal conductance between the copper surface and CNT arrays. The
experiments were conducted at different loading conditions. The study revealed that the
entanglement of the upper surface of CNT arrays impairs the contact with the surface
and could be improved by increasing the pressure. The study also revealed that the hcy-
cnt(contact thermal conductance of Cu-CNT arrays) increases as the applied load
increases up to 0.15MPa following which the hcu-cnt levels off. Thus, the contact
pressure of 0.15MPa is an optimum pressure for the electronic equipment for the CNTs
used. However, it was also noted that the optimum pressure is also the function of the
height and the density of CNT arrays used. Further, roughness of the target material
also plays a vital role and the effect of contact pressure with different roughness needs

considerable attention.
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(Peacock et al. 2016) studied solder-CNT composite TIM. The composite TIM was
fabricated by using VACNT. The CNT arrays were grown on a silicon surface by
employing the CVD process. The grown CNTs were transferred to the Cu surface and
were soldered to the copper surface by using bismuth/Tin/Silver solder. The tests were
conducted by employing pressure of 20 psi and 50 psi and the thermal resistance was
measured using a standard ASTM D 5470. The study reported thermal resistance value
of 0.458x10* m?K/W and 0.425x10* m?K/W at a pressure of 20 psi and 50 psi
respectively. This method offers several advantages that include the elimination of
thermal resistance at the free end of CNTs by soldering both the ends to the substrates
and thereby increasing the joint life. It also eliminates the problems associated with
high-temperature requirements as CNT arrays would be grown on substrates that are
ideal to grow and subsequently transferred to the substrates as per the requirements of
particular applications. Zhang et al., (Zhang et al. 2014a) studied the thermal contact
resistance of epoxy composite incorporated with nanocopper particles and MWCNTS.
They reported the minimum TCR of 11.5x10* m? K/W for the case of composite filed
with 70% nano copper

(Zhao et al. 2019b) studied the suitability of Ga based TIMs. Liquid gallium whose
melting temperature is 28°C is mixed with CNTs to form heat conduction pads. The
thermal conductivity of Ga based thermal pad is 14.2 W/mK which is much larger when
compared to Thermal silicone pads whose thermal conductivity is about 5W/mK. The
introduction of Ga based CNT TIMs enhanced the heat extracting capabilities to a much

greater extent when compared to commercially available silicone thermal pads.

Apart from CNTs, Graphene and FLG (few layer graphene) have also been used as
filler materials in the synthesis of TIMs. These are characterized by high intrinsic
thermal conductivity and low Kapitza resistance (Zhong et al. 2013) (Tang et al. 2015)
(Liu and Hu 2015) (Dmitriev and Valeev 2017). Their excellent compatibility
particularly with polymer matrices makes graphene an excellent filler material
(Mahadevan et al. 2019). Apart from these advantages, graphene is stable at high
temperatures. Figure 2.10 shows TGA (Thermogravimetric analysis) and DTG
(Differential thermogravimetic) curves. The curves indicate that the graphene films are
stable even up to temperatures as high as 900 °C making it suitable for high-temperature
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applications (Zhang et al. 2018). The use of FLG offers several additional advantages.
Apart from being highly thermal conductive, FLGs are flexible, degrade to a lesser
degree and the larger cross section area of it results in higher heat fluxes when compared
to single layer graphene (Kargar et al. 2018) (Renteria et al. 2015). Further, it is worth
noting that in TIMs the term graphene fillers are generally referred to the mixture of

graphene single layer and FLG flakes (Lewis et al. 2020).
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Figure 2.10 TGA and DTG curves of materials used (GF: Graphene films, Epoxy, GF/E:
.graphene film epoxy composites (Zhang et al 2018)

TIMs with graphite nanoplatelets as filler materials. In their study four layers of
graphene, with a thickness of 4nm was used as filler which raised the thermal
conductivity by over 3000%. The performance of graphite nanoplatelet (GNP) as a filler
was greater than the conventional fillers which require high proportions of loading.
Further, the thermal conductivity of GNP-800 epoxy material is found to increase with
the increasing temperature ensuring efficient heat transfer even at elevated
temperatures. The increase of thermal conductivity with temperature makes it a
potential TIMs as it ensures efficient heat transfer in computers wherein the use of TIMs

is pertinent for heat removal.

(Tang et al. 2015) studied the influence of the addition of graphene on epoxy-based
TIMs. The graphene was prepared by using methods namely CVD and chemical
reduction process and was termed as three-dimensional graphene networks (3DGNS)
and reduced graphene oxide (RGO) respectively. The 3DGNs and RGO fillers were
added to the epoxy resin to improve the thermal property of the resultant TIM. Further,

35



natural graphite powder (NG) was also used as a filler material to enable comparison
between the TIMs. The study revealed that the addition of graphene enhanced the
thermal conductivity of the matrix (epoxy) and increased with the increased load
fraction. The increase in the thermal conductivity is greater in the case of 3SDGNs-epoxy
and showed superior thermal performance when compared to RGO- epoxy, and NG-
epoxy. The increase in the value of thermal conductivity of the composite is attributed
to the high intrinsic value of graphene as well as to the low thermal boundary resistance.
Further, the resulting TIMs showed higher values of K even at higher temperatures
indicating its excellent thermal stability. The mechanical testing revealed that the
addition of graphene did not affect the mechanical properties of the resulting TIMs. It

was concluded that the 3DGNs assisted epoxy TIMs could be used as potential TIM.

(Zhang et al. 2018) fabricated vertical and horizontal aligned graphene film epoxy
composites as heat-dissipating materials. The addition of graphene-enhanced heat
transfer capabilities of the composite. The study revealed that vertically aligned
graphene composites exhibited enhanced performance when compared to their
horizontal counterparts. The thermal conductivity of horizontal graphene film/epoxy
composite at 44 vol. % of graphene was recorded to be 0.81W m™ K. However, the
value of thermal conductivity of vertical graphene film epoxy composite was 384.9W/
mK. The orientation of graphene, therefore, plays a vital role in the increased value of
thermal conductivity. The study revealed that the application of vertical Graphene film
/epoxy composite to LED can bring a temperature drop of about 15°C when compared
to horizontal Graphene film /epoxy composite thus making vertical Graphene film

/epoxy composite a potential material for heat management

(Shahil and Balandin 2012) found that the addition of graphene and multi layered
graphene (MLG) resulted in the increased the cross-plane thermal conductivity of
graphene based polymers by 2300% at a loading factor of 10%. Figure 2.11 shows the
enhancement factor of measured thermal conductivity as a function of filler volume

loading fraction.
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Figure 2.11 Enhancement of thermal conductivity in graphene-MLG
nanocomposite epoxy TIMs (Shahil and Balandin 2012)

The study revealed that the addition of graphene and multi-layer graphene enhances the
performance of such TIMs when compared to CNT based TIMs owing to the aspect
ratio of graphene. In addition to the aspect ratio, a low Kapitza resistance between
graphene and the polymer matrix also plays a vital role in the enhanced performance of

graphene-based TIMs.

(Naghibi et al. 2020) studied the use of non-curing TIMs for advanced electronics. In
their study they synthesized TIMs based on thermal grease with graphene and few layer
graphene (FLG) flakes as fillers. The study found that unlike curing TIMs, the thermal
conductivity of non-curing TIMs showed a sub linear dependence on filler loading. The
thermal conductivity showed an initial rise with the filler loading, However, as the filler
loading increased, the thermal conductivity plateaued. This was due to the tradeoff
between the enhancement of thermal conductivity and decrease in thermal conductance
due to the increase thermal resistance between filler-filler and filler matrix interfaces.
Further, the synthesized thermal paste was benchmarked against the commercial paste.
The study revealed that the synthesized thermal paste outperformed the commercial
TIMs.

(Yuetal. 2014) studied graphene-based silicone oil which is a potential TIM material.
They found that for reduced graphene oxide silicon grease (RGO-SO) at 1% vol.

fraction, the thermal conductivity increased. Further, an increase in loading resulted in
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higher viscosity causing reduced mobility and thus proving it to be ineffective at higher
loading. They also investigated the thermal performance of graphene nanoplatelets
(GNP) silicone oil and found that at lower loading, the GNP-SO was slightly inferior
in comparison with RGO SO. At higher loading, however, the GNP-SO performed well
when compared to RGO SO. Thus, the study revealed that the methodology of the

synthesis of the filler also plays a vital role in performance characteristics.

(Yu et al. 2015) studied the synergistic effect of graphene and alumina in enhancing the
thermal conductivity of silicone oil-based thermal grease. The study revealed that the
addition of graphene to a silicone-based thermal grease filled with hybrid size alumina
particles increased thermal conductivity to a significant level by the virtue of combined
advantages of both graphene and alumina particles. The thermal conductivity of the
resulting novel grease was recorded to be 3.45 W/m K. Further, the resulting novel
grease saw an increase of 2553% in the value of thermal conductivity when compared
to the silicone base. Apart from the fraction of fillers the particle size of the filler also
plays a vital role as smaller particles result in a thin joint and thereby reducing the
thermal resistance(Becker et al. 2005).Further, they found that with different sizes of
particles mixed, the viscosity was found to be lower.

(Cui et al. 2015) studied the thermal properties of graphene/hot melt pressure sensitive
adhesive (GHMPSA). The study revealed that with the increase in graphene content,
the thermal conductivity of the composite increases. Further, the value of hardness also
saw an increase with the increase in graphene content. In their study, the graphene-
based composite TIM was applied between Al surfaces. The study was conducted by
using the above-mentioned composite with different graphene weight percentages.
Figure 2.12 shows the variation of thermal contact resistance with weight percentage
of graphene. The TCR was measured under steady state conditions. The least value of
thermal contact resistance was found when 6 wt% GHMPSA was used. The value of
TCR stood at 3010 m? K/W when compared to 660x10° m? K/W when no TIM was
used. Further, with the increase in the weight percentage of graphene beyond 6 wt%,
the TCR increased because increased filler content leads to increased agglomeration

leading to increased internal interface resistance.
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Figure 2.12 Thermal contact resistance after using GHMPSA TIMs as a function of

weight percentage of graphene (Cui et al 2015)

The study also revealed that the increase in temperature had a positive outcome as it
reduced the thermal contact resistance. This was ascribed to the fact that, at the higher

temperature, the TIM liquefied increasing the contact with the surface.

(Li et al. 2017a) produced a series of reduced graphene oxide/ thermoplastic
polyurethane (RGO/TPU) composites as a potential TIM for high power devices. The
composite with a segregated structure exhibited excellent thermal conductivity and was
prepared by hot pressing. The (RGO/TPU) was prepared by coating RGO on TPU by
dip-coating TPU in an aqueous solution of graphene oxide in different concentrations.
The above process greatly enhanced the thermal conductivity of TPU. The maximum
thermal conductivity was recorded to be 0.8 W/m K at 1.04 wt%. The aforesaid
composite was used as TIM between a heat source and heat sink. The study found that
the heat dissipation capacity of the composite is much higher when compared to TPU.
Further, they also found that with an increase in RGO content the ability of heat
dissipation of the composite increases. The RGO/TPU composite also showed good
reliability during thermal cycling, thus indicating that the suitability of RGO/TPU as a
potential TIM.

(Park et al. 2015) studied the feasibility of few-layer graphene (FLG) composite TIMs
(FLGTSs) that have been developed by interlayer catalytic exfoliation. The studies reveal

that the thermal resistance between FLG and copper at 5 vol % and 10 vol % at 330 K
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is recorded to be (3.2+1.7)x10° m? K/W and (4.3+ 1.4)x10°® m? K/W respectively. Rtiv
of two TIM samples having 45 um thick 10% FLGTs and 49 pm thick 15 % FLGTs
was measured at a temperature of 330 K. The pressure was varied from 0.14 MPa to
1MPa. It was found that there were no appreciable changes in the Rtim values for the
samples as the pressure was varied. Further, the study revealed that the increase in FLG
concentration leads to the increase in FLGT’s glass transition temperature by about
50K, thus making the FLGTs more stable thermally as properties often deteriorate
beyond glass transition temperature. Furthermore, the study reveals that subjecting the

FLGTs under thermal cycling causes no significant changes in Rtim.

(Zandeén et al. 2014) fabricated a solder matrix nano polymer composite (SMNPC) that
could be used as an alternative to polymer-based and solder based TIMs. The SMNPC
was fabricated by electrospinning nanofibre polyamide network. The polyamide
network was then coated by Ag nanoparticles and was further infiltrated with Sn95.5-
Ag3.8-Cu0.7 alloy matrix. The composite was sandwiched between two copper squares
(coated with electroless nickel immersion gold- ENIG) having 1mm thickness. The
thermal resistance of SMNPC was measured to be below 1 K mm?#W indicating that
the thermal resistance values of SMPC were similar to that of Sn-Ag-Cu alloy without
fibers. Further, the SMNPC is seen to be reliable for longer times thus making it as a
potential alternative to solder and polymer-based TIMs. The reliability tests were
conducted by subjecting the SMPCs to thermal cycling (-40 to 115°C) at 2 cycles per
hour. The thermal resistance values were not affected significantly even after 1000
cycles. This may be attributed to the fact that the formation of intermetallics is very
low. Thus, SMNPCs TIMs could be alternate interface materials to indium and polymer

materials.

