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experimental temperature profiles and linear-fits of the two sides of the fiber sample. (c) Heat flux
as a function of the sample temperature gradient. The linear fit across power levels yields fiber
tNErMAal CONAUCTIVILY. ...oviiiicieiice ettt ettt a et ne s 74

Figure 4.8: Measured thermal diffusivity as a function of temperature amplitude as a result of
different levels of electric current supplied to the heater wire. The dashed lines show a comparison
from two other references ([41], [46]) based on the extracted thermal diffusivity (from measured
thermal conductivity) using standard values of density and heat capacity for UHMW-PE. ......... 76

Figure 4.9: (a) Thermal conductivity of various forms of UHMW-PE measured in the literature
and the present study. The thermal conductivity for each material is reported using a bar along the
horizontal axis scale, with bars organized into groups of similar form and groups shown in order
of increasing length scale. Details of the materials are listed in (b)......cccccocviiiiiniiiiiiiie, 78

Figure 5.1: Elastic modulus and thermal conductivity of conventional polymer fibers (in blue) and
commercially produced high-performance polymer fibers (in red). The high-performance polymer
fibers typically have ~1-2 orders of magnitude higher thermal conductivity and elastic modulus
(note the log scales). Data compiled from references with details for the high-performance fibers
SUMMANIZEd IN TADIE 5.1 ..o 82

Figure 5.2: Representative schematics of the commercial Dyneema® fabric samples: (a) the
Dyneema® denim fabric weave structure consisting of Dyneema® and cotton yarns, with optical
micrographs of the Dyneema® and cotton faces for the Dyneema® Black fabric shown as an
example. (b) the Composite Dyneema® fabric sample consisting of a grid of Dyneema® fibers
sandwiched between polymer films, with a polyester weave attached on one face....................... 85

Figure 5.3: (a) Schematic representation of the thermal metrology setup showing a heating wire
orthogonally oriented in contact with the test sample to be measured (left). Representative
temperature profiles of the wire and sample shown (right) are captured using an infrared
microscope. Heat rates (Ql and Qr) are determined from the wire temperature profile, and the
temperature gradients ( dTdyT and dTdyB) in the sample are used to calculate the sample
thermal conductivity ks. (b) Illustration of the principle of the bend testing metrology, where the
overhang length L and bending angle 6 of a fabric under its own weight enables quantification of
the DENAING STITTNESS. ..ottt et et nes 87

Figure 5.4: Representative temperature profiles of (a) the heating wire and (b) fabric sample
obtained from IR thermal measurements of the Dyneema® BW and EeonTex® samples at the
same electrical power input. The Dyneema® BW sample exhibits significantly lower wire and
sample temperatures, a steeper temperature gradient in the wire approaching the central region,
and a relatively more linear sample temperature profile, which all are indicative of a higher in-
plane thermal conductivity. (c) Measured effective in-plane thermal conductivity for the different
T 1001 0] 1SS PO TSP TSP TPPPR 90

Figure 5.5: (a) Photograph of three different fabrics bending under their own weight. The stiff
HDPE sheet does not visibly bend under its own weight, the Dyneema® Black fabric is much more
flexible as seen from its extent of bending, and the 100% Dyneema® lies in between. (b) Measured
average bending stiffness (flexural rigidity) based on the described bend testing metrology.......91

Figure 5.6: (a) Schematic diagram showing the top-view of the testing configuration to assess
impact of creasing on thermal performance. The fabric sample is creased by bending by 180° at a
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specific location as indicated, and infrared temperature maps are captured before and after creasing.
(b) Steady state temperature profile as a function of distance from the heater wire on the creased
side of the fabric swatch, shown for increasing number of crease cycles and after scoring. The
temperature profiles indicate no significant change in heat spreading properties except for the
extreme scenario of scoring to purposely damage the individual yarns. ..........ccccoovvviniiiinnnne. 93

Figure 5.7: Thermal conductivity versus flexibility (inverse of bending stiffness) for different
materials. The materials shown in shades of red (top left) are conventional heat spreaders and
possess low flexibility, while those shown in shades of blue (bottom center-right) represent
conventional polymer and fabric materials with high flexibility and low thermal conductivity.
Dyneema® fabrics (stars) break the trend by demonstrating significantly higher thermal
conductivity relative to polymers, while retaining good mechanical flexibility. Data for standard
materials (not characterized in this study) taken from references 144148, ......coiieeiiiiiieeinn, 97

Figure 6.1: (a) Schematic of the experimental setup of the Laser-Angstrom method. A periodic
heat input is supplied to the center of the bottom surface of a sample using a laser source and
transient temperature movies of the top surface are captured using an IR microscope lens. (b)
Illustration of amplitude of temperature oscillations at three different points away from the location
of laser heat input. The quasi-steady oscillations exhibit decreasing amplitude and increasing phase
lag With distance from the CENTET. ..o s 99

Figure 6.2: Overview of the numerical experiments. (a) Numerical model geometry and boundary
conditions simulated in COMSOL Multiphysics. (b) Overall approach illustrating the use of
numerical experiments to aid the development of a numerical model for data analysis ............. 101

Figure 6.3: Representative analysis of numerical simulations for an in-plane anisotropic sample
with kx = 2 WmK?tand ky =6 WmK depicting the (a) simulated top surface temperature
map at a given time instant at quasi-steady state with the evolution of temperature with time for
two specific points plotted in (b). The extracted contour maps of kx and ky obtained individually
at each point are plotted (c) and (d) respectively. The red-dashed circles indicate the inner and
outer boundaries representing the edge of the metal tape disc and the edge of the heat sink......109

Figure 6.4: Representative analysis of numerical simulations for an in-plane isotropic sample with
kx =2 Wm'Ktand ky =2 WmK-depicting the (a) simulated top surface temperature map at
a given time instant at quasi-steady state with the evolution of temperature with time at the
indicated point plotted in (b). The extracted contour maps of kx and ky obtained individually at
each point are plotted (c) and (d) respectively. The red-dashed circles indicate the inner and outer
boundaries representing the edge of the metal tape disc and the edge of the heat sink ............... 110

Figure 6.5: (a) The temperature amplitude and phase lag as a function of radial distance from the
edge of the metal tape disc averaged over 360° for the case of the in-plane isotropic sample with
kx =2 Wm2Ktand ky =2 WmK-= The data from the indicated fitting region is used to fit for
the thermal conductivity of the sample as shown in (b) along with 10% sensitivity bounds. A fitted
conductivity of 1.995 Wm-K-! is obtained which agrees well with the input value of 2 Wm-K-!

