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The performance of thermal interface materials in the form of core sheets
coated on both sides with a thermal paste is numerically modeled by finite-
element analysis. The paste is polyol-ester-based carbon black paste and
serves to improve the conformability. Good agreement is found between
modeling and experimental results that involve copper proximate surfaces
sandwiching the thermal interface material. The core sheets are copper, alu-
minum, indium, and flexible graphite. Flexible graphite (made from exfoliated
graphite) is advantageous in its low elastic modulus, whereas copper and
aluminum foils are advantageous in their high thermal conductivity. Indium
is advantageous in its low elastic modulus compared with copper or aluminum
and in its high thermal conductivity compared with flexible graphite. Among
the four types of core sheet with identical thickness, coated indium foil gives
the best performance for the range of foil thickness of 6 um to 112 um for the
case of smooth (0.01 ym roughness) proximate surfaces and 117 um to 320 ym
for the case of rough (15 yum roughness) proximate surfaces. Aluminum foil
gives the best performance for the thickness range of 112 ym to 2000 ym in
the case of smooth proximate surfaces. For thicknesses below these ranges,
flexible graphite performs the best. For thicknesses above these ranges, copper
foil performs the best.

Key words: Thermal interface material, thermal gap-filling material,
thermal paste, thermal contact conductance, finite-element
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Nomenclature T, Te, T3, T4 temperatures read by thermo-
Qx heat flow rate in the x direction (W) couples 1 to 4 (K)
qy heat flow rate in the y direction (W) AT temperature difference between
k thermal conductivity (W/m K) T, and T5 or between T's and
A area perpendicular to the heat flow T, (K)
direction (m?) Ta temperature at the top surface
T temperature (K) of the thermal interface
X,y distance in the horizontal and material (K)
vertical directions (m) Tp temperature at the bottom surface
Ac area of the 1inch x 1 inch copper of the thermal interface material
block (m?) (K)
kc thermal conductivity of copper da distance between thermocouples T
(W/m K) and T (i.e., 25 mm)
dgp distance between thermocouple Ty
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and the top surface of the thermal
interface material (i.e., 5 mm)
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dc distance between thermocouples 7'
and T4 (i.e., 25 mm)
da distance between thermocouple

Ts and the bottom surface of the
thermal interface material
(i.e., 5 mm)

0 thermal resistivity (m? K/W)

TCC thermal contact conductance
(W/m? K)
INTRODUCTION

As heat sink, heat spreader, heat pipe, Peltier,
fluidic, and other methods of cooling improve, the
bottleneck in heat dissipation shifts more and more
toward interfaces, which tend to be associated with
substantial thermal resistances. The thermal
resistance of an interface can be decreased by the
use of a thermal interface material (TIM).

In spite of the importance of TIMs, the science of
TIMs is in its infancy. The relative importance of
TIM attributes (e.g., thermal conductivity, con-
formability, spreadability, modulus, and viscosity)
for the effectiveness of a TIM for various combina-
tions of use conditions (e.g., clamping pressure and
surface roughness) has received little prior atten-
tion. The widely accepted assumption is that the
thermal conductivity is the most important TIM
attribute. Due to this assumption, the thermal
conductivity within the TIM is commonly taken as
the performance descriptor of a TIM, and TIMs are
formulated to contain ingredients with high thermal
conductivity (e.g., silver, boron nitride, zinc oxide,
and carbon nanotubes). Moreover, as the thermal
conductivity increases with increasing content of
the solid component, a high volume fraction of the
solid component is commonly used (even though this
impacts on conformability). However, recent work
by Chung et al.’™® has shown that the above-men-
tioned assumption is not correct. Indeed, thermal
pastes with high conformability but low thermal
conductivity can perform as well as (or even better
than) those of high thermal conductivity; for exam-
ple, carbon black paste®®® is much more effective
than carbon nanotube arrays.'® In spite of the rel-
atively high thermal conductivity of the carbon
nanotube array, the large bond line thickness limits
the effectiveness of the array as a TIM.'® The
importance of conformability is due to the need for
the TIM to displace air from the interface by filling
the microscopic valleys in the topography of the
mating surfaces. The thermal conductivity becomes
less important as the bond line thickness and the
mating surface roughness decrease. This new
understanding calls for a paradigm shift in the
design of TIMs, brings to the front burner the need
for understanding, characterizing, and controlling
conformability (which is not the same as viscosity,

due to the microscopic scale of the required con-
formability), and has given rise to thermal pastes
that excel in conformability.

