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Thermal interface materials (TIMs) are used to reduce the interfacial thermal
resistance between the chip and the heat sink, which has become a bottleneck to heat
removal in a variety of electronic applications. Degradation in thermal performance
of the TIM can contribute to unacceptably high chip temperatures, which can
significantly impact device or system performance during operation. While progress
has been made in recent years in the development of tools to measure beginning-of-
life thermal performance, characterizing the long-term performance of the TIM can
be crucial from a life cycle stand point since TIMs may experience harsh operating
conditions, including high temperature and high humidity, for extended periods of
time in typical applications.
The laser flash method is one approach for measuring thermal conductivity

that has an advantage over more commonly used techniques because of the non-

contact nature of the measurement. This technique was applied to 3-layer structures to



investigate the effects of thermal cycling and elevated temperature/humidity on the
thermal performance of select polymer TIMs in pad form, as well as an adhesive and
a gel. While most samples showed little change (less than 10% in thermal resistance)
or slight improvement in the thermal performance, one thermal putty material showed
degradation due to temperature cycling resulting from bulk material changes near the
glass transition temperature. Scanning acoustic microscope images revealed
delamination in one group of gap pad samples and cracking in some putty samples
due to temperature cycling.

Finite element simulations and laser flash measurements performed to validate
the laser flash data indicated that sample holder plate heating, an effect previously
unexamined in the literature, can lead to inaccurately high TIM thermal conductivity
values due to suppression of the sample temperature rise during the laser flash
measurement. This study proposed a semi-empirical methodology to correct for these
effects. Simulated laser flash test specimens had bondlines that showed little
thickness variation (usually within the measurement error) due to clamping by the
sample holder plates. Future work was proposed to refine the laser flash sample
holder design and perform additional validation studies using thermal test vehicles

based on nonfunctional packages.
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Nomenclature

R = thermal resistance

Ha = hardness

m = mean asperity slope

P = contact pressure

ky=harmonic mean thermal conductivity
o = root mean squared surface roughness
R;. = junction-to-case thermal resistance
E, = activation energy

A = acceleration factor

k= Boltzmann constant

t = time

T = temperature

k = thermal conductivity

BLT = bond line thickness

ocre=CTE

7 = shear stress

G = shear modulus

[ = length

E =Young’s Modulus

A = cross-sectional area

v = Poisson’s ratio

t;» = half-rise time

X



L = thickness

o = thermal diffusivity

n; = square root of the heat diffusion time
H = volumetric specific heat

V' = normalized temperature

X = function of H

o = function of the heat diffusion time ratio
O = heat pulse function

Tume = shear stress decay time



Chapter 1: Introduction

Background and Motivation

It is generally believed that when two solid surfaces are joined together in
mechanical contact, only 1 to 2% of the effective areas are in actual physical contact
due to the imperfect contact interface caused by gaps and asperities (Prasher, 2006).
In microelectronic applications, this often leads to high resistance heat paths. Due to
increasing power dissipation levels occurring in a variety of electronic devices,
minimizing the total thermal resistance between the chip and the ambient
environment can be crucial in maintaining component operating temperatures at
acceptable levels. Current thermal management strategies must address decreasing
volumes and more stringent thermal requirements, which have caused interfacial
thermal resistance to become a bottleneck to heat removal (Nakayama and Bergles,
2003).

Thermal interface materials (TIMs) play a critical role in the thermal
management of electronics by providing a path of low thermal impedance between a
heat-generating element, such as a chip, and a heat dissipating element, such as a heat
sink. In many microprocessor and discrete RF applications, TIMs, despite aiding heat
dissipation, can account for 30 to 50% of the total thermal resistance budget,
including the component package up to the ambient environment (Lasance, 2003). A
wide array of TIM types, such as greases, phase change materials, pads, films, and

adhesives are now commercially available. The selection process can be challenging



since the overall performance of a TIM depends on many factors including process
variables, assembly conditions, bulk material properties, and properties of the
interface. Characterizing the thermal performance of thermal interface materials in a
manner representative of actual applications can be critical since erroneous selection
may lead to greater-than-expected thermal resistances in the thermal path.

In many automotive, military, and space applications, TIMs experience harsh
operating conditions, including high temperature and high humidity, for extended
periods of time. Degradation in the thermal performance of the TIM during its
operating life can impair device or system performance, lead to malfunctions, or
cause premature failure (Gowda, 2005). For instance, Chiu et al. (2001) showed that
thermal grease pump-out (the gradual squeezing out of the grease from the interface
gap) after 2000 power cycles can lead to a 50% increase in interfacial thermal
resistance while Gektin (2005) showed that 5% voiding in a TIM 1 material (die-to-
heat spreader) can lead to over a 70% reduction in overall system thermal
performance.

Few models of TIM degradation exist, however. In fact, predicting
degradation in thermal conductivity as a function of environmental stress conditions
over time is not possible with the current level of understanding. The lack of accurate
physics-based models to describe TIM degradation behavior has necessitated
improved experimental techniques (Prasher, 2006). In addition, product data on
reliability is often not provided by TIM vendors, and if reliability data is made
available, which reliability tests are used, how they are conducted, and how thermal

conductivity is measured can vary dramatically among manufacturers. Obtaining



accurate reliability data often involves additional design challenges beyond those
encountered in beginning-of-life (BOL) thermal performance testing. Having the
capability to accurately capture changes in the contact component of the thermal
resistance throughout a reliability test is essential for TIM thermal characterization
since many degradation and failure mechanisms affect or originate at the contact
interface between the TIM and the mating surface.

Evaluating TIM reliability using steady-state material tests, such as those that
follow ASTM-D5470 (2006), a test standard commonly used by TIM manufacturers
can be challenging. Assessing the impact of environmental exposure with material
tests would involve subjecting test specimens to environmental exposure conditions
(usually in a test chamber) and then measuring the thermal conductivity using the
instrument outside the chamber. In a steady-state material tester, high contact
pressures, which are needed to ensure good thermal contact between the test
specimen and the hot and cold blocks, can complicate the measurement of low
modulus or viscoelastic specimens due to the possibility of disturbing the specimen in
the process of loading and unloading it from the tester. Test specimens should remain
undisturbed between environmental exposure and thermal conductivity measurements
to ensure accurate TIM degradation data.

Thermal test vehicles, which typically consist of heating elements,
temperature sensors, and dummy processors designed to replicate TIM application
environments, represent another common approach to measuring TIM thermal
conductivity and can approximate the stresses and strains in the TIM during

environmental exposure more accurately than material test approaches. However,



thermal test vehicles can be costly and time consuming to develop and may not be
suitable if high absolute accuracy is required.

The laser flash method is another approach for measuring thermal
conductivity that has advantages over other techniques because of the non-contact
nature of the measurement. An established technique for bulk material testing of thin
solid test specimens, it has also been used to study solders, adhesives, and thermal
greases (Gowda et al., 2005; Chiu et al., 2002; Campbell et al., 1999, 2000).
However, one common criticism of the technique is that assembled samples don’t
simulate loading conditions in typical applications (Smith et al., 2008). Some have
also noted that the absolute error can be high when measuring multilayer test
specimens since other thermal and mechanical properties need to be known (stacked
up uncertainties) and the method can be difficult or impossible to use when the
coupons/substrates and the TIM have differing thermal diffusivities (Lee, 1977).
Practical considerations limiting its wider use by customers are the relatively high
cost of a typical laser flash instrument and the fact that the method is not commonly
used by TIM vendors and end-users, making comparisons with non-laser flash data
difficult. These criticisms have not yet been thoroughly examined in the literature and
many questions remain as to how to apply the laser flash method to obtain accurate
and realistic thermal resistance data suitable for assessing reliability, particularly of
TIMs in pad form. Use of the laser flash method for TIM characterization was
examined in this study and the validity of a few criticisms were explored in depth.
This research builds on the existing knowledge of TIM characterization techniques

and TIM degradation behavior and addresses some perceived deficiencies of the laser



flash method, which may nevertheless offer advantages over more commonly used

steady-state thermal conductivity measurement techniques.

Problem Statement

Although studies are available on the thermal performance of solders,
adhesives, and thermal greases, little literature exists on the reliability of TIMs in pad
form and gels. Temperature cycling and elevated temperature/humidity conditions are
commonly encountered in the service life of electronic systems, particularly those
used in automotive, space, and military applications, but their effect on thermal
performance has not yet been studied for TIMs in pad form and thermal gel. While
the laser flash method has been applied to the study of solders and adhesives, a few
thermal and mechanical issues that can contribute to error have not yet been
addressed in the literature, notably heating of test sample clamping plates during laser
flash measurements, clamping of the test specimen, and coupon-TIM thermal

diffusivity differences.

Research Objectives and Approach

The first part of this study, which focused on the reliability of polymer TIMs,
examined the effects of temperature cycling as well as elevated temperature and
humidity on TIM layer thermal resistance using the laser flash method. The thermal
performance throughout the reliability tests were determined using thermal resistance

values based on laser flash measurements, and the physical changes were examined



using scanning acoustic microscopy and other techniques. Additional measurements
were performed to quantify the amount that room temperature effects contributed to
changes throughout environmental exposure.

The second part of this study explored the application of the laser flash
method to the evaluation of the reliability of TIMs. The effects of sample holder plate
heating, which were studied using simulation as well as experimentation, were
examined by varying the sample coupon size and varying the contact pressure. With
sample holder plate heating effects present, which may lead to inaccurately high TIM
thermal conductivity values, this work investigated how to interpret and incorporate
the laser flash method to measure changes in thermal resistance. The influence of
clamping plates structurally on the TIM layer was also investigated using finite
element simulation. Although it is known that TIM thermal conductivity values can
be inaccurate or impossible to determine when the thermal diffusivities of the coupon
or substrate layers differ significantly from that of the TIM layer, criteria for
acceptability assuming a 3-layer resistive case of the Lee method have not yet been
established. To address this need, numerical analysis was performed to determine if
an acceptable range of thermal diffusion time ratios (coupon to TIM layer thermal
diffusion time) could be determined.

The research goals are summarized in the following objectives:

1. Use the laser flash method to measure the thermal performance of TIMs
subjected to reliability test conditions.

2. Explain the causes of thermal performance degradation.



3. Assess the effects of sample holder plate heating, clamping, and error due to
coupon-TIM thermal diffusivity differences on measured TIM thermal conductivity
values.

4. Validate thermal resistance measurements obtained from the laser flash
method using a steady-state thermal resistance measurement method.

Objective 1 focuses on measuring the thermal performance changes of select
polymer TIMs subjected to three reliability tests (two temperature cycling and one
elevated temperature/humidity test). Objective 2 is intended to explain the thermal
resistance changes measured using the laser flash method. This involves assessing the
effects of environmental exposure on TIM coupon interfaces using scanning acoustic
microscopy, visual inspection, as well as other analysis techniques needed to explain
the causes of any observed degradation.

Objectives 3 and 4 are intended to validate the laser flash data obtained in
objective 1. The third objective addresses three aspects of conducting laser flash
measurements that are studied in the context of TIM reliability evaluation using
thermal resistance values. These include determining the effects of varying the
coupon/substrate areas on calculated TIM thermal resistance values, assessing the
impact of clamping TIM samples in laser flash measurements, and determining if
thermal diffusion time ratios could be used as criteria to identify TIM-substrate
material combinations and thicknesses suitable for the laser flash method.

Objective 4 relates to the accuracy of data obtained using the laser flash

method to measure changes in thermal resistance, and how values compare overall to



steady-state techniques, which are generally more accurate and more widely accepted

in the industry.

Dissertation Overview

The work is organized as follows. Chapter 2, which focuses on background
literature, discusses experimental techniques, previous degradation studies, and
theoretical models of TIM degradation, which serve as the foundation for a discussion
of the need for improved experimental techniques to measure TIM degradation.
Emphasis is placed on the laser flash method, and its advantages over other methods.
Chapter 3 describes the fundamentals of the laser flash method and the test fixtures
used in this study. Details about the reliability test procedure and measurement
conditions are also provided. Experimental data from the reliability tests are presented
as well as additional analysis using scanning acoustic microscopy and
thermogravimetric analysis to explain observed thermal performance degradation for
two groups of TIM samples. Chapter 4 presents the results of the laser flash study,
intended to validate data obtained in the TIM reliability study. The analysis addresses
factors contributing to error in the thermal diffusivity measurement as well as how
well the test structures simulate realistic mechanical loading conditions, primarily in
the bondline thickness variation. Finally, Chapter 5 summarizes the important results
with recommendations on TIM selection based on the reliability study findings and
describes ways to ensure accurate measurements and the effects of characteristics of
the samples holder plates and 3-layer laser flash test specimen for measuring TIM

specimens.



Chapter 2: Literature Review

Managing thermal contact resistance has been a central issue in the design,
assembly, and operation of electronics and electrical equipment since the days of
vacuum tubes (Nakayama and Bergles, 2003). Theoretical and experimental research
over the past half century has provided insight into the underlying mechanisms
governing heat transfer through contacting solid structures, which can occur as
conduction through contact spots, conduction through an interstitial medium, or as
radiation. Methods to address thermal contact problems from basic principles
typically have involved approximating the geometry and using mechanical
deformation models combined with thermal models of heat transfer (Madhusudana,
1995; Yovanovich, 2005). This has led to the development of correlations, such as the
following expression, describing the solid—solid contact resistance R.; between two

nominally flat surfaces assuming plastic deformation of the asperities:

0.95
R= O'i" (%j @.1)
mg,

where Ha is the hardness, o is the root mean squared surface roughness, P is the
contact pressure, kj is the harmonic mean thermal conductivity, and m is the mean
asperity slope. The use of TIMs to reduce thermal contact resistance has a long
history, and early published literature describes their use in spacecraft thermal control
applications (Cunnington, 1964). The growth and development of the semiconductor
industry since the invention of the transistor, which has placed increasing demands on

thermal management, has resulted in a wide array of TIMs available on the market,



which differ in construction, composition, performance, cost and intended
application. While solder, metal foil, graphite, and carbon nanotube TIMs have
received attention in recent years (Rodgers et al., 2005), polymeric TIMs are the
focus of this research due to their widespread availability. Polymer TIMs, which are
typically either dispensed or in pad form, consist of a polymer matrix filled with
highly conducting particles to enhance their thermal conductivity.

While TIMs can be found in applications ranging from portable electronics to
datacenters, their use in flip chip configurations has led users to employ a
classification scheme based on their location within the system. Either they are inside
the component package at the die-heat spreader interface (Type 1) or outside the
package at the heat spreader-heat sink interface (Type 2), as illustrated in Figure 2.1.

Die attach material are sometimes classified as Type 0 TIMs (Rodgers et al., 2006).

heat sink

TIM 2

TIM 1
component

— board

Figure 2.1: Schematic illustration of TIM usage in a flip-chip BGA

architecture.

While the primary function of a TIM is to dissipate heat from the chip to
allow higher processing speeds, the ability of the TIM to absorb strain resulting from

the mismatch of coefficients of thermal expansion (CTEs) of the die, substrate, and
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the integrated heat spreader (IHS) during temperature cycling is also important.
Furthermore, cooling microprocessors requires not only maintaining the average
temperature below a design point, but also reducing the temperature of hotspots. Even
though the use of TIMs generally leads to an improvement over bare solid-solid
contact, degraded TIM thermal performance remains an important concern due to the
potential to affect the total junction-to-ambient thermal resistance, which can impact
chip performance, as has been described in several experimental and analytical
studies (Jung et al., 2003; Singhal et al., 2004; Somasundaram et al., 2008; Li et al.,
2008).