Figure 6.6: (a) Hlustration of periodic heating frequency bounds depending on the in-plane and
through-plane thermal conductivity of a sample at a fixed value of thickness and outer radius of
the experimental setup. An example case corresponding to kx,y = 4 WmK-* and kz = 0.5 Wm-
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1K is depicted as indicated by the pair of ‘X’ points. A typical frequency choice (25 mHz) for
measurement in this case is indicated. (b) Input and predicted thermal conductivities along the x
and y orthotropic directions demonstrating the applicability of the proposed measurement method
across a wide range of thermal conductiVity VaIUES. ... 115

Figure 6.7: Representative IR temperature maps at quasi-steady state for (a) HDPE sheet, and (b)
Dyneema Black fabric under periodic heating frequencies of 25 mHz and 100 mHz respectively
using a laser heat source. The circular isotherms in the case of the isotropic HDPE sheet and the
elliptical isotherms in the case of the Dyneema fabric demonstrate that the intrinsic in-plane
anisotropy of the sample can be captured experimentally. ...........cccooeiriiinniinnee, 118
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ABSTRACT

Recent technological advances in the field of electronics and the accompanying trend of
device miniaturization with enhanced functionality has led to growing interest in new methods of
electronic device integration. As a result, flexible, wearable, and portable electronic devices have
emerged as a way of providing a multifunctional infrastructure to facilitate various consumer needs,
creating new challenges for materials development. Polymers possess a unique combination of
desirable properties such as mechanical compliance, durability, low density and chemical stability
which makes them ideally suitable as substrate materials to cater to such diverse applications.
However, the low thermal conductivity of polymers hinders their heat spreading capability in
thermal management applications for flexible and wearable devices. In recent years, there has been
a growing interest in ultra-high molecular weight polyethylene (UHMW-PE) materials with
aligned polymer chains due to their remarkably high thermal conductivity that is similar to some
metals. These are commercially manufactured in large volumes as fibers using gel-spinning and
ultra-drawing processes that impart a high degree of crystallinity and orientation to the polymer
chains. As a result, these materials develop exceptionally high mechanical strength, elastic
modulus, and thermal conductivity compared to conventional polymers. Therefore, UHMW-PE
materials have found applications in commercial products like motorcycle gear and ballistic vests,
but have not been commercially deployed for heat spreading and thermal management applications.
While there has been much fundamental work on the development of high thermal conductivity
fibers, effective translation of the high conductivity from individual fibers to macroscale (wearable)
flexible fabrics has not been previously explored. The objective of this thesis is to obtain a

fundamental understanding of the thermal transport properties of fabric materials constructed from
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the high conductivity polymer fibers, and assess their applicability for potential heat spreading
applications.

In the present work, commercially available high thermal conductivity fibers made of
UHMW-PE are utilized to fabricate plain-weave fabrics prototypes, and the thermal properties of
individual fibers, yarns, and woven fabrics are measured using a novel in-plane thermal
measurement method. The characterization technique leverages infrared (IR) microscopy for a
non-contact temperature sensing and is generally scalable for thermal characterization of the in-
plane thermal-conductivity of materials across different length scales. Effective thermal
conductivities on the order of ~10 Wm-K-! are achieved along the in-plane dominant heat transport
direction of the woven fabric, which is exceptionally high (~2-3 orders of magnitude) compared
to conventional clothing and textile-based materials. The thermal conductivity and mechanical
flexibility of the UHMW-PE fabrics are benchmarked with respect to conventional materials and
the effect of bend-stressing and thermal annealing of the fabrics is characterization using the
developed metrology.

Additionally, a laser-based IR thermal metrology technique leveraging both non-contact
heating and temperature sensing is conceptualized and validated using a numerical thermal
modeling approach. The proposed technique provides an approach to estimate the in-plane heat
spreading properties of anisotropic materials with direction-depended thermal properties based on
quantifying the surface temperature map of a sample subjected to periodic heating. Numerical
simulations are leveraged to demonstrate the applicability of this method to enable measurement
of a wide range of thermal properties indicating great potential to develop this further as a
standardized robust method for in-plane anisotropic thermal characterization of materials such as

fabrics and films.
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This work sheds light on the high thermal conductivity of UHMW-PE materials that can
be achieved using a scalable manufacturing process and describes the thermal metrology
approaches to enable their characterization, thereby providing a foundation for the

conceptualization and design of flexible substrate based thermal solutions in future

wearable/flexible electronic devices.
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CHAPTER 1. INTRODUCTION

1.1 Motivation and Background?

Rapid advances in electronic device technology over the past decade have led to significant
expansion of the field of flexible and wearable electronics '°. The opportunity to integrate
information processing and artificial intelligence into clothing and textiles to facilitate various
consumer needs has resulted in next-generation interactive multifunctional devices as part of a
wearable infrastructure 7. Electronic devices have transformed from large, bulky systems to
portable, thin, flexible systems over a very short period of time 8. This has also sparked both
research and consumer interest in flexible and wearable products such as smart textiles,
wearable/portable displays, high-performance sportswear with embedded sensors, and wearable
health monitoring systems °%°, Such applications pose materials development and design
challenges in order to realize electronic functionality in soft, flexible, and lightweight devices 211,

Lightweight, soft, durable, and low-cost polymers have been commonly used as a material
in various flexible device applications 2. Being mechanically pliable and compliant, they are
ideally suited as substrate materials. Recent studies have demonstrated various approaches for
producing electrically conductive textiles and fabrics — typically either by deploying intrinsically
conductive polymers (such as polypyrrole and polyaniline) as the constituent fibers'*-1%, or by
constructing conductive polymer composites or fabrics using electrically conductive fillers or
coatings %16, Alternatively, electrically conductive components/devices are attached to
conventional (electrically insulating) polymer substrates such as polycarbonate ', polyimide 8,

polyethylene terephthalate '° and polyether sulfone . In this case, heat removal is limited by the

! Portions of this section are reproduced from our work, Candadai et. al 1%
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low thermal conductivity polymers and becomes a crucial concern for device reliability and
performance 2'. Additionally, the miniaturization of electronic devices accompanied by changes
in chip architecture lead to spatially non-uniform power dissipation and concentration of heat in
localized regions called hotspots where temperatures can be significantly higher than average die
surface temperatures 2. Although flexible and wearable electronic devices typically operate at low
power, effective spreading of the heat generated in these devices is required to meet thermal design
constraints driven by ergonomic considerations, namely that the surface of the device must be at a
safe temperature to touch 823,