That the solid component does not have to be high
in thermal conductivity or volume fraction widens
the choice of solid components to include carbon
black,>%® fumed alumina,’ fumed zinc oxide,’
nanoclay,'! graphite nanoplatelets,'? etc., and low-
ers the cost. Carbon black and fumed oxides are
attractive in their being in the form of agglomerates
of nanoparticles and the consequent squishability
(conformability). Fumed oxides have the additional
advantage of electrical nonconductivity. Nanoclay
and graphite nanoplatelet are attractive in their
almost single-atomic-layer thickness and the con-
sequent small bond line thickness, which is advan-
tageous for decreasing the thermal resistance.
Graphite nanoplatelets have the additional advan-
tage of substantial thermal conductivity. Both
pastes that are electrically conductive (e.g., carbon
black and graphite nanoplatelet pastes) and those
that are electrically nonconductive (e.g., fumed
oxide and nanoclay pastes) are addressed. Carbon
black and fumed oxides are squishable, while their
nanoparticles allow effective filling of the micro-
scopic valleys in the mating surface topography. As
a result, these pastes excel due to their conform-
ability.

TIMs are commonly in the form of organic-based
thermal pastes, e.g., polyol-ester-based pastes, with
the organic component chosen by consideration
of the fluidity, which relates to the conformability,
and the thermal stability. Pressure perpendicular to
the thermal interface helps conformability and
consequently affects TIM performance. The effect of
pressure also depends on the TIM modulus. Other
use conditions include the proximate surface
roughness and the bond line thickness.

The performance of a TIM should be evaluated
when the TIM is sandwiched by selected surfaces,
rather than being evaluated when the interface
material is standing alone. The latter gives the
thermal conductivity of the TIM itself. Although
this thermal conductivity is a factor affecting the
performance, it does not describe the performance of
the material as a TIM.

The sandwich is a system that consists of the TIM
and the two interfaces between the interface mate-
rial and the two proximate surfaces. Each of these
two interfaces is associated with a thermal resis-
tance (referred to as the interfacial resistance),
which can contribute significantly to the overall
thermal resistance of the sandwich. The interfacial
resistance depends on the nature of the interface as
well as the area of this interface. This area is the
true interface area that takes into account the area
of the interface associated with the filled part of a
valley in the surface topography. The true interface
area increases with the fractional filling of the val-
leys. It is to be distinguished from the macroscopic
geometric area of the thermal interface.
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The performance of a TIM depends on the struc-
ture of the interface between the TIM and each of
the two proximate surfaces, in addition to depend-
ing on the structure and thickness of the TIM. The
structure of the interface depends on the surface
roughness (particularly the typical height and
width of the valleys in the surface topography) and
the fractional filling of the valleys. The thickness of
the TIM is often referred to as the bond line thick-
ness. Thus, the ability of the TIM to be small in
thickness is valuable. In the case of a thermal
paste, this ability relates to the spreadability.
The fractional filling of the valleys depends on the
roughness of the surface, the pressure applied in
the direction perpendicular to the interface for
the purpose of squeezing the proximate surfaces
together, and the elastic modulus, viscosity, and
conformability of the TIM. A low modulus and a low
viscosity improves spreadability. The higher the
modulus, the greater the pressure required for the
TIM to flow. In practical microelectronic applica-
tions, the pressure is limited. A low modulus and a
low viscosity also help the conformability, but con-
formability requires not just the ability to flow
macroscopically, but also the ability to fill micro-
scopic valleys (even those on the nanoscale) in the
surface topography. The filling of the valleys is
necessary to displace air, which is thermally insu-
lating, from the valleys. For the purpose of filling
microscopic valleys, a microscopically structured
(preferably nanostructured) interface material is
valuable.

The relative importance of the various parame-
ters mentioned above depends on the combination of
their values. For example, the thermal conductivity
of the TIM becomes more important as the thickness
of the TIM increases and as the surface roughness
(i.e., the height of the valleys in the surface topog-
raphy) increases; the interfacial conductance (i.e.,
the reciprocal of the interfacial resistivity, which is
the product of the interfacial resistance and the true
interface area, with the interface referring to that
between the TIM and one of the surfaces) becomes
more important as the true interface area decreases.