(Loeblein et al. 2017) studied the use of three-dimensional foams (3D Boron nitride
and 3D graphene) as TIMs. The 3D foams have thermal conductivities in the range of
62-86W/mK. The thermogravimetric analysis (TGA) study revealed that the 3D
graphene can withstand a temperature of about 700°C whereas 3D Boron nitride can
withstand temperature as high as 900°C. The stability of 3D foams at these high
temperatures proves that 3D foams could be successively used at important applications

including electronic, military automotive, and other commercial purposes. Further, 3D
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foams have reported a thermal resistance as low as 0.197KW-tand may be attributed to
the fact that 3D foams offer high surface conformity. Apart from high cross-plane
thermal conductivity, the 3D foams have excellent surface conformity that makes the
3D foam a potential thermal interface material.

(Luo et al. 2014) studied the thermal resistance of novel BN-In TIM composite. The
TCR between the composite and copper plates was measured by using flash instrument.
As shown in Figure 2.13, the study revealed that the thermal resistance increases with

the bond line thickness when the TIM was sandwiched between copper plates.
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Figure 2.13 Thermal resistance of BN nanofibre indium composite TIMs

sandwiched between copper at various bondline thickness (Luo et al 2014)

The study reported a TCR of 0.2 K mm?/W. Hence, favorable high thermal conductivity
values in addition to low TCR make BN-indium composite extremely useful in the
electronic industry as it will help in efficient dissipation of heat thus improving

operational lifetime and reliability of electronic components.

Studies have revealed that the use of nanowires had a positive impact owing to its high
aspect ratio. (Wang et al. 2014) found that the implementation of copper nanowires at
an ultra-low loading of 0.9 vol% as a filler material resulted in thermal conductivity of
2.46 W/m K. This amounts to an increase in thermal conductivity of about 1350% when
compared to plain matrix thus making nanowires excellent fillers for high-performance
interface materials. In their study, the CUNW - Polyacrylate which was synthesized by

solution mix processing was tested for its thermal conductivity at different filling
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fractions It was found that the increase in vol % of CuNWSs increased thermal

conductivity as shown in Figure 2.14.
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Figure 2.14 a) Experimental thermal conductivity of metal nanowire-polyacrylate

composites with different volume fraction at 298K. b) Thermal conductivity of metal

nanowire—polyacrylate composite as a function of temperature. (Wang et al 2014)

2.8 Development of recyclable TIMs with high cooling performance and reliability
The performance of TIMs deteriorates with usage resulting in increased temperatures
at the junction causing potential failures of electronic devices (Due and Robinson
2013)(Goel et al. 2008). Thus, it is pertinent to study the stability and reliability of TIMs
for its effective use. Several researchers have carried out reliability tests with TIMs. A
comprehensive review of the various stress tests and techniques that are used to
characterize and determine the reliability of TIMs is discussed by (Due and Robinson
2013) (Goel et al. 2008) and could be studied by tests such as elevated temperature
stress test, high-temperature storage tests, thermal cycling, power cycling, TGA, DSC,
etc . Among the TIMs, thermal greases have more reliability issues as polymers in these
TIMs degrade at higher temperatures over a longer duration of time (Gowda et al.
2005)(Prasher and Matayabas 2004) . (Skuriat et al. 2013) studied TIMs for high-
temperature power electronics. The study carried the reliability studies of Ag thermal
grease, Sn-3.5Ag solder joints, and Sn foil between Cu disks. It was reported that the
Ag thermal grease was stable within the temperature of -57°C to 252°C. However, the

TIM was not durable at a temperature of 170°C (isothermal aging) for a long duration
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of time owing to the burn out of the polymer-based matrix. (Prasher and Matayabas
2004) extended the studies of reliability based on rheology. Apart from thermal greases,
the reliability of LMASs has also been studied. (Roy et al. 2016) studied the reliability
of LMAs on isothermal aging (130°C) and thermal cycling (-40°C to 80°C). The study
found that the LMAs were reliable to a significant degree and exhibited superior
performance up to 3000 hours of aging and 1500 cycles. (Hill and Strader 2006)
proposed design solutions to enhance the reliability of Cu-LMA TIMs. The study found
that oversizing copper-LMA TIMs, operating below the melting point and the use of
gaskets resulting in a seal around the TIMs are some of the ways to enhance reliability.
The former solutions result in a reduction of oxidation of TIMs thus enhancing
reliability while the latter solution results in the containment of TIMs. (Yang et al.
2014) conducted the performance studies of LMTA alloys as TIM. Two alloys, namely,
17Sn26In57Bi and17Sn51In32Bi were placed between Cu samples. The results
indicated that the thermal performance degraded with aging owing to the interfacial
reactions between the Cu sample and LMTA. The reliability of TIMs depends on
factors such as, type of TIMs, the duration, and the temperature to which it is exposed.
Thus, an in-depth analysis of the reliability of the TIM is an important step to recognize
a potential TIM. Further, studies must focus more on analyzing the thermal
performance of TIMs for its entire operation cycle. With advances in miniaturization
and the adoption of niche technologies like 5G the heat generation in electronic circuitry
would increase manifold thus throwing a significant challenge to device engineers
(Swamy and Satyanarayan 2019b). The heat thus generated needs to be efficiently
dissipated so as to ensure maximum performance and reliability (Raza et al. 2018). The
heat generated could be efficiently removed by the use of TIMs. However, a potential
TIM needs to cater to the demands of the devices that incorporate this newer technology
and thus increase the efficacy of the devices. A significant amount of research in the
field of nanomaterials in recent years has paved the way for synthesizing TIMs that
have improved capabilities to reduce the operating temperatures to lower levels.
However, with growing concerns about electronic waste and the increased use of
nanomaterials, there is an immediate need to develop sustainable, economic, and
environmentally friendly TIMs. Attempts have been made by (Zahid et al. 2018) in this
regard and were able to synthesize TIM based on regenerated cellulose and graphene
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nanoplatlets. The resulting TIMs possessed In-plane thermal conductivity of 800W/m
K. More attempts need to be done to design environmentally friendly, recyclable bio-
TIMs. It is also very much relevant in the present times to synthesize TIMs with better
recyclability as it would significantly reduce the pricing and make electronic devices
less expensive and more affordable to the electronics manufacturing industry. Table 2
and Table 3 highlights the TCR and TCC respectively of different TIMs.

2.9 Summary

Minimizing the contact resistance at the interface in microelectronic packages remains
a core challenge to engineers aiming at achieving enhanced heat transfer. The
application of pressure significantly reduces the thermal resistance at the contact
between two materials. The method is not practicable, particularly in the
microelectronics packaging industry. For these applications, the use of TIMs at the
interface is beneficial as it results in achieving superior thermal performance. Over the
past three decades, a lot of efforts have been made in designing TIMs that facilitate the
easy dissipation of heat across the interfaces. With advancements in science and
technology, thermal management has become more challenging. Thus, engineered
TIMs become indispensable to cater to challenging demands. Initial research was
focused on replacing low conductivity air at the interface by higher thermal conductive
polymer-based TIMs. Further advancements in this field have led to the creation of
additional classes of thermal interface materials (TIMs), including liquid metal alloys
(LMAS), phase change materials (PCM), and more recently, TIMs impregnated with

nanoparticles
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Table 2 TCR of various TIMs

Sl TIM Thermal Contact Applied Reference
No Resistance between/on
Mercury 0.253x10% m?K/W Silicon die (Hamdan et al. 2011)
1 Droplets
Sn-Bi Paste 0.576x10° m?K/W Copper (Zhang et al. 2014c)
2
Arctic Silver 1.8x10 *m? K/W CPU (Gwinn and Webb 2003)
3 Applications
Polymer LMA 8.5 x10 *m?K/W Heat-flux (Carlberg et al. 2009)
4 composite meters (Al)
@800kPa
Gallium based 2.6x10° m? K/W Copper (Gao and Liu 2012)
5 TIMs @0.05MPa
Eutectic Pb-Sn 2x10% m? K/W Copper (Bai et al. 2005)
6
7 17Sn511n32Bi 4.83x10°m?K/W Copper (Yang et al. 2014)
8 Dry contact of 19.8x10° m?*K/W @ Cu-CNT-Si | (Xu and Fisher 2006)
CNT Array 0.445 MPa
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Table 3 TCC of various TIMs

Sl TIM Thermal contact | Applied Reference
No conductance between/on
1 Wax filled with 18x10*W/m? °C (Liu and
hexagonal boron @ 55°C,0.30 MPa Copper Chung 2006b)
nitride
2 Wax filled with 16x10*W/m? °C (Liu and
hexagonal boron @ 55°C,0.18MPa Copper Chung 2006b)
nitride
3 Wax filled with 5x10*W/m? °C @ (Liu and
hexagonal boron 55°C, without Copper Chung 2006b)
nitride pressure
4 PEG 11x10*W/m?°C Copper (Chung 2001)
@0.46MPa
5 Sodium silicate 14.1x10*W/m?°C Copper (Chung 2001)
@0.46MPa
6 Silicone 3.08x10*W/m? °C Copper (Chung 2001)
0.46MPa
2.10 Scope

The trends of reduction in size of devices and enhanced power densities, particularly in
the field of microelectronics have made thermal management a critical issue for design
engineers (Gwinn and Webb 2003) (Hansson et al. 2016) . Efficient management of
thermal issues is fundamental as it would be necessary to maintain the device operating
temperature within the specific limits. The increased power densities would require
better dissipation of heat from the heat source to the heat sink as it would affect the
device performance and reliability. It has been found that the reliability of integrated
circuits has got significant impact on the operating temperatures. Efficient management
of thermal issues would result in lower operating temperature which would result in
reduced gate delay and higher processing speeds (Viswanath et al. 2000) . One of the
main challenges in efficient heat dissipation is the presence of interface between the
heat source and heat sink. The interface results in inefficient transfer leading to higher
operating temperatures. The effects of interface could be minimized by introducing a
TIM. The present investigation aims at the understanding the role of thermal
interface on heat flow between metal-metal contacts and the assessment of the effect of
TIM, interfacial pressure and thermophysical properties of contacting materials on

contact heat transfer.
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Majority of the work, in the field of TIMs are carried under steady state conditions. The
suitability of TIMs under transient conditions is seldom studied. Tests that employ
transient approach are expensive and are difficult to conduct but offer advantages that
include shorter test duration and helps in estimating time varying heat flux and other
heat parameters and further, in majority of applications, the characteristics of heat flow
at the onset of process determine the effectiveness of heat transfer (Kumar and Tariq).
Hence it is of foremost importance to understand the process of heat transfer under time
varying conditions. In the present work, an equipment has been designed with an
objective of quantitatively estimating thermal performance parameters for interfaces in
transient conditions. The analysis has been carried out by employing the inverse heat
conduction problem (IHCP). IHCP is a powerful technique to estimate the dynamic
TCR at the interfaces with and without TIM. The method estimates the boundary
conditions from knowledge of thermal history at inner locations very close to the
interface of both the materials in contact. The application of the inverse technique is
more appropriate in cases where heat sinks are thicker leading to appreciable
magnitudes of temperature gradients within the heat sinks (Prabhu and Ashish 2002).
A significant amount of literature is available on mathematical details of the solution to
IHCP (Beck 1970)(Burggraf 1964) (Prabhu and Ashish 2002) (Stolz 1960). The present
study focuses on assessment of transient contact heat transfer with and without TIMs

under various interfacial pressure conditions at the metal-metal interface.

2.11 Objectives

The following are the objectives of the current research work

1. To assess the transient heat transfer at the interface between similar and dissimilar
specimens with and without T1Ms.