While mechanical, electrical, and cost considerations can influence the
selection of the optimal TIM for a given application, thermal performance most
directly reflects the primary function. In the past decade, physics-based models have
been developed to estimate the thermal performance of TIMs, expressed as a thermal
resistance or effective conductivity. The thermal resistance, R, across a TIM layer
was used in this study to describe the thermal performance and can be expressed by
the sum of the thermal contact resistances, Reoner and Reoniaer2, at €ach interface and

the bulk resistance of the TIM:

R, =BLT /k,, +R,, . +R (2.2)

total contact1 contact 2
where BLT is the bondline thickness and &7y, is the bulk thermal conductivity of the
TIM layer. This formulation assumes 1-D heat flow in a direction perpendicular to the

interface. These thermal resistances are illustrated in Figure 2.2.
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| : Material 2
R, \/\/\/\/
| aterial 1

Figure 2.2: Illustration of TIM thermal resistance.

Acoustic mismatch associated with phonon transport, which is also a contributor to
R ontac, 18 usually important for TIMs with low bondline thicknesses (less than 1pum)
(Smith et al., 2008).

Reliability is the probability that a device, system, or process will perform its
prescribed duty without failure for a given time when operated correctly in a specified
environment. In the absence of a definition of failure for thermal interface materials,
“reliability evaluation” in this study was used to describe changes in thermal
performance. This involved thermally characterizing the TIM using the total thermal
resistance (bulk plus contact) or effective thermal conductivity and measuring the
change over time when subjected to environmental exposure.

Rheology-based models of polymeric TIMs have enabled surface chemistry
and wettability of TIMs to be related to the interfacial thermal resistance (Zhou and
Goodson, 2001; Prasher et al., 2003; Prasher, 2001). While some theoretical studies
have led to improvements in measurement methods (Savija et al., 2003), most have
not translated to practical design rules (Prasher, 2006), due in large part to the large

number of parameters governing thermal resistance (Bosch and Lasance, 2000).
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Several experimental studies have explored the dependence of interfacial thermal
resistance on surface characteristics (shape and curvature) (Stern et al., 2006), TIM
layer properties (bondline thickness, filler particle size, fraction, and modulus) (Dean
and Gettings, 1998; Han, 2003), and contact pressures (Bharatham et al., 2006).
Gowda et al. (2003) studied the effects of filler particle size and distribution on the
performance of thermal greases. Matayabas and LeBonheur (2005) focused on cured
gels in examining how to optimize filler particle size and modulus to achieve reliable
performance. Since the accuracy of models in predicting TIM thermal performance is
still limited, however, improved experimental techniques are critical for
characterizing TIM thermal performance.

Most TIMs research prior to 2000 was experimental in nature, and several
literature reviews are available summarizing the historical theoretical and
experimental developments related to TIMs as well as those made in recent years
(Prasher, 2006; Smith et al., 2008; Goel et al., 2008; Dani et al., 2005; Sarvar et al.,
2006; Liu et al., 2006; Linderman et al., 2007). This literature review provides an
overview of TIMs research with an emphasis on reliability and degradation and will
consider the following topics: reliability and degradation mechanisms of TIMs,

thermal conductivity test methods for TIMs, and the laser flash method.

Thermal Interface Material Reliability and Degradation

The proper selection of a TIM often requires considering not only the
beginning-of-life thermal performance, but also the reliability, which is often not

characterized by TIM manufacturers. Environmental conditions, assembly conditions,
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and properties of the TIM and neighboring structures play key roles in determining if
and how a TIM experiences thermal performance degradation during its operating
life.

The effects of temperature cycling and elevated temperature and humidity,
which are addressed in this study, are potential concerns for polymer TIMs. These
conditions may be encountered in harsh operating environments, such as those
experienced by automotive, space, and avionic applications. Temperature cycling
may be problematic for elastomeric TIM pads if there is a large mismatch in
coefficients of thermal expansion between the mating surfaces, which can lead to loss
of contact at one or more surfaces (Viswanath et al., 2002).

In many instances, degradation in performance due to high temperature can be
explained by considering the bulk behavior of polymers. For silicones or siloxanes (a
commonly used material for both TIMs in pad form as well as dispensed TIMs),
prolonged exposure to heat can cause degradation of the siloxane network, resulting
in hardening of the bulk polymer, which over time can leave the polymer dry and
brittle and cause it to lose adhesion to metal interfaces (Dal, 2004). Breakage of
polymers can be caused by scission of highly linked polymer bonds into free radicals
and monomers (Tummala and Rymaszewski, 1997). Elevated temperature produces
low-molecular-weight cyclic compounds that can cause bulk polymers to crack
(Clarson and Semlyen, 1993). Cracks at the interface or through the bulk of the
material can increase thermal resistance at the interface due to the discontinuity of
heat flow. For silicone, hardening and cracking occurs at temperatures exceeding 180

°C, which is well above the recommended operating temperature usually specified in
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TIM datasheets. In fact, silicone should be relatively resistant to high temperature due
to the high dissociation energy of the Si-O bonds (Dal, 2004). Luo et al. (2001)
measured only a 2 percent decrease in thermal conductance for a silicone-based paste
and up to a 46 percent decrease for non-silicone pastes after isothermal heating at
100°C for 24 hours. The addition of either Al,O; or ZnO fillers into silicone rubber
increases both the thermal conductivity and thermal stability but reduces its CTE
(Sim et al., 2003). However, it is also important to note that silicones are susceptible
to hydrolysis due to the presence of polar Si-O bonds (Dal, 2004).

Past work on the impact of temperature on TIMs reliability has been
experimental in nature. In one of the few attempts to model TIM degradation, Samson
et al. (2005) proposed an Arrhenius-type equation based on an empirical curve fit to
express degradation of thermal performance with time due to elevated temperature for

a phase change material:

R, ()=R, (t=0)+ ANt exp(;f;f J (2.3)

b
where R is the junction-to-case thermal resistance, 4 is an acceleration factor, £, is
the activation energy for the TIM, £k is the Boltzmann constant, 7 is temperature, and
¢ is time.

Moisture in an elevated temperature environment can also cause polymer
thermal interface materials to degrade in performance. Silanol formation causes loss
of hydrophobicity and adhesion due to migration of hydrophilic Si-OH groups into
the exposed surface. This can lead to delamination on metal surfaces. Despite this,
moisture can also improve network formation at low temperatures (Dal, 2004). Dal

(2004) presented failure and material analysis findings of silicone-based thermal paste
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exposed to moisture and high temperature plus moisture. Using a model for moisture
diffusion into a thermal interface between the heat spreader and the chip with
variables of temperature, humidity and exposure time, Zou et al. (2006) found that
shear strength degrades with increasing moisture content, but the shear modulus does
not correlate with moisture level in the thermal compound.

Although few studies have addressed the effects of humidity on polymer gap
pad pads, fillers, and gels, some studies have examined the effects on polymers used
in non-TIM electronic applications. Gomatam and Sancaktar (2004) observed reduced
adhesion strength of adhesives exposed to a 90% RH environment. In tests performed
by Prabhakumar et al. (2003), the adhesion properties of epoxy-based adhesives did
not change significantly due to temperature/humidity testing, although the silicone-
based adhesives experienced a drastic drop in adhesion strength.

The change in interfacial contact resistance caused by elevated temperatures
was of interest in this study since it was hypothesized that delamination could cause
degradation in thermal performance for gap pads, gap fillers, and putties, which are
generally regarded as being among the most reliable TIM types. However, increased
wetting of the surfaces may also occur, leading to reduced thermal resistance at the
interfaces (Gowda et al., 2005). Furthermore, in an elevated moisture environment,
reduced adhesion strength and thermal contact of the TIM could result in increased
thermal resistance (Gomatam and Sancaktar, 2004). It is important to note that for
many silicone-based TIMs, thermal performance may improve over the course of
environmental exposure. Material in a softened stage can experience stress relaxation

and can better conform to surface irregularities; or silicone extraction may occur,
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which causes silicone oil to fill in small gaps and asperities that would otherwise
impede conduction across the interface. One goal of this study was to determine
whether degradation due to temperature cycling and elevated temperature/humidity
occurs in select polymer TIMs and to quantify the change in thermal performance.

Many of the most well known examples of degradation affect dispensed
TIMs, such as thermal greases. Because greases do not cure as gels and epoxy
adhesives do, they are susceptible to pump out, which is caused by the expansion and
contraction of the TIM layer, causing it to squeeze out of the interface gap. One trade-
off associated with pump-out is that lower bondline thickness results in lower thermal
resistance, but too low of a bondline thickness may result in regions with a lack of
TIM coverage, resulting in local temperature rises.

Standoffs have been shown to mitigate the effects of pump out (Sikka et al.,
2002). Brunschwiler et al. (2007) developed a method to address the problem of
pump out in thermal greases. Their method consists of using nested channels to
control the flow of the TIM and prevent pump out. Hierarchically nested channels
(HNC:s), which are etched onto a mating surface, allow thermal grease to flow easily
in predefined paths during thermal cycling, alleviating many of the pressure gradients
that can lead to pump-out (Brunschwiler et al, 2007). It is important to note that this
solution requires that the die/heat spreader surface include these channels, which may
be costly to incorporate from a manufacturing standpoint.

From a material integration standpoint, gels appear to be an attractive option
because of their reduced propensity for pump-out. Prasher (2006) showed that gel

pump out depends on the ratio G’/G” (storage/loss modulus). Prasher and Matayabas
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(2004) proposed that insufficiently cured gels exhibited grease-like behavior, which
leads to the formation of voids. They also noted, however, that lower shear modulus
values lead to lower initial thermal resistance, which suggests an optimal range of
shear modulus values that can ensure reliable gel thermal performance. Emerson et al.
(2005) showed that the flow of the matrix resin in a thermal paste depends on the
Peclet number, defined as 1,/1s, (Where 1y, is the characteristic time for fluid filtration
and t; is the characteristic time for deformation of the concentrated suspension).
When the Peclet number is greater than one, filtration effects are important. This
results in the tendency of filler particles to separate from the rest of the grease.

Nnebe and Feger (2008) examined dry-out in thermal greases using optical
microscopy and IR thermography. Local variations in the grease microstructure
caused by inhomogeneities in the distribution of the filler particles as well as matrix-
filler compatibility can affect the susceptibility of a thermal grease to degradation,
particularly at low bondline thicknesses (where the thickness is less than 10 times the
largest filler particle size). In aged greases, Nnebe and Feger (2008) applied theories
describing fluid flow through porous media to examine the impact of matrix-filler
interaction.

While reliability problems such as pump out and dry-out have been reported
to occur for thermal greases after prolonged use (Viswanath et al., 2002), the
reliability of gap pads and gap fillers has received less attention. The relatively large
bondline and the inability of gap pads to flow and fill in the microscopic crevices at
the interfaces contribute to the low thermal performance compared to greases, gels,

and solders. Maguire et al. (2005) incorporated thermal gap pads into their case study
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of TIMs in high power amplifier designs while Gwinn and Webb (2003) compared
the performance of a variety of TIMs, including gap pads, using published data. The
performance over time when subjected to stress was not evaluated in either of these
studies. Viswanath et al. (2002) reported that typical failure mechanisms in thermal
pads are increased thermal resistance due to inadequate pressure or loss of contact at
one or more interfaces. The extent of degradation of TIMs in pad-form and its causes
have yet to be fully described in the literature and were therefore examined in this
study, along with an adhesive and gel.

Experimental studies of degradation of TIMs in packages are common in
industry. In a series of tests including HAST, high temperature storage (150 °C), and
temperature cycling (-55 to 125 °C), Islam et al. (2008) showed that adhesives
outperformed greases and gels due to the excessive voiding, which decreased
mechanical strength and thermal performance. In contrast to their perceived
characteristic behavior, gels were still found to be susceptible to voiding, pump out,
and other degradation issues. Li et al. (2008) performed qualification tests of TIMs in
FC-PBGA (flip chip plastic ball grid array) configurations at both the component
level and the system level under temperature cycling and elevated humidity. Their
results showed that the thermal characteristics and mechanical integrity of the
selected TIM can be evaluated using the same stress conditions used in package
reliability qualification. Zheng et al. (2009) employed packaged TIMs to explain how
hygroscopic expansion and TIM bondline deformation during reflow and moisture

soaking at 85 °C/85% RH drives delamination.
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Polymer and solder TIMs are susceptible to voiding and delamination, which
are of particular concern when introduced into the package during assembly (Gektin,
2005; Hu et al., 2004). Delamination and voiding have similar effects on the thermal
performance despite the fact that voids can occur deeper into the bulk of the TIM
while delamination occurs at the interface. Voids and delamination near a hot spot
can have a dramatic effect on the maximum chip temperature (Gektin, 2005). Voids
are defects that can be a few millimeters to several hundred nanometers in length, so
although they are often visible at the macro level, they can also occur at the micron or
submicron levels. Voids form when air becomes trapped as the TIM flows during
assembly and can result from insufficient volume or outgassing during curing
(Gowda et al., 2004). During the manufacturing process, voids can form in the die
attach bond layer, and grow and coalesce during thermal cycling and elevated
temperature conditions (Fleischer et al., 2006). In comparing stencil printing to
dispensing of adhesives, Mukadam et al. (2004) examined the effects of heat ramp
rate and peak temperature and showed that the initial part of the cure profile up to the
material gelling temperature largely determines void size distribution.

The similarities between TIMs (types 1 and 2) and die attach materials both in
function and composition make degradation models of die attach materials attractive
in explaining many form of TIM degradation. Sundararajan et al. (1998) described the
shear stress distribution in the die attach layer of a power electronic component
during thermal cycling or power cycling to predict the life of the chip by die attach
fatigue. Thermal fatigue of solder is one example where a large body of work exists

on the reliability of materials used for other electronic applications besides TIMs
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(Lall et al., 1997). Die attach failure has been well studied and Hu and Pecht (1993)
summarized failure mechanisms and damage models in outlining a design approach
based on physics of failure. Gektin et al. (1998) related dramatic improvement in
underfilled flip chip reliability to reductions in solder joint strain, which followed a
Coffin-Mason relationship.

Thermally conductive adhesive tapes have been studied by Lee (2007) and
Eveloy et al. (2004) and Chu and Selvakumar (2009). Loss of adhesion due to creep
can cause degradation and failure in thermal tapes. Eveloy et al. (2004) measured the
effects of creep on pressure-sensitive adhesives and concluded that tape chemistry
and construction as well as environmental factors determine joint reliability. Besides
adhesive tapes, qualification or performance tests of other TIM types not considered
in this research but described in the literature include phase change materials (Aoyagi
et al., 2008; Bharatham et al., 2005), solders (Deppisch et al., 2006; Hua et al., 2006;
Refai-Ahmed et al., 2007), graphite (Luo et al., 2002; Marotta et al., 2002), and
carbon nanotubes (Fan et al., 2007).

Mechanical degradation of the TIM can have important consequences that
impact system thermal performance. When silicone TIMs are used to bond a heat sink
to a PCB (printed circuit board), the TIM layer absorbs much of the stress on the PCB
caused by the CTE (coefficient of thermal expansion) mismatch between the PCB and
heat sink which could otherwise lead to possible PCB damage (Zhang, 2009). Low
shear modulus, needed to reduce the possibility of decoupling, can depend on

crosslinking density, polymer molecular weight, and selective use of reinforcing
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fillers. Decrease in bond strength is another consequence of TIM degradation
(Viswanath et al., 2002).