The performance of a TIM is described by the
thermal contact conductance (TCC, in units of
W/m? K), which refers to the thermal conductance
of the overall thermal contact in the direction per-
pendicular to the plane of the sandwich. This con-
ductance is the reciprocal of the thermal contact
resistivity (in units of m? K/W), which is the product
of the total thermal resistance (in units of K/W, i.e.,
the temperature difference across the thermal con-
tact divided by the heat power) of the thermal con-
tact and the geometric area (in units of m?) of the
thermal interface. Due to the number and interde-
pendence of the various parameters mentioned
above in governing the TCC, a complete experi-
mental investigation of all the parameters is diffi-
cult. Furthermore, it is difficult to obtain TIMs that
cover a substantial range of each of the parameters
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(including thermal conductivity, modulus, viscosity,
and conformability) for the purpose of systematic
experimental evaluation. Therefore, understanding
of the performance of TIMs requires modeling of
this performance.

Abadi et al.’® provided numerical thermal mod-
eling of TIM performance for various combinations
of TIM attributes and use conditions. Other prior
work on modeling of TIM performance involved
analytical models. Most commonly, such modeling is
based on an equivalent circuit of the thermal
resistances, which include those of the TIM and of
the interface between the TIM and each of the two
proximate surfaces.'*'® The thermal resistance of
this interface has been modeled by consideration of
the degree of filling of the valleys in the surface
topography.'* !¢ In prior finite-element modeling
(FEM), asperities on the surfaces of the proximate
surfaces are not modeled and the interfacial resis-
tance is indirectly modeled by using a TIM ther-
mal conductivity value that is below the actual
value.'”1%2° Without modeling the asperities, eval-
uation of the effect of pressure, roughness, TIM
thickness, TIM modulus, and interfacial conduc-
tance on the performance of the TIM is not possible.
However, the complexity of the combination of geo-
metric, thermal, mechanical, and material factors
calls for numerical modeling.

TIM performance depends on a number of
parameters, especially the surface roughness, TIM
thickness, TIM thermal conductivity, TIM modulus,
interfacial conductance of the surface-TIM inter-
face, interfacial conductance of the surface—surface
interface, and the applied pressure. Prior experi-
mental work'™'? addressed specific thermal inter-
face materials without covering a substantial
range of any parameter. Modeling work allows
systematic evaluation of the effect of each of these
parameters.13

Due to the substantial gap that needs to be filled
by a thermal interface material in some applica-
tions, a thermal interface material may be in the
form of a standalone sheet, which is ideally made of
a material that is conformable and has high thermal
conductivity. Such thermal interface materials are
known as thermal gap-filling materials. Silicone-
matrix composites containing thermally conductive
fillers are common among gap-filling materials, due
to the resiliency of the silicone matrix. In spite of
this resiliency, the conformability is inadequate,
thus causing poor performance. A thermally con-
ductive sheet (e.g., aluminum foil, copper foil, and
flexible graphite) that is coated on both sides with a
highly conformable thermal paste (e.g., carbon black
paste) has been shown to be more effective.® Flexible
graphite, which is made by compression of exfoli-
ated graphite flakes in the absence of a binder,?! is
resilient in the direction perpendicular to the sheet.
In contrast, aluminum and copper foils are not as
resilient as a flexible graphite sheet. In spite of
this inherent difference among the sheets, the
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effectiveness of such paste-coated sheets is compa-
rable for these three types of sheet. This is because
of the conformability provided by the thermal paste,
the presence of which enhances the performance for
each of the three types of sheet.?> Due to its low
melting point (156°C), indium is used as a thermal
interface material in the form of a solder that is
applied in the molten state.?*?* Indium is softer
than aluminum or copper, but is stiffer than flexible
graphite.

This paper extends the numerical modeling work
of Abadi et al.’® from thermal pastes to thermal-
paste-coated sheets. An objective is to understand
the factors that govern the performance of TIMs in
the form of thermal-paste-coated sheets. Another
objective is to investigate by modeling the effect of
the thickness of the sheet, for a thickness range
much beyond what has been investigated experi-
mentally.® Furthermore, the performance of indium
foil as a core sheet is evaluated. The understanding
provided by the modeling will aid the future design
and development of thermal gap-filling materials.

MODELING METHODOLOGY

The finite-element modeling is conducted using
commercial ANSYS software. Modeling all the
complications of a three-dimensional (3-D) surface
would require extensive computational effort. Fur-
thermore, different areas of a surface differ in their
topography. Therefore, a two-dimensional (2-D)
model of a single asperity of the surface with the
average roughness of the surface is employed in this
work. The 2-D model has resulted in reasonable
results in previous work.!?

It is assumed that no heat loss to the environment
occurs. Heat transfer due to radiation and natural
convection is negligible compared with conduction
through the contact points, due to the moderate
range of temperature and the small size of the air
gaps at the thermal interface.