2. To propose thermal conformance parameters under transient conditions to quantify
the heat flow between metal-metal contacts

3. To study the effect of thermophysical properties of the materials in contact, TIMs
of varying thermal conductivity and interfacial pressure on interfacial heat transfer

and thermal conformance.
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Chapter 3 Experimental Methodology

3.1 Instrumentation

The experiments were conducted by placing the TIM at the interface between two
cylindrical specimens. The schematic diagram of the setup is shown in the Figure 3.1
and was designed to estimate heat flux transients. The specimens were placed on a
PTFE holder which in turn was placed over the load cell (Epoch Instruments and
controls Pvt. Ltd, Model No: LZYB, Capacity: 0-200kg). The load cell was used to
measure the load that was applied on to the specimens. The load cell is mounted on a
flat plate and is connected to a microcontroller based digital indicator (Epoch
Instruments and controls Pvt. Ltd, Model No: SM-12, Excitation voltage 5 VDC
(x1%)). The accuracy of the load indicator was + 0.01% of the full scale with the
minimum bridge resistance of 85Q. The interfacial pressure was applied by placing
plates of known weights on the top of the upper specimen. The set up consist of four
pillars that facilitate the placement of plates over specimens at appropriate alignment.
The experiments were conducted for two sets of cylindrical specimens of copper. In
each set, the upper specimen with the heater acted as heat source and the lower
specimen was heat sink. The heating was accomplished by a mica strip heater which
was attached to the upper specimen. The mica strip heater was connected to a
temperature regulator which allowed the user to regulate or set the temperatures to a
preset value The source and sink were instrumented with a mineral insulted sheathed
K-type thermocouple of 1mm diameter. The thermocouples were instrumented by
drilling holes in to the specimens at the appropriate locations through EDM technique.
The source was heated to a temperature of 75 + 2°C and the corresponding changes in
temperature in the lower specimen were recorded. The specimens were insulated with
PTFE tape and cerawool material so as to minimize heat transfer in the radial direction
thus enabling one dimensional heat transfer. The acquisition of the variation of
temperature with time was accomplished by using a data logger (National Instruments
9213) which was connected to thermocouples using compensating cables. The data

logger was in turn interfaced to a computer.
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Figure 3.1 Schematic representation of experimental setup

3.2 Materials

The heat transfer studies for metal-metal contacts were studied for Cu-Cu interfaces
with L/D (length/diameter) ratio of 1 and 5. In case of L/D =1, the experiments were
extended to various other combinations such as Al-Al, Brass-Brass, Cu-Al, Al-Cu. The
schematic diagrams of the specimens with L/D=1 and L/D=5 is shown in Figure 3.2
and 3.3 respectively. The thermophysical properties of the various metals used in the
study has been tabulated in the Table 4.

Table 4 Thermophysical properties of Copper, Aluminium and Brass(Poirier and
Geiger 2016)

) Thermophysical properties
Material
p (kg/md) | Cp (I/kg K) k (W/m K)
Copper 8920 380 398
Aluminum 2698 900 237
Brass 8400 390 127
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Figure 3.2 Dimensions of specimens with L/D of 1. TC-1, TC-2 and TC-3 represent

thermocouple locations a) dimensions of source b) dimensions of sink
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Figure 3.3 Dimensions of specimens with L/D of 5. TC-1, TC-2, TC-3 and TC-4

represent thermocouple locations a) dimensions of source b) dimensions of sink
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In the case of specimens with L/D ratio of 1, the source was instrumented with the
thermocouples at 3mm and 6mm, whereas the sink was instrumented with
thermocouples at 3mm and 15mm. The temperature data was acquired at every 0.1
second using data logger. For specimens with L/D ratio of 5 (¢25x125mm), the source
was instrumented with thermocouples at 2mm and 50mm from the interface whereas
the sink was instrumented with thermocouples at 2mm,14mm and 111mm from the
interface. Figure 3.4 shows the images of specimen (source and sink materials) used in
the present investigation. The surface roughness of the specimens (source/sink) were
measured using Taylor Hobsons surface roughness tester (model: FORM TALYSURF
50)

3.1.1 TIMs used in the present investigations

Commercially available silicone grease (Metroarc 211 compound from Wacker
Metroark Chemicals Pvt. Ltd Kolkata), thermal grease (HALNZIYE, Shenzen) and
silicone thermal putty (RS Components & Controls (I) Ltd) was used as TIM. The
thermal conductivity of the various TIMs used in the study has been tabulated in the
Table 5

Table 5 Thermal conductivity of TIMs

Sl TIM Thermal
No Conductivity k
(W/mK)
1 Silicone Grease (SG) 0.193
2 Thermal Grease (CTG) 1.93
3 Silicone thermal putty (STP) 7

The effect of MWCNT addition on TIMs was studied by adding MWCNT on to the
silicone grease. The as-received MWCNT (diameter 20nm-25nm, Length 300-500nm,
Chengdu Organic Chemical Co Ltd, Chinese Academy of Science, China) was
dispersed in silicone grease and was mixed for about 15 minutes. The MWCNTS were
added at a weight concentration of 0.1 and 1%. The selection of low weight
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concentration was based on the fact that, large aspect ratio of CNTs makes it possible
to achieve percolation at lower concentration (Hansson et al. 2018). The experiments
were conducted at different loading of no load (NL), 20kPa, 40kPa, 100kPa, 200kPa.
The study used suitability of 1-Methyl-2-pyrrolidone/NMP (Tokyo Chemical Industries

Co Ltd) as interfacial solvent for metal-metal contacts.

(b)

(©)
Figure 3.4 Images of the specimens used during experiments (a) Cu, (b)
Al and (c) Brass
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Chapter 4 Theoretical Background

The Lumped heat capacitance method assumes negligible temperature gradients and

the temperature are considered to be uniform within the specimen materials.

Thus,
q=p Cp (VIA)S (4.1)

where, q is the heat flux, C, is the specific heat, V is the volume of the specimen, A is

. darT . .
the cross-sectional area, s the cooling rate.

However, the application of the lumped heat capacitance method was limited to initial
experiments. As the calculated Biot number was greater than 0.1, inverse heat
conduction approach was used in order to estimate the heat flux transients in the case
of interfaces with L/D=1. The inverse heat conduction approach was also used in the
case of interfaces with L/D=5. The Inverse heat conduction approach utilizes the
knowledge of interior temperature history to determine the unknown boundary
conditions like heat flux, surface temperature and other interfacial heat parameters
[Prabhu and Ashish 2002, Stolz 1960]

The heat flux transients were estimated by using Beck’s nonlinear estimation technique
[Beck 1970]. Since, the heat transfer along the radial direction was negligible; the
problem was modelled to be a case of one-dimensional heat conduction. The one-

dimensional heat conduction equation is as follows,
a , dT, oT.
(k22 =p Cr (5) (4.2)
The above equation was solved by considering following boundary conditions
kg—§| x=0=Q (Where X is the distance from the interface)
oT _
ka | X:L—O

T (X, 0) = 25°C (Initial condition)
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Inverse algorithm requires minimization of objective function f(q). The objective
function f(q) is defined as the summation of square of difference between measured
temperature and the calculated temperature. Thus, the heat flux (q) at the unknown
boundary (X=0) was estimated by minimizing equation 4.3.

f@ =Y X7 (Tt +(— 1) A —Y;)? (4.3)

Where, n is the number of thermocouples location (n=3), m is the total number of future
time steps (m=4), Similarly, Yi represents measured temperature at the i"" location, T
represents calculated temperature, Li is the thermocouple location, t is time, At is time

step increment, The temperature data was taken at every 1 second, hence At=1s.

The temperature increment at i thermocouple location and j-1™ future time step was
calculated for an increment of 1% of g'! (t). Further, the heat flux increment Aq'(t) for
minimizing objective function was calculated as shown in equation 4.4.

A C[l(t) — Yit ZT:-;l(Tl—l(Li,t+(j—1)At)_Yi)(p}31
Ziz1 Z}ﬂ:"il((p%,]ﬂ)z

(4.4)

In the above equation i is sensitivity coefficient. The sensitivity coefficient signifies
the effect on estimated temperature resulting due to small changes in the heat flux (q).
The above equation (4.4) is obtained by equating the first derivative of equation 4.3 to
zero and subsequently combining the Taylor’s series of expansion of temperature
dependent heat flux. The heat flux q is calculated as shown in the equation 4.5 by using

the value of Aq' obtained from equation 4.4

q'(t) = g"*(t) + Aq (1) (4.5)

The objective function is optimized at each time step by iteratively calculating heat flux
using equation 4.4-4.5. The convergence limit for terminating the iterative algorithm
was obtained when [(Ag'(t)/q'(t))]< 10 (4.6)
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Chapter 5 Results and Discussion

5.1 Effect of interfacial pressure and TIM on heat transfer on Cu-Cu metal
contacts with L/D ratio of 1.

5.1.1 Results

Experiments were conducted to study the effects of interfacial pressure and the TIMs
for Cu-Cu interfaces with L/D =1. The upper specimen is termed as the source while
the lower specimens was termed as the sink. As the temperature of the upper specimen
is increased from room temperature to 75°C, the heat gets transferred to the sink
resulting in increased temperature of the sink. The sink temperatures were measured at
3mm and 6mm below the interface. The surface roughness of the specimens was
165.6+63.4 nm. Figure 5.1 shows the typical temperature-time curves of the source and
sink as the source gets heated from room temperature to 75°C under no load (NL)
conditions. Figures 5.2-5.4 show the variation in temperature with time for Cu-Cu bare
interfaces under 40kPa, 100kPa and 200kPa interfacial pressure respectively. Figure
5.5 and 5.6 show the variation of temperature and time for Cu-Cu interfaces with
silicone grease thermal interface material (SG TIM) under no load condition and 200
kPa interfacial pressure. The figures depicting the variation of temperature and time for
other combinations with SG TIM under 40kPa, 100kPa are given in Appendix A.
Figure 5.7 and 5.8 shows the variation in SS; (time to reach sink saturation temperature)
and SST (sink saturation temperature) for bare Cu-Cu interfaces and for Cu-Cu
interfaces with SG TIM respectively. In the plots depicting Temperature vs Time, T1
represents temperature of the source at 3mm from the interface. T2 and T3 represent

sink temperatures at 3mm and 6mm from the interface.
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Figure 5.1 Variation of temperature with time for Cu-Cu interfaces under no load

conditions
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Figure 5.2 Variation of temperature with time for Cu-Cu bare interfaces

under 40kPa interfacial pressure
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Figure 5.3 Variation of temperature with time for Cu-Cu bare interfaces

under 100kPa interfacial pressure
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Figure 5.4 Variation of temperature with time for Cu-Cu bare interfaces under 200kPa
interfacial pressure
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Figure 5.5 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: SG TIM, no load
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Figure 5.6 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: SG TIM, 200 kPa
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5.1.2 Discussion
Figures 5.9 and 5.10 show the variation of estimated heat flux with time in case of bare
Cu-Cu interfaces and for Cu-Cu interfaces with silicone grease as TIM (SG TIM). The

heat flux was estimated by using lumped capacitance method.

60 - —— NL bare contact

—O— 40kPa bare contact
—/— 100kPa bare contact
—— 200kPa bare contact
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Figure 5.9 Effect of interfacial pressure on heat flux for Cu-Cu bare interfaces
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Figure 5.10 Effect of interfacial pressure on heat flux for Cu-Cu interfaces with SG
TIM
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Figure 5.11 shows the comparison of heat flux with time for Cu-Cu interfaces with and
without TIMs.
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Figure 5.11 Variation of heat flux with time for Cu-Cu interfaces (bare and for

interfaces with SG TIM) a) No load b) 40 kPa c) 100 kPa d) 200 kPa interfacial
pressure.
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In case of bare Cu-Cu bare interfaces as shown in figure 5.9, the peak heat flux increases
with the increase in interfacial pressure. In the present investigation the peak heat flux
under the no load condition was about 17.52kW/m?. The increase in the interfacial
pressure to 40 kPa resulted in the increase in peak heat flux substantially to a value of
32.04kW/m?. Further, increase in interfacial pressure from 40kPa to 100kPa resulted in
the rise of peak heat flux value to 48.53kW/m?. This is due to the fact that as the
interfacial pressure increases, the interfacial contact condition improves leading to
enhanced heat transfer. The peak heat flux showed an increasing trend even as the
interfacial pressure was increased to 200kPa. This trend of increase in peak heat flux
with the increase in interfacial pressure was also reported by (Kumar and Tariq 2017)
in their studies for stainless steel contacts. The peak heat flux for 200kPa interfacial

pressure condition was estimated to be 56.06 kW/m?,

The application of higher interfacial pressure for enhancing contact heat transfer is not
an ideal solution particularly for the applications involving miniaturization. Hence, a
more ideal approach is to introduce a TIM between two surfaces at contact. Thus,
silicone grease was chosen as TIM because of its excellent wettability, stability and
lower modulus. For interfaces with silicone grease as TIM, the peak heat flux values
for loading conditions of no load, 40 kPa, 100 kPa and 200 kPa were found to be 31.71,
50.35, 64.86 and 65.43kW/m? respectively. Figure 5.11 shows the comparison of peak
heat flux values obtained for bare interfaces and for the interfaces with silicone grease
TIM. In each of the interfacial loading condition the application of silicone grease as
TIM resulted in an appreciable increase in peak heat flux. The application of TIM at
the interface results in the replacement of air which is a poor conductor of heat. In
addition to the higher thermal conductivity of silicone grease, excellent wettability,
decrease in viscosity with increased temperature and lower modulus aid in enhanced

heat transfer as the TIM flows in to the voids that exist at the interface.

In addition to peak heat flux, the area under the heat flux transients was determined.

This gives integral heat flow and is a quantitative measure of the heat flow into the sink.

The integral flow was calculated by using the following equation
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Q= [ qadt 5.1)

Where Q is the integral heat flow, q is the heat flux, t is the time.
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Figure 5.12 Variation of Integral heat flow with time for Cu-Cu a) bare interface b)

interface with SG TIM

a

Figure 5.12 show the variation in integral heat flow with time at different interfacial
loading conditions for both bare interface and for interfaces with silicone grease as

TIM. For the purpose of comparison, the integral curve for the first 100 seconds was
plotted.