The ability to spread heat is primarily dependent on the thermal conductivity of a material.
Materials with a high thermal conductivity such as metals (typically ~100 Wm-1K-1) are considered
as good heat spreaders. However, the thermal conductivity of conventional polymer materials is
very low (on the order of 0.1-0.5 Wm™K?) 2427 which poses a severe challenge for heat
dissipation applications in flexible and wearable electronics. Traditional approaches to enhance
the thermal conductivity of polymers involve introduction of high conductivity fillers such as
metals and carbon-based materials in the polymer matrix 28-31, These methodologies are generally
limited by the ability to maximize thermally conductive pathways in the material and achieve low
thermal percolation thresholds in the polymer-filler composites 3233, There are also concerns
related to flexibility and other mechanical properties of the composites being affected due to the
introduction of the filler materials potentially hindering flexible device applications 2%. A second
route that has been explored to improve the thermal properties of polymers is focused on enhancing
their intrinsic thermal conductivity using alignment and orientation of the polymeric chains 3436,
This method has shown great promise in significantly increasing the thermal conductivity of linear

polymers such as polyethylene .
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Gel-spun, ultra-high molecular weight polyethylene (UHMW-PE) fibers produced via
molecular chain alignment techniques have two orders of magnitude higher thermal conductivity
as compared to that of bulk polyethylene 30, Recent studies exploring the thermal properties of
individual microscale and nanoscale fibers, as well as ultra-drawn thin films made of UHMW-PE,
have demonstrated thermal conductivities on the order of 10-100 WmK-! depending on the
material form factor and length scale 34143, Also, high thermal conductivity UHMW-PE strands
are already manufactured commercially for use in lightweight armors and motorcycle gear owing
to their mechanical strength. However, the thermal properties of macroscale substrates such as
woven fabrics constructed from these high thermal conductivity fibers are yet unexplored.

Construction of fabrics from UHMW-PE fibers is very promising for flexible and wearable
device applications as textile manufacturing processes are scalable to large areas and high volumes.
But scaling up of the material from individual microfibers to yarns and ultimately to fabrics leads
to a material that is not fully-dense while introducing numerous material interfaces and associated
thermal resistances, all of which play a critical role in determining the effective heat transfer
behavior. Thus, a systematic study of the effective thermal conductivity of UHMW-PE spanning
across these different forms and length scales is crucial to understanding and assessing the
potential of fabrics for thermal management applications.

UHMW-PE fibers are intrinsically anisotropic due to the nature of the manufacturing
processes used for their production. Fabrics constructed from these fibers can potentially exhibit
anisotropic thermal behavior along all three primary orthotropic directions depending on the
different types of fibers used and the weave patterns employed. Therefore, suitable thermal
metrology techniques must be developed to enable characterization of thermal properties across

these forms and length scales. Though various conventional methods exist for thermal conductivity
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measurement, they cannot be easily translated to allow such multi-scale characterization and there
is great potential to augment these methods by leveraging non-contact temperature measurement

methods.

1.2 Objectives and Major Contributions

The primary objective of this thesis is to understand the thermal transport properties of
materials assembled from molecularly aligned polymers across different forms and length-scales,
develop associated metrology techniques to enable thermal characterization, and assess the
potential of such high-performance polymers for thermal management applications in flexible and
wearable device platforms. The present work includes development of novel experimental
methods and modeling analysis to enable an improved understanding of the thermomechanical
properties of thermally conductive fibers and fabrics. Specifically, this work investigates the
thermal properties of gel-spun ultra-high molecular weight polyethylene as it is scaled up from
individual ultra-drawn fibers to macroscale woven fabrics that are of practical interest for wearable
and flexible device applications. Further, a basic understanding of the bending behavior of the
fabrics, and the effect of bend stressing and thermal annealing on the effective thermal properties
of the fabrics is also developed. Additionally, a non-contact metrology technique to enable
anisotropic characterization of thermal properties and device-level performance is demonstrated.
Specific contributions of this work include:

1) Synthesis of current state of the art literature for both high thermal conductivity fiber

materials and characterization methodologies

2) Conceptualization and development of a steady-state thermal measurement technique

based on infrared thermography (IR) tools and associated modeling analysis to enable

in-plane thermal property measurements
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3) Demonstration of a woven fabric sample prototype constructed from twisted polymer
yarns with high in-plane thermal conductivity

4) Design and implementation of bend testing metrologies to characterize fabric stiffness
as a measure of mechanical flexibility; providing reliability characterization data of
fabric thermal properties as a function of bend stressing (creasing) and thermal annealing

5) Development of transient IR thermal metrology based on laser heating to enable
characterization of the in-plane thermal anisotropy of materials and simultaneous
assessment of device-level performance

6) Demonstration and validation of the proposed experimental methodology using thermal

modeling by leveraging numerical experiments

1.3 Outline of the Document

This document is organized into five chapters. Chapter 1 included the motivation and
background for this work, and introduced the major objectives and tasks that will be accomplished
as part of this thesis. Chapter 2 summarizes the relevant background literature associated with this
study covering both the material science and heat transfer aspects. This includes a summary of the
manufacturing techniques used to produce high thermal conductivity polymer fibers, a description
of general thermal characterization techniques, followed by a summary of prior thermal literature
on UHMW-PE. Chapter 3 introduces a thermal characterization technique (steady-state) based on
IR microscopy and the associated heat transfer model that were developed to enable in-plane
thermal conductivity measurements. Chapter 4 presents results on experimental thermal
characterization of UHMW-PE fibers, yarns, and woven fabrics, and also provides a description
of the reduced-order thermal model that is used to predict the effective thermal conductivity of

fabrics. Chapter 5 describes the thermal and mechanical characterization of UHMW-PE fabrics
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and other conventional alternatives to assess the potential of these materials for wearable device
applications. Chapter 6 introduces a thermal characterization technique (transient) based on laser-
heating and IR microscopy and discusses numerical simulations to demonstrate the measurement
of in-plane thermal anisotropy of materials. Finally, Chapter 7 contains the major conclusions of

this thesis study and discusses potential avenues for future work in this area.
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CHAPTER 2. LITERATURE REVIEW

This chapter reviews relevant background literature and presents an overview of the material
and thermal science fundamentals related to the present study. The chapter is organized into three
sections: Section 2.1 presents an overview of gel-spinning processes and description of process
parameters that influence the final structure and thermal properties of UHMW-PE fibers. Section
2.2 presents an overview of the heat transfer fundamentals and general thermal conductivity
measurement techniques. Section 2.3 reviews thermal characterization studies on high thermal

conductivity UHMW-PE materials as a background for the chapters to follow.

2.1 Gel-Spun High-Performance Polyethylene Fibers

Polymer fibers are manufactured using a technique known as fiber spinning during which
the polymer is converted into a fluid state either by melting or by dissolution in a solvent. This
process is a modified form of extrusion, since the molten polymer is extruded through a spinneret,
and is allowed to cool to a rubbery state and ultimately solidifies resulting in the formation of
multiple continuous filaments .