In summary, despite significant developments in bulk thermal resistance
models of particle laden TIMs that take into account surface chemistry as well as
contact resistance models of solid surfaces that take into account mechanical
deformation, predicting in-situ thermal performance is impractical for most TIMs.
Understanding the impact of environmental stress conditions presents additional
challenges. For instance, the role of contact interface effects such as delamination in
contributing to thermal performance degradation has not been well studied. Relating
the impact of the environment to individual parameters that determine interfacial
thermal resistance in order to estimate overall degraded TIM thermal performance has
not yet been performed. The lack of accurate degradation data has hampered
development of physics-based degradation models. Furthermore, while considerable
progress has been made in understanding how many types of TIMs degrade, there is a
need to understand how TIMs in pad form degrade and the conditions for which
degradation in performance occurs. While in many cases comparative TIM studies of
thermal performance have included TIMs in pad form, they have not included
degradation data. In view of the wide range of TIMs and application conditions, it
likely that future degradation models will not be broadly applicable; rather they will
address how specific classes of TIMs degrade under specific application

environments, surface combinations, and loading conditions.
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Thermal Conductivity Measurement Techniques

Although many techniques are available to measure the thermal resistance or
thermal conductivity of TIMs, often the results cannot be compared across different
methods or testing conditions (Tzeng, 2000). In addition, the thermal contact
resistance is often ignored or combined into the overall thermal resistance, leading to
performance data that can be misleading to thermal designers. Steady-state
techniques, such as the guarded heat flow method and the guarded comparative
longitudinal heat flow method, are commonly used by TIM manufacturers. These
methods involve a Fourier law-type of measurement in which temperature is
measured across a heated test specimen after the instrument and specimen reach
thermal equilibrium. However, the validity of the standards associated with these
measurement methods, namely ASTM D5470 (2006) and ASTM E1530 (2006), has
been questioned since reproducibility of vendor data is often difficult to achieve and
the test conditions, such as the contact pressures and sample thicknesses, often do not
correspond to typical in-use conditions (Lasance, 2003). Experiments examining the
effects of surface characteristics on resistance measurements found that vendor data
underestimated the real-life interface resistance by up to an order of magnitude
(Lasance et al., 2006). Deficiencies in the ASTM standards for steady-state
measurements have prompted many researchers to offer modifications or develop
new test methods, many of which are capable of improved accuracy (Gwinn et al.,
2002; Culham et al., 2002; Kearns, 2003; Stern et al., 2006). Gwinn et al. (2002)

developed a TIM tester with the ability to switch out test blocks of different materials
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and surface finishes, which can be useful in reliability evaluation. Improvements in
steady-state methods have led to the availability of commercial testers suitable for
thermal conductivity measurements with less than 5% error (Analysis Tech, 2009).

Transient methods offer some advantages over steady-state techniques in
terms of measurement time and test sample flexibility (Lasance, 2003). The laser
flash method, to be discussed in the following section, the hot disk method (He,
2005), and the modified hot wire method (Mathis, 1999) are examples of transient
methods that have relatively fast measurement speeds and can be used to measure
multiple TIM types, such as greases and adhesives. Bosch and Lasance (2000) and
Lasance and Lacaze (1996) developed transient apparatuses to measure temperature-
time curves, which when used in conjunction with numerical analysis allow thermal
interface resistances to be determined more quickly than typical steady-state methods.
Szekely et al. (2002) developed a technique based on the differential structure
function that yields information on the heat flow path from the heat source to the heat
sink using internal transient temperature response curves. The technique, which can
be applied under typical TIM usage conditions, allows the thermal resistance of the
TIM to be determined in packaged devices.

Use of thermal test vehicles has become an increasingly common method
among end-users for evaluating TIM reliability. Thermal test vehicles typically
consist of heating elements, temperature sensors, and dummy processors designed to
replicate TIM usage conditions. They can approximate the stresses and strains in the
TIM during environmental exposure more accurately than approaches that use

material test specimens (Chen et al., 2008). However, thermal test vehicles can be
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costly and time consuming to develop and may not be suitable if good absolute
accuracy is required since thermal test vehicles require correlations to convert thermal
resistance data to values that reflect in-situ performance (Jarrett et al., 2007). An
accurate test methodology, such as a steady-state method, can be applied to calibrate
test vehicles (Stern et al., 2006). In addition, using a test vehicle that is too specific to
a single application may cause difficulty in extending the results to packages with
different configurations and environmental conditions. On the other hand, some test
vehicles are based on packages intended to represent multiple component-TIM
combinations (Samson et al., 2005; Chiu et al., 2001).

Aside from thermal conductivity measurement, several experimental
techniques have been employed to assess TIM degradation. These include using IR
thermography (Gupta et al., 2006; Dias, 2003) for characterizing the integrity of
thermal interfaces, differential scanning calorimetry to examine cure behavior and
determine activation energies and endothermic peak temperatures (He, 2001),
scanning electron microscopy to examine TIM bondlines and the interaction between
filler particles and the polymer matrix, and digital radiography and tomography to
detect voiding (Gowda et al., 2006). Scanning acoustic microscopy can detect
physical features, such as cracks, voiding, non-coplanarity, and delamination, which
have been shown to correlate with measured thermal resistance (Haque et al., 2000)
and will be used in this study. This technique allows for nondestructive inspection
and uses the interaction between focused sound waves with a sample immersed in a
couplant such as water to generate images that can reveal differences in acoustic

impedance. Gowda et al. (2005) and Chiu et al. (2002) demonstrated the use of
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scanning acoustic microscopy to assess voiding effects leading to increased thermal
resistance over time.

System-level effects such as warpage and the often complex interaction
between the TIM and the package should be well understood in evaluating TIM
reliability in realistic applications. Thus, TIM mechanical properties, including shear
modulus (Wang, 2006; Lim and Valderrain, 2007) are needed to fully understand how
the TIM behaves with contact pressure applied (Bharatham et al., 2006). Determining
the bondline thickness accurately is a key experimental challenge that limits the
ability to accurately needed to determine thermal resistance from the thermal
conductivity (Smith and Culham, 2005; Galloway and Kanapurthi, 2008; Wunderle et
al., 2008). It has considerable relevance to reliability evaluation because the test
specimen as measured in a thermal conductivity tester may differ from that in an as-
assembled configuration.

Because of the impact on the bondline thickness and the potential for voiding
and delamination, warpage of the die and the package is a key factor affecting TIM
thermal performance, particularly if operating conditions involve temperature cycling
(Kearney et al., 2009). Several studies have sought to measure predict the degree of
warpage and to understand the effects on TIM thermal resistance (Solbrekken et al.,
2000; Han, 2003; Yang et al., 2009; Too et al., 2007; Li, 2003; Wei et al., 2008).

While the most recent revision to ASTM D5470 (Hanson, 2006) alleviated
many issues regarding high contact pressures used in steady-state TIM thermal
conductivity testing, concerns remain over how well these values represent in-use

TIM thermal performance. In general, a thorough understanding of the conditions
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used to obtain datasheet thermal conductivity values is critical in translating datasheet
values to application-specific values.

Even with significant advances in the development of thermal conductivity
techniques capable of high absolute accuracy, little work is available describing
methodologies to evaluate TIM reliability using material test specimens. Presumably,
evaluating TIM reliability using material test specimens would involve periodically
removing test specimens from a test chamber and measuring the performance to
generate a time-history profile of thermal performance. The ability for steady-state
techniques to capture changes in TIM thermal performance has yet to be
demonstrated in the literature. Steady-state instruments do not provide the high
degree of control offered by environmental chambers. Samples must be removed
from the chamber and periodically measured in the thermal conductivity

measurement apparatus.

Laser Flash Method

This study focuses on the laser flash method, which measures thermal
diffusivity, a transient property that describes a material’s ability to conduct heat in
comparison to its ability to store heat. Knowledge of thermal diffusivity provides a
means to extract thermal conductivity, and the first thermal diffusivity measurements
using a flash technique were described by Parker et al. (1961) in the 1960s. Various
researchers have proposed refinements to more accurately describe the heat transfer
occurring during measurement, including Cowan (1963), who modified the Parker

model to account for heat loss in the test sample due to radiation, and Clark and
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Taylor (1975), who used similar assumptions as Cowan but considered the heating
part of the temperature rise curve. These methods differ from the Parker method
(1961) in how the thermal diffusivity is calculated from a measured temperature rise
curve. Sheikh et al. (2000) examined the effects of radial heating, which causes
samples to conduct heat laterally due to nonuniform surface heating. Further efforts
have improved the measurement technique to the point where the method is well
established for material property measurements in many industries.

Some of the sources of error associated with the laser flash method will be
examined in this study. A large body of work exists for describing sources of error of
laser flash measurement, including work by Taylor (1975), Baba and Ono (2000), and
Lee and Taylor (1978) among others, but their work did not address errors from the
standpoint of TIM property measurement.

In this study, the thermal performance and reliability of thermal interface
materials were examined using the laser flash method applied to three-layer sandwich
structures in which the TIM is assembled in between two coupon or substrate layers.
In the 1970s, Lee (1975) and Lee (1977) developed a methodology to measure the
thermal diffusivity of multilayer structures. This approach has been applied by other
researchers to the study of thermal greases (Gowda et al., 2005) and solders (Chiu et
al., 2002). Campbell et al. (1999, 2000), Hasselman et al. (2000), and Kohli et al.
(2001) characterized epoxy adhesives using laser flash measurements of three-layer
composite samples.

Lee and Taylor (1978) showed that it is not practical to measure the thermal

diffusivity of a thin highly conducting layer in between substrates of lower thermal
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diffusivity. They did not provide criteria however for the acceptable the ratio between
middle layer to outer layer thermal diffusivity, which is also absent from ASTM
E1461, which describes laser flash measurements (2001). Lee (1977) presented
solutions for two and three-layer composite structures, and identified layers as being
resistive or capacitive. Capacitive layers have uniform temperature. Using the ratio of
the heat diffusion times between layers to determine whether capacitive solutions or
the more general resistance solutions should be applied, Lee (1977) presented a 3-
layer resistive solution as well as a solution for 3-layer composite structures with
capacitive first and third layers. However, Lee (1977) did not provide criteria for the
general 3-layer resistive case despite warning that that the iterative algorithm should
not be used on composite structures with large differences in the heat diffusion times,
as small differences in 3-layer thermal diffusivity result in large differences in the
calculated middle layer thermal diffusivity.

The rationale behind examining these issues is a better understanding of
whether thermal diffusion time ratios could be used to determine when the laser flash
method could be applied for a given 3-layer TIM composite test specimen. Such
criteria can be used to determine what thicknesses need to be used when constructing
3-layer test specimens.

When used for TIM reliability evaluation, 3-layer measurements allow
realistic stresses and strains to be captured during the course of a reliability test. Such
a method would also be attractive due to the high degree of control possible for the
environmental exposure, which could be implemented using an environmental

chamber rather than inside the laser flash instrument. Many other features of the laser
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flash method make it suitable for reliability evaluation. Measurements are relatively
fast, the instrument does not contact the test specimen, and there is no need to log
data using multiple thermocouple channels. In a survey of 17 thermal conductivity
techniques, Graebner (1997) described the laser flash method as requiring “moderate”
operator skill and “medium” cost (including instrumental and sample costs) relative
to other techniques. Chiu et al. (2002) showed that voiding is detectable 3-layer
composite structures. It has also been noted that the laser flash method is capable of
measuring cracked specimens, and shows agreement within 5% of steady-state values
(Shaw, 1969).

Smith et al. (2008) noted that the need for laser flash test samples to
accommodate laser pulses limits their ability to be tested in a product-like test fixture.
This does not diminish the value of the laser flash method toward quantifying some
types of TIM thermal performance degradation, especially those not heavily affected
by the rest of the package and contact surfaces. In the absence of a comprehensive
study on of the laser flash method’s ability to detect degraded TIM structures, more
work needs to be performed to confirm that laser flash method accurately captures the

impact of TIM degradation and how test structures should be designed to hold test

specimens in place during measurements.
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Chapter 3: Reliability Tests

Theory of the Laser Flash Method

The first part of this study involved assessing the effects of temperature
cycling and elevated temperature/humidity on TIM thermal performance, measured

using the laser flash method.

Basic Operation

The laser flash method involves monitoring the temperature of the rear surface
of a test sample after a burst of energy (supplied by a laser) heats the front surface of
the sample and the resulting temperature rise propagates through the material. The
temperature rise curve, usually measured by an infrared detector, yields the thermal
diffusivity of the test sample as well as the specific heat when a reference

measurement is also performed. The approach is summarized in Figure 3.1.
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Figure 3.1: Illustration of the laser flash method.

When the thermal diffusivity and specific heat are known, the thermal
conductivity can be calculated using the definition of the thermal diffusivity
(a=k/pecp). In this study, the thermal diffusivity was determined using the Koski
procedure (Koski, 1981), which requires time and temperature ratios of various points

along the temperature rise curve (Parker et al., 1961).

Multilayer Analysis

The laser flash method can provide an indirect through-plane thermal
conductivity measurement of a composite multilayer TIM test sample. For samples
that require clamping using sample holder plates, the basic configuration is shown in

Figure 3.2.
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Figure 3.2: Configuration used for laser flash measurements of clamped 3-layer test

heat flux diameter

samples.

The TIM thermal conductivity is derived from the thermal diffusivity
measurement. For this study, an algorithm developed by H.J. Lee (1975) and T.Y.R.
Lee (1977) was used to calculate the thermal conductivity across the TIM layer based
on properties of the individual layers and the three-layer sample. Since contact
component of the conductivity cannot be extracted from the three-layer case
considered by Lee, the thermal conductivity calculated from the algorithm includes
both bulk and interfacial contact contributions. Lee’s formulation for layered

composites relies on the following assumptions:

. 1-D heat flow

. No heat loss from the sample surfaces

. Heat is absorbed uniformly on one side of the sample

. Homogeneous layers

. Constant thermal properties over the temperature range
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The half rise time of the temperature response of the composite sample was
determined from the apparent diffusivity obtained from the measured data using the

following relation described by Parker et al. (1961):

L _138r
—7[2 . (3.1

where ¢;,, = half rise time, L = thickness, and a = thermal diffusivity. The half rise
time as well as the single layer properties were then used as inputs into the Lee
algorithm. The k™ root of the characteristic equation, y, must then be determined in

order to solve for the inverse Laplace of the heat diffusion equation:

cot(r, ) cot(r,7) + H, 315, cot(n,) cot(r,y) +
H, 15, cot(nyy)cot(n,y)—1=0

(3.2)
where #; is the square root of the heat diffusion time through layer i, #;; is the ratio of
n; to 17;, and H is the volumetric specific heat. The back-side normalized temperature,

V, of the composite sample was then calculated based on the algorithm inputs:

S (0 X, +0,X, + 0, X; +0,X,) O(7,,15,1) (3.3)

V=1+2 .
o o X, cos(wy )+, X, cos(w,y )+ w, X, cos(w,y )+ w, X, cos(w,y)

where the X; terms are functions of H, the ® terms are functions of 7, and Q is a
function of the heat pulse. The diffusivity of the TIM layer was iterated until the
normalized temperature using the three-layer composite solution at the half rise time
converged to 0.5. The thermal conductivity can then be determined for the converged
diffusivity value from the definition of thermal diffusivity. This procedure is
summarized in Figure 3.3 and layers 1, 2, and 3 represent coupon 1, the TIM layer,

and coupon 2, respectively.
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Figure 3.3: TIM thermal resistance measurement and calculation.

Experimental Approach

TIM samples were assembled to achieve a desired bondline thickness and then
prepared for the laser flash measurements. A neodymium-glass (ND: glass) laser with
a 1060 nm wavelength provided a 15J pulse during laser flash measurements.
Baseline laser flash measurements were then performed prior to subjecting the
samples to a defined environmental condition for a fixed period of time.
Measurements were repeated periodically over the course of the environmental
exposure. Scanning microscope images were taken of the samples after completing
the environmental exposure. Ten samples of each type were measured to achieve
statistical confidence in the assembly procedure, the laser flash data, and the three-
layer calculations. This number included scanning acoustic microscope samples and

room temperature samples used as a control group to assess room temperature effects.
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Figure 3.4 provides an overview of the experimental procedure followed in this

section.
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Figure 3.4: Overview of the experimental procedure.