The surface roughness is modeled as consisting of
an arc, such that the arcs of the two proximate
surfaces are aligned, with the bottom point of a
hillock of the upper surface aligned with the top
point of a hillock of the lower surface, as illustrated
in Fig. 1. The dimensions and boundary tempera-
tures in Fig. 1 are presented in Table I. This model
considers only the bottom portion of the upper cop-
per block and the top portion of the lower copper
block. These hillock shapes are used because they
roughly represent the actual situation and are
similar to the hemispherical hillocks used in 3-D
contact models in prior analytical work.?*25

Table I presents the dimensions of the overall
TIM, which includes both the core sheet and the
coating on both sides of the sheet. Table II presents
the dimensions of the coating and the core sheets
separately. The coating is carbon black thermal
paste with polyol ester as the vehicle.* It is identical
in composition and thickness on the two opposite

T

DI},

A
Ty
[
Air Cu block  Core sheet Paste

Fig. 1. The thermal contact structure used in the modeling. The
dimensions indicated in Table | are used.

sides of the sheet. Four types of sheet are modeled,
namely copper foil, aluminum foil, indium foil, and
flexible graphite. The thickness, elastic modulus,
and thermal conductivity of these four material
components are listed in Table II. The paste thick-
ness is 0.4 um in the case of rough copper proximate
surfaces (15 ym roughness) and 0.2 ym in the case
of smooth copper proximate surfaces (0.01 um
roughness), as based on experimental val-
ues.! 1126 The dimensions presented in Tables I
and II were used in the modeling. During the for-
mation of the thermal contact, the TIM enters the
valleys to a degree that depends on the combination
of pressure and the TIM modulus.

All of the stages prior to pressure application
cannot be modeled because of limited information
available on the nonlinear behavior of the pastes.
Therefore, the final geometry after applying pres-
sure is modeled. The final geometry predicted
(based on experimental results on the bond line
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Table I. Dimensions in Fig. 1

Sheet Proximate Surfaces A (um) B (um) C (um) D (pm) T, (°C)* Ty, (°C)®
Aluminum Rough 7.4 150 30 15 35.66 34.68
Aluminum Smooth 7.2 150 30 0.01 35.66 34.68
Copper Rough 134 150 30 15 35.66 34.68
Copper Smooth 13.2 150 30 0.01 35.66 34.68
Flexible graphite Rough 130.4 150 30 15 35.66 34.68
Flexible graphite Smooth 130.2 150 30 0.01 35.66 34.68
Indium Rough 7.4 150 30 15 35.66 34.68
Indium Smooth 7.2 150 30 0.01 35.66 34.68
aTemperature at the top boundary of Fig. 1; PTemperature at the bottom boundary of Fig. 1.
Table II. Properties and thickness of TIM component materials
Thermal Thickness
Material Elastic Modulus®"?® (GPa) Conductivity?*?® (W/m K) (um)
Aluminum core sheet 70 250 7
Copper core sheet 115 391 13
Indium core sheet 11 70 7
Flexible graphite core sheet 14 141()){’1 130
5

Carbon black paste - 0.13 0.2°

0.44

2In-plane direction; "Out-of-plane direction; “Smooth proximate surfaces; ‘Rough proximate surfaces.

thickness'"?) and modeled affects the calculated
thermal contact conductance. Previous stages,
before this final state, do not affect the final results.
In the case of rough copper surfaces, no change of
bond line thickness was observed experimentally?®®
for the carbon black paste (in the absence of a core
sheet) with increasing pressure in the range of
0.46 MPa to 0.92 MPa. However, the measured TCC
increased with increasing pressure, independent of
whether the core sheet was present with the carbon
black paste or not.>* Based on these experimental
results on the effect of pressure, we assume in this
modeling that direct contact between the copper
blocks and the core sheet occurs upon deformation
of the paste. In the previously addressed case of the
thermal paste without a core sheet,'® contact
between the two hillocks occurred when carbon black
paste was modeled and did not occur when metal
particle paste, with higher modulus, was modeled.
The initial conditions specified in the model are
the thickness of the TIM, the temperature (T} in
Fig. 1) at the bottom surface of the modeled top
portion of the lower copper block, and the temper-
ature (T in Fig. 1) at the top surface of the modeled
bottom portion of the upper copper block. The tem-
perature T is calculated from the temperature
gradient (0.093°C/mm, as in the experiment') and
T,. However, according to the definition of the
thermal contact conductance (the heat flux divided

by the temperature difference across the thermal
contact), the results are independent of the selected
values of Ty, and T}. This independence is because
both the temperature difference across the thermal
contact and the heat power similarly depend on the
difference between T}, and T, so that the quotient is
independent of this quantity.