It was observed that the area under curve increases as the interfacial pressure is
increased. The increase in the area under curve indicates that, at higher interfacial
pressures the heat transferred to the lower specimen increases. Thus, higher interfacial
pressures result in better conformance of the interfaces owing to the increase in the
contact area. However, it is observed that for bare interfaces as the interfacial pressure
increases, the percentage increase in heat flow across the interface decreases. The
percentage increase in heat flow as the interfacial pressure is increased from no load
condition to 40kPa and further from 40kPa to 100kPa was about 62% and 40%
respectively. Further, the percentage increase in heat flow as the interfacial pressure
was increased from 100kPa to 200kPa was only about 15.46%. This is attributed the
fact that there is no much scope in increasing the contact area as the application of

100kPa interfacial pressure would have brought significant deformation leading to a
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better thermal contact at the interface. Figure 5.12 b shows the variation in integral
heat flow when SG was used as TIM. The application of SG as TIM results in
enhancement of heat across the specimen. From the graph and from the integral flow
data that has been shown in the Table 6, it is evident that, under transient conditions,
the application of silicone grease TIM increases heat flow across the interface. The
percentage rise in heat flow was as high as 67% under no load condition and at higher

interfacial pressure of 200kPa the increase was about 17.46%.

Table 6 Values of peak heat flux and integral heat flow for Cu-Cu interface

sl No TII\/I/in_te_rface Igtrtzrsfsicrlgl Peak heatzflux Integral leow
condition (kPa) (KW/m?) (MJ/m?)
1 bare contact NL 17.52 1.27
2 bare contact 40 32.04 2.07
3 bare contact 100 48.53 2.91
4 bare contact 200 56.06 3.36
5 SGTIM NL 31.71 2.13
6 SGTIM 40 50.35 2.95
7 SGTIM 100 64.86 3.56
8 SGTIM 200 65.43 3.94

Experiments showed that for bare contacts, increasing the interfacial pressure from no
load condition to 200 kPa resulted in a rise of 164% in the integral heat flow value,
whereas in the case of interfaces with SG, an increase in the interfacial pressure from
no load to 200kPa resulted in 84.97% rise in the value. This indicates that the effect of
interfacial pressure on thermal contact resistance is significant when there is no use of
TIM. In the presence of TIM, the effect of interfacial pressure on heat transfer is less

significant.

In order to characterize heat transfer across the interface, a dimensionless transient

temperature was defined.
The dimensionless transient temperature was found as follows

®= (Tmax'TZ) / (Tmax'Ti) where (52)
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O is the dimensionless transient temperature, T» is the temperature at 3mm below the
interface in the lower specimen, Tmax is the temperature to which the upper body is

heated, Ti is the initial temperature.
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Figure 5.13 Variation in dimensionless temperature (®) with time for Cu-Cu interfaces
a) bare contacts b) interfaces with SG TIM

The dimensionless transient temperature gives a qualitative account of the rate at which
heat is extracted from the heat source to the heat sink. Figure 5.13 clearly shows that
for Cu-Cu interfaces, as the interfacial pressure increases the heat absorbed also
increases. In the case of bare contacts, the time taken by heat sink to reach 50% of the
maximum temperature is about 200s under no load condition. Upon applying SG the
corresponding time taken reduces to about 100s. When the interfacial pressure is
increased to 200kPa in the case of bare interfaces, the time taken for the heat sink to
reach 50% of the maximum temperature is about 80s. The application of silicone grease
for interfaces subjected to 200 kPa interfacial pressure, the time taken to reach 50% the
maximum temperature reduces to about 50s. Thus, the study reveals that subjecting the
interfaces to higher interfacial pressure and the application of silicone grease as TIM
results in faster extraction of heat. The faster transfer is attributed to the fact that as the
interfacial pressure increases the number of contact point theoretically increases which
results in greater establishment of link between upper body and lower body resulting in

lower degree of air barrier. The lower degree of air barrier would result in faster
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propagation of heat across the interface. Further, the application of silicone grease as
TIM would result in the source and sink material to be more contiguous physically,

resulting in faster propagation of heat.

5.2 Effect addition of MWCNT in heat transfer across the metal-metal interface
5.2.1 Results

Experiments were carried out to study the effect of the addition of MWCNTS to the
TIM on contact heat transfer for Cu-Cu interfaces with L/D=1. Figures 5.14 and 5.15
show the variation of temperature with time for Cu-Cu interfaces with 0.1 wt%
MWCNT SG TIM under no load and 200kPa interfacial pressure respectively. Figure
5.16 and 5.17 shows the variation of temperature with time for Cu-Cu interfaces with
1 wt% MWCNT SG TIM under no load and 200kPa interfacial pressure respectively.
Figure 5.18 and 5.19 show the variation in SS; and SST for Cu-Cu interfaces with 0.1
wt% and 1 wt % MWCNT SG TIM respectively.

Temperature (°C)

0 | 2|0 | 4|0 | 6IO | 8|O '1(|)0'1é0'14|10
Time (s)
Figure 5.14 Variation of temperature with time for Cu-Cu interfaces, interfacial

conditions: 0.1 wt% MWCNT- SG TIM, no load
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Figure 5.15 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: 0.1 wt% MWCNT- SG TIM and 200 kPa
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Figure 5.16 Variation of temperature with time for Cu-Cu interfaces, interfacial

conditions: 1 wt% MWCNT- SG TIM, no load
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Figure 5.17 Variation of temperature with time for Cu-Cu interfaces, interfacial
condition: 1 wt% MWCNT -SG TIM and 200kPa
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Figure 5.18 Variation of SSt and SST with interfacial pressure for Cu-Cu interfaces
with 0.1 % MWCNT SG TIM
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Figure 5.19 Variation of SStand SST with interfacial pressure for Cu-Cu interfaces
with 1 % MWCNT SG TIM

5.2.2 Discussion

Figures 5.20 - 5.23 show the interfacial heat flux transients when SG and MWCNT-
Silicone grease was used as TIM for Cu-Cu interface with L/D ratio of 1 under no load,
40kPa, 100kPa and 200kPa interfacial pressure respectively.

—O— NL- SG
—O— NL- 0.1 wt% MWCNT-SG
—— NL- 1 wt% MWCNT- SG
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Figure 5.20 Variation of heat flux with time for Cu-Cu interfaces, interfacial
conditions: SG TIM , MWCNT-SG TIM, no load conditions
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Figure 5.21 Variation of heat flux with time for Cu-Cu interfaces, interfacial

conditions: SG, 0.1wt% MWCNT-SG, 1 wt% MWCNT-SG as TIMs and 40kPa
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Figure 5.22 Variation of heat flux with time for Cu-Cu interfaces, interfacial

conditions: SG, 0.1 wt% MWCNT-SG , 1wt% MWCNT-SG as TIMs and 100kPa
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Figure 5.23 Variation of heat flux with time for Cu-Cu interfaces, interfacial
conditions: SG, 0.1 wt% MWCNT-SG, 1wt% MWCNT-SG as TIM and 200kPa

The application of 0.1 wt% MWCNTSs —SG at no load condition resulted in the peak
heat flux to rise to the value of 52.62kW/m?. Thus, the addition of MWCNTs resulted
in a significant rise in peak heat flux as compared to the peak heat flux value of
31.71kW/m? when pristine silicone grease was used as TIM. Further, increasing the
weight fraction to 1 % resulted in the peak heat flux dipping to a lower value of
43.47kW/m?. The integral flow values also showed similar trend of an increase when
0.1 wt% MWCNTSs were added for no load condition. Further, the integral flow dipped
as the weight concentration of MWCNTSs was increased to 1wt%. In fact, the integral
flow deteriorated for all interfacial pressures when 1 wt% MWCNT — SG was used as
TIM as compared to 0.1 wt%-MWCNT-SG. It is clear from the experiments that the
addition of silicone based TIMs increases the heat transfer across the interface. The
results also indicate that, MWCNT impregnated silicone grease with 0.1 wt% shows
superior performance when compared to the silicone grease with 1 wt% MWCNTSs. The
possible explanation for the deterioration could be based on rheology of the particle
laden polymer TIMs. In the present study it is assumed that the MWCNT based silicone
greases as being deviating from Newtonian behaviour owing to the addition of
MWCNTSs in to the matrix. Even though non-Newtonian behaviour holds best for

particle laden TIMs with high loading, we assume that the larger aspect ratio of
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MWCNTSs helps in achieving percolation at lower loading conditions which has been
in this case. It has been reported in the literature (Prasher et al. 2003) that higher particle
concentration leads to increased viscosity which leads to higher yield stress of TIMs.
The increase in viscosity decreases the spreadability of TIMs employed. Thus, increase
in MWCNTSs from a weight concentration of 0.1 to 1 % results in the enhancement of
the resistance to heat transfer. The values of peak het flux and integral flow for Cu-Cu
interface with SG, MWCNT-SG TIMs at different interfacial pressure has been
tabulated in the Table 7.

Table 7 Peak heat flux and integral heat flow for Cu-Cu interfaces

Interfacial Peak heat Integral
SI No TIM pressure flux heat flow
kPa (KW/m?) (MJ/m?)
1 SG NL 31.71 2.13
SG with 0.1 wt %
2 MWCNT NL 52.62 2.97
3 SG with 1 wt % MWCNT NL 43.47 2.66
4 SG 40 50.35 2.95
SG with 0.1 wt %
5 MWCNT 40 57.94 3.21
6 SG with 1 wt % MWCNT 40 53.50 3.15
7 SG 100 64.86 3.56
SG with 0.1 wt %
8 MWCNT 100 64.33 3.78
9 SG with 1 wt % MWCNT 100 62.86 3.76
10 SG 200 65.43 3.94
SG with 0.1 wt %
11 MWCNT 200 64.96 3.89
12 SG with 1 wt % MWCNT 200 65.74 3.98

72



5.3 Assessment of thermal conformance parameters for Cu-Cu metal interfaces.

To assess the thermal conformance of metal-metal interface, a dimensionless
source/sink heat transfer parameter, I] was defined. For calculating the parameter I], the
heat required for the source material (Q1) to reach 70°C and the heat absorbed by the
sink (Q2) during the same time interval were used. I] was calculated as the ratio, Q2/Qx.
The heat required to reach 70°C for the source (Q1) was calculated using Newtonian
approach and Q- was estimated by using inverse method. The heat flux transients were
integrated for the time interval during which the source reaches 70°C. The integral
value gives the total heat required per unit area for the source to attain 70°C. The values
were verified by using the equation Q= mCpAT where mCp is the volumetric heat
capacity of the source material and AT is the temperature difference between 70°C and
the initial temperature of the chill/sink. For example, in the case of source/sink
combination (Cu/Cu), the total heat estimated was 3708 kJ/m? which is in good

agreement with the total heat calculated (3684 kJ/m?) by the mCpAT equation.

Further, it was found that as the interfacial pressure was increased the I] value also
increased for Cu-Cu interfaces. The values of I] for different interfacial pressure have
been tabulated in the Table 8. The application of TIMs also resulted in enhanced I}
suggesting superior heat transfer. Also, it was observed that with increase in the
thermal conformance between the source and the sink, the time (tg) required for the
source to reach the target temperature of 70°C increases. As the overall thermal
resistance at the interface decreases, heat from the source is more efficiently transferred
to the sink from the beginning of the experiment and as a result the source takes more
time to reach the target temperature. Another thermal conformance parameter,
dimensionless temperature (©) was defined as the ratio of the sink to the source
temperatures at the time when the source reaches the target temperature. The ratio
increased significantly with the application of interfacial pressure and TIM. The effect
of thermal conformance was reflected in the following experimentally measured
maximum temperature drop (ATmax) and estimated heat transfer coefficients
corresponding to (ATmax). The values of ATmax and the heat transfer coefficient

corresponding to ATmax has been tabulated in the Table 9. The heat transfer coefficient
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(h) was calculated as the ratio of interfacial heat flux to the temperature drop at the

interface.

Table 8 Thermal conformance parameters for Cu-Cu metal interface

Interfacial Heat Time to Sink 0= Heat 1=
pressure required reach | temperature | T2/T: | absorbed | Q2/Qi
(kPa) for the 70°C(tg) T2 (°C) by the
source to (s) sink
reach during tg
70°C (Q1) (Q2)
kJ/m? kJ/m?
Cu-Cu bare interface
NL 3708 40.2 30.7 0.43 377 0.10
40 3562 443 36.98 0.52 753 0.21
100 3780 44.2 40.16 0.57 1127 0.30
200 3855 48.6 44.36 0.63 1611 0.42
Cu-Cu interface with TIM (SG)
NL 3507 37.6 36.30 0.51 623 0.18
40 3532 47.4 45.36 0.64 1365 0.39
100 3581 52.7 56.35 0.80 2576 0.72
200 3657 59.2 60.94 0.87 2806 0.77

Table 9 HTC and AT max parameters for Cu-Cu bare and interfaces with TIMs

subjected to various interfacial pressures

Cu-Cu bare interfaces
Interfacial | ATmax, h (W/m?k) at ATmax
pressure | ('C)
(kPa)
NL 41.9 423
40 34.07 944
100 30.19 1584
200 25.52 2155
Cu-Cu interfaces with TIM (SG)
NL 34.72 912
40 24.38 2099
100 14.36 4377
200 9.40 6745
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5.4 Assessment of thermal conformance parameters for Al-Al metal interfaces

5.4.1 Results

Thermal conformance of Al-Al interfaces was studied by using inverse heat conduction
approach. Figures 5.24 - 5.27 show the thermal history of Al-Al interfaces with
different interfacial conditions. Figures 5.28 - 5.29 show the variation of SS; and SST
for Al-Al bare interfaces and for interfaces with SG TIM.