Laser Flash Test Samples

TIM samples examined in this study were chosen from commercial offerings
and represented a range of thermal interface materials. Specific samples within a TIM
product line were selected based on the thickness constraints of the sample holder. All
materials were suitable for so-called TIM 2 applications (heat spreader or thermal lid
to heat sink) although the epoxy adhesive could also be used as a die attachment
material (die to substrate). With the exception of the adhesive and gel, all samples
were manufactured in pad form. The putty samples were silicone with either alumina
or boron-nitride filler. Putties A and C, which were from the same manufacturer but
differed in thermal conductivity, were tested with and without metal foil, which
typically facilitates removal in in-use applications and also functions as a barrier layer
between the TIM and the contacting surface. Gap filler is similar to putty but usually

has an in-use compression level of 50% or lower. The gap pads had a thin layer of
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pressure-sensitive adhesive (PSA) applied to promote adhesion at the interfaces, in
addition to fiberglass reinforcement within the polymer matrix, as shown in Figure
3.5. The gap pads were from the same manufacturer, and Gap Pad B contained
silicone while Gap Pad A was silicone-free. Measurements using electron dispersive

microscopy indicated that the gap filler and gap pads contained aluminum oxide filler

particles.
polymer ] —
S o S T R P Ittt pressure-sensitive
L
o
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Figure 3.5: Illustration of TIM gap pad bondline.

The thermal gel and adhesive were diamond-filled, electrically insulating and
thermally conductive silicone pastes. The gel was reworkable with an optional high
temperature cure while the adhesive required high temperature curing. Table 3.1

summarizes the test samples examined in this study.
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Table 3.1: TIM test samples.

Construction and | Vendor k Temperature | Temperature Elevated
Designation Composition (W/m-K) Cycling 1 Cycling 2 Temperature/
positi (-40 to 125°C) | (-55to 125°C) | Humidity
alumina-filled yes (w/ foil,
Putty A silicone 1 yes 1o no foil)
boron nitride-
Puty B | filled silicone 3 no yes yes
Putty C alumlpa-ﬁlled 6 o yes (w/ ‘f011, o
silicone no foil)
diamond-filled
Adhesive non-silicone 11.4 yes yes no
paste
diamond-filled
Gel non-silicone 10 no yes yes
paste
Gap Filler alumina-filled 2.8 yes no no
silicone
Gap Pad | alumina-filled 0.9 o o o
A non-silicone ' Y M
Gap Pad | alumina-filled
o 24 yes no no
B silicone

Laser Flash Test Sample Holder

To simulate realistic loading conditions, laser flash measurements were

performed on various TIMs assembled into three-layer sandwich structures, enabling

the test samples to remain undisturbed between measurements performed periodically

throughout the environmental exposure, as illustrated in Figure 3.6.
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Figure 3.6: Illustration of clamped TIM : a) side view; b) isometric (exploded view).

The test specimens were three-layer sandwich samples consisting of the TIM
sandwiched between two metal coupons. When assembled with the sample holder
plates, some area of the test sample coupon (top or bottom) was in contact with the
contacting clamping plate since the opening area was smaller than the coupon area, as
shown in the exploded view in Figure 3.6. The sample holder plates restricted the area
of the test sample illuminated by the laser, which was assumed to correspond to the
entire area inside the opening of the plates. The center openings of the clamping
plates (both top and bottom plates were identical in geometry) were 11.9 mm in
diameter, which corresponded to the opening size of the manufacturer’s sample
holder used in single layer laser flash measurements, which expose over 90% of the
test sample surface during laser flash measurements to approximate uniform heating

of the sample surface.
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The coupons used in the temperature cycling tests were 1-mm-thick squares
with a side length of 16.4 mm; the coupons used in the elevated temperature/humidity
test were 1-mm thick disks with a diameter of 12.7 mm. These sizes were greater than
the typical 8 mm by 8 mm size typically used for single layer measurements in order
to increase the area on which the force was applied when the samples were
assembled. To set the initial bondline thickness and facilitate placement in the laser
flash system, the layer stacks were held in place by aluminum plates. Figure 3.7
shows sample holder plates, which were fabricated out of aluminum and had four flat

head screws clamping them together.

Figure 3.7: TIM sample holder plates with coupons.

The temperature cycling coupon materials, oxygen-free high conductivity
(OFHC) copper and Alloy 42, were selected based on differences in their coefficients
of thermal expansion (CTE) in order to increase the maximum shear stress. The
configuration can be approximated as a bonded assembly of two dissimilar materials
with a layer of adhesive subjected to a uniform temperature change. For the adhesive
TIM, the maximum shear stress T occurs at the edges and can be described as follows
(Dasgupta, 1991):

r = GAT (0 cpy — Oy, ) tanh(A))
max LA

(3.4)
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g =Gl o (3.5)
L\EA4,  EA,

where acrz is the CTE of the coupon, G is the shear modulus of the TIM, AT is the
temperature difference, / is the TIM layer length, L is the TIM layer thickness, A4 is
the cross-sectional area of the TIM layer, E is the Young’s Modulus, and v is
Poisson’s ratio. Alloy 42 was preferred over other low CTE materials, such as
ceramic or silicon, as it is less brittle and less prone to cracking when loading is
applied. Furthermore, Alloy 42 is less transparent than silicon in the infrared region
of the spectrum and does not require a gold coating to reduce transmittance. The
calculated maximum shear stress in a 0.25-mm-thick adhesive layer (G = 1.5 GPa)
assuming a temperature cycle range of 160 °C was 9.2 MPa for the copper—Alloy 42
combination (with the same sample geometry used in laser flash measurements). This
result was less than a 15% difference from 10.8 MPa, the calculated maximum shear
stress for the copper-silicon combination. The elevated temperature/humidity test
used copper coupons on the top and bottom. All sample coupons of a given material
were fabricated from the same lot to prevent variations in surface roughness between

samples from affecting the measurements.

Sample Preparation

The surfaces of the coupons were cleaned with isopropyl alcohol prior to
assembling the sandwich structures. Graphite coating was applied to all test sample
sandwiches to enhance the radiational absorptivity and emissivity prior to each
sequence of laser flash runs. Five coats of graphite were applied in accordance with

ASTM E1461 (2001) and the laser flash manufacturer’s directions.
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Although the laser flash measurement imposed restrictions on the sample
geometry, applying contact force to the TIM allowed loading conditions to more
closely match typical usage applications than those used in many bulk conductivity
measurement tests. The thermal performance of gap pads and gap fillers, which
generally require higher clamping forces for optimal performance compared to
thermal greases, is highly dependent on the loading force (Maguire et al., 2005).

Many manufacturers control contact force when characterizing the thermal
performance of their thermal interface materials per ASTM D5470, but the stresses in
elastomeric materials change over time due to their viscoelastic nature. Since
bondline thickness can be more accurately controlled than force, a nominal 25%
compression was applied to the gap filler, putty, and gap pad samples during
assembly. This thickness value was within the manufacturer’s recommended
compressed thickness values. The thickness was controlled manually by tightening
the sample holder screws and measuring the thickness using a micrometer. Care was
taken to ensure that tightening the screws to compress the TIM would result in a
uniform thickness and not cause gaps that could have resulted in delamination during
assembly. The bondline thicknesses of the as-prepared TIM specimens are
summarized in Table 3.2 as mean values with standard deviations. Room temperature
samples were assembled such that the bondline thicknesses matched those used in

corresponding environmental exposure samples.
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Table 3.2: TIM bondline thicknesses.

Initial Bondline Thickness (mm)
Tempe.rature Tempe.rature Tellfll;::’:ztjl(llre /
TIM Cycling } Cycling % Humidity
(-40 to 125°C) (-55 to 125°C) (85°C/85% RH)
(Vli‘iltﬁ-‘/ﬁﬁl) 114003 N/A 144003
(Ijl‘gtf-‘giAl) N/A N/A 1.4+0.01
Putty B N/A 1.4+0.09 1.4+0.01
(iﬁgyﬂgl) N/A 14+0.08 N/A
(1; ‘;“f{n% N/A 1.4+ 0.04 N/A
Adhesive 0.3+0.01 0.3+£0.02 N/A
Gel N/A 0.1 £0.04 0.1+£0.01
Gap Filler 0.8+0.04 N/A N/A
Gap Pad A 0.6 +0.04 N/A 0.6+0.01
Gap Pad B 0.5+0.02 N/A N/A

The bondline of epoxy adhesive samples, which were not held under pressure,
was maintained using Kapton tape at the corners of the sample, chosen because of its
good stability at high temperature. The amount of adhesive dispensed onto the
coupon surfaces was controlled manually by the dispenser before the coupons were
mated together. The adhesive samples were cured per the manufacturer’s instructions
using a 60 °C prebake for 1 hr and a 150 °C bake for 0.5 hrs. For the adhesive
samples, the top and bottom aluminum plates of the sample holder were used to mask
the laser beam and radiation from the rear sample, and no clamping force was applied
by tightening the screws. The gel samples, which were clamped, also used spacers of

the same thickness.
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Sample thicknesses of the gap pads and fillers were measured with a flat point
micrometer, which had an accuracy of 25-um, and values were averaged over 3

locations on the surface.

Reliability Test Procedure

The density of the TIM layer was determined by measuring the mass of the
sample and the coupons and assuming that the TIM covered the entire face of the
coupon (neglecting the material squeezed out when compressed). Furthermore, the
vendor value of the TIM layer specific heat was used in the thermal resistance
calculation for all samples except for the adhesive samples, which required DSC
measurement to be performed. Vendor values of thermal diffusivity were determined
from specific heat and vendor thermal conductivity values. Measured values for
specific heat and thermal diffusivity were used for the coupon layers and assumed to
be the same among all samples. The thermal diffusivity was determined to be 0.041
cm?/s for Alloy 42 and 1.17 cm?/s for copper. Thermo-mechanical analysis (TMA)
yielded 3.2 ppm/°C and 14.7 ppm/°C for the Alloy 42 and copper coefficients of
thermal expansion (CTE), respectively.

The Lee algorithm (1975, 1977) requires the specific heat values of the
individual layers of the composite sample. Due to the difficulty in applying the
graphite coating to single layer polymer TIMs, differential scanning calorimetry
(DSC) was used for determining the specific heat in samples where vendor data was
not provided. DSC is a thermoanalytical technique in which the difference in the
amount of heat required to increase the temperature of a sample and reference are

measured as a function of temperature. It is generally a more accurate technique for
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measuring specific heat than the laser flash method as there is no variability in heat
pulses between successive runs and no dependence on coating material or sample
surface properties (Graebner, 1997).

All laser flash measurements were performed at room temperature, with five
flashes per measurement, as recommended by the manufacturer. Although it can be
shown that the value of the TIM layer thermal resistance is not dependent on which
side faces the laser (Lee, 1975), all laser flash measurements were conducted with the
copper side facing the laser beam to avoid variation due to the coupon surface
finishes. A 50% optical filter, the highest transmittance available for this instrument,
was used in the measurements to attenuate the beam power. For consistency, the
method described by Cowan (1963) was used to determine the thermal diffusivity of

all the samples.

Reliability Test Conditions

Since electronic hardware may experience temperature excursions due to the
environment or daily operation in a variety of military, aerospace, and consumer
applications, temperature cycling tests were used in this study to simulate the stresses
experienced by TIMs during typical usage. In the absence of a standard method for
environmental exposure of TIMs, the temperature range for the first temperature
cycling test was chosen to be -40 to 125 °C, with one cycle lasting for 1 hr (10 °C per
minute ramp rate, 15-min dwell at the low and high temperatures). This temperature
profile was based on a measurement standard used for surface mount solder
attachments (1995). The second temperature profile was -55 to 125°C, with one cycle

lasting for 70 min (15-min dwell at the low and high extremes). Except for Putty B,
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the selected test temperatures were within the normal operating temperature limits of
the TIMs specified by their manufacturers.

To simulate the combination of elevated temperature and humidity
encountered by electronic hardware, tests were also performed at 85 °C/85% RH.
This stress condition, which allows for the effect of moisture on thermal performance
to be examined, has been applied in other TIM studies and is commonly used in
environmental testing of non-TIM electronic parts and components (Gowda et al.,

2005; IPC, 1995).

Results

Nine samples of each TIM type were prepared for the first temperature
cycling test while the second temperature cycling test and the elevated
temperature/humidity test used 8 samples each. Laser flash measurements were taken
prior to each test and nominally at increments of once every 250 cycles or every 250
hrs. Each thermal resistance value is given as a mean value and the standard deviation
associated with each of the samples (1 value per sample is based on an average of 5

flashes.

Room Temperature Observations

Although examining the behavior of TIM samples subjected to temperature
cycling and elevated temperature/humidity was the main objective of this study,

separate trials were also performed to characterize the behavior of the samples over
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time at room temperature to distinguish between room temperature and temperature

cycling or elevated temperature/humidity effects.

Table 3.3 summarizes the changes in TIM layer thermal performance over

time when stored at room temperature after being cured. Measurements were

performed for three samples per type. The “time after assembly” refers to the time

after the TIM was compressed between the sample holder plates and the screws were

tightened.
Table 3.3: TIM layer thermal resistance at room temperature.
Thermal resistance (mmzK/W)
Time
after Putty A (no Adhesive (?;ap Gap Pad | Gap Pad
foil) Filler A B
assembly
10 min 94+7 133+21 | 126+18 | 223425 74+ 5
1 hr 93+7 1167 | 127+15 220+9 75+7
1 day 93+6 109+12 | 126+ 15 | 224 +20 72+6
10 days 92+7 97+6 127+13 | 220+ 10 69 +7
30 days 91+7 89+5 123+14 | 214+21 61+3
g::ffg 3 44 3 9 13
days (-3%) (-33%) (-2%) (-4%) (-17%)

After being subjected to a 1 hr prebake at 60°C and a 0.5 hr bake at 150°C, the
epoxy adhesive showed a 33% reduction in resistance after storage for 30 days at
room temperature (the largest change among the samples tested), reaching a thermal

resistance of 89 mm°K/W. Material flow and other relaxation processes, as well as
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handling (vibration/shock), could have improved the contact between the other TIMs
and coupons after assembly. Storage of the samples over time could have led to a
reduction in silicone content in the TIM layer by means of outgassing or extraction,
which could have contributed to the observed resistance decreases at room

temperature.

Temperature Cycling Test (-40 to 125 °C)
The results of the temperature cycling tests from -40 to 125 °C are
summarized in Table 3.4. The resistance changes at the end of the temperature

cycling tests (relative to the baseline resistance) are also provided.

Table 3.4: TIM layer thermal resistance under temperature cycling (-40 to 125 °C).

Thermal resistance (mm’K/W)
Putty A . .
(no foil) Adhesive | Gap Filler | Gap Pad A | Gap Pad B
Vendor 101 22 271 633 213
Baseline 80+£5 69+7 125+ 11 253 +42 69+7
255 cycles 73+£5 61+£5 123+ 12 267 + 50 52+£9
510 cycles 73+£6 63+£5 124 + 12 265+ 51 52+£9
760 cycles 67+5 67+6 124 £ 11 269 + 53 52+9
Change
afctezlzs60 13 2 1 +16 17
(34’0 to (-16%) (-3%) (-1%) (+6%) (-25%)
125°C)
Change at
end of test -5 -5 -0.1 +4 -19
(room (-6%) (-8%) (0%) (+2%) (-27%)
temp.)
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As shown in Table 3.4, with the exception of Gap Pad A, a reduction in TIM
thermal resistance was observed on average throughout the temperature cycling test,
with the greatest changes usually occurring prior to the measurement at cycle 255.
The observed thermal resistance reduction may have been caused by the release of
silicone from the TIM onto the contacting surfaces. This effect, often referred to as
silicone extraction, is known to affect silicone elastomeric pads and can contaminate
nearby components (Bergquist, 2007), in some instances reducing the contact
resistances by filling in the interstices. The Gap Pad A samples, which contained no
silicone, showed a slight increase of 12 mm?®K/W in resistance (5%), but this was
within the uncertainty of the measurement. Higher levels of noise were observed in
the temperature rise signals for the gap filler pads. A comparison with the room
temperature study results in Table 3.4 indicates that factors independent of
temperature cycling, but still temperature-related, may impact thermal performance.
The elevated temperature of the cycling tests may have accelerated the processes
occurring at room temperature.