The sides of the geometry in Fig. 1 are assumed to
be thermally insulated. Thermal expansion is
ignored. The mechanical boundary condition is such
that the bottom block is fixed in position. Upon the
application of pressure in the direction perpendic-
ular to the thermal contact, a part of the TIM enters
the valleys and eventually achieves a steady state
(final state), which is the state described by the
results reported here.

The extent of filling of a valley can be calculated
from the valley geometry and half of the displace-
ment of the proximate copper surfaces relative to
one another. The factor of half is due to the fact that
filling occurs at the valleys of both copper blocks
simultaneously. The displacement here is the entire
displacement of one copper block relative to the
other. The values of the fractional valley filling of
the proximate surfaces in the previous work for the
case of carbon black paste in the absence of a core
sheet'® are identical to those of this work for the
case of the same paste in the presence of a core
sheet. This similarity of the fractional valley filling
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Table III. Values of the interfacial conductance for
the interface between carbon black paste and core
sheet and the interface between carbon black paste
and copper block

Component Interfacial
Contacting Conductance
the Paste (10* W/m? K)
Copper? 105
Copper® 18
Aluminum® 22
Indium® 26
Flexible graphite® 30

2Block; PCore sheet.

of the proximate surfaces for the cases with and
without a core sheet is due to the high modulus of
the core sheet compared with the paste.

The values of the interfacial conductance used in
this model are listed in Table III. The value for the
interface between the copper block and the paste is
the same as the one used in the previous model of
the carbon black paste.'® The values for the inter-
face between aluminum and the paste and for the
interface between flexible graphite and the paste
were calculated semi-empirically using the avail-
able TCC experimental values® and the finite-ele-
ment model. This method is similar to the method
used in the previous model for calculating the
interfacial conductance between the paste and the
copper block.'® The difference is that, in the previ-
ous work, only one interfacial conductance was
involved whereas here two interfacial conductances
are involved, one between the copper block and the
paste and the other between the paste and the core
sheet. Using the value of the interfacial conductance
between the copper block and the paste from the
previous work,'® the only unknown is the interfacial
conductance between the core sheet and the paste,
which can be calculated. The fact that, for both
rough and smooth cases (with two different geome-
tries), the TCCs calculated using these values of the
interfacial conductance are close to the experimen-
tal values shows the acceptability of the selected
values of the interfacial conductance. The values for
the indium—paste interface and the copper—paste
interface are selected with consideration of the
experimental results for copper coated with poly-
ethyleneglycol-based carbon black paste® and with
consideration of the expected dependence of the
interfacial conductance on the modulus of the core
sheet. There is a substantial difference between the
copper core sheet—paste interfacial conductance
value (18 x 10* W/m? K) and the copper block—
paste interfacial conductance of our previous work
(105 x 10* W/m?2 K).!®> The reason that, for the
copper core sheet and all other core sheets studied,
the interfacial conductance is much lower than that

for a copper block is due to the inevitable occurrence
of wrinkles and other deformation of the core sheets,
which are relatively thin. Since the core sheets are
modeled as perfectly flat and smooth surfaces, any
effect of the wrinkles and other deformation of the
core sheets would appear in the calculated interfa-
cial conductance values.

Due to the geometric symmetry (Fig. 1), only the
left half of Fig. 1 is modeled, as shown in Fig. 2.
This modeling involves the application of symmetric
thermal and structural boundary conditions on the
right edge of each model shown in Fig. 2. The finite-
element mesh is shown in Figs. 2 and 3 for the case
of rough and smooth copper surfaces, respectively.
Each mesh is particularly dense in the vicinity of
the interface between the paste and a copper prox-
imate surface. Magnified views of parts of the dense
regions are shown in Fig. 4. ANSYS elements
PLANE223 (2-D eight-node coupled-field solid),
CONTA172 (2-D three-node surface-to-surface con-
tact), and TARGE169 (2-D target segment) are
used. The element side length varies from 1.0 um to
1.5 um in the areas far from the contact area to
0.01 ym to 0.10 um near the contact area. A con-
vergence test was done by reducing the size of the
elements to the point where no significant change in
the results was observed on further mesh refine-
ment, allowing the element size to be chosen.