Gel spinning is being widely used today to produce high-performance polyethylene (PE)
fibers characterized by very high strength and elastic modulus #°. In this process, fibers are
extruded in a gel-like, partially liquid state that keeps the polymer chains bound together. These
fibers exhibit tensile strengths as high as 4 GPa “¢ and tensile moduli as high as 130 GPa *’. Widely
available UHWM-PE fibers are produced under the trade names of Dyneema and Spectra. They
are made strong by stretching and orienting the molecular chains resulting in their high crystallinity
(up to 85%). Such high degrees of extension and macromolecular orientation (up to 95%) are

achieved by using a high extent of drawing (super-drawing or ultra-drawing) made possible by the
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low degree of entanglement of the gel-spun material 4. The high draw ratio used in this technique
is the key to achieving unique mechanical and thermal properties. As a result, various studies in
the literature are dedicated to investigating the effect of draw ratio and changes in processing
parameters on the obtained mechanical and thermal properties 4849,

In the following sections, the processing details of the gel-spinning technique used to
produce high modulus PE fibers are described. Further, the thermal aspects of processing and the
conditions needed to produce high thermal conductivity fibers are emphasized. Finally, important
considerations in thermal conductivity models that relate final thermal properties to draw ratio are

discussed.

2.1.1 Gel Spinning Process

The concept of gel-spinning was inspired by the observations of Kennings and Peller °
who successfully demonstrated the production of continuous filaments using a surface spinning
growth technique in a Couette-type apparatus shown in Figure 2.1a °.. They observed gel
formation with very low entanglements leading to crystalline PE fibrils being formed on the
surface.

The gel-spinning process was first developed by Smith and Lemstra (DSM) %253, Figure
2.1b shows a schematic of their very first gel-spinning experiments. This setup was used to spin
very high molecular weight PE filaments resulting in the formation of a highly viscous solution
which is pumped through capillaries with diameter of the order of 1 mm. The spun liquid filaments
are passed through a cold-water quenching bath to form a gel fiber, which is subsequently super-
drawn in an oven circulated with hot air at 120°C at a strain rate of 1/sec. The final product is a

highly oriented polyethylene fiber with unique mechanical and thermal properties.
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Figure 2.1: Schematic representation of (a) the surface spinning technique (reproduced from
[51]); and (b) the gel-spinning and drawing process (reproduced from [52])

2.1.2 Desirable Process Parameters

1)

2)

Starting Polymer: The most common starting polymer for gel spinning processes to produce
high performance fibers is PE because of its high intrinsic modulus, crystallinity and tenacity
in a simple planar zig-zag structure. Molecular weight (greater than 1 million g/mol) and
molecular weight distribution are important parameters that determine the performance of the
final fiber. Very short chains will result in low strength fibers and very long chains can
constrain the drawing process; achieving a good balance between the two is crucial #°.

Spinning solution: An important aspect of the gel spinning process is the use of a dilute solution
for fiber spinning in order to obtain a desirable amount of entanglements in the solution. The
entanglement density is directly proportional to the concentration of the polymer and impacts
its drawabilty. Melts or high concentration solutions have a very high entanglement density
and as a result can be drawn to only about 5 times. On the other hand, a very dilute solution

with low entanglement density makes it difficult to transfer tensile stress between molecules
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and can lead to breakage of the gel fiber. Therefore, control of the entanglement density an
important aspect and a semi-dilute polymer solution followed by gel formation after spinning

leads to an ideal structure >* as illustrated in Figure 2.2a.
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Figure 2.2: (a) lllustration of solution concentration affecting entanglement density and
drawability. (b) Schematic of the drawing process and its physical effect on the polymer
molecular chains. These figures have been reproduced from [55].

3) Drawing: The super-drawing stage of the gel spinning process has the most significant impact
on the properties of the final product as the mechanical and thermal properties are directly
related to the draw ratio. A schematic of a typical drawing process is shown in Fig. Figure
2.2b. The drawing process enables conversion of the random crystals and a major portion of
the non-crystalline material by chain unfolding, resulting in the formation of oriented
microfibrils 555,

A greater degree of drawing of high molecular weight PE leads to higher orientation and
therefore to a higher axial thermal conductivity. Studies have shown that, in addition to
entanglement density, the temperature during the drawing process also greatly dictates the
draw ratios that can be achieved. The optimum drawing temperatures are generally greater than

110°C, because the alpha relaxation of the PE molecules in the crystalline phase is thermally
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activated at this temperature which allows for unfolding of polymer chains and promotes the
growth of oriented microfibrils 4957,

Smith and Lemstra 58 observed that fibers that were dried at room temperature after
spinning to completely remove the solvent showed an increasing trend of maximum draw ratio
with drawing temperature. On the other hand, wet fibers that were drawn immediately after
spinning exhibited a maximum draw ratio for a given optimum temperature (around 110°C).
However, the maximum possible draw ratios achieved for the wet gel-fibers in the temperature
range of 90°C to 125°C were seen to be substantially higher. For wet gel fibers, the higher
drawing ratios attainable at these temperatures is because the solvent has a plasticizing effect
during drawing, whereas the rapid decrease in maximum draw ratios at higher temperatures

can be attributed to lack of strength of the gels due to dissolution at these temperatures.

2.1.3 Thermal Conductivity Dependence on Draw Ratio

The axial thermal conductivity of PE increases with draw ratio and the transverse thermal
conductivity decreases with draw ratio. This has been illustrated by Choy et al. %°. Different models
have been developed that aim to predict the variation of thermal conductivity with draw ratio based
on the changes associated with polymer chain orientation and crystallinity.

In one of the early two-phase models proposed by Choy and Young €, a semi-crystalline
polymer is treated as a combination of an amorphous medium of isotropic thermal conductivity,
and a crystalline medium consisting of spherical crystallites with anisotropic thermal conductivity.
This model quantifies the increase in thermal conductivity along the drawn direction by
considering the effect of increased orientation of the polymer chains in the crystalline phase. In

general, the model significantly under-predicts measured thermal conductivity data for higher
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draw ratios because it does not consider the increase in crystallinity that can occur during
orientation of the polymer chains due to morphological changes at these high draw ratios.

The Takayanagi model 59162 accounts for the morphological changes caused at higher
draw ratios (>6) and is able to predict the thermal conductivity variation where the Choy and
Young model breaks down. This model incorporates the increase in the crystallinity fraction by
considering the formation of inter-crystalline bridges or taut tie molecules of high thermal
conductance that connect the folded-chain crystalline blocks. Here, the polymer is considered as a
network with a series combination of folded chain crystalline blocks and the amorphous region as
the matrix phase, which is in parallel with the extended chain crystalline fiber phase. This model
can therefore predict experimental results obtained for gel-spun UHMWPE fibers such as
Dyneema and Spectra that undergo ultra-drawing and exhibit thermal conductivities in the range
of ~20-30 WmK-, provided the variation of the crystallite fractions can be accurately predicted.

More recent experimental studies demonstrating very high thermal conductivity for oriented
UHMW-PE 343 at extremely high draw ratios cannot be predicted using the described
conventional thermal models considering changes in crystallinity and orientation of the molecular
chains in the crystalline phase, as these indicate a saturation of thermal conductivity. Recent work
43 has shown that such observations can only be accurately corroborated by models that consider
the role of the amorphous region at very high draw ratios. Very high levels of drawing result in
some degree of orientation and order in the amorphous region which plays a key role in estimating

thermal conductivity in these situations.
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2.2 General Thermal Characterization Methods?