The adhesive TIMs subjected to temperature cycling decreased in thermal
resistance initially, but then gradually increased. Under room temperature, thermal
resistance of the adhesive TIM continued to reduce throughout the observation
period. Unlike the gap fillers and gap pads in this study, the adhesive was a dispensed
epoxy material requiring a high temperature cure, so the resistance change could have
been caused by additional crosslinking after the samples were subjected to the high
temperature cure. Of all the materials tested, the adhesive baseline resistance was

dramatically lower than the room temperature test values, starting with the 10-min
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value. As the difference in average bondline thickness was less than a few percent
between the two series of tests, this result may have been caused by differences in
how the material was dispensed as well as the effects of storage, as some samples
contained adhesive in containers that had been thawed and then refrozen. Under
temperature cycling, interfacial effects precipitated by the thermal expansion
mismatch between the TIM and the metal coupons may have countered the
crosslinking effect observed under room temperature.

While few changes were evident in the appearance of the TIM samples after
temperature cycling, Gap Pad A samples did show slight discoloration after 255 and
510 cycles, most likely due to crosslinking of the polymer matrix. The Putty A
samples showed signs of pump out after 255 cycles. Figure 3.8 shows a sample after
the first thermal performance measurement. The “before” image shown is for a
different sample assembled in the same manner, and is representative of all Putty A

samples prior to temperature cycling exposure.

b)
Figure 3.8: Pump-out in the Putty A samples:

a) before temperature cycling; b) after 255 temperature cycles.
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This pump out was likely caused by the repeated expansion and contraction of the
TIM relative to the sample holder structure during temperature cycling. Due to the
concern over pump-out, the thickness of this TIM type was measured prior to each
intermediate thermal performance measurement and not assumed constant, as were
the other samples. The thickness of the TIM layer was found to decrease an average
of 0.1 mm as measured during each periodic thermal performance measurement. The
screws were not tightened further after assembly. The excess material that was
pumped out was removed to allow the TIM sample to fit in the sample holder during
the laser flash measurement. Despite the pump-out seen after only the first thermal
performance measurement in the Putty A samples, the thermal resistance of the putty
experienced a reduction in part due to the decrease in thickness. Since the three-layer
sandwich was not held at a fixed bondline thickness, the compression and shear at the
putty-to-coupon interface may have improved wetting between the surfaces, further
enhancing the thermal performance.

Widely used in industry to detect defects and failures in ICs, scanning
acoustic microscopy (SAM) was used in this study to detect voids, delamination, and
morphological changes that might explain changes in the thermal characteristics of
the TIMs. This method can be useful given that the uncertainty in the calculated
values, based on laser flash measurements, may not allow small changes in the
thermal resistance to be resolved with statistical confidence. Furthermore, because of
the nature of the laser flash measurement, in which thermal wave propagation through
a sample material causes a temperature rise, the laser flash measurement may not

capture all occurrences of delamination or voiding, particularly if the delamination
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regions are located near the edges of the area illuminated by the laser beam incident
on the sample.

Since the application of SAM requires that specimens be immersed in a liquid,
SAM images were taken of a separate group of test samples that were assembled in
the same manner as those used in environmental exposure tests. This step prevented
direct comparison of before- and after-temperature cycling images, but prevented the
influence of absorbed moisture from affecting the thermal diffusivity measurements.

All measurements used a 75 MHz transducer, and images were taken in C-
scan mode. Only the area within the round opening of the aluminum sample holders
that was used for laser flash measurements was acoustically visible as the aluminum
attenuated the acoustic signal outside of the opening. A pulse echo beam was used, as
this was suitable for the material combinations examined in the measurement.

The SAM measurements revealed delamination near the edges of the viewable
area occurring at the TIM-copper coupon interfaces in nearly all of the Gap Pad A
samples. A representative image is shown in Figure 3.9. SAM images of a non-
temperature-cycled sample aged at room temperature and assembled at the same time

as the temperature-cycled one are shown for comparison in Figures 3.9 and 3.10.
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Figure 3.9: Scanning acoustic microscope image:
a) Non-temperature-cycled Gap Pad A sample;

b) Temperature-cycled Gap Pad A sample (after 760 cycles).

Cracking of the TIM layer in the temperature-cycled putty samples was visible at the
TIM-Alloy 42 coupon interface, as shown in Figure 3.10. The dark spots were

attributed to scratches on the graphite coating.

I &

Figure 3.10: Scanning acoustic microscope image:
a) non-temperature-cycled Putty A sample;

b) temperature-cycled Putty A sample (after 760 cycles).

Regions of non-uniform TIM coverage were visible in all of the SAM images
of the temperature-cycled adhesive samples. This non-uniformity may have resulted
from how the adhesive was dispensed onto the coupons, as well as from additional

crosslinking of the epoxy adhesive during temperature cycling. SAM measurements
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did not reveal any loss of contact at the TIM-coupon interfaces for the Gap Pad B and

gap filler samples.

Temperature Cycling Test (-55 to 125 °C)

The results of temperature cycling from -55 to 125 °C performed on a second
group of test samples are shown in Table 3.5. The error bars show the standard
deviation associated with each of the samples (1 value per sample is based on an

average of 5 flashes).
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Table 3.5: Calculated TIM thermal resistance under

temperature cycling (-55 to 125 °C).

Thermal Resistance (mmzKNV)

Putty C Putty C
(no foil) (w/ foil)

Vendor 227 232 450 26 12
Baseline 208+30 | 282+69 | 361 +25 129 £ 16 36 £20
246 cycles 196 £33 | 318+89 | 499 +22 116 £8 16 22
493 cycles 188 £33 | 284 £133 | 598 £18 114 £10 18 +21
765 cycles 200 £35 | 275+234 | 731+19 103 £11 19+6

Putty B Adhesive Gel

1009 cycles | 181 +35 |265+188 | 726+17 102+ 12 19+19

1295 cycles | 175+33 | 275+210 | 745+19 100 +12 19+ 19
1538 cycles | 174 +32 | 2494240 | 740 +24 103 +12 20+ 19
1789 cycles | 178 +£35 | 253 +£212 | 709 +£22 106 £ 13 21+£19

2098 cycles | 174 +31 | 2344274 | 664 £20 98 £13 21£17

Change
after 2098
cycles
(-55to
125°C)
Change at

end of test +1 -42 +76 -5 -18
(room (+0.3%) (-12%) (+24%) (-4%) (-54%)
temp.)

34 48 +303 31 -15
(-16%) 17%) | (+84%) | (-24%) (-42%)

With the exception of Putty B, which degraded by over 50% in thermal
performance after the first 765 cycles, the thermal resistance did not increase
appreciably for any of the specimens up to 2098 cycles. The observed improvement
in thermal performance of Putty C may have been caused by silicone extraction, as
seen in the other temperature cycling test. A comparison of the thermal resistance

values throughout temperature cycling with the values from room temperature
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samples indicated that the changes in thermal resistance throughout the temperature
cycling tests can be partly attributed to non-temperature-related effects. Putty C
showed some signs of pump-out throughout the test, but not at the levels seen in Putty
A in the other temperature cycling test. SAM images of adhesive samples showed

regions of non-uniform coverage and lack of coverage.

Analysis of Putty B Thermal Performance Degradation

Because SAM measurements performed after temperature cycling exposure
did not reveal any features at the TIM-coupon interfaces that could have contributed
to thermal performance changes in Putty B, the thermal performance degradation was
likely caused by changes in the bulk of the material.

To test the effect of elevated temperature, the thermal performance was
measured nominally every 200 hrs in additional tests conducted at 125 °C. Eight
samples were subjected to elevated temperature while 2 samples were held at room
temperature. The results shown in Table 3.6 indicate that the samples at elevated
temperature on average experienced a 14-percent decrease in effective thermal
conductivity after 1016 hrs, a decrease that was not at the level seen in the

temperature cycling tests after 246 cycles.
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Table 3.6: Calculated Putty B thermal conductivity based on laser flash

measurements.
Effective TIM Thermal Conductivity
(W/m-K)
125°C Room temperature
Baseline 35+04 34-3.6
194 hours 32+£03 34-3.6
386 hours 3.0+04 34-3.6
596 hours 29+0.2 34-35
802 hours 29+0.2 32-35
1016 hours 3.0£0.2 32-3.6
% change
after 1016 -14 +2
hours

As Table 6 shows, thermal decomposition of the TIM due to elevated
temperature was unlikely to be the primary cause for Putty B degradation. This
finding was reasonable since silicone decomposition, which can result from a thermal
decomposition reaction in which the silicone chain is shortened and a cyclic
compound is formed (Dal, 2004; Clarson and Semlyen, 1993), should occur above
180 °C, well above the maximum temperature of the temperature cycling tests,
making this effect alone an unlikely explanation for the observed behavior of Putty B.

The impact of temperature cycling on bulk performance was studied by
examining the effect of the glass transition temperature (T,) on the thermal
performance of the TIM. The glass transition temperature, T,, represents the

temperature at which amorphous solids transition from the rubbery to the glassy state.
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The T, of Putty B was measured using a dynamic thermal mechanical analyzer
(DTMA) and was performed on a TA Instruments RSA III in dynamic, strain-
controlled, temperature ramp mode. The measurement followed the ASTM E1640-04
Test standard (2004) and used a 5% strain level, a 1-Hz frequency, and a 1 °C/min
ramp rate. Using the temperature at which a change occurs in the slope of the storage
modulus with temperature, as shown in Figure 3.11, the test yielded a T, of -55 °C,
which was a reasonable value since the presence of filler particles in the silicone can
increase the T, above that of pure silicone, which is -120 °C (Materials, 2008), and

Putty B was composed of 45% boron nitride (BN) and 55% silicone.
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Figure 3.11: Putty B storage modulus as a function of temperature.

Repeated temperature excursions near the T, in Putty B may have caused
repeated changes from a hard, brittle state to a soft, rubbery state, leading to

degradation over time. Repeated thermal expansion and contraction, combined with
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the CTE mismatch of the coupons, may have contributed to additional degradation. It
is important to note that since the minimum temperature during the temperature
cycling test (-55 °C) was below the minimum operating temperature (-45 °C)
recommended by the manufacturer, this behavior may not pose a problem in a typical

application.

Elevated Temperature/Humidity Results

For the elevated temperature/humidity test, the round 12.7 mm diameter metal
coupons were used rather than the 16.4 mm square coupons. This change was found
to result in higher baseline thermal resistance values and a closer match to vendor
data. The results of the elevated temperature/humidity test conducted at 85 °C/85%
RH on a third group of test samples are shown in Table 7. For the elevated
temperature/humidity tests, all samples with the exception of the Gap Pad A samples
showed an overall resistance decrease at the end of the test compared to the baseline
measurement. The greatest differences between the foil and non-foil were found early
in the test. After 553 hrs, these differences became smaller because the foil most
likely deformed to the contours of the surface. The improvement in performance was
most likely caused by the improved wetting at the contact interfaces due to the
presence of silicone, as was the case for temperature cycling. The Gap Pad A
samples, which were silicone-free, experienced on average a 4% increase in thermal
resistance while other samples experienced up to a 40% reduction in thermal
resistance. The best performing samples were the thermal gels, due to their high bulk
thermal conductivity and thin bondline. Room temperature Gap Pad A and gel

samples remained relatively constant in thermal resistance on average, like the
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corresponding elevated temperature/humidity samples, as shown in Table 3.7. For the
gel, crosslinking at room temperature may have contributed to a reduction in thermal
resistance in the room temperature samples. For both the Putty A and gel samples, the
greatest overall thermal resistance change occurred after initial exposure (between the
baseline and the measurement at 265 hours), which may have been largely due to
thermal expansion. SAM measurements did not reveal features at the interface that
would have led to changes in thermal performance for the room temperature and

elevated temperature/humidity conditions.

Table 3.7: Calculated TIM thermal resistance under 85 °C/85%RH.

Thermal Resistance (mmzK/W)
T e
Vendor 125 127 467 656 11
Baseline 163+ 10 | 229+48 | 479 £31 431+ 76 41+ 10
265 hours 147+8 | 158+15 | 435+14 | 437+71 28+ 8
553 hours 147+9 | 162+12 | 444 +17 | 435+66 27+8
813 hours 146+9 | 160+ 11 | 443 £11 438 + 71 267
1063 hours 142+8 | 15613 | 374+18 | 428+72 26 + 8
1310 hours 1367 | 154+10 | 404+£16 | 426+65 26+ 7
1621 hours 141+7 | 153+ 14 | 409423 | 440+ 75 26+ 7
1909 hours 144+8 | 160+12 | 40720 | 441+73 26+ 7
2173 hours 149+ 11 | 172+45 | 406+19 | 450+ 72 25+7
Cyange after 14 57 73 19 16
(85°C/85%RH) (-9%) (-25%) (-15%) (+4%) (-40%)
Changeatend | g 98 72 19 14
(room temp.) (-5%) (-36%) (-14%) (+5%) (-34%)
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While laser flash data were used to detect changes in TIM thermal
performance, the measured TIM thermal resistance values in temperature cycling
tests were generally lower in magnitude than those calculated using vendor thermal
conductivity values throughout the environmental exposure, with the exception of the
adhesive and some putty samples. This may have been caused by differences in
contact pressure, which could have affected both contact and bulk resistances, or non-
uniform surface heating of the test samples during the laser flash measurement.
Heating of the sample holder clamping plates during the laser flash measurement may
explain much of the lack of agreement in thermal resistance values from temperature
cycling tests, which used the larger square coupons, and elevated
temperature/humidity tests, which used round coupons that more closely matched the
laser flash sample holder openings. The larger coupons allowed more heat to be
conducted into the aluminum sample holder plates due to the higher area in direct
contact with the plates. This effect would have increased the apparent 3-layer thermal
diffusivity based on the measured temperature rise curve, causing experimental TIM
thermal conductivity values to be higher than actual values for the temperature
cycling tests. Measured changes in thermal conductivity over time would also have
been higher than actual values. Using finite element models that simulated heating of
the sample holder plates (to be described in Chapter 4), the actual change in thermal
resistance for the putty B samples, which showed the highest levels of degradation,
was estimated to be up to approximately 33% lower than the measured thermal

resistance changes reported in Table 3.5 as a result of sample holder plate heating.
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Simulations indicate that samples which showed little change in thermal resistance
due to environmental exposure would still have showed little change even with this
effect. In addition to these effects, variability in thermal resistance values for some
temperature cycling and elevated temperature/humidity test specimens can be partly

attributed to variability in the bondline thickness of the assembled TIM specimens.
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Chapter 4: Validation of Laser Flash Results from Reliability

Tests

Modeling Approach

To study potential issues arising from use of the laser flash method on
clamped TIM specimens and to explain reliability test measurements presented
Chapter 3, finite element (FE) models were constructed and simulations were
performed. More specifically, thermal finite element model simulations of the laser
flash test measurement assessed the impact of the sample holder on the calculated
TIM thermal conductivity while structural simulations examined mechanical loading

on TIM test specimens.

Thermal Simulations

In Chapter 3, laser flash measurements of 3-layer test specimens clamped
between two sample holder plates yielded TIM thermal conductivity values much
higher than those reported in vendor datasheets. It was surmised that nonuniform
surface heating, leading to radial conduction in the test specimen and heating of the
sample holder plates, was responsible for this discrepancy, but this effect was not
investigated and is therefore explored in this study. When the test coupons are much
larger than the opening in the top sample holder plate, only the open area of the
sample is directly irradiated. Because the surface heating is now localized in the

center of the test specimen surface, lateral heat spreading occurs, and the temperature
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waves propagate both radially (in plane) and through the thickness of the three-layer
specimen. This is a deviation from ideal laser flash measurements, where the entire
area on one side of the test specimen is irradiated, effectively producing one-
dimensional conduction through the 3-layer test specimen.