In calculating the 2-D temperature distribution
by finite element analysis, the following equations
are used:

dT

qx = kAa, (D
dT
qy = kA@, (2)

where x and y are the coordinates in the horizontal
and vertical directions, g, and g, are the heat flow
rates in the x and y directions across the cross-sec-
tional area A perpendicular to the heat flow direc-
tion, %k is the thermal conductivity of the medium,
which is copper, air, or TIM, depending on the
location; % is not a variable in the modeling work; T’
is the temperature. The heat diffusion equation for
the case of 2-D steady-state heat flow in the absence
of heat generation is

o (,0T o (,0T
8x(k8x> +8y<k8y> 0. 3
The modulus and pressure are two parameters
that greatly affect the thermal contact conductance.
This is mainly because of their effects on the contact
area. A lower modulus and a higher pressure will
result in a larger contact area, as in the case of the
carbon black paste without a core sheet,'® thereby
leading to a higher thermal contact conductance.
Furthermore, a higher pressure can result in a
lower TIM thickness. In the modeling work, the
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130
um
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Fig. 2. Finite-element mesh for the case of rough proximate surfaces. (a) Aluminum or indium core sheet. (b) Copper core sheet. (c) Flexible

graphite core sheet.

=130

um

(b)

Fig. 3. Finite-element mesh for the case of smooth proximate surfaces. (a) Aluminum or indium core sheet. (b) Copper core sheet. (c) Flexible

graphite core sheet.

modulus and pressure influence the outcome by
affecting the dimensions.

The unfilled portion of each valley is filled with
air. The thermal conductivity of air (0.026 W/m K to
0.028 W/m K)'® is low compared with that of the
paste (0.13 W/m K)?® or that of the core sheet
(5 WmK to 390 Wm K).® Therefore, the areas

which are in contact with air can be assumed to be
thermally insulated, as is done in this modeling.
The thermal conductivity of copper is 391 W/m K,’
and the elastic modulus of copper is 115 GPa.'”
The experimental results used in this work for
comparison with the modeling results were obtained
in prior work® using the method described below.
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Fig. 4. Magnified finite-element mesh. (a) Magnified view of any of the three boxed areas with white outlines of Fig. 2, for the case of rough
proximate surfaces. (b) Magnified view of any of the three boxed areas of Fig. 3, for the case of smooth proximate surfaces.

The TCC between two 1inch x 1inch (25 mm x
25 mm) copper blocks with a thermal interface
material between them was measured using the
guarded hot-plate method, which is a steady-state
method of heat flux measurement (ASTM method
D5470). During the period of temperature rise, the
heating rate was controlled at 3.2°C/min by using a
temperature controller. Heating was provided by
heating coils, while cooling was provided by running
water. The two mating surfaces of the two 1 inch x
1inch copper blocks were either “rough” (15 ym
roughness, as attained by mechanical polishing) or
“smooth” (0.009 um roughness and 0.040 ym to
0.116 um flatness, as attained by diamond turning).
Four thermocouples (type T) were inserted in four
holes (T, Ty, T3, and T4 in Fig. 5, each hole of
diameter 2.4 mm). Two of the four holes were in
each of the 1inch x 1inch copper blocks. The
temperature gradient was determined from 7'y — T
and T3 — T4. These two quantities should be equal
at equilibrium, which was attained after holding
the temperature of the heater at the desired value
for 30 min. Equilibrium was assumed to have been
reached when the temperature variation was
within +0.1°C for a period of 15 min. The pressure
in the direction perpendicular to the plane of the
thermal interface was controlled by using a hydrau-
lic press at pressures of 0.46 MPa, 0.69 MPa, and
0.92 MPa.

In accordance with ASTM method D5470, the
heat flow ¢ is given by

_kcAc

q - dA AT7 (4)

where AT =T, — Ty =T5 — T4, k¢ is the thermal
conductivity of copper, Ac is the area of the
1 inch x 1 inch copper block, and dj is the distance
between thermocouples 7'; and Ty (i.e., 25 mm).
The temperature at the top surface of the thermal
interface material is T's, which is given by

Pressure

76

Copper block heated
by two embedded
heating coils

| Thermal
insulation

Thermal interface
material (thickness
exaggerated)

Copper block cooled
by running water
flowing into and out
of the block

< 75 >
Fig. 5. Experimental setup for the guarded hot-plate method of
thermal contact conductance measurement. Tq, T, T3, and T, are
temperatures measured by thermocouples (type T) inserted in each
hole of diameter 2.4 mm. All dimensions are in mm.

ds
Ta=Ts— Z(Tl —Ty), (5)

where dg is the distance between thermocouple T’
and the top surface of the thermal interface mate-
rial (i.e., 5 mm). The temperature at the bottom
surface of the thermal interface material is T,
which is given by
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Table IV. Thermal contact conductance (TCC) for various combinations of core sheet and proximate surface
roughness