Thermal conductivity is the thermal transport property that determines the rate of conduction
heat transfer in a given material and is defined based on Fourier’s law of heat conduction . The
thermal energy flux (Wm2) at a given location in a material is proportional to the temperature
gradient (Km) at that location, and the constant of proportionality is defined as the material
thermal conductivity (with units of Wm=K-1). Thermal conductivity values for materials can span
several orders of magnitude ranging from ~0.1 Wm-K-! for polymers to ~1000 Wm-*K-! for hard
crystalline materials such as diamond 4. The knowledge of the thermal conductivity of a material
is crucial for design of thermal engineering systems. In this section, the general categories of
thermal measurement techniques are briefly reviewed in order to provide an understanding of the
fundamentals, concepts, and experimental considerations involved in thermal characterization
systems which will lay a foundation for the chapters to follow. A summary of this review is also

provided in Table 2.1.

2.2.1 Steady State Methods

This category of measurement methods involves direct measurement of the thermal
conductivity of a material without prior knowledge of other thermal transport properties. In these
methods, the measurements are performed under a steady state temperature distribution of the
system with no temperature variations with respect to time. Steady state methods can broadly be
classified into three categories: absolute techniques, comparative techniques, and differential

techniques 9.

2 Portions of this section are reproduced from our work, Candadai et. al 12
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2.2.1.1 Absolute Techniques
In this set of techniques, described in Table 2.1, a measurable temperature gradient
(dT /dx) is established across the sample of interest (oriented along the x direction) and the heat

flowing through the sample (Q) is measured. The thermal conductivity (k) can then be determined

by Fourier’s law using k = % |Z_Z|' where A is the sample cross-sectional area normal to the heat
flow direction. A commonly used test setup that employs the absolute technique is the guarded-
hot-plate apparatus . In these techniques, there are several important aspects that need to be
considered to obtain an accurate measurement of thermal conductivity. Since all the heat generated
by the heat source (e.g., laser-heating source or electrical Joule heating source) does not always
completely flow through the sample, accurate measurement of heat flow through the sample and
calibration of parasitic heat losses (conductive, convective and radiative) are challenging. In many
cases, the experimental measurements may need to be performed in vacuum so as to minimize
convection losses from the system that cannot always be accurately modeled 7. Further, there may
be conduction heat losses through thermocouple wires that are used as temperature sensors, which
can cause significant error especially for measurements involving microscale samples.

Measurements for such small samples also often require special attention to quantification of

sample heat flow during the design and fabrication of specialized thermal characterization devices

68-70

2.2.1.2 Comparative Techniques

Comparative techniques overcome the main challenge of accurately quantifying the sample
heat flow associated with absolute techniques by using a reference sample of known thermal
conductivity. This reference sample is connected in series with the target sample, and temperature

gradients in both materials are measured as shown in Table 2.1. Since equal amount of heat must
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flow through the reference and target samples at steady state, direct measurement of heat flow
through the target sample is not required to extract its thermal conductivity 5. The ASTM E1225
standard ! is commonly used to measure thermal conductivity using this technique. In these
measurements, additional temperature sensors or thermocouples are required to accurately
quantify the temperature gradients in the reference and target sample regions, which again presents
a challenge for microscale samples. To overcome this challenge, recent work has focused on the
development of non-contact temperature measurement techniques such as those based on infrared
thermography to create miniaturized versions of established methods and standards that are
suitable for measuring thermal conductivity of small length scale samples 72>, An additional
consideration in this set of techniques is to ensure proper mechanical attachment of the sample
ends to a reference material. In particular, it is difficult to ensure that the interface with the
reference sample maintains uniform heat transfer through the cross-section of the target sample,
especially for in-plane characterization of cylindrical/rod-like samples such as fibers. Also,
reference materials with comparable thermal conductivity to that of the target sample are required

to obtain accurate measurements 6°76,

2.2.1.3 Differential Techniques

Various types of differential techniques have also been developed to measure the thermal
conductivity of small samples to avoid the difficulties associated with temperature and heat flux
measurement in systems involving millimeter or smaller scale samples. The parallel conductance
method is one such technique in which the thermal conductivity of needle-like samples can be
measured by performing two sequential experiments: first with a sample holder placed between
hot side and cold side temperature ends; second with the target sample placed parallel to the sample

holder between the two ends ”’. This allows for extraction of the sample thermal conductance by
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subtracting the effective thermal conductance measured from each experiment (with and without
the sample). Other T-type and cross-beam methods are based on a similar principle and involve
this two-step measurement approach to extract sample thermal conductivity 8%, However, in
most cases, these require precise estimation of thermal contact resistance between the heater wire

and the target sample to enable accurate measurement of thermal conductivity.

2.2.2 Transient Methods

A variety of transient techniques are commonly utilized to measure thermal conductivity
of a material. These methods typically employ pulsed or periodic heat inputs which are used to
induce a transient temperature distribution in the target sample and are generally associated with
much faster measurement times as compared to steady state methods 9. Also, transient methods
help overcome some of the limitations associated with steady state techniques such as
quantification of heat flow through the sample, heat losses, and thermal contact resistances. Since
most transient measurement techniques are associated with complementary transient heat
conduction models, thermal diffusivity is the transport property that can be directly extracted from
such measurement. Therefore, in many situations, these methods can be restrictive because a priori
knowledge of material density and specific heat is required to extract thermal conductivity from
thermal diffusivity.

The laser-flash technique is the most widely used transient technique for determining the
thermal diffusivity of a material. In this technique, a laser source heats up one face of a planar
sample, while a detector captures the time-dependent temperature response on the opposite face of
the sample. By fitting the experimental time dependent temperature profile to a transient heat

conduction model, the thermal diffusivity of the sample can be obtained 8. However, this method
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is typically restrictive for measurements of non-homogenous porous samples such as fibrous

materials 8384,

Table 2.1: Summary of general thermal measurement techniques

Method
Absolute Techniques

T
Sample

L Q@
L o
| HeaSink

Zhao et al.®

Comparative Techniques

e
ATy Ql@ Sample

~—e

Standard

Zhao et al.%

Transient Techniques

Temperature Signal
versus Time

e
T

Taken from ref &

Description

Heat flowing through the sample is directly measured or
calculated

Generally valid only for very small temperature differences
in the sample based on typical assumptions

Requires thorough analysis of parasitic conduction losses
for microscale samples and/or

Differential techniques such as the T-type method
involving temperature measurements with and without the
sample are also used as an approach to quantify heat flow

Reference sample with known thermal conductivity in
series with the sample to be measured is used to quantify
heat flow

Requires good geometric compatibility and contact
between the sample and reference

Generally used for through-plane conductivity
measurement and challenging for microscale samples for
thermocouple contact-based temperature sensing
Difficulties associated with maintaining uniform heat
transfer at the interface for in-plane characterization