Temperature (°C)

20 T T T T T T T T T T T T T
0 50 100 150 200 250 300 350
Time (s)

Figure 5.24 Variation of temperature with time for Al-Al bare interfaces under no load

Temperature (°C)

20 T T T T T T T T T T T T T T T
0O 20 40 60 80 100 120 140 160
Time (s)
Figure 5.25 Variation of temperature with time for AI-Al interfaces, interfacial

conditions: SG TIM, no load
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Figure 5.26 Variation of temperature with time for Al-Al bare interfaces under
200kPa
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Figure 5.27 Variation of temperature with time for Al-Al interfaces, interfacial
condition: SG TIM and 200kPa
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Figure 5.28 Variation of SS; and SST with interfacial pressure for Al-Al bare
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Figure 5.29 Variation of SS;tand SST with interfacial pressure for Al-Al interfaces
with SG TIM
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5.4.2 Discussion

The thermal conformance was assessed for Al-Al interfaces. Figure 5.30 shows the
estimated heat flux transients for a typical Al-Al metal bare contact. The sink heat flux
transients were estimated using the inverse heat conduction analysis

60

—+— NL Bare contact
A —o— 40 kPa Bare contact
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Figure 5.30 Typical plot showing the variation in heat flux with time for Al-

Al bare interface for various interfacial loading conditions
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Figure 5.31 Typical plot showing the variation in heat flux with time for Al-Al
interface with SG as TIM for various interfacial loading conditions
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It is evident that for Al-Al interface the heat flux transients increased with increase in
the interfacial pressure. The increase in heat flux was attributed to the increased the
contact area at the interface with increase in the interfacial pressure resulting in
enhanced heat transfer across the interface. Further, the effect of application of TIMs
on heat transfer was studied. Figure 5.31 shows a typical heat flux transient curve for
Al-Al interfaces with silicone grease as TIM. The magnitude of the heat flux transients
increased with the application of silicone grease TIM. The silicone grease TIM replaces
the low thermal conductive air at the interfacial asperities resulting higher degree of
thermal conformance. The thermal conformance parameters were estimated and
tabulated in the Table 10. The HTC and ATmax parameters are given in Table 11. The
thermal conformance parameters I),0, tgalong with HTC were found to increase with
the increase in the interfacial pressure and with the application of TIM thus enhancing
the thermal conformance of the interfaces. Further, AT max reduces with application of

TIMs and with enhanced interfacial pressure thus increasing the thermal conformance.

Table 10 Thermal conformance parameters for Al-Al metal interface.

Interfacial | Heat Time to Sink 0= Heat =
Pressure | required | reach | temperature | T2/T1 | absorbed | Q2/Q:
(kPa) for the | 70°C(tg) O T2 by the
source (s) sink
to reach during tg
70°C (Q2)
(Qv kJ/m?
kJ/m?
Al-Al Bare Interface
NL 2606 31.5 33.18 0.47 277 0.10
40 2651 30.8 38.14 0.54 697 0.26
100 2561 33 43.92 0.62 889 0.35
200 2588 37.1 48.60 0.69 1218 0.48
Al-Al Interface with TIM (SG)
NL 2651.03 30.2 37.52 0.53 572 0.21
40 2654.78 33.2 42.85 0.61 905 0.35
100 2555.64 34.4 50.14 0.71 1315 0.51
200 2621.36 43 .4 56.84 0.81 1750 0.67
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Table 11 HTC and AT max parameters for Al-Al interfaces subjected to various

interfacial pressures

Al-Al bare interfaces
Interfacial ATmax, h (W/m?k) at ATmax

pressure ('C)
(kPa)
NL 38.27 479
40 33.15 1234
100 26.11 1652
200 21.33 2511

Al-Al interfaces with TIM (SG)
Interfacial ATmax, h (W/m?k) at ATmax

pressure ('C)
(kPa)
NL 32.52 1167
40 26.95 1869
100 19.31 3161
200 12.62 4538

5.5 Estimation of thermal conformance parameters (I],0,tg) for dissimilar metal

contacts

5.5.1 Results

The thermal conformance was assessed for dissimilar metal-metal interfaces. The
experiments were conducted for bare dissimilar interface. Apart from the bare
interfaces, interfaces with TIMs were also studied. The TIMs used were SG (Silicone
grease) and CTG (commercially available thermal grease). Figures 5.32-5.33 show the
variation of temperature with time for Al-Cu bare interfaces under no load and 200kPa
interfacial pressure respectively. Figures 5.34-5.35 show the variation in temperature
with time for Cu-Al bare interfaces under 40kPa and 100kPa interfacial pressure
respectively. Figure 5.36 shows the variation of temperature and time for Al-Cu
interfaces with SG TIM under no load. Figure 5.37 shows the variation of temperature
and time for Cu-Al interfaces with CTG TIM under no load
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Figure 5.32 Variation of temperature with time for Al-Cu bare interfaces under no

load
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Figure 5.33 Variation of temperature with time for Al-Cu bare interfaces under
200kPa interfacial pressure
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Figure 5.34 Variation of temperature with time for Cu-Al bare interfaces under
40 kPa interfacial pressure
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Figure 5.35 Variation of temperature with time for Cu-Al bare interfaces under
100 kPa interfacial pressure
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Figure 5.36 Variation of temperature with time for Al-Cu interfaces, interfacial

condition: SG TIM and no load
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Figure 5.37 Variation of temperature with time for Cu-Al interface, interfacial
conditions: CTG TIM and no load
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5.5.2 Discussion

Figure 5.38 shows the variation of heat flux with time for Cu-Al bare interfaces. It is
clear from the figure that the increase in interfacial pressure leads to enhanced heat
transfer across the interface. It is interesting to note that the value of the conformance
parameter I] depends not only on the interfacial pressure and the TIM, but is also
affected by the source and sink materials. When copper was used as the sink in the
presence of interfacial pressure and CTG, the value of the conformance parameter
obtained was greater than 1. The interfacial pressure and TIM decrease the thermal
contact resistance at the interface by improving the contact condition at the interface.
At higher interfacial pressures, the effect of interfacial pressure on the conformance
parameter was not significant. Sink materials like copper having high thermal effusivity
of 36970 Jm K> enhances the ability of the sink to absorb heat. Further, high
conductivity copper decreases the thermal resistance offered by the material to the

transfer of heat from the source to the sink.

—o— NL Bare contact
—o— 40 kPa Bare contact
—— 100 kPa Bare contact
—v— 200 kPa Bare contact

Heat Flux (kW/m?)

T T
0 20 40 60 80 100 120 140 160 180
Time (s)

Figure 5.38 Effect of interfacial pressure on heat flux for Cu-Al bare interface

Similarly, high thermal diffusivity source material increases the ability of the source
material to dissipate heat to the sink at a faster rate. Also, it was observed that with
increase in the thermal conformance between the source and the sink, the time (tg)
required for the source to reach the target temperature of 70°C increases. As the overall
thermal resistance at the interface decreases, heat from the source is more efficiently

transferred to the sink from the beginning of the experiment and as a result the source
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takes more time to reach the target temperature. This is particularly important during
heat transfer in microelectronic devices where the device is not expected to reach the
upper limit of the specified temperature range generally set for industrial applications.
The variations in the thermal conformance parameters of n and tq for different
combinations of dissimilar metal-metal interface has been tabulated in Table 12. From
the experiments it has been observed that the heat absorbed at the Cu-Cu bare interface
was only 376 kJ/m? and the corresponding heat absorbed by the Al-Cu bare interface
was 863 kJ/m?. Further, dimensionless temperature (©) increased significantly with the
application of interfacial pressure and TIM. The ratio was minimum (~0.43) for the
Cu/Cu bare interface and maximum (~0.92) for Cu-Al and Al-Cu dissimilar metals
under interfacial pressure of 200kPa and with CTG as the TIM. Experiments revealed
that even in case of dissimilar metal-metal interfaces, the interfacial pressure and TIMs
has an effect on the thermal conformance. As the interfacial pressure increases the AT
max decreases and the HTC increases indicating superior heat transfer. The values of AT
max and the HTC for various combinations of dissimilar metal-metal contacts with TIMs
of varying thermal conductivity has been tabulated in the Table 13.

85



Table 12 Thermal conformance parameter of I],0,tg for dissimilar metal contacts

Heat Time to Source Sink 0= Heat =
Interfacial | required | reach | temperature | temperature | T2/T1 | absorbed | Q2/Q1
Pressure for the | 70°C(tg) CO T °O) T2 by the
(kPa) source (s) sink
to reach during tg

70°C (Q2)

Q1) kJ/m?

kJ/m?

Al-Cu bare Interface
NL 2438 29.7 70 39.48 0.56 863 0.36
40 2515 323 70 44.81 0.64 1220 0.49
100 2580 36.9 70 47.66 0.68 1705 0.67
200 2635 43.5 70 51.79 0.73 1920 0.73
Al-Cu Interface with TIM(SG)
NL 2509 37.4 70 53.57 0.76 2076 0.83
40 2573 42.8 70 59.90 0.85 2630 1.03
100 2598 45.6 70 62.68 0.89 2976 1.15
200 2581 48.7 70 64.40 0.92 3079 1.2
Al-Cu Interface with TIM (CTG)
NL 2487 39.1 70 58.59 0.83 2475 0.99
40 2504 424 70 62.24 0.88 2805 1.12
100 2473 44 70 62.60 0.89 2828 1.14
200 2596 47.8 70 64.10 0.91 3068 1.19
Cu-Al bare Interface
NL 3544 324 70 41.01 0.58 619 0.18
40 3551 37.6 70 49.47 0.70 1129 0.32
100 3850 40.2 70 50.07 0.71 1542 0.40
200 3709 42 70 55.53 0.79 1716 0.47
Cu-Al Interface with TIM (SG)
NL 3445 38.6 70 56.52 0.80 1586 0.47
40 3531 39.9 70 58.08 0.82 1799 0.50
100 3526 41.7 70 63.17 0.90 1934 0.55
200 3649 45.1 70 64.01 0.91 2093 0.58
Cu-Al Interface with TIM (CTG)

NL 3548 40.9 70 62.59 0.89 2058 0.59
40 3918 44.7 70 65.23 0.93 2174 0.56
100 3629 44.5 70 65.08 0.92 2125 0.59
200 3694 46.5 70 65.14 0.93 2249 0.60
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Table 13 HTC and AT max parameters for dissimilar contacts

Al-Cu Bare interfaces
Interfacial ATmax, h (W/m?K) at ATmax
pressure (C)
(kPa)
NL 31.59 1695
40 25.26 2870
100 21.89 3547
200 18.58 3827
Al-Cu TIM (SG)
NL 16.11 5429
40 9.92 8407
100 6.99 12406
200 5.41 15096
Al-Cu TIM (CTG)
NL 10.92 8554
40 7.37 12495
100 6.96 12483
200 5.36 15213
Cu-Al Bare interfaces
NL 29.18 1297
40 20.33 2672
100 19.59 3035
200 13.66 4227
Cu-Al TIM (SG)
NL 13.31 4872
40 11.40 5627
100 6.74 9444
200 5.62 10793
Cu-Al TIM (CTG)
NL 7.02 10171
40 5.73 13137
100 4.38 14886
200 4.40 14041
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5.6 Estimation of thermal conformance assessment parameter (TCAP) for various
metal-metal contacts

To assess the thermal conformance between the source and the sink materials, a thermal
conformance assessment parameter (TCAP) was proposed and is given by

TCAP= (A*B) + C0%5 (5.3)

Where A is the thermal diffusivity of the source material, k/(pCp), B is the thermal

effusivity of the sink material, VkpCp , C is the interfacial pressure.

The variations of the ), ATmax, © and HTC at ATmax were modelled as function of TCAP
and load for the various combinations and are shown in figures 5.39-5.42. TCAP was
normalized with respect to its maximum value so that the maximum and minimum
values lie between zero and one. It was observed that all combinations excluding Cu-
Cu interfaces showed a linear trend with the TCAP. The discrepancy was attributed to
the high thermal conductivity of Cu-Cu interfaces with the interface becoming the
overriding factor affecting the heat transfer across the source/sink interface. Hence, for
Cu-Cu interfaces, only load was considered to quantify the heat flux parameters. Cu-
Cu interfacial heat transfer depended only on the interfacial pressure and the
thermophysical properties of the copper had no significant effect. Figure 5.43 shows
the variation of estimated time vs TCAP for bare and interfaces with TIM (SG). It is
evident from the graph that for a given TCAP the estimated time to reach tg increases
with the application of TIMs. Thus, the application of TIMs enhances heat transfer

across the interface.
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TCAP for Al-Al, Al-Cu, Cu-Al Bare interfaces
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pressure for Cu-Cu bare interfaces
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5.7 Effect of Surface roughness and high thermal conductive TIMs on thermal
conformance of Cu- Cu interface.