Roughness Rough (15 ym) Smooth (0.01 ym)
Pressure (MPa) 0.46 0.69 0.92 0.46 0.69 0.92
TCC A Modeling result 2.76 3.25 3.41 6.95 7.26 7.43
(10* W/m? K) Experimental result® 3.54 + 0.30 3.85 + 0.31 4.19 + 0.37 6.22 + 0.54 6.94 + 0.61 7.09 + 0.55
Deviation (%) 22 15 19 12 5 5
B Modeling result 2.66 2.98 3.34 2.63 2.67 2.69
Experimental result® 2.34 = 0.16 2.60 £ 0.19 2.94 + 0.24 3.09 + 0.16 3.21 & 0.27 3.48 + 0.29
Deviation (%) 14 15 14 15 17 23
C Modeling result - 2.15 - - 6.08 -
D Modeling result - 3.68 - - 7.87 -

Experimental results are not available for C and D. The deviation refers to the fractional deviation of the modeling result from the
corresponding experimental result. A: coated aluminum foil; B: coated flexible graphite; C: coated copper foil; D: coated indium foil.

d
Tp =Ts3+ d—D(Ts —Ty), (6)
C

where dp is the distance between thermocouple T’
and the bottom surface of the thermal interface
material (i.e., 5 mm) and d¢ is the distance between
thermocouples T'3 and T4 (i.e., 25 mm).

The thermal resistivity 0 is given by

0= (Ta— TD)%- (7)

Note that insertion of Eq. (4) into Eq. (7) causes
cancelation of the term A¢, so that 0 is independent
of A. The thermal contact conductance (TCC) is the
reciprocal of 0.

RESULTS AND DISCUSSION

The modeling results are presented below for all
four types of sheets (copper, aluminum, indium, and
flexible graphite) with carbon black paste as the
coating. The calculated TCCs for coated aluminum
foil and coated flexible graphite for both the rough
and smooth cases are compared with the corre-
sponding experimental results.® No experimental
results are available for coated indium foil or for
copper foil coated with this particular type of carbon
black paste. Nevertheless, the calculated TCCs have
been obtained.

Table IV shows good agreement between model-
ing and experimental results for the coated alumi-
num foil and coated flexible graphite in both the
smooth and rough cases. The deviation of the
numerical results from the experimental results
ranges from 5% to 22% and is mainly due to the
difference between real surface asperities and the
simplified 2-D asperity in our model. Considering
the difficulty of modeling all 3-D surface details and
also the difference between one rough surface and
another, this range of deviation of the numerical
values from the experimental values shows that the

numerical values are reasonable enough to be used
for explaining the difference between the perfor-
mance of various materials and also for evaluating
the performance of new materials. The calculated
TCCs for coated copper foil and coated indium foil
for both smooth and rough cases are also presented
in Table IV.

In the rough case, the TCCs are comparable for
the four types of coated sheets. Compared with
flexible graphite, copper foil is disadvantageous in
its high modulus, but it is advantageous in its low
thickness and high thermal conductivity. Compared
with copper foil, aluminum foil is advantageous in
its low modulus and small thickness, but it is dis-
advantageous in its low thermal conductivity.
Compared with both copper and aluminum foils,
flexible graphite is disadvantageous in its large
thickness and low thermal conductivity, but it is
advantageous in its low modulus. Indium foil has
the best overall combination of properties, as shown
by its best performance among the four types of
sheet at 0.69 MPa for both the rough and smooth
cases. The superiority of indium is due to its lower
modulus compared with copper and aluminum foils
and higher thermal conductivity compared with
flexible graphite.

In the smooth case, the TCCs of coated aluminum,
indium, and coated copper foil are close and higher
than that of coated flexible graphite. This is because
the low roughness and consequent large contact
area make flexible graphite’s advantageous low
modulus less influential.

Figure 6 shows TCCs for the thickness range of
1 yum to 400 um for the rough case. Figure 7 shows
TCCs for the thickness range of 1 um to 3000 um for
the smooth case. The part of Fig. 7 which is related to
the thickness range of 1 ym to 130 um is magnified in
Fig. 8. According to these graphs, coated copper foil
and coated flexible graphite show, respectively, the
least and the most increase in TCC with decreasing
thickness. This is due to the high thermal conduc-
tivity of copper and the low thermal conductivity of
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in the Form of Paste-Coated Sheets

Coated aluminum core sheet
14 =B - Coated copper core sheet
—a#— Coated flexible graphite core sheet

++++ Coated indium core sheet

Thermal contact conductance (104 W/m? C)

0 100 200 300 400 500
Thickness (um)
Fig. 6. Effect of core sheet thickness on the thermal contact con-

ductance (TCC) for the four types of core sheet in the case of rough
proximate surfaces. Thickness range: 1 um to 400 um.
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Fig. 7. Effect of core sheet thickness on the thermal contact con-
ductance (TCC) for the four types of coated sheet in the case of
smooth proximate surfaces. Thickness range: 1 um to 3000 um.

flexible graphite. Flexible graphite and indium have
the best performance in both the rough and smooth
cases when the foil thickness is very low. This is in
agreement with a prior report’® that carbon black
paste with lower thickness (due to higher spread-
ability) has a much higher TCC in the smooth case
compared with metal particle paste, in spite of the
low thermal conductivity of the carbon black paste.