Typically used to measure thermal diffusivity («), which is
a combination of thermal conductivity, density and specific
heat: k = a p C,

These methods help overcome some typical challenges
such as quantification of heat flow through the sample, heat
losses, and thermal contact resistances

Commercial methods such as laser-flash analysis typically
require homogeneous samples

Includes variety of approaches such as Angstrom’s method,
time-domain thermo-reflectance (TDTR), 3-omega, etc.
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Another commonly used transient measurement technique is the Angstrom’s method which
was introduced in 1863% to measure the thermal diffusivity of a material. This method involves
transient heating of one end of a long thin specimen using a periodic heating source. The
measurement of the temperature oscillations and the phase delay associated with two different
locations on the sample yields the thermal diffusivity of the sample. The analysis involves fitting
of the experimental temperature measurements to a one-dimensional heat transfer model to
calculate thermal diffusivity. Recent work by Hahn et al. 8 and Hu et al.# have focused on making
this technique more broadly applicable and diverse with the availability of more data using infrared
microscopy-based measurement approaches.

Two other transient measurement techniques that have been developed in recent times are
the 3-omega and the time domain thermo-reflectance (TDTR) techniques 8%, These techniques
are very useful for determining both cross-plane and in-plane thermal conductivity of very thin
film materials (thickness < 100 um). While the 3-omega method is highly accurate especially for
dielectric materials, some of the important considerations include sample preparation, device
microfabrication and signal-to-noise ratio concerns. The TDTR method is very versatile in terms
of enabling simultaneous measurement of thermal conductivity and interfacial thermal
conductance in multi-layer thin films, but the accuracy of the measurement is typically limited due
to uncertainties associated with the various model fitting material parameters &. This presents
additional challenges with respect to increased uncertainty for anisotropic materials with different
conductivity values along each of the orthotropic directions due to greater number of model fitting

parameters.
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2.3 Related Work on High Thermal Conductivity UHMW-PE?3

High-performance polymer fibers such as UHMW-PE are now commercially produced in
large volume to achieve greatly enhanced mechanical strength and modulus as compared to
conventional bulk polymers 5391, As discussed in the previous section, this enhancement is
primarily a result of increased crystallinity and orientation which also leads to improved thermal
properties. Many studies in the literature have focused on thermal characterization of UHMW-PE
materials of different forms such as fibers and thin-films. This section summarizes some of these
important studies to provide an understanding of the relevant thermal literature on UHMW-PE.

Thermal characterization studies of UHMW-PE fibers have been largely limited to
measurements of individual filaments and fiber-reinforced composites. Choy et al. 6! fabricated
fiber-reinforced composite sheets having differing fiber volume fractions; low-density PE was
reinforced with commercial gel-spun polyethylene fibers (Spectra). The thermal conductivity of
the individual fibers was estimated to be ~38 Wm-K-! by extrapolating laser-flash measurements
of the composite sheets to a volume fraction of 1. Further, an improvement in fiber axial thermal
conductivity of up to a factor of 10 was predicted based on the modeling analysis presented in this
work. Wang et al. * employed time-domain thermoreflectance to measure thermal conductivities
of different individual microfibers with diameters of 10-30 um by embedding them in an epoxy
matrix. They measured a thermal conductivity of ~15 Wm1K! for Dyneema fibers, and ~17 Wm-
1K for Spectra fibers. The axial thermal conductivity of the fibers was predicted to be inversely
proportional to temperature (near room temperature). Also, their measurements indicated that
liquid crystalline polybenzobisoxazole (PBO) fibers, commercially supplied as Zylon, have

slightly higher thermal conductivity (~20 Wm™K) than UHMW-PE fibers. Liu et al. %

3 Portions of this section are reproduced from our work, Candadai et. al 1%
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characterized the thermal diffusivity of UHMW-PE microfibers using a transient electrothermal
technique. The thermal conductivity of the fibers was measured to be ~23 Wm-K-! by evaluating
the volumetric heat capacity of the fibers based on experimental measurements of the fiber
crystallinity. A follow-up to this work % published by Zhu et al. * reported that the thermal
conductivity of these fibers can be enhanced to ~51 Wm™K-! by means of heat stretching.
Interestingly, this is accompanied by a slight decrease in crystallinity, and the thermal conductivity
enhancement is attributed restructuring of the amorphous phase and alignment of amorphous
molecular chains. Ma et al. ® measured the thermal conductivity of electro-spun PE nanofibers
(~60 nm diameter) based on a resistance thermometry technique by suspending the fiber in a
microdevice and reported a thermal conductivity of ~9.3 WmK-1, and attributed the thermal
conductivity enhancement to increased orientation and crystallinity induced by the electrospinning
process which was corroborated by micro-Raman spectroscopy. More recently, Shen et al. %6 used
laser-induced heating and AFM cantilever deflection-based temperature sensing to demonstrate
that a thermal conductivity of up to ~104 Wm-K-! can be achieved for gel-spun and ultra-drawn
PE nanofibers with diameters on the order of ~100 nm. In addition, they also performed molecular
dynamics simulations to estimate an upper bound thermal conductivity of ~180 Wm-K-! based on
the limit of a single perfect crystal of PE.

Thermal characterization of fiber bundles (yarns) consisting of 6000 monofilaments of
commercial UHMW-PE fiber (Dyneema) was performed by Fujishiro et al. ®>°, In this study, the
authors implemented an absolute technique for thermal conductivity measurement of a fiber
bundle by attaching the opposing ends of the bundle to a resistance heater and a refrigerated cold
stage. Thermocouples bound by Cu wire were adhered to the bundle using silver paste to measure

the temperature difference between two locations. The authors did not characterize parasitic
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conduction losses through the attached Cu wires in their experiments, which would possibly lead
to an overestimation of thermal conductivity in their measurements. A transient technique was also
used to separately measure the thermal diffusivity of the yarns. Thermal conductivities of up to 60
Wm-K-! were reported for these yarns at temperatures below 260 K. The thermal conductivity of
yarns was observed to increase with temperature, and an anisotropic ratio (ratio of thermal
conductivity in axial to transverse direction) in the range of 10-30 was observed in the range of 10
K to 260 K.