The approach used in the FEA simulation of the laser flash measurement
involved first assuming a value for thermal conductivity of the TIM layer and
applying a transient heat flux to the test specimen to approximate the pulse from the
laser that irradiates the test specimen. The half-rise times obtained from the
temperature rise curve of the simulated 3-layer test sample resulted in thermal
diffusivity values, from which TIM thermal conductivity could be determined using
the Lee method. Since this value may differ from the initial value of thermal
conductivity assumed in the model, the value must be iterated. This procedure is
summarized in Figure 4.1. The finite element model was generated assuming no heat
conduction to the sample holder plate and screws, no radiative heat losses from the

test specimen, and isotropic, homogeneous material properties.
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‘ Assume TIM thermal conductivity |

Use datasheet or measured
properties for all
non-TIM materials in clamped _>| Sonormiz A mde] ‘
TIM assembly

v

‘ Simulate laser flash measurement ‘

v

Obtain halfrise time from
temperature profile on rear sample face

v

‘ Calculate TIM thermal conductivity ‘

Figure 4.1: Overview of TIM thermal conductivity calculation procedure.

For this study, the heat flux was imposed on an area corresponding to the area
of the sample holder opening (laser-side) and the heat flux was assumed to be
uniform over the area of coverage, while the area visible to the detector corresponded

to the area of the sample holder opening (detector-side).

Structural Simulations

TIMs experience compression in typical applications due to screws or clips
that help ensure good thermal contact between the heat spreader and the heat sink.
The laser flash method requires one surface to be exposed to the laser and the other
surface to be in view of an IR detector. For the three-layer test specimens, openings
on the top and bottom of the sample holder plates, required for laser flash
measurements, prevented force from being applied uniformly over the top and bottom
surfaces of the three-layer TIM sandwich. The purpose of the structural finite element

analysis in this study was to assess the effect of any deformation experienced by the
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TIM layer, as a result of the opening in the sample holder plates that clamp the TIM.
The results would help determine how well the TIM laser flash test fixtures
approximate typical TIM application loading conditions, which are assumed to result
in a uniform bondline thickness.

TIMs in this study were assumed to exhibit linear viscoelastic behavior. The
generalized Maxwell model approximates linear viscoelastic behavior as a series of
springs and dashpots in parallel (Ferry, 1980). Mechanical material properties can be
represented using the kernel function of generalized Maxwell elements expressed in

terms of the Prony series as follows (Ferry, 1980; ANSYS, 2009):

G=G,+YG, exp[— ! J 4.1)
i=1 z-l‘ime

where G is the elastic shear modulus and 7 is the relaxation time for each Prony
component. The viscoelastic material properties were determined using Prony series
fits with 5 terms. Assuming the material was isotropic, shear modulus (G) was
determined from elongation modulus (E) data (ANSYS, 2009), using v = 0.49, the
isotropic material assumption, and the following relation:

_E _E
2(1+v) 298

(4.2)

To measure the material properties of the TIM layer used in the finite element
models, stress relaxation tests were conducted using dynamic mechanical analysis
(DMA). Input properties for the sample holder plates and coupons were based on
reference handbook values. Simulations were performed with and without the
openings in the sample holder plates used for laser flash measurements, keeping all

other parameters constant to examine the impact of the opening on TIM deformation.
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Some mechanisms for degradation, such as delamination, occur or originate at
the interface between the TIM and the contacting structure, rather than the bulk of the
TIM. Accurately simulating thermomechanical stresses and strains in the test
structure, including the interactions between the surfaces and the TIM, is important in
simulating conditions that give rise to degradation in TIM thermal performance.
Manufacturing relating conditions and CTE mismatch induced by warpage can lead
to surface non-planarity in the application environment. The initial TIM bondline
could be considered to be relatively flat since flatness tolerances on contacting
components are on the order of 0.002 inch per inch of travel for microprocessor

applications (Dean, 1998).

Experimental Results

Laser flash measurements on multiple TIM samples were carried out using
square and round test coupons, as summarized in Table 4.1. Vendor values of thermal
resistance were based on TIM thermal conductivity datasheet values using as-
assembled thickness values of the test specimens. Laser flash data generally yielded
moderately lower thermal resistances than those based on vendor datasheet values,
but for clamped square specimens, which used samples much larger than the opening,
the differences were up to a factor of 3. Differences with vendor values and
discrepancies among laser flash measurements performed on the same TIM suggested
that test coupons in combination with the sample holders may be contributing to

€Iror.
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Table 4.1: Comparison of laser flash measurements with vendor values:

a) square test coupons; b) round test coupons.

a)
Thermal Resistance (mm’K/W)
Putty A . .
(no foil) Adbhesive Gap Filler | Gap Pad A | Gap Pad B
Vendor 101 22 271 633 213
Measured 80+ 5 69 +7 125+ 11 253 +42 69 +7
b)
Thermal Resistance (mmzK/W)
Putty A Putty A
(no foil) (w/ foil) Putty B Gap Pad A Gel
Vendor 125 127 467 656 11
Measured 163+ 10 229 + 48 479 £31 431+ 76 41+10

To evaluate the impact of radial heating and sample holder plate heating

effects, five round samples of varying radii and five square samples of varying side

length of Gap Pad A were measured at a compression level of between 5-10%. While

these measurements showed that a square TIM specimen larger than the opening can

increase the calculated TIM thermal conductivity, the round specimens did not show

this trend, and in some cases, a higher radius led to a lower calculated TIM layer

thermal conductivity. These results are summarized in Figure 4.2. It was also seen

that with increasing sample area, the signal also decreased and for samples with larger

radii or side lengths, the temperature profiles had lower signals to noise ratios,

indicating that these data points may not be suitable for establishing a trend.

As shown in Figure 4.3, which shows measured TIM thermal conductivity values for

various sample sizes using aluminum or Lexan sample holder plates, Gap pad A




TIMs did not show a clear increase in measured TIM thermal conductivity with
increasing sample area, as would be expected from radial heating assumptions and
previous measurements. For measurements on the same TIM (Gap Filler), as shown
in Figure 4.3, use of aluminum holder plates led to higher measured TIM thermal
conductivity values than those obtained using Lexan plates. The increase in measured
TIM thermal conductivity with increasing area (slope) was higher in tests conducted
using aluminum holder plates than those conducted using Lexan plates. These trends
indicate that the sample holder material plays a dominant role in increasing the
measured TIM thermal conductivity and that radial conduction effects may be small

in comparison.
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4 * Ae o round, Gap filler

= round, Gap pad
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X square, Gap pad
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Figure 4.2: Effect of area on TIM thermal conductivity based on the laser flash

measurements.
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Figure 4.3: Effect of area on TIM thermal conductivity based on the laser flash

measurements of Gap Filler.

Tests in which both Lexan and aluminum were used in combination for
sample holder plates during the same measurements yielded data used to distinguish
between the relative contributions of each plate in increasing the measured TIM
thermal conductivity values, as summarized in Table 4.2. Heat flow into the top and
bottom sample holder plates appears to have contributed equally to the increase in
apparent measured TIM thermal conductivity, suggesting that heating of both sample

holder plates led to increased measured TIM thermal conductivity values.
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Table 4.2: TIM thermal conductivity based on laser flash measurements with

aluminum and Lexan sample holder plates.

Measured TIM
Test specimzen Bottom plate rl;(t)(l))vs?;:(tle thermal
area (mm ) (toward laser) detector) co(l\l;li;lnclt.ll‘g)ty
342 (round) Al Al 7.1
342 (round) Lexan Al 4.9
342 (round) Al Lexan 4.7
342 (round) Lexan Lexan 3.8
320 (square) Al Al 6.8
320 (square) Lexan Al 5.2
320 (square) Al Lexan 5.1
320 (square) Lexan Lexan 3.6
Modeling Results

The thermal finite element models generated in this section were used to
simulate the three layer test specimen and the sample holder plates used to clamp the
3-layer test specimen. The screws holding the sample holder plates together were

neglected.

Thermal Simulations

To examine why experimental laser flash results depended on the sample
holder plate material and explain how sample holder plate heating affected laser flash
data used to determine TIM thermal conductivity values, transient thermal finite
element models were generated of the assembled TIM structures using aluminum or
Lexan as the sample holder plate materials. Simulations were also performed for a

configuration with no sample holder plates. The pulse from the laser was
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approximated as a 15 J transient heat flux with a triangular profile lasting 0.3 ms.
Other than the laser irradiation, the entire structure was assumed to be insulated,
allowing for no convective or radiative cooling to the surrounding ambient. A typical

finite element mesh (which contained around 60,000 nodes) is shown in Figure 4.4.

Figure 4.4: Thermal finite element mesh.

Assuming no thermal contact resistance between the 3-layer TIM specimen
(using properties of the Gap Filler) and the sample holder plates, the temperature
profiles of the rear coupon face, inside the opening on the sample holder plate, were
averaged. The circular openings of both sample holder plates were 5.9 mm in radius.
The temperature profiles are shown in Figure 4.5 with distinct curves for aluminum,

Lexan and no holder plates.
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Figure 4.5: Temperature rise profiles from laser flash simulations.

Examining these curves, it is possible to conclude that absorption of heat by the
aluminum and Lexan sample holder plates led to a slower initial temperature rise than
would have been experienced by the sample in the absence of these plates. While
initially the rate of temperature increase was highest in the no-plate case, as shown in
Figure 4.5, the temperature reached the maximum value (within 90%) after 4-5
seconds due to the time for heat to flow through the 3-layer sample. The half-rise time
for the “no plates” case was within 0.01 to 1.3 seconds, the range predicted by
Parker’s equation based on treating the 3-layer composite structure as being
composed of all TIM or all coupon material. The heat flux at a location along the

opening edge of the top plate is shown in Figure 4.6.
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Figure 4.6: Local heat flux profiles on top clamping plate (coupon side) from laser

flash simulations.

Heat flowed initially into the aluminum holder plates from the test sample,
due to the high plate thermal diffusivity, and after the aluminum plates became
heated, thermal equilibrium was achieved by having the heat flux from the 3-layer
sample into the plates reach a maximum and then decrease over time, causing the
sample temperature to continue to rise gradually. For Lexan, heat flowed into the
plates initially but at a slower rate than for aluminum, and after the sample
temperature reached a maximum point, the plates continued to draw heat away slowly
because of the low Lexan thermal diffusivity until the 3-layer sample and plates
reached a thermal equilibrium condition.

Figure 4.7 shows nodal temperature profiles at multiple locations through the
thickness of the assembly test structure (3-layer Gap Filler sample with Lexan plates).
The nodal temperatures shown are located at the side of the assembly as illustrated in

the schematic in Figure 4.7 (top view), where in the side view “T1” is closest to the
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side with the applied heat flux and “T7” is on the opposite side of the test structure on
the rear plate. The irradiated side of the coupon experienced the highest temperature
rise, which peaked around the time of the applied heat flux. The bottom Lexan plate
in contact with the irradiated coupon heated up initially then decreased before being
heated up by the test sample while the top Lexan plate heated up more slowly after

the temperature wave propagated through the 3-layer test sample.
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Figure 4.7: Local temperature rise profiles throughout assembled test structure from laser flash

simulations: a) v-axis scale from 0 to 8 K: b) v-axis scale from 0 to 1.2 K.
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Since the entire simulated structure was insulated (except for the initial laser
pulse), the final temperature was above the initial temperature. The temperature rise
of the entire assembly at the steady-state condition (when the temperature no longer
changed with time) depended on the specific heat capacity values, with the lower
specific heat values corresponding to the higher steady-state temperatures. Using an
energy balance and treating the 3-layer sample and plates as a single system with no
heat loss, the steady-state temperature rises from the simulation were calculated to be
0.32,0.12, and 0.09 K, for no plates, Lexan, and aluminum, respectively by summing
the heat capacity contributions from all materials and assuming lumped capacitance.
These values were within 15% of the steady-state values from the FE simulation,
which were 0.38, 0.13, and 0.09 K, respectively.

Using the thermal properties of the gap filler, which had a datasheet
thermal conductivity value of 2.8 W/m-K, simulations were performed with round
and square test specimens. No thermal contact resistance was assumed between the
TIM test sample and sample holder plates. Half-rise time values were based on the
early part of the temperature rise profile, which resulted primarily from heating of the
test specimen, rather than the sample holder plates. Due to the suppression of the
sample temperature rise by the holding plates, the increase in TIM thermal
conductivity was higher in the simulations with larger test specimens, which lead to a
larger area being in contact with the sample holder plates, and higher in the
simulations with aluminum plates compared to those with Lexan plates. The

discrepancy between measured and simulated results in tests using the aluminum
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plate may have been largely due to the no contact resistance assumption.
Measurements with Lexan plates, however, showed a different trend, higher
measured values than simulated values, and this may have resulted from the actual
TIM thermal conductivity being higher than the datasheet value used for the input
value in the model. In addition, the Lexan plate samples may not have had the same
plate-to-sample contact resistance as the aluminum plate samples during laser flash

measurements. These results are summarized in Table 4.3.

Table 4.3: Calculated TIM thermal conductivity based on simulation of Gap Filler

assuming no contact resistance between the TIM test sample and sample holder

plates.
) Measured FEA TIM
Test specimen . TIM thermal thermal
2 Plate material .. .
area (mm ) conductivity | conductivity
(W/m-K) (W/m-K)
147 (round) Al 4.2 9.8
147 (round) Lexan 3.2 2.9
147 (round) None N/A 2.7
320 (square) Al 6.8 11.0
320 (square) Lexan 3.6 3.2
320 (square) None N/A 2.8

Adding the same level of simulated plate-to-sample contact resistance (0.2 or
0.5 W/m-K layer with a 0.5 mm thickness) had a greater impact on TIM thermal
conductivity values for the aluminum plate samples than for the Lexan plate samples,
as shown in Table 4.4. Since the aluminum plates were conductive, additional contact

resistance significantly reduced the calculated TIM thermal conductivities due to
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sample holder plate heating (10.7 to 3.7 W/m-K by adding 0.5 W/m-K effective
contact layers with 0.5 mm thickness) whereas this did not greatly impact the Lexan

plates, which were already relatively insulating.

Table 4.4: Calculated TIM thermal conductivity based on simulation of Gap Filler
using 320 mm® square samples varying contact resistance between the TIM test

sample and sample holder plates.

Contact layer thermal FEA TIM thermal
conductivity Plate material conductivity
(W/m-K) (W/m-K)
0.2 Al 3.2
0.5 Al 3.7
167 Al 10.7
0.2 Lexan 3.1
0.5 Lexan 3.2
2 Lexan 3.0

The mesh density of the thermal finite element models was determined to be
sufficient based on a mesh sensitivity study carried out of gap filler (square sample)
with a 1 mm bondline thickness and Lexan holder plates using two other meshes,
where the finest mesh (which contained 456,000 nodes) yielded a TIM thermal
conductivity value of 3.3 W/m-K, which was within 3% of the value resulting from
the model with a mesh density close to those used to obtain the other results.
Calculations of TIM thermal conductivity based on simulated temperature profiles
thus indicated that sample holder plate heating increased TIM thermal conductivity

values, matching the apparent trend found in laser flash measurements performed
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with aluminum sample holder plates. This result was because the laser flash method
assumes that for thin test samples uniformly heated on one side, the half-rise time
(time to reach one-half the maximum value) associated with the temperature rise on
the opposite side, is inversely related to the thermal diffusivity, as described by
equation 2. Clamping the TIM specimens altered their temperature history
considerably from the ideal laser flash test specimen conditions, which allow for heat
flow through the 3-layer specimen only. This resulted in lower slopes and more
complex temperature rise profiles, and the equivalent half rise times for clamped
samples were highly dependent on the magnitude of the first local maximum
temperature (first inflection point in the temperature profile). The half rise time was
calculated using the first inflection point since the laser flash instrument likely used
the early part of the temperature rise profile to calculate thermal diffusivity. This
reference point was lower for configurations with a greater sample holder plate
heating effects. For samples with aluminum plates, using the second inflection point
in the temperature rise profile would have resulted in TIM thermal conductivity
values that were lower than those based on the first inflection point: 1.2 W/m-K
rather than 11.0 W/m-K for the square samples and 5.4 W/m-K rather than 9.8 W/m-
K for the round samples. Since lower half rise times resulted in higher thermal
diffusivities, the TIM thermal conductivity values based on three-layer thermal
diffusivity values were higher for samples experiencing a greater sample holder plate
heating effect. This has important consequences for reliability evaluation since

measured changes over time are experimentally determined as measured differences
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in TIM thermal conductivity at different times, which would also be higher than
actual changes in TIM thermal conductivity over time.