As shown in Fig. 6, 7, and 8, there is a difference
in TCC among the four core sheets when the
thickness of the core sheet is near zero (1 um), in
spite of the effect of the thermal conductivity of the
core sheet becoming negligible for such a thickness.
This result at a core sheet thickness of near zero
is due to the difference in interfacial conductance
between the paste and core sheet among the various
core sheets (Table III).

In comparison of the performance of various
pastes, a very low thickness is a disadvantage in the
rough case because of the consequent low fractional
valley filling, but is an advantage in the smooth case
because valleys, which are very small, are filled
completely.'® In comparison of the performance of
various core sheets, the change of the fractional

8)
™

£ 85

=
vo R (GAETTTTT

S 7s L N

8 - _'u-\..._..__"_"
§ 6.5 -

S Ml N - =- == B = = = - - u
2 551

S
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g 4.5 {=®= Coated aluminum®sgg sheet

5 —® - Coated copper core shee

;r: 3.5 |—a— Coated flexible graphite core sheel

% --4#-- Coated indium core sheet

2.5 T T T r - -
=
= 0 20 40 60 80 100 120 140

Thickness (um)

Fig. 8. Effect of core sheet thickness on the thermal contact con-
ductance (TCC) for the four types of coated sheet in the case of
smooth proximate surfaces. Thickness range: 1 um to 130 um.

valley filling due to a change of the sheet thickness
is negligible due to the high modulus of the core
sheets compared with the paste. Therefore, a
decrease in the core sheet thickness would decrease
the length of the heat flow path and thereby
increase the TCC in both the rough and smooth
cases.

In comparison of the four types of core sheet with
identical thickness, as achieved through the mod-
eling, it was found that, in the case of rough proxi-
mate surfaces, indium foil gives the best
performance in the range of 117 um to 320 um foil
thickness. For thicknesses below and above this
range, flexible graphite and copper foil, respectively,
perform the best. In the case of smooth proximate
surfaces, indium foil gives the best performance in
the range of 6 um to 112 um foil thickness, and
aluminum foil gives the best performance in the
range of 112 ym to 2000 um foil thickness. For
thicknesses below and above this range, flexible
graphite and copper foil, respectively, perform the
best.

In this work, carbon black paste is the only paste
that is modeled. Considering the results of our
previous work,'® TCCs for core sheets coated with
metal particle paste may be predicted to be lower
than the values in Table IV for carbon black paste.
However, the relative performance of TIMs with
various core sheets is not expected to change sub-
stantially when metal particle paste is used in place
of carbon black paste.

CONCLUSIONS

The performance of thermal interface materials in
the form of thermal-paste-coated sheets is numeri-
cally modeled by finite-element analysis, using
ANSYS software. The paste is polyol-ester-based
carbon black paste. Four types of core sheet
are evaluated, namely copper foil, aluminum foil,
indium foil, and flexible graphite. Flexible graphite
is advantageous in its resiliency and low modulus,
while the metals are advantageous in their high
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thermal conductivity and small thickness. Among
the three metals, indium has the lowest modulus
and the lowest thermal conductivity. The experi-
mental results for comparison with the modeling
results were obtained in prior work® by sandwiching
each coated sheet between two copper blocks at
controlled pressure. The surface of each copper
block has controlled roughness, such that two
levels of roughness are evaluated. Good agreement
is found between the modeling and experimental
results.

Among the four types of core sheet with identical
thickness, coated indium foil gives the best perfor-
mance for the range of core sheet thickness of 6 ym
to 112 ym for the case of smooth (0.01 yum rough-
ness) proximate surfaces and 117 ym to 320 ym for
the case of rough (15 ym roughness) proximate
surfaces. Aluminum foil gives the best performance
for the core sheet thickness range of 112 ym to
2000 um. For thicknesses below these ranges, flex-
ible graphite performs the best. For thicknesses
above these ranges, copper foil performs the best.
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