In other recently reported studies by Ghasemi et al. 42, Xu et al. %, and Ronca et al. ¥, ultra-
oriented, thin PE films (~1-10 um) have been fabricated using very high draw ratios to achieve
thermal conductivities of 16-65 WmK1., Ghasemi et al. 2 used a sol-gel based fabrication
approach followed by ultra-drawing and mechanical stretching at high temperatures to fabricated
thin films (4-10 um) with crystallinity of ~99% and a thermal conductivity of up to ~16 Wm-K-!
at high draw ratios. The thermal diffusivity of the films was measured using a transient technique
(Angstrom’s method), and the thermal conductivity was extracted using theoretical values of
density and specific heat. Ronca et al. % used a solid state, solvent-free process to synthesize
UHMW-PE and subjected the produced samples to a two-step rolling and stretching process to
produce films with a high degree of orientation. An in-plane laser flash measurement technique is
used to measure the thermal diffusivity of the stretched films, and the thermal conductivity is
extracted from bulk values of density and specific heat. A thermal conductivity of ~65 Wm-K1 is
achieved for relatively higher molecular weight UHMW-PE at the highest draw ratio. Xu et al. 43
performed a similar study on ultra-drawn films at high draw ratios produced from commercial
semi-crystalline PE powder subjected to solvent based extrusion followed by mechanical drawing

in a scalable roll-to-roll manufacturing platform 8. Thermal conductivity was measured as a
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function of draw ratio using a steady state measurement method, and values of up to 62 Wm1K-
were reported at the highest draw ratio with a final drawn film thickness of ~1 um. The authors
also demonstrated that the manufacturing process aligned the amorphous polymer chains in the
material resulting in an amorphous phase thermal conductivity of ~16 Wm- 1K at the highest draw
ratio, which was separately extracted using model-based fitting of small-angle X-ray scattering
measurements. This is a remarkable fraction (~25%) of the total film thermal conductivity
contributed by the amorphous phase, which shows great potential for engineering the intrinsic
molecular structure of polymers to obtain even further enhancement in the thermal conductivity of

UHMW-PE.

2.4 Related work on high-performance fabrics*

Many studies have focused on developing and characterizing the properties of
thermoregulation textiles based on moisture wicking 1%, liquid cooling °*19 and radiation
cooling mechanisms 1%4-1%_\While moisture management and radiation cooling mechanisms are
available for personal thermal management, they are less relevant for heat dissipation from
wearable electronic devices. Active cooling strategies such as liquid-cooled garments can be bulky,
expensive, and power consuming %, To overcome some of these limitations, recent work has
focused on developing thermally conductive polymer-based textiles as substrates for thermal
management 107111 For example, Gao et al. 1% demonstrated 3D-printed fabrics constructed from
aligned boron-nitride (BN) /poly-vinyl alcohol composite fibers for personal cooling applications
with enhanced heat spreading properties and ~2 times higher thermal conductivity compared to

conventional textiles. Wang et al. 1% produced nanocomposite textiles consisting of boron nitride

4 Portions of this section are reproduced from a recently submitted journal paper that is currently under review
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nanosheets and polyimide fibers with a thermal conductivity of ~13 Wm-K-1. Gong et al. 1%
reported an in-plane thermal conductivity of ~4 Wm-K* for graphene woven fabric-reinforced
polymer composites. Our recent work 1 showed that fabrics woven from ultra-high molecular
weight polyethylene (UHMW-PE) fibers exhibit an in-plane thermal conductivity up to ~10
Wm- 1K1, More recently, Tang et al. ! constructed electronic textiles using ultrasonication of
non-woven fabric in a dispersion of carbon nanotubes, and measured a thermal conductivity of
~3 Wm !K-1 These prior studies demonstrate great promise of engineered textiles for heat
spreading, which has also led to emerging of commercial fabrics in this material space.
Considering this trend, there is a need for exploration of the interrelated thermal and mechanical
properties of these commercially produced polymer-based materials for flexible heat spreading
applications, and to obtain an understanding of their properties compared to conventional

alternatives.
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CHAPTER 3. INFRARED MICROSCOPY-ENHANCED
CHARACTERIZATION: IN-PLANE HEATER WIRE METHODS

This chapter presents two experimental methodologies based on infrared (IR) microscopy that
can be used to characterize the thermal transport properties of materials. Section 3.1 briefly
describes the experimental principles of a transient method based on the Angstrom’s method to
measure the thermal diffusivity of rod-like structures such as fibers. This technique was developed
by Hahn et al. 8. The thermal diffusivity of UHMW-PE fibers is measured using this technique
(results in Chapter 4). Section 3.2 details a steady state technique using the same experimental
facility that enables direct characterization of the thermal conductivity of a specimen and can be
broadly applied for in-plane thermal characterization of different material forms and geometries.
The effective thermal conductivities of individual UHMW-PE fibers, twisted yarns and woven
fabrics constructed from twisted yarns are measured using this method (results in Chapter 4). The
content in Section 3.2 was published in the IEEE ITherm (May 2019) conference proceedings 12

as part of this work.

3.1 Micro-IR Angstrom Measurement Technique

Recently, Hahn et al. 8 employed the measurement principles of the Angstrom method to develop
a miniaturized version of this technique that is enhanced using IR microscopy. The principle of
this micro-IR Angstrom method is illustrated in Figure 3.1a. IR imaging allows for capturing the
complete temperature profile along the length of the sample, as compared to just two discrete
locations in the traditional Angstrom method. This facilitates measurement of possible variation
of thermal diffusivity along the length of the sample, and also allows measurement of microscale

samples due to no requirement of thermocouples or contact-based temperature sensing.
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Figure 3.1b shows photographs of the experimental equipment used in these measurements.
An IR microscope (Quantum Focus Instruments Corporation) is used to visualize the quasi-steady
spatial temperature distribution in the sample as a function of time when an electrical heating wire
is oriented perpendicularly in contact with the sample at its center. The sample is subjected to
periodic Joule heating using an electric circuit consisting of a power supply, relay switch and
function generator to regulate the heating frequency. The heater-sample arrangement is placed in
a vacuum chamber to minimize the experimental impacts associated with convective heat transfer

at the same frequency as the heating source &’.

(a) (b)

Periodic heating input
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Figure 3.1: (a) Hlustration of the principle of the micro-IR Angstrom method. (b)
Experimental equipment showing the IR microscope, vacuum pump and sample stage
employed in the thermal diffusivity measurements.

This method has been applied by Hahn et al. 8" to measure the thermal properties of various
polymer filaments and reasonably good agreement with other data in the literature is obtained.
Further details of the experiments and the data analysis are provided in 8 and 3. In the present
work, this technique is employed to characterize the thermal diffusivity of individual UHMW-PE

fibers.
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3.2 Steady State Thermal Conductivity Measurement Technique

The IR-based Angstrom’s method described in the previous section cannot be directly
applied to measure the thermal conductivity of a material; this must be extracted from the measured
thermal diffusivity using known values of material density and specific heat capacity. For porous
material forms such as fibers, yarns and fabrics, these properties are not always well defined and
accurate extraction of thermal conductivity is a challenge. To address this aspect as well as some
of the other challenges associated with general measurement techniques (described in Section 2.2),
a simple measurement method is required to enable direct measurement of material thermal
conductivity across different length scales.