5.7.1 Results

Thermal conformance analysis was conducted for Cu-Cu interfaces with smooth
surface finish. The thermal history of the specimens was measured. Figure 5.44 and
5.45 show the variation in temperature with time for Cu-Cu bare interfaces and Cu-Cu
interfaces with SG TIM under no load respectively. Figure 5.46 and 5.47 show the
thermal history for Cu-Cu interfaces with CTG TIM and STP TIM respectively.
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Figure 5.44 Variation of temperature with time for Cu-Cu bare interfaces,

interfacial conditions: no load, smooth surface finish
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Figure 5.45 Variation of temperature with time for Cu-Cu interfaces, interfacial

conditions: SG TIM, no load, smooth surface finish
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Figure 5.46 Variation of temperature with time for Cu-Cu interfaces, interfacial

conditions: CTG TIM, no load, smooth surface finish
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Figure 5.47 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: STP TIM, no load, smooth surface finish
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5.7.2 Discussion

The thermal conformance of Cu-Cu interfaces with smooth surface finish was
ascertained. The average surface roughness values (Ra) of the interfaces were 21.5 nmz+
4.94nm. The conformance was studied by subjecting the interfaces to interfacial
pressure from no load up to the range of 200kPa. The experiments were initially
conducted for bare interfaces. Subsequently the interfaces were laced with TIMs with
thermal conductivity ranging from 0.025W/m K to 7W/m K. The results of the
experiments were tabulated in the Tables 14-17. It is evident from the experiments that
for bare interfaces, increasing the interfacial pressure resulted in enhanced heat transfer.
Similar trend was also observed for Cu-Cu interfaces with relatively rough surface
finish. The experiments indicate that smooth surface finish results in enhanced thermal
conformance. Among the TIMs employed, the application of STP resulted in superior
heat transfer owing to the higher thermal conductivity. Further, beyond 40kPa, the
application of interfacial pressure resulted in insignificant changes in the heat transfer

across the interface.

Table 14 Effect of interfacial pressure on thermal conformance of bare Cu-Cu

interface of smooth surface finish

Interfacial

pressure n (§) tg ()
(kPa)
NL 0.44+0.04 | 0.65+0.03 | 42.53+2.95
40 0.62+0.01 | 0.78+0.005 | 47.23+1.22
100 0.61+0.01 | 0.77+0.005 | 47.8+2.56
200 0.68+0.04 | 0.82+0.02 |53.16+2.73
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Table 15 Effect of interfacial pressure on thermal conformance of smooth surface

finish Cu-Cu interface with SG TIM

Interfacial

pressure n o tz (S)

(kPa)
NL 0.53+0.09 | 0.73£0.05 43.73+1.41
10 0.7+0.02 0.82+0.01 52.16+0.70
20 0.71£0.01 | 0.83%£0.01 51.13+£0.87
40 0.77+£0.05 | 0.88+0.02 48.9+3.12
100 0.82+0.01 | 0.90+0.01 50.66+1.80
200 0.8+0.01 | 0.89+0.005 | 51.56+1.80

Table 16 Effect of interfacial pressure on thermal conformance of smooth surface
finish Cu-Cu interface with CTG TIM

Interfacial

pressure n (S tg(s)

(kPa)
NL 0.74 0.85 52.74+2.68
10 0.77+0.01 | 0.865+0.007 | 51.15+1.20
20 0.80+0.007 | 0.895+0.007 | 50.7+0.98
40 0.82+0.02 | 0.91+0.01 52.93+1.89
100 0.82+0.02 | 0.90+0.01 53.33+0.28
200 0.84+0.01 | 0.91+0.005 | 56.73+1.55
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Table 17 Effect of interfacial pressure on thermal conformance of smooth surface
finish Cu-Cu interface with STP TIM

Interfacial
pressure n o ts ()
(kPa)
NL 0.75+0.005 | 0.87 49.7+0.95
10 0.80+£0.01 | 0.89 53.5+1.37

20 0.84+0.01 | 0.91+0.005 | 55.16+1.20

40 0.87+0.01 | 0.93 55.54£2.06
100 0.86+0.005 | 0.93 53.8
200 0.90 0.95+0.005 | 61.13£2.02

5.8 The effect of interfacial pressure on heat transfer between Brass-Brass metallic
contacts with interfacial media of varying thermal conductivity

5.8.1 Results

Figures 5.48 - 5.53 show the thermal history of Brass-Brass interfaces for various

interfacial conditions.
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Figure 5.48 Variation of temperature with time for Brass-Brass bare interfaces

under 10kPa interfacial pressure
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Figure 5.49 Variation of temperature with time for Brass-Brass bare interfaces
under 20kPa interfacial pressure
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Figure 5.50 Variation of temperature with time for Brass-Brass bare interfaces under
200kPa interfacial pressure
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Figure 5.51 Variation of temperature with time for Brass-Brass interfaces, interfacial
conditions: SG TIM and no load
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Figure 5.52 Variation of temperature with time for Brass-Brass interfaces, interfacial
conditions: CTG TIM and no load
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Figure 5.53 Variation of temperature with time for Brass-Brass interfaces, interfacial

conditions: STP TIM and no load
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5.8.2 Discussion

The thermal conformance of brass-brass interface was studied by subjecting the
interfaces for interfacial pressure conditions ranging from no load to 200kPa with TIMs
having varied thermal conductivity. The results of the experiments were tabulated in the
Tables 18-21. It is evident from the experiments that for bare interfaces, increasing the
interfacial pressure resulted in enhanced heat transfer. Similar trend was also found for
Cu-Cu interfaces. The experiments indicate that superior surface finish results in
enhanced thermal conformance. Among the TIMs employed, the application of STP

resulted in superior heat transfer owing to the higher thermal conductivity.

Table 18 Effect of interfacial pressure on thermal conformance of bare brass-
brass interface

Interfacial
pressure n (S tg (s)
(kPa)
NL 0.20 0.524+0.015 | 40.03+2.62
40 0.48+0.01 0.72 44.76+1.44
100 0.50+0.03 0.73+0.02 45.56+0.30
200 0.59+0.015 | 0.78+0.005 | 54.3+1.81
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Table 19 Effect of interfacial pressure on thermal conformance of brass-brass
interface with SG TIM

Interfacial
pressure n (§) tg (S)
(kPa)
NL 0.37+0.02 0.65 42.05+0.21
10 0.48+0.02 0.71+0.02 48.55+1.34
20 0.56+0.03 0.76+0.02 49.03+1.19
40 0.71+0.01 0.86+0.01 49.4+0.26
100 0.72 0.88 49.16+0.73
200 0.77 0.91 55.83+0.75

Table 20 Effect of interfacial pressure on thermal conformance of brass-brass
interface with CTG TIM

Interfacial
pressure n (§) tg (S)
(kPa)
NL 0.45 0.7£0.01 44.8+1.41
10 0.71+0.01 0.86 55.76+2.04
20 0.73+0.02 0.88 55.2+3.67
40 0.76+0.01 0.89 54.96+2.65
100 0.76+0.01 0.89 54.06+2.13
200 0.79 0.92 58.03+0.35
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Table 21 Effect of interfacial pressure on thermal conformance of brass-brass
interface with STP TIM

Interfacial
pressure 1 §) ty (S)
(kPa)
NL 0.69 0.83 51.4
10 0.74 0.88 54.3+0.8
20 0.73 0.88 53.2+0.36
40 0.73 0.88 47.16+1.32
100 0.73 0.89 45.56+0.63
200 0.76 0.9 50.8+0.4
80
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Figure 5.54 Effect of interfacial pressure on heat flux for the Brass-Brass bare

interface

Figure 5.54 shows the variation of heat flux transients with time for Brass-Brass bare
interfaces subjected to various interfacial pressures in the range of no load to 200kPa.

It was found that increasing the interfacial pressure results in enhanced heat flux
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transients across the interface. Figure 5.55 shows the effect of interfacial conditions on
the heat transfer for Brass-Brass interfaces. Experiments reveal that the thermal
conductivity of the TIMs play a role in determine the magnitude of heat transfer.
Increasing the thermal conductivity of TIMs results in enhancement of heat transfer.
Among the TIMs, application of STP TIM results in superior heat transfer when
compared to SG TIM and CTG TIM owing to greater thermal conductivity of STP TIM.
At higher loads, there was no significant difference in heat flux transient values of
interfaces with SG TIM when compared to interfaces with CTG TIM. This could be

attributed to the fact that the difference in thermal conductivity of SG TIM and CTG
TIM is very minimal.
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Figure 5.55 Effect of the interfacial condition on heat flux transients for Brass-Brass
interface: (a) 2kPa (b) 40kPa (c) 100 kPa and (d) 200 kPa

Figures 5.56 - 5.59 show the effect of interfacial pressure on heat transferred (Q2) to the
sink in the case of bare, SG TIM, CTG TIM and STP TIM respectively. Experiments

reveal that as the thermal conductivity increases the limiting value of the interfacial
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pressure reduces. In case of STP TIM which has the highest thermal conductivity among
the TIMs studied in the present study, the effect of interfacial pressure was insignificant
suggesting that the role of interfacial pressure diminishes as the TIM with higher

thermal conductivity is applied.

400—- .

0 20 40 60 80 100120140160180200220
Interfacial pressure (kPa)

Figure 5.56 The effect of interfacial pressure on heat transferred (Q2) to the sink for

Brass-Brass bare interface (interfacial medium is air)
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Figure 5.57 The effect of interfacial pressure on heat transferred (Qz) to the

sink for Brass-Brass interface with TIM (SG)
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Figure 5.58 The effect of interfacial pressure on heat transferred (Q2) to the
sink for Brass-Brass interface with TIM (CTG)
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Figure 5.59 The effect of interfacial pressure on heat transferred (Q2) to the sink
for Brass-Brass interface with TIM (STP)
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Figure 5.60 The effect of thermal conductivity of TIMs on heat transferred to the

sink
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The effect of interfacial pressure and thermal conductivity of the interfacial medium on
heat transfer was determined by estimating the magnitude of heat absorbed by the sink
material. The average surface roughness (Ra) of the brass source and sink were 23.32 +
7.67 nm and 19.08 £ 9.70nm respectively. The heat flux transients were integrated till
the source material reached a target temperature of 70°C. The integrated values were
multiplied by the contact area to obtain the total heat flow (Q2) to the sink material. Q1
is the heat required to raise the temperature of the source to the target temperature of
70°C. Figure 5.56 shows the variation of Q> with the interfacial pressure for Brass-
Brass bare interfaces. As the interfacial pressure was increased from no pressure
condition to higher interfacial pressure conditions, the heat flux also increases. This is
attributed to the increase in contact area at the interface as the interfacial pressure is
increased. Apart from the heat flux the, average value heat transferred to the sink (Q)
in case of bare interfaces for NL, 10kPa, 20kPa, 40kPa, 100kPa and 200kPa is
365,785,918,972,1028,1203 J respectively. Thus, the effect of interfacial pressure on
heat transfer in the case of Brass-Brass bare interfaces was significant. It can be
concluded that as the interfacial pressure increases the Q- also increases. However, the
rate at which the Q: increases decrease with the increase in interfacial pressure. The
experiments were conducted for interfaces with SG as TIM. Under no load conditions,
as SG was applied, the average heat transferred was recorded to be 579 J. Thus, there
was a 59 pct increase in the heat transferred across the interface upon application of SG
TIM when compared to bare interfaces under no load conditions. Figure 5.57 shows the
effect of interfacial pressure on heat transferred (Q2) to the sink with TIM (SG) at the
interface. The heat transfer values were 867J and 1020J when the pressure was
increased to 10kPa and 20kPa respectively. The experiments revealed that the
application of TIM resulted in enhancement in heat transferred across the interface.
Further, as the interfacial pressure was increased to 40kPa, there was a 114 pct increase
in heat transfer for interfaces with SG as TIM when compared to interfaces with SG as
TIM under no load conditions. However, beyond 40kPa the enhancement in heat
transfer is insignificant as there was only about 10 pct increase in the heat transferred
across the interface with the increase in load from 40kPa to 200kPa. The amount of heat
transferred across the interface for interfaces with SG as TIM for 10kPa, 20kPa, 40kPa,
100kPa and 200kPa was 867, 1020, 1243,1269,1371J respectively. Further, when
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compared to the bare interfaces, interfaces with SG as TIM showed superior heat
transfer for all the loading condition owing to the replacement of poor conductive air
by SG TIM. In case of interfaces with SG as TIM 40kPa is the limiting value of pressure
beyond which the increase in heat flux is insignificant. Experiments were conducted
for interfaces with commercially available thermal grease (CTG) as TIM. Figure 5.58
shows the effect of interfacial pressure on heat transferred (Q:) to the sink with TIM
(CTG) at the interface. The application of CTG further increase the heat transfer across
the interface. The application of CTG as TIM resulted in average heat transfer value of
781J. Thus, application of CTG as TIM resulted in higher magnitudes of heat transfer
across the interface when compared to SG as TIM owing to higher thermal conductivity
of CTG. Increase in the interfacial pressure resulted in even higher magnitudes of heat
transfer values. The magnitude of heat transfer across interface with CTG as TIM for
10 kPa was estimated to be 1259 J. Raising the interfacial pressure to 20 kPa led to a
slight increase in heat transfer, bringing the value to 1295 J. There was no significant
increase in the heat transfer beyond 10 kPa. Thus, 10 kPa is the limiting value of
pressure beyond which the increase in heat transfer value is insignificant. However, for
all the interfacial pressure conditions the magnitude of heat transfer was higher in case
of interfaces with CTG as TIM when compared to SG TIM. The effect of interfacial
pressure on heat transferred (Q2) to the sink with TIM (STP) was studied. The variation
of Q2 with the interface pressure is shown in the figure 5.59. The application of STP as
TIM resulted in heat transfer value of 1319 J under no load condition, which about 69
pct higher when compared to interfaces CTG as TIM. When compared to bare
interfaces and interfaces with SG as TIM the increase was 261% and 129% respectively
for interfaces with STP as TIM. However, increase in the interfacial pressure did not
affect the heat transfer values indicating that, upon application of high thermal

conductive TIMs the interfacial pressure has no effect on the heat transfer.