Even though sample holder plate heating should be avoided, using a plate
design that reduces these effects may be difficult in some circumstances; for instance,
when environmental conditions in a given reliability test and structural considerations
also drive the plate material design and selection. Correcting for this effect requires
performing a series of simulations to establish the relationship between input TIM
thermal conductivity in the FE model, which corresponds to the actual value in a
realistic case, and output TIM thermal conductivity from the FE model, which would
be affected by sample holder plate heating. At least one accurate TIM thermal
conductivity measurement, obtained from a datasheet, an accurate alternative test
method, or laser flash data obtained using a low conductivity sample holder plate
material could be used as the input TIM thermal conductivity in the FE model. The
contact resistance between the test specimen and each plate can then be varied until
agreement is achieved between the TIM thermal conductivity calculated from the
finite element model and the value used in the model (assumed to be accurate). Using
this contact resistance value for a given TIM and loading condition, the input TIM
thermal conductivity values can then be varied to obtain the relationship between the
actual and calculated TIM thermal conductivity values. This fitting approach assumes
that the contact resistance between the test specimen and each plate does not change
over time. For example, in measurements of Putty B using aluminum plates, the plots
shown in Figure 4.8, which show results with a 0.5 mm-thick effective contact

resistance layer between the 3-layer test sample and each sample holder plate,
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indicated that the slope of the curve determines how to correct for measured TIM

thermal conductivity changes.
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Figure 4.8: Output TIM thermal conductivity based on FEA simulation as a function

of input TIM thermal conductivity.

Generally, the lower the contact resistance between the 3-layer laser flash test
specimen and sample holder plates, the lower the magnitude of the increase due to
sample holder plate heating and the lower the slope (change in measured TIM thermal
conductivity as a function of actual TIM thermal conductivity). This trend can be seen
in Figure 4.8. Therefore, on Putty B samples that showed a 1.8 W/m-K change after
2098 temperature cycles using aluminum sample holder plates, the actual change was
up to approximately 1.2 W/m-K, a difference of 33 percent.

In the tests conducted and described in Chapter 3, the screws holding the
plates together restricted some movement of the plates, which were still free to move

closer together over the course of the environmental exposure. Because of this aspect
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of the sample holder design, the contact resistance between the test sample and the
clamping plates would have been likely to increase if the TIM layer experienced
stress relaxation, which would have decreased the TIM bondline thickness over time.
For any measured thermal performance degradation over time, the actual amount of
degradation would have been lower than if the contact resistance remained constant
since the measured value at the later time would have been closer to the actual value
than the initial measurement. Similarly, for measured thermal performance
improvement over time, the actual amount of improvement would have been higher
than if the contact resistance remained constant due to a decreasing bondline
thickness over time.

As aresult of stress relaxation in the TIM layer, the correction procedure
described here would then yield an upper limit in thermal performance change in
cases of measured degradation with sample holder plate heating effects present due to
the possibility that later measurements were conducted with increasing contact
resistance between the sample and the plates. Overall, changes in the contact
resistance between the test sample and the clamping plates over time limits the
effectiveness of this correction procedure and underscores the importance of avoiding
sample holder plate heating by designing the sample holder plates accordingly. Some
amount of stress relaxation may have occurred in the Putty B samples given the
change in room temperature performance, but whether the total change in thermal
performance due to temperature cycling was caused by this effect is unclear.

The overall impact of sample holder plate heating can be reduced by using a

low contact pressure and a thermally insulating material for the sample holder sample
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holder plates with low thermal diffusivity and specific heat. TIM test coupons should
only be slightly larger than the openings of the sample holder plates, minimizing the
contact area between the holder plates and the test specimen such that the laser pulse
area nearly covers the entire test specimen on one side during the laser flash
measurement. If a high conductivity material like metal is needed for the sample
holder sample holder plates, a thin insulating layer could be added at the interface
between the test coupons and the sample holder plates. Other sample holder plate
shapes, such as a ring, may be possible as long as there is little contact between the

plates and the test specimen.

Structural Simulations

Structural finite element models simulated test samples as assembled for laser
flash measurements, in which the three layer samples were clamped using either
Lexan or aluminum sample holder plates. Putty B and Gap Pad A were selected as
representative TIMs to be modeled, and copper and alloy 42 were used as the
coupons in the 3-layer sandwich. To obtain the TIM shear modulus profiles, stress
relaxation tests were performed using dynamic mechanical analysis (DMA) in strain-
controlled transient mode at room temperature. DMA test specimens were 4 mm by 4
mm in area, and the initial thicknesses of the Putty B and Gap Pad A specimens were
I mm and 0.55 mm, respectively, matching the initial thicknesses in the simulated
laser flash test structures.

The Prony series coefficients were generated in ANSYS based on the
measured shear modulus profiles, and the resulting values were used to determine

TIM material property inputs in the FEA model. In the finite element models, screws
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were neglected, surface roughness was not considered between the TIM and the
coupons, and clamping of the 3-layer test specimens was simulated as a fixed
constant displacement in the z-direction (through-plane) applied to the conical region
at the top of one of the sample holder plates where the screw head would contact the
sample holder plate. The bottom surface of the bottom sample holder plate (side
opposite the applied force) was fixed. A free mesh was used with approximately
110,000 nodes and 80,000 elements. Solid187 (10-noded tetrahedral structural solid)
elements were used in the model and 2-axis sample symmetry (horizontal, vertical)
was assumed. Sample meshes used for some Putty B simulations are shown in Figure
4.9, where “solid” refers to geometries considered in simulation that included plates

with no openings.

a)
Figure 4.9: Structural finite element mesh (5.9 mm opening, 16.4 mm/side square test

specimen): a) open; b) solid.

Through-plane (z-direction) displacement in the top surface (the side with the
applied force) of the TIM layer, which approximates the total deformation of the TIM

due to compression, was used to quantify changes in the bondline thickness. Force
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was applied to the top surface of the top sample holder plate, and the bottom of the
bottom plate was held fixed, causing the TIM layer to be compressed primarily from
the top. The variation in the z-displacement was calculated as the difference between
the maximum and minimum displacement at a steady-state condition (final time). For
Putty B, clamped at a 25% compression level using Lexan plates with an opening
radius of 5.9 mm, the z-displacement variation in the TIM was approximately 1.5 x
107 m, which was larger than the variation achieved with solid plates, 8 x 10 m, and
was within 0.1% of the uncompressed bondline thickness. The z-displacement nodal
contour plots of the TIM layer at the final time, shown in Figure 4.10, indicate that
the highest deflection was located near the outer edges of the test specimen, where the

plates were in contact with the coupons.
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Figure 4.10: Z-displacement (m) of Putty B at a 25% TIM compression level: a)

open; b) solid.

Gap Pad A simulations also showed the highest deflection near the outer edges of the
test specimen. At the same compression level, the variation in the z-displacement of
Gap Pad A (2.4 x 10 m for the solid case and 4.2 x 10 m for the open case, which
was nearly 0.8% of the initial bondline thickness) was higher than for Putty B but still
small relative to the initial thickness, and the differences between the results with and
without the openings were slightly larger, but still smaller than the experimental
accuracy of a typical bondline thickness measurement (1 x 10 m). Simulations for
both Putty B and Gap Pad A were carried out until 500 seconds since the stress
relaxation data showed that the elongation modulus of Putty B leveled off after that

time. Simulations carried out until 1000 seconds indicated that 500 seconds was well
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within the steady-state range. The mesh density was determined to be sufficient based
on a mesh sensitivity study carried out using two other meshes. The finest mesh (with
444,000 nodes and 310,000 elements) for the Gap Pad A simulation for the solid case
at 25% compression level yielded a z-displacement variation of 3.7 x 10 m, which
was within 11% of the result obtained using the other mesh.

Nodal contour plots of the z-displacement showed similar distributions in the
TIM z-displacement at higher compression levels for both materials, and the
displacement variation increased with increasing compression level. Assembly
configurations for the open and solid cases matched each other well (within 1 x 107
m for Putty B, and 1 x 10” m for Gap Pad A) at multiple TIM compression levels

from 10% to 75% when comparing variation in TIM z-displacement, as summarized

in Table 4.5.
Table 4.5: Steady-state TIM z-displacement.
Through-plane displacement
variation of TIM layer (m)
% Compression .
TIM (TIM layer) Open Solid

Putty B 10 5.20E-08 3.00E-08
Putty B 25 1.50E-07 8.00E-08
Putty B 50 2.60E-07 1.50E-07
Putty B 75 4.70E-07 2.90E-07
Gap Pad A 10 1.85E-06 1.20E-06
Gap Pad A 25 4.20E-06 2.44E-06
Gap Pad A 50 9.34E-06 6.10E-06
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Varying the size of the openings in the sample holder plates caused the TIM layer to
deform more uniformly in thickness with decreasing opening size for simulations of
Gap Pad A at a 25% compression level. The z-displacement variation at a radius of
8.1 mm was around a factor of 10 higher compared to results using an opening radius
of 5.9 mm. With aluminum holder plates at a 25% compression level, the variation in
z-displacement with a 5.9 mm opening was around 60% lower than with Lexan
plates. Simulations with thinner Lexan plates, however, resulted in plate deflection,
causing the overall compression level of the TIM layer to be much lower than the
applied displacement. In experiments, this could lead to a test structure that deviates
significantly from a typical loading condition and pose problems during assembly of
the test specimen. Results varying the plate opening size, material, and thickness are

summarized in Table 4.6.

Table 4.6: Steady-state TIM s-displacement of Gap Pad A.

Through-plane
displacement
variation of TIM
layer (m)
Plate Radius of Plate I.’late Open Solid
. . Thickness
Material Opening (mm) Plates Plates
(mm)

Lexan 59 3.18 4.20E-06 | 2.44E-06
Lexan 2 3.18 2.98E-06 | 2.44E-06
Lexan 4 3.18 3.67E-06 | 2.44E-06
Lexan 8 3.18 3.30E-05 | 3.20E-05
Aluminum 5.9 3.18 2.41E-06 | 2.40E-07
Lexan 59 0.80 1.85E-06 | 1.20E-06
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Given these trends, a configuration with a large opening and coupon area, low
stiffness plates, and a high stiffness TIM layer would be expected to result in the most
nonuniform deformation in the TIM. For a Gap Pad A sample compressed at 50% of
the initial thickness and clamped using Lexan plates with an 8 mm radius opening,
the variation in displacement of the TIM layer was found to be 3.3 x 10™ m, still
within 6 % of the uncompressed bondline thickness. Even in this extreme case, the
TIM remained relatively uniform in thickness, indicating that TIM specimens of
similar dimensions, geometries, and moduli would also be suitable for laser flash
measurements, assembled in clamped 3-layer structures. These results indicate that
laser flash test structures can approximate typical TIM loading conditions that

produce uniform bondline thicknesses.

Comparison of Laser Flash Data with Steady-State Data

Steady-state thermal conductivity measurements were performed to validate
the capability of laser flash measurements to accurately measure TIM thermal
resistance (magnitude) and to accurately capture TIM thermal conductivity changes
over time. Generally, steady-state measurements are a more commonly accepted

method of evaluating TIM thermal performance than the laser flash method.

Steady-State Tester Design

The steady-state tester design was intended to use test specimens that
approximates TIM specimens as assembled in laser flash test structures. Heat was

applied using a Kapton film heater attached to a copper block and the temperature
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difference across the TIM specimen was measured using thermocouples embedded in
aluminum blocks, which were in contact with the test specimen on both sides. Each
thermocouple was fed in through the side, midway through the thickness, with the
bead located at the center of each aluminum block. An active heat sink was used to
cool the top of the tester. Thermal insulation in contact with the heater on the bottom
was a woven ceramic layer. Thermal grease was used to improve the thermal contact

between solid surfaces. Figure 4.11 shows the steady-state tester.
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Figure 4.11: Steady-state thermal resistance test vehicle: a) TIM tester schematic; b)

assembled TIM tester.

The temperature was measured after approximately 15 minutes, after the
heater reached a steady-state condition. The bondline thickness was measured after
temperature measurements were performed and the tester was disassembled due to
the difficulty of performing an in-situ thickness measurement. The applied power was

approximately 6.5 W and the square test specimens were 16.4 mm in side length.
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Time-Dependent Steady-State Measurements of Gel Samples

Gel samples were cured at 80 °C for 1 hour. Samples were then held at room
temperature and the effective thermal conductivity of two samples were measured
over time using the laser flash method and two additional samples measured using a
steady-state technique. Over the course of 13 days, the thermal conductivity of the
samples increased due to crosslinking in the polymer, but the overall change in
thermal conductivity of the steady-state samples was about 50% lower on average
than that of the laser flash samples, as shown in Figure 4.12. Variability in sample
assembly and preparation and sample holder plate heating may have contributed to
discrepancies between laser flash and steady-state data in the initial measurement
since agreement in the thermal conductivity values after 13 days was within 0.1 W/m-

K on average.
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Figure 4.12: Measured gel thermal conductivity after high temperature cure.

Absolute Steady-State Thermal Conductivity Comparison

Comparisons of multiple TIMs generally showed good agreement in absolute
thermal conductivity values (within x %) with laser flash measurements and vendor
data. Laser flash tests used 8 mm diameter round copper coupons on both sides of
each test specimen with Lexan samples holder plates. All measurements were
performed at a room ambient temperature and are summarized in Table 4.7. In
instances where the laser flash values differed considerably from vendor values, such
as the gel and Putty A, the steady-state values showed better agreement with laser
flash values. This may have been largely due to differences in contact pressure and

time in the high temperature cure.
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Table 4.7: Comparison between experimental TIM thermal conductivity values with

datasheet values.

Effective TIM thermal conductivity (W/m-K)
Putty A Putty A Gap pad
(o foil) | (w/foily | TUHYB A Gel
Vendor 11 11 3 0.9 10
Measured
laser flash 7.6 32 2.6 1.0 1.8
Measured 83-105 | 46-52 | 32-33 | 08-10 | 13-17
steady-state

Steady-State Measurement Uncertainty Analysis

The thermocouples used in the steady-state tester were Type T with 0.5 °C
error and the heat flux sensors had a 10% error. The root-mean-squared (rms) error
associated with the steady-state measurements considered error in the heat flux,
temperature measurement, and thickness values. Inability to perfectly center the heat
flux sensors and thermocouples on the test specimen and to evenly tighten the screws
may have contributed to heat flow non-uniformity. Using the method described by
Kline and McClintock (1953), the overall TIM thermal conductivity uncertainty was

determined to be on the order of 20%.

Laser Flash Uncertainty Analysis and Convergence Study

The overall experimental accuracy of the laser flash TIM thermal conductivity

values, which depends on the error of each input in the Lee algorithm, can be affected
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by the design of the samples and the coupons, which comprise the 3-layer test
specimen. Since the thermal resistance values are derived, errors can propagate
through both the laser flash measurement and the thermal resistance calculation. Lee
(1977) cautioned against using the laser flash method to measure the thermal
diffusivity of a thin highly conductive material deposited on a low conductivity
substrate. For thermal interface materials, this could be a concern when applying the
laser flash method to a thin high conductivity TIM, such as grease, gel or solder,
assembled in between thicker lower conductivity substrates or coupon layers.

In the Lee method (1977) used in the TIM thermal conductivity calculation, the k™
root of the characteristic equation, y, must be determined in order to solve for the
normalized temperature, V, as shown in equations 3.2 and 3.3. The solution for v,
however, is highly sensitive to the thermal diffusion time ratios between the top or
bottom layer and the middle layer of a three-layer test specimen. Lee used thermal
diffusion time ratios as criteria to determine when a given layer in a multilayer
sample is capacitive-that is, when the temperature is uniform throughout the layer.
Some 3-layer configurations can yield high root mean squared (RMS) error in the
calculated TIM thermal conductivity values obtained from the Lee algorithm or not
result in a converged solution at all. As a result, the selection of the material, bondline
thickness, coupon material, and coupon thickness can affect the accuracy of
calculated TIM thermal conductivity values, and the ability of the Lee method to
arrive at a converged solution. As an illustration, varying the 3-layer thermal
diffusivity and keeping all other inputs to the Lee algorithm constant effectively

allows the TIM thermal conductivity to be varied. For a copper-Gap Pad A-Alloy 42
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composite test specimen, small changes in the n ratios lead to increasingly larger
changes in the calculated TIM thermal conductivity values as the ) ratios increase,
and above around 190 W/m-K, the Lee algorithm does not result in a converged

solution for a step size of 1 x 10, as shown in Figure 4.13.
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Figure 4.13: Calculated TIM thermal conductivity as a function of thermal diffusion

time ratios of 3-layer copper-Gap Pad A-alloy 42 test specimen.

For measured samples in this study, this effect led to varying levels of RMS error,
calculated using the method described by Kline and McKlintock (1953) and Moffat
(1988).

RMS error in calculated TIM thermal conductivity values reached 37% for the
gel, which was the thinnest material with the highest in conductivity in the group
when assembled with 1 mm copper and alloy 42 coupons, as shown in Table 4.8. By
varying assumed hypothetical values of the 3-layer thermal diffusivity and using all

the same inputs used in measurements, the calculated maximum ncoupon/Tiv Values (the
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maximum values beyond which the Lee method produced nonconverged solutions for
TIM thermal conductivity) was determined for each of the two coupon-TIM
combinations per samples as summarized in Table 4.8. The maximum value for each
n ratio pair varied from less than 4 to over 26, and values that led to converged
solutions for one material did not result in converged solutions for others. While
configurations with low ) ratios may be more suitable for applying Lee algorithm, the
results suggest that acceptable 1 ratios may be material dependent and that n ratios
alone may not be sufficient for use as definitive criteria to determine suitability of

applying the Lee algorithm for all TIM types.

Table 4.8: Comparison of laser flash measurements with vendor values.

Gap . Gap
Filler Putty B Gel Adhesive Pad A
Experimental
TIM
thermal 65+09 3904 |67+25| 2107 |2.1+03
conductivity +
rms error
(W/m-K)
Experimental 14 10 37 14 6
rms error (%)
Experimental
0.2 0.1 1.5 0.3 0.2
L)
Experimental
1.0 0.5 8.2 1.7 0.9
LY
Calculated
maximum 1, 0.9 0.7 4.9 1.6 2.7
Calculated
maximum n,, 4.7 3.5 26.4 8.3 14.6
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The thermal diffusivity of the three-layer sandwich was assumed to be the
same for the determination of each sensitivity term, leading to a conservative error
estimate, since changes in the inputs would lead to a change in the three-layer thermal
diffusivity. As an example, for the Gap Filler samples, the uncertainty expressed in
terms of thermal resistance was determined to be on the order of 25% based on an
uncertainty of 31 mm°K/W using representative values for Gap Filler with a 123
mm”K/W thermal resistance. Table 4.9 summarizes the contributions from each input
value. The largest contributors to the uncertainty of the TIM layer resistance value
appear to be the single layer density values and the three-layer thermal diffusivity.
The uncertainty value is high compared to that of Gowda et al. (2006), who reported
an uncertainty of less than 5% in their laser flash thermal resistance values, as well as
those of ASTM D5470-based testers, which can have thermal resistance uncertainty

of less than 5% (Gwinn et al., 2002).

Table 4.9: Uncertainty analysis overview of Gap Filler laser flash measurements.

. . . Thermal
Thickness Density Specific Heat Diffusivity Overall
Layer 1 |2 |3 1 2 3 1 2 3 1 3 | 14243 | 14243
Error
(%) 2513112537 |37 |37 7 7 7 5 5 5 25
AR 6.8 77|18 |17.7]13.2|123(34|3.05|2.8|<0.1|3.5]| 13.0 31.0

98




Chapter 5: Conclusions and Recommendations

Conclusions

TIM degradation can affect the ability of electronic devices to perform
reliably. Since interfacial thermal resistance from the chip to the heat sink is
becoming a significant fraction of the total junction-to-ambient thermal resistance in
many applications, understanding the causes of degradation can help prevent
thermally-induced malfunctions or failure. Although advances have been made
experimentally and in understanding the conditions leading to degradation for some
TIMs, there is a need for improved experimental techniques to obtain accurate
degradation data. The primary goal of the proposed research was to examine
degradation for select polymer TIMs and in validating laser flash data obtained from
reliability tests, address a few of the outstanding issues associated with applying the

laser flash method to TIM reliability characterization.

TIM Reliability Study

With the exception of Gap Pad A and Putty B, the selected environmental
conditions examined in this study were not found to degrade the thermal performance
of the TIMs under test. Silicones, which represent many of the TIMs examined in
this study, are known for their inherent stability due to their high dissociation bond

energies which allowed them to remain stable over the course of the environmental
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exposure tests. Little change or a reduction in thermal resistance was observed
throughout temperature cycling tests conducted on filled polymer TIMs using two
temperature profiles (-40 to 125 °C for 760 cycles and -55 to 125 °C for 2098 cycles)
that conformed to the manufacturer’s recommended operating temperatures with one
exception. Gap Pad A experienced a 6 percent overall thermal resistance increase and
appeared to show delamination occurring at the TIM-copper coupon interfaces.
Temperature cycling also led to thermal expansion of some putty samples and the
formation of cracks that were visible in SAM images. Silicone extraction, which can
reduce thermal contact resistance by filling in gaps and asperities, may have caused
thermal performance to improve slightly over time for some gap filler and putty
samples.

Crosslinking most likely contributed to improvement in thermal performance
of the epoxy adhesive and gel over time. Bulk changes in Putty B led to over a 50%
decrease in thermal performance at the more extreme temperature cycling profile (-55
to 125 °C) after 765 cycles, indicating that silicone elastomer TIMs are susceptible to
thermal performance degradation if subjected to temperature cycling conditions with
temperatures near the glass transition temperature. The repeated changes in the
material (from a glassy to rubbery state) over time caused the material to lose
integrity. Elevated temperature/humidity tests (85°C/85% RH) performed up to 2173
hours did not lead to a substantial increase (greater than 10%) in thermal resistance

for the samples in this study.
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Laser Flash Method Study

The laser flash method has been well studied and has been applied to TIM
thermal characterization. Measurements for some thermal interface materials,
however, presents additional challenges beyond the thermal diffusivity measurement
if the goal is to capture changes in thermal performance over time while
simultaneously maintaining clamping to simulate a typical application loading
condition.

Potential errors in conducting laser flash measurements of TIM specimens
assembled in 3-layer sandwich structures and clamped using sample holder plates
were examined. It was found that sample holder plates can distribute loading over
clamped 3-layer sandwich structures, resulting in relatively uniform bondline
thicknesses (usually within 1% variation in the initial thickness for typical TIM
compression levels) that approximate as-assembled TIMs in many typical
applications. However, heat from the laser pulse can flow into the plates during the
laser flash measurement, which can increase the calculated TIM thermal conductivity
values obtained from thermal diffusivity data. To avoid this problem, low
conductivity materials should be used for the sample holder plates and test specimens
should be sized to match the opening of the sample holder plates. In addition, since
higher thermal diffusion time ratios between the TIM layer and the coupon layer
appeared to lead to high overall error and problems with nonconvergence in TIM
thermal conductivity calculations, thin, conductive coupon layers (<1 mm) should be
used when laser flash measurements are performed on thin, high conductivity TIMs,

such as gels or solder.
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Contributions

The primary contributions from this study were as follows:

1) Explained for the first time physical processes leading to thermal
performance degradation in putty and gap pad TIMs.

While this study confirmed that TIMs in pad form, which remain relatively
unexplored in the literature, perform reliably under the temperature cycling and
elevated temperature/humidity conditions (which match commonly used accelerated
stress test conditions used for SMT components) and durations tested, this study led
to the first instance of degradation reported in the literature for TIMs in pad form,
which are generally considered to be among the most reliable TIMs on the market.
For these TIMs that exhibited degraded performance, the change in thermal resistance
was attributed to physical changes in the bulk of the TIM or the contact interface. The
temperature cycling test results suggest that silicone-free pads may be more
susceptible to delamination than silicone ones under the conditions tested.
Furthermore, exceeding the recommended operating temperature at the low extreme
may result in problems due to repeated changes near the T,, which can have
consequences for uprating of TIMs. Demonstrating good stability of gels under the
environmental conditions considered is also of practical significance because many of
the best thermally performing conventional TIMs on the market, greases and solders,
often exhibit poor reliability under high temperature or temperature cycling

conditions.
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2) Concluded that sample holder plate heating, an effect previously
unreported in the literature, can lead to error (up to a factor of 3 increase for test
conditions in this study) in experimentally determined laser flash thermal
conductivity values.

This study examined the interaction between the laser flash sample holder and
the TIM test sample, which has not been explored in the literature since most
previous laser flash studies of TIMs examined bonded or cured specimens, which
don’t require clamping. This is important because the sample holder can affect the
temperature profiles obtained in a laser flash measurement used to determine thermal
conductivity. Furthermore, structural differences between the sample holder clamping
plate with typical TIM application conditions may limit the usefulness of laser flash
TIM degradation data, however accurate it may be. Identification of sample holder
plate heating as a problem was a key finding since this issue can lead to considerable
error in the calculated TIM thermal conductivity values but has not yet been
described in the literature. Tradeoffs arise since the ability to withstand the conditions
in the reliability test may factor in heavily to the selection of the material of the
sample holder plates. This study also sheds light on the limitations and potential
sources of error of the laser flash method. For TIM users and manufacturers, this can
be useful for product selection, material development, surface engineering, and
assembly process development.

3) Developed a method based on FEA and experiments to correct laser

flash data for sample holder heating effects.
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A semi-empirical methodology was proposed to reduce the increase in TIM
thermal conductivity values resulting from these effects. While it was demonstrated
that sample holder plate heating can exaggerate measured changes over the course of
a reliability test based on laser flash data, these effects can be corrected using a
combination of finite element simulation results and at least one accurate thermal
conductivity value of a non-degraded test specimen. This procedure assumes that the
contact resistance between the 3-layer test sample and the clamping plates remains
constant over time.

4) Verified that clamped test specimens, despite the presence of openings
on the top and bottom of the sample holder plates needed for laser flash
measurements, have uniform bondline thicknesses (variation within 10% of the total
thickness), thus approximating realistic TIM mechanical loading conditions.

An investigation into how well the laser flash test structures mechanically
simulate realistic TIM loading conditions confirmed initial expectations that clamped
test specimens have uniform bondline thicknesses, which was an important finding
since typical applications result in uniform bondline thicknesses (Dean and Gettings,
1998). This result also suggested that tradeoffs between reducing sample holder
heating and achieving a uniform bondline thickness, which can affect the sample
holder plate thickness and opening size, may not be difficult to overcome.

It was also found that the potential for a nonconverged solution in the TIM
thermal conductivity calculation can complicate the selection of suitable materials for
the coupon layer and the TIM for highly conductive TIMs with a low bondline

thickness. If metals such as copper are used as the coupons materials (with
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thicknesses similar to those used for the tests in this study), the laser flash method
would be more suitable for TIMs in pad form rather than dispensed TIMs, which can
also have high error due to the difficulty in measuring the bondline thickness.

Taken together, the findings from this study combined with existing
knowledge in the literature clarify how the laser flash method, given its strengths and
weaknesses with respect to currently available techniques, would be useful in realistic
product development environments. The outcomes also include guidelines on how to
apply the laser flash method to obtaining thermal performance data of clamped test
specimens, which has not been previously described in the literature. This affects the
design of the coupons, clamping plates, and suitable TIMs and thicknesses. While
precautions must be taken to avoid sample holder plate heating and error due to
thermal diffusivity differences in the 3-layer test sample, the laser flash method can
accommodate a wide range of TIM-coupon material combinations, surface
roughnesses, and specimen sizes that match common die sizes in TIM applications. In
addition, as a technique for reliability evaluation, the laser flash method may be an
attractive alternative to steady-state ASTM D5470-based approaches (2006) due to
the non-contact nature of the measurement, which allows the TIM specimens to
remain undisturbed after being removed from an environmental chamber to be
measured in a laser flash instrument. This makes it particularly useful for detecting
contact interface effects, such as delamination, which other techniques may not
capture. Overall, the laser flash method has value as a technique that uses material
test specimens (rather than the actual package), yet can capture important aspects that

govern degradation, such as a realistic CTE and T, properties of the TIM and
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contacting surfaces and surface characteristics. In the product development cycle, the
laser flash method could be of value early on in the TIM selection process as a means
of screening out TIMs based on their degradation behavior. A more detailed
evaluation, as needed for product qualification, could then involve use of thermal test
vehicles. Despite the potential for high error in TIM thermal conductivity data
compared to ASTM D5470 (2006) data, the laser flash method may hold promise as a
tool to evaluate end of life TIM thermal performance, particularly for TIMs in pad
form. In general, experimental progress in improving the laser flash method and other
TIM thermal conductivity measurement techniques should facilitate developments in

TIM degradation models, which could be validated using accurate degradation data.

Recommendations for Future Work

Future work should focus on two main areas: improving the laser flash test
sample holder design and validating the laser flash data using alternative thermal
conductivity measurement techniques.

One aspect of the laser flash sample holder design not explored in-depth in
this study was how the plates were held in relation to the 3-layer test specimen. The
screws, when tightened, provided an upper limit to how much the 3-layer can expand
in thickness, but the TIM can relax (decrease in thickness) throughout the
environmental exposure test. In a typical TIM 1 application, the gap distance for the
TIM layer should be essentially fixed (barring any warpage), and in a TIM 2
application, there may be a stop, preventing movement below a certain gap distance.

Examination of typical TIM applications conditions would be needed to fully explore
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this issue. In a typical application with a fixed gap distance, stress relaxation in the
TIM could lead to lower bondline thicknesses or create additional contact resistance
at the top TIM-substrate interface. One consequence is that laser flash TIM specimens
using the current design may experience lower stresses and strains than in realistic
applications, resulting in lower levels of TIM degradation than in the actual
application. In addition, the impact of using larger square sample areas should be
better understood to ensure that the laser flash test specimens properly capture
warpage effects encountered in typical applications. Not addressing this potential
concern would also lead to lower levels of measured TIM degradation than in the
actual application.

Future additional validation studies should include comparisons of laser flash
data to data obtained using other techniques, including thermal test vehicles. While
the steady-state data presented in this study were used to validate the ability of a laser
flash method-based approach to capturing bulk changes over time, the ability to
capture the effects of degradation caused by physical processes originating at the
contact interface should also be verified and may better reflect realistic TIM
applications. The thermal test vehicle would be a simplified approximation of a
realistic application of a TIM and consist of a nonfunctional chip package, TIM, and
heat sink. Among currently available thermal conductivity measurement techniques,
thermal test vehicles are believed to approximate actual TIM applications well
thermomechanically. Comparison studies could clarify which types of degradation are

detectable using the laser flash method and which ones would present difficulties.
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Appendix

Drawings A-D: Laser flash TIM sample holder (clamping plates and coupons).
Drawings E-H: Steady-state TIM tester (clamping plates, thermocouple blocks, and

transition block)
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