Figure 5.60 shows the effect of thermal conductivity of TIMs on the heat transfer across
the Brass-Brass interface. Experiments revealed that as the thermal conductivity of the
TIM increased the heat transferred to the sink (Qz) also increases especially at lower
interfacial pressures. The effect of interfacial pressure on heat transfer was found to be

minimal when a TIM of high thermal conductivity is used. The increase in interfacial
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pressure and the application of TIMs both increase the heat transfer across the interface.
However, in microelectronic applications, the application of high conductivity TIMs is
a better option for obtaining superior performance. The application of higher interfacial
pressures when TIMs are being used may also result in flow out of TIMs leading to a
possible reduction in heat transfer across the interface. The use of high performance
TIMs therefore reduces the need for the use of high interfacial pressures in applications

where such high pressures are not feasible.

5.9 Effect of interfacial pressure and TIM on heat transfer on metal-metal contacts
with L/D ratio of 5.

5.9.1 Results

The experiments were conducted for interfaces with L/D=5. Figure 5.61 shows the
variations in Temperature vs Time for Cu-Cu bare interfaces under no load. Figure 5.62
shows the variations in Temperature vs Time for Cu-Cu bare interfaces under 200 kPa
interfacial pressure. Figure 5.63 and 5.64 show the variations in temperature vs time for
Cu-Cu interfaces with SG TIM under no load and 200kPa interfacial pressure

respectively.
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Figure 5.61 Variations in temperature with time for Cu-Cu bare interfaces under no

load
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Figure 5.62 Variations in temperature with time for Cu-Cu bare interfaces under 200
kPa interfacial pressure
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Figure 5.63 Variations in temperature with time for Cu-Cu interfaces with SG TIM
under no load
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Figure 5.64 Variations in temperature with time for Cu-Cu interfaces with SG TIM

under 200 kPa interfacial pressure

5.9.2 Discussion
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Figure 5.65 Variation of heat flux with time for Cu-Cu bare interfaces subjected
to varying interfacial pressures.
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Figure 5.66 Variation of heat flux with time for Cu-Cu interfaces with SG TIM

subjected to varying interfacial pressures.

Experiments were conducted for Cu-Cu interfaces with L/D ratio of 5. The variation in
the heat flux values for bare interface and for interface with silicone grease is plotted in
figures 5.65 and 5.66 respectively. With the increase in the interfacial pressure, the peak
heat flux also increased. Similar trends were observed for specimens with L/D ratio of
1. The application of silicone grease as TIM resulted in enhancement of peak heat flux
values. The peak heat flux values for no load, 40kPa, 100kPa and 200kPa for the
interfaces with SG as TIM were 47.85kW/m?, 51.42kW/m?, 58.91kW/m? and
66.42kW/m? respectively. Similarly, the corresponding peak heat flux for bare
interfaces were 16.83kW/m?, 31.94kW/m?, 42.60kW/m? and 44.84kW/m? respectively.
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Figure 5.67 Variation of heat flux with time for bare and for interfaces with TIM for
Cu-Cu interfaces a) No load b) 40kPa c) 100kPa d) 200kPa interfacial pressure

Figure 5.67 shows the comparison of heat flux with time for bare and for interfaces

with silicone grease as TIM for specimens with L/D ratio of 5. The application of

silicone grease as TIM resulted in the rise in peak heat flux for each of the loading
conditions. Thus, it can be concluded that the addition of silicone grease as TIM results

in increase in peak heat flux values irrespective of L/D ratio employed. The introduction

of silicone grease replaces poor conductive air at the interface resulting in enhanced
heat transfer.
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Figure 5.68 Variation of Integral heat flow with time for specimens a) bare interface b)
interface with TIM.
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Figure 5.69 Variation in dimensionless transient temperature with time for specimens

a) bare contacts b) interfaces with TIM

The determination of integral heat flow showed that with the application of silicone
grease, there is a significant improvement in heat transfer across the interface. Also, the
integral heat flow was found to increase with the increase in interfacial pressure even
for specimens with L/D ratio of 5. Figure 5.68 show the variation in the integral heat
flow with time for interfaces with and without TIM.

The integral curve for 400 seconds was plotted. The integral values are shown in Table
22 and were calculated. For, bare interfaces, the increase in integral heat flow as the

interfacial pressure was applied from no load condition to 40kPa and further from
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40kPa to 100kPa resulted in an increase of 61% and 32% respectively. Furthermore,
increasing the interfacial pressure to 200kPa from 100kPa resulted in just over 9% in
the values of integral heat flow. Similar trends were noticed in the case of L/D ratio of
1. The analysis of integral curve and peak heat flux reveals that addition of silicone
grease as TIM results in efficient heat transfer across interfaces owing to the
replacement of air with comparatively higher thermal conductive silicone grease TIM.
The increase in integral heat flow was observed for all the loading conditions, with an
increase as high as 135% for no load condition and an increase of 44% in case of
interfacial pressure of 200kPa. For interfaces with silicone grease as TIM, increasing
the interfacial pressure beyond 100kPa to 200kPa did not result in significant changes
in heat flow value. The possible reason has already been discussed for the case of
specimens with L/D ratio of 1. The explanation also holds good for specimens with L/D

ratio of 5.

The experiments also showed that in the case of specimens with L/D ratio of 5, for bare
contacts, increasing the interfacial pressure from no load condition to 200kPa resulted
in a rise of 133% in the integral heat flow value, whereas in the case of interfaces with
silicone grease, an increase in the interfacial pressure from no load condition to 200kPa
resulted in 43.62% rise in the value. This indicates that the effect of interfacial pressure
on thermal contact resistance is significant when TIM was not used, even under the case

of transient conditions.

Table 22 Values of peak heat flux and integral heat flow for Cu-Cu interfaces with
L/D =5

TIM/interface Interfacial Peak heat Integral

SINo condition pressure | o o (KW/m?) heat flow

(kPa) (MJ/m?)
1 bare contact NL 16.83 4.13
2 bare contact 40 31.94 6.66
3 bare contact 100 42.60 8.80
4 bare contact 200 44.84 9.63
5 silicone grease NL 47.85 9.72
6 silicone grease 40 51.42 11.07
7 silicone grease 100 58.91 13.42
8 silicone grease 200 66.42 13.96
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The analysis of dimensionless transient temperature for specimens with L/D of 5
showed that, increasing the load and the application of TIM at the interfaces results in
higher heat absorption by heat sinks (figure 5.69). For bare contacts, the time taken by
the heat sink to reach 70% of the maximum temperature is about 700s. However, with
the application of silicone grease TIM, the heat sink took just around 180s. As the
interfacial pressure was increased to 200kPa for bare interfaces, the time taken by the
heat sink to reach about 70% of the maximum temperature was about 200s. However,
as the interfacial pressure gets increased to 200kPa for interfaces with silicone grease,
about 70% of maximum temperature attained by the heat sink by around 120s. Hence,
it was concluded that the interfacial pressure and the TIM have an effect on the
conformance of the contacting surfaces even in the case of L/D ratio of 5. Similar effect
was found in case of specimens with L/D ratio of 1.
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5.10 Effect addition of MWCNT in heat transfer across the metal-metal interface
with L/D=5

5.10.1 Results

Experiments were carried out to study the effect of the addition of MWCNT to the
interface material on contact heat transfer for Cu-Cu interfaces with L/D ratio of 5.
Figure 5.70 -5.71 shows the variation of temperature with time for Cu-Cu interfaces

with 0.1wt% MWCNT-SG TIM and 1 wt % MWCNT- SG TIM under no load
conditions.
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Figure 5.70 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: 0.1 wt % MWCNT- SG TIM under no load
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Figure 5.71 Variation of temperature with time for Cu-Cu interfaces, interfacial
conditions: 1 wt % MWCNT- SG TIM under no load

5.10.2 Discussion

Experiments were carried out to study the effect of the addition of MWCNTSs to the
interface material on contact heat transfer for Cu-Cu interfaces with L/D of 5. Figure
5.72 - 5.75 show the interfacial heat flux transients when silicone grease and MWCNT-

SG were used as TIM for NL, 40kPa, 100kPa and 200kPa interfacial pressure
respectively.

—{— NL-SG
—O— NL-0.1wt% MWCNT- SG
—/— NL-1 wt% MWCNT-SG

Heat Flux (kwW/m?)
w
o

Time (s)
Figure 5.72 Variation of heat flux with time for Cu-Cu interfaces, interfacial
conditions: SG TIM, MWCNT-SG TIM, no load condition
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Figure 5.73 Variation of heat flux with time for Cu-Cu interfaces, interfacial
conditions: SG TIM, MWCNT-SGTIM, 40kPa
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Figure 5.74 Variation of heat flux with time for Cu-Cu interfaces interfacial

conditions: SGTIM, MWCNT-SGTIM,100kPa
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Figure 5.75 Variation of heat flux with time for Cu-Cu interfaces, interfacial

conditions: SG TIM, MWCNT-SGTIM, 200kPa

Experiments were carried out to study the effect of the addition of MWCNTSs to the
interface material on contact heat transfer. For no load condition, the addition 0.1
MWCNTSs to silicone grease resulted in increase in peak heat flux and the integral heat
flow. Table 23 shows the values of peak heat flux and integral heat flow values across
interface for specimens with L/D ratio of 5. The study found that the addition of
MWCNT to silicone grease at 0.1 wt% resulted in enhancement of heat flow. This could
be attributed to the ability of MWCNTSs to attain percolation at lower fractions (Hansson
et al. 2018). However, the heat flow deteriorated at higher interfacial pressures. Further,
increase in the MWCNT fraction to 1 wt% resulted in deterioration in heat flow values
under all interfacial loading conditions. It is clear from the experiments that the addition
of silicone based TIMs increases the heat transfer across the interface irrespective of
the L/D ratio of the metal-metal contacts employed. The results also indicate that,
MWCNT impregnated silicone grease with 0.1 wt% shows superior performance when
compared to the silicone grease with 1 wt% MWCNTSs. The possible explanation for
the deterioration could be based on rheology of the particle laden polymer TIMs

(Prasher et al. 2003) as discussed in the earlier case where the metal-metal contacts with
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L/D ratio of 1 was used. (Fabris et al. 2011) in their study also noted that increasing the

CNT results in formation of paste that is thick and difficult to spread resulting in higher

viscosity of TIMs causing enhanced thermal contact resistance. Table 24 shows the

contact resistance values for specimens with L/D ratio of 1 and 5 for various interfacial

conditions and for interfaces with and without TIMs. The experiments reveal that the

contact resistance decreases with the increase in the interfacial pressure and the

application of TIMs.

Table 23 Peak heat flux and integral heat flow under curve for specimens with

L/D of 5
Interfacial
SI No TIM pzekss:)re Peazivr\l;?r'][zglux Integ(rlal‘]?ﬁ% flow

1 SG NL 47.85 9.72
2 SG with 0.1 wt % MWCNT NL 50.53 11.49
3 SG with 1 wt % MWCNT NL 42.34 8.88
4 SG 40 51.42 11.07
5 SG with 0.1 wt % MWCNT 40 53.59 11.80
6 SG with 1 wt % MWCNT 40 47.49 9.54
7 SG 100 58.91 13.42
8 SG with 0.1 wt % MWCNT 100 56.26 12.13
9 SG with 1 wt % MWCNT 100 48.96 10.82
10 SG 200 66.42 13.96
11 SG with 0.1 wt % MWCNT 200 61.11 13.54
12 SG with 1 wt % MWCNT 200 55.97 12.05
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Table 24 Contact resistance values for specimens with L/D ratio of 1 and 5 for

various interfacial conditions

Contact | Peak thermal Mean Peak thermal Mean
resistance contact thermal contact thermal
—> resistance Contact resistance Contact
(cm?°C/W) resistance (cm?°C/W) resistance
Interfacial for specimens | (cm?°C/W) | for specimens | (cm?°C/W)
condition l with L/D=1 | for specimens | with L/D=5 | for specimens
with L/D=1 with L/D=5
NL 24.52 24.33 29.12 24.85
40kPa 11.60 10.76 12.34 10.81
100kPa 7.07 6.4 9.30 7.93
200kPa 5.87 4.63 7.88 7.01
NL SG 11.71 11.1 7.14 6.45
40kPa SG 5.90 4.99 4.52 4.50
100kPa SG 4.14 2.26 3.70 3.71
200kPa SG 3.06 1.47 3.28 3.21
NL 0.1wt%
MWCNT 5.84 4.86 5.13 4.99
40kPa 0.1wt%
MWCNT 4.78 3.33 4.29 4.28
100kPa 0.1wt%
MWCNT 3.72 2.42 3.91 3.79
200kPa 0.1wt%
MWCNT 3.17 1.95 3.14 3.10
NL 1wt% MW
CNT 1.74 7.18 7.95 7.28
40kPa 1wt%
MWCNT 5.62 4.81 6.14 5.74
100kPa 1 wt%
MWCNT 3.78 2.69 5.32 5.16
200kPa 1wt%
MWCNT 2.88 1.65 3.93 3.86

To compare the effect of L/D ratio on heat flow, Rt (thermal contact resistance) vs

ATmax Was plotted. Figure 5.76a shows the variation of Rt with maximum temperature

difference (ATmax) for both specimens of L/D ratio of 1 and 5. The analysis shows that,

as the maximum temperature difference between the upper specimen and lower

specimen increases, the thermal contact resistance also increases exponentially. From

the figure 5.76b it is evident that with the increase in the maximum temperature
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difference, the heat extracted by the lower specimen also decreases. The study reveals
that thermal contact resistance depends on ATmax for all interfacial conditions

irrespective of L/D ratio used.
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Figure 5.76 Variation of a) Thermal contact resistance (Rt) vs ATmax b) Heat

extracted vs ATmax

5.11 Effect of 1-Methyl-2 pyrrolidone (NMP) on the enhancement of heat transfer
across the metal- metal interface.

5.11.1 Results

Experiments were conducted to study the effect of 1-Methyl-2 pyrrolidone (NMP) on
the heat transfer enhancement across the metal- metal interface. Figure 5.77 and 5.78
show the variation of temperature with time for NMP treated Cu-Cu and Brass-Brass

interfaces with L/D ratio of 1 under no load conditions respectively.
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Figure 5.77 Variation of temperature with time for Cu-Cu interfaces, interfacial

conditions: NMP treated, no load
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Figure 5.78 Variation of temperature with time for Brass-Brass interface, interfacial

conditions: NMP treated, no load

The surface roughness parameters measured for the Cu-Cu and Brass-Brass interfaces
are given in Table 25.
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Table 25 Surface roughness values of Cu and Brass specimens with and without

NMP treatment
Material Without NMP NMP treated
Ra (nm) Rz (nm) Ra (nm) | Rz(nm)
Cu 21.25 189.6 11.07 110
Brass 26.25 480.5 24.5 387.5

5.11.2 Discussion
Table 26 gives the thermal conformance of Cu-Cu, Brass-Brass NMP treated surfaces

under no load and 200kPa interfacial pressure.

Table 26 Thermal conformance parameters for NMP treated metal-metal

interface
Material | Interfacial | Q1 (kJ/m?) | Q2 (kJ/m?) |nq o tg (s)
pressure
(kPa)
Cu-Cu NL 37914280 3074+277 | 0.82+0.007 | 0.89 53.542.1
2
Cu-Cu 200 3848+7.07 3416+3.53 0.88 0.93 59
36224176 2557+160 0.7£0.014 | 0.865+ | 43.5+2.1
Brass- NL 0.007 2
Brass
Brass- 200 3522+16.97 | 2563+18.38 | 0.72+0.007 | 0.88 | 50+1.414
Brass

When NMP was used, the thermal conformance of interfaces was better compared to
bare interfaces and interfaces with polymer based TIMs. The enhancement in
conformance is probably due to the removal of oxide layer adhering to metallic surfaces
of the source and sink resulting in enhanced heat transfer. The presence of the oxide
film offers resistance to the transfer of heat. The degree of conformance under no load

conditions was higher than that obtained with contacting surfaces not subjected to NMP
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treatment. The change in thermal conformance was negligible when interfacial pressure

was increased.

A schematic sketch representing mechanism of heat transfer between interfaces is
shown in Figure 5.79. Figure 5.79a represents bare metal interface. The metal
interfaces consisting of source and sink when exposed to the ambient undergo
oxidation. The oxide layers formed at both the source and sink surface provide
resistance to the heat flow in addition to the voids present. Thus, the total resistance is
the sum of (i) resistance offered by the oxide film at the source surface (Ry), (ii)
resistance offered by the air present in the voids formed due to the irregular contacting
surfaces of the source and sink (Rair), and (iii) resistance offered by the oxide film on

the sink surface (Rs). The total resistance is given by,
Rbare interface = R1+ RairtR3 (5.4)

The heat transfer takes place via the contacting points though conduction which is a
small fraction of the entire contacting surface. In the case of figure 5.79b, the voids are
filled with TIMs whose thermal conductivity is greater than air. However, the presence
of oxide film contributes to the thermal resistance. Thus,

RTim interface = R1+ Rtim+Rs (5.5)

The interfacial resistance in cases with interfaces with TIMs is the summation of Ry,
Rriv and Rs. The total thermal resistance offered by the interfaces with TIM is lower
compared to bare interface without NMP treatment as air with lower thermal
conductivity in voids was replaced by TIM. Figure 5.79c shows the thermal contact of
the interfaces cleaned with the NMP solvent. The application of the solvent results in
the removal of the oxide film thus eliminating R; and Rz in equation 5.4
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Figure 5.79 Schematic representation of the mechanism of heat transfer at source-
sink interface for a) bare interfaces b) interfaces with TIM c) surfaces treated with
1-Methyl-2-pyrrolidone/NMP
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The removal of oxide films by the application of NMP results in larger degree of
enhancement in the interfacial heat transfer primarily due to the elimination of R1 and
Rs components and owing to the direct metal-metal conformance at the contacting
points. The conforming point contacts offer no resistance to the transfer of heat. The
thermal conductivity of the contacting metals is high resulting in enhanced conductive
transfer. Thus, the interfaces with the NMP solvent results in enhanced heat transfer
when compared to the bare interfaces and interfaces with TIMs. Thus, the NMP treated
surfaces offer the lowest thermal contact resistance compared to the bare interface and
the interface filled with TIM.

Surface roughness measurements were carried out to assess the effect of NMP on the
surface texture. Experimental results revealed that the application of NMP results in
smoother surface finish of the surfaces. In the case of copper surfaces, Ra and R; values
before NMP treatment was 21.25 nm and 189.6 nm respectively. The application of
NMP resulted in improvement of the surface finish. The R, and R; was 11nm and 110
nm respectively after the application of NMP. Similar results were obtained with brass
surfaces as shown in Table 25. The application of NMP smoothens the surface
increasing the microscopic contacts and reducing the voids. The surface smoothening
result obtained when NMP was applied on the source and sink metallic surfaces
effectively reduces the mean gap width enhancing the thermal conformance at the
interface. In the absence of direct experimental evidence of the removal of oxide films,
it is possible that the surface smoothening mechanism is mainly responsible for the

enhancement of thermal conformance parameters in the case of NMP treated surfaces.
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Chapter 6 Conclusions

An experimental set-up was designed and fabricated to assess the transient heat transfer
and thermal conformance between metallic contacts. Based on the results and

discussion of the present investigation, the following conclusions were drawn.

e For all materials in contact, heat flux transients increased with the increase in
interfacial pressure and application of TIMs.

e The effect of interfacial pressure on heat transfer across the interface is
significant for bare contacts. For interfaces with TIMs, the effect of interfacial
pressure was not significant compared to that for bare contacts.

e For high thermal conductive interfaces of Cu-Cu, the thermal conformance and
the magnitude of heat flux transients increased on the application of interfacial
pressure and TIMs. Increasing the surface finish of the contacting metals further
enhanced the thermal conformance. For bare interfaces under no load conditions
improving the surface finish from a Ra value of 165nm to 21.5nm, resulted in an
enhancement of thermal conformance by 340%. The corresponding increase was
only 60% when the interfaces were subjected to 200kPa.

e For interfaces with smooth surface finish, there exists a limiting value of
interfacial pressure (~40kPa) beyond which the increase in thermal conformance
was found to be negligible. The limiting interfacial pressure reduces to 10 kPa
when TIMs are applied at the interface. The limiting value increased to 100 kPa
for rough surface finish.

e The increase in thermal conductivity of the TIM enhanced the thermal
conformance of the interfaces under no load conditions. For Cu-Cu interfaces
with smooth surface finish, the thermal conformance values increased by 20%,
68%, and 70% respectively, when SG, CTG and STP were to be applied as TIMs,
compared to that for bare Cu-Cu interfaces.

e Increasing the L/D ratio of the source and sink materials from 1 to 5 increased
the thermal resistance at the interface for Cu-Cu interfaces. In both cases, the
contact resistances decreased with increase in the interfacial pressure and the use
of TIMs.
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The application of MWCNT at a low concentration of 0.1 wt% in SG for
specimens with L/D of 1 and 5 increased the heat flux transients. However,
increasing the CNT content beyond 0.1 wt% resulted in decreased heat transfer,
possibly due to the agglomeration of MWCNTS. Further, at interfacial pressures
beyond 100 kPa, the peak heat flux and the integral heat flow show negligible
effects of the adding of MWCNTSs to the TIM.

Higher heat flux transients were obtained for dissimilar materials consisting of
Al-Cu interfaces with Cu as the sink material.

Thermal conformance parameters (1), ©, tg) were proposed to quantify the metal-
metal interfacial heat transfer under transient conditions. A Thermal
Conformance Assessment Parameter (TCAP) was proposed to assess the effect
of process variables on the contact condition between a metallic heat source and
a heat sink. TCAP was defined as, TCAP =(A*B) + C%% . where, A, B, and C
are the thermal diffusivity [k/(pCp)], of the source material, thermal effusivity
[(VkpCp)] of the sink material, and the interfacial pressure respectively.

For Al-Al, Al-Cu, and Cu-Al, combinations, n and © parameters were increased
linearly with the Thermal Conformance Assessment Parameter (TCAP).

The peak temperature difference between the source and the sink materials
dropped significantly with an increase in the TCAP for Al-Al, Al-Cu, Cu-Al
combinations. For Cu-Cu interfaces, a similar trend was observed with increase
in the interfacial pressure indicating enhanced heat transfer. The application of
TIMs also resulted in a reduction of ATmax indicating superior heat transfer for
both similar and dissimilar combinations.

The magnitude of heat transferred across the interface for brass-brass metallic
contacts increased significantly on the application of the pressure for the bare
interface when air is the interfacial medium. The increase in interfacial pressure
from no load interfacial conditions to 200 kPa resulted in a 230 pct in the heat
flow to the sink material.

The application of SG as TIM resulted in 59 pct enhancement in the heat transfer
across the interface compared to bare interfaces for no load conditions in the case
of brass-brass metallic interface. The corresponding increases in the case of CTG

and STP was 114 pct and 261 pct, respectively.
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For the brass- brass interfaces with SG as T1M, 40kPa was the limiting interfacial
pressure beyond which the interfacial pressure did not have any significant effect
on the heat transfer across the thermal interface. The limiting interfacial pressure
for interfaces with CTG was 10kPa. However, the role of interfacial pressure was
insignificant on the application of STP. The increase in thermal conductivity of
the interfacial medium enhances the thermal conformance of the interfaces.
Further, application of high thermal conductive TIMs resulted in the reduction
of limiting interfacial pressure beyond which there was minimal effect on heat
transfer enhancement.

The effect of the thermal conductivity of TIM is not a significant factor at higher
interfacial pressures for all combinations.

A cleaning solvent 1-Methyl-2-pyrrolidone (NMP), generally used in the
semiconductor industry, was used to clean the source and sink surfaces before
its use in the heat transfer experiments to assess its effect on the contact heat
transfer. When NMP was applied, all thermal conformance parameters and heat
flux transients increased significantly without TIM and no load conditions. The
degree of increase was comparable to that when 200 kPa interfacial pressure was
applied in the presence of TIMs.

The increase in the heat transfer on application of NMP was due to two reasons:
(i) the application of NMP possibly removes the source and sink surface oxide
films that offer more resistance to the interfacial heat transfer, and (ii) when NMP
was used on the surface, it smoothens the surface increasing the microscopic
contacts and reducing the voids which were confirmed by the surface roughness
measurements carried out on the source and sink metallic surfaces before and

after the application of NMP.
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