In this chapter, a steady state method based on infrared microscopy for measuring the
effective in-plane thermal conductivity of a material is described. As shown in Figure 3.2, a
suspended heater wire contacts an orthogonal sample in a suspended cross-structure arrangement
and this assembly is attached to a circular heat sink. A complementary one-dimensional heat
transfer model is developed to extract the thermal conductivity of the sample based on the
experimentally measured temperature profiles. A unique feature of this method is that the contact
resistance between the wire and the target sample is not needed to obtain the thermal conductivity
of the sample. The proposed technique is validated using reference samples of known thermal
conductivity and an uncertainty analysis is conducted to assess the confidence level associated

with the measured thermal properties.

3.2.1 Methods
3.2.1.1 Experimental Facility Details

An IR thermal microscope (Quantum Focus Instruments Corporation; see Figure 3.1) having a

temperature resolution of ~0.1°C and a spatial resolution of ~12.2 um measures the temperature
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profile during the experiment. Schematic drawings of the experimental setup are shown in Figure
3.2. The sample to be characterized is suspended across the middle of an annular-ring-shaped heat
sink (~1 cm inner diameter) and is heated at its lengthwise center by an orthogonally-aligned
nichrome heater wire (30 AWG). The sample and wire are suspended in a vacuum chamber
(Linkam Scientific Instruments TS1500V) with both ends attached to a 3D printed circular heat
sink. A turbomolecular pump (Varian TPS Bench-9698215) is connected to the vacuum stage to
maintain a pressure of 1x10- mbar in order to minimize any convection losses from the system.
A DC power source (Keithley 2420) supplies current to the nichrome wire via the electrical
feedthroughs of the vacuum chamber. The electrical resistance per unit length of the wire is
measured ex situ for 6 different wire lengths and the mean resistance (R;) is 22.44 + 0.07 Q-m™ at
room temperature. During the experiment, the electrified wire heats up due to Joule heating; heat
is conducted in the wire both to the sink at either end and to the center, where the sample is
attached, establishing a non-linear temperature profile in the wire at steady state. In the sample,
heat is conducted from the central contact with the wire to the sink at both ends; at steady state,
this establishes a linear temperature gradient in both halves of the sample.

Prior to experiments, the emissivity of the nichrome wire and the target sample are
calibrated ex situ. For all experiments, the nichrome wire is first coated black with a colloidal
graphite solution to reduce its reflectivity. The wire and sample are then fixed to a temperature-
controlled heating stage maintained at a uniform temperature (in the range of 60°C-80°C). The IR
microscope detector measures the radiative heat flux, within the spectral range of the detector,
from the wire and the sample to determine their emissivity values based on the known stage
temperature. The uncertainty in emissivity is also determined based on a standard deviation in the

spatial mean of the extracted emissivity maps. Based on these calibrated emissivities, a constant
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emissivity value is assigned in the appropriate regions of the wire/sample during the actual thermal

measurements to extract the corresponding temperature profiles.

(a)
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Figure 3.2: Schematics of the experimental setup. (a) The assembly consisting of the crossing
sample and heater wire on a heat sink with a circular opening are placed in a vacuum chamber
to minimize convection losses (see top-down view in inset). (b) Illustration of the energy
balance in the wire—sample cross-structure arrangement; all of the heat conducted into the
junction from the left and right sides of the heater wire (Q, and Qg, respectively) and the heat
generated in the junction region (Qg.,) conducts into the sample (Qr and Q). (c) Expected
temperature profiles of the wire and the sample which are measured during the IR experiments.
The heat rates (Q, and Q) and temperature gradients ((dT/dy); and (dT /dy)g) are
calculated from these profiles.
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3.2.1.2 Thermal Characterization Methodology

Measurement principle. The effective thermal conductivity of the target specimen is

determined based on Fourier’s law, which relates heat flow (Q) to the thermal conductivity (k),

temperature gradient (dT /dy) and cross-sectional area (A):

101 = kA \Z—;] (3.1)

Considering a control volume around the central contact region between the wire and the junction,
as shown in Figure 3.2b, we define Q; and Qy as the heat rates entering this control volume
through the wire, and Q and Qp as the heat rates leaving this control volume through the sample.
There is also heat generation in the central region of the wire within the control volume,
Qgen=I 2 R,c, where I is the current supplied to the wire, R; is the measured electrical resistance
per unit length of the wire, and c is the length of the wire within the control volume. From an
energy balance in this control volume, the total amount of heat leaving the wire at the wire—sample
junction must flow into the sample at steady state:
QL+ Qr + Qgen = Qr + U5, (3.2)

where the subscripts L, R, T, and B indicate the left, right, top, and bottom, respectively. Because
the sample has no heat generation and minimal losses, we can express the total heat flow through

both sides of the sample in terms of the corresponding temperature gradients using eq. (3.1):

dT

+ kA
T dylp

(3.3)

dar
Qr + Qp = kA d_
y

where kg and A, are the thermal conductivity and cross-sectional area of the sample, respectively.

Note that the temperature difference across the wire—sample junction is related to the thermal

contact resistance (R,) at the junction and this rate of heat flow:
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Tw - Ts (34)
R, ’

Q,+0Qr + Qgen =

where T, and T; are the temperatures of the wire and the sample, respectively, at the contact point.
It is critical to note that neither eq. (3.4) nor the wire—sample thermal contact resistance is needed
or used in the analysis, as the temperature gradient in the sample is measured outside of the
contacting region. Thus, the axial thermal conductivity of the target sample can be directly
calculated, provided that the heat rates leaving the wire and the temperature gradients in the sample
can be measured:

ks _ QL + QR + Qgen . (3.5)

AS{dT + dT }
B

dyly " ldy
The temperature gradients in the target sample are measured from the infrared images, and the heat

rates from the wire, Q, and Qg, are determined from temperature measurements of the wire
combined with a one-dimensional heat transfer model, described below. Measurements are taken
at several power levels to improve accuracy and two infrared images are taken at each power level.
Note that, depending on the thermal conductivity and dimensions of the sample being measured,
in some cases the radiation losses from the sample need to be considered to obtain an accurate
measurement of sample thermal conductivity. Also, radiation losses from the wire region inside
the control volume are generally very small compared to the total heat rate, @, + Qg + Qgen, but
may be important in some cases when low thermal conductivity samples are being measured. A

discussion on the consideration of radiation losses is provided in a later section below.
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Figure 3.3: (a) IR temperature map of the wire calibration experiment at a current input of 220
mA, corresponding to Ty, = 60°C. (b) Experimental and fitted temperature profiles of the
nichrome wire at all power levels (best fit: k,, = 10.9 WmK1). The error in experimental

temperature data is smaller than the size of the data points shown (in the range of +0.5-0.9 °C

depending on temperature).

Calibration of the wire thermal conductivity. The thermal conductivity of the nichrome

wire is first calibrated in a standalone experiment. For this purpose, a graphite-coated nichrome
wire is placed in the experimental setup without the sample as shown in Figure 3.3 and electrically
heated. The experimental temperature profile of the wire is obtained at steady state by capturing
temperature maps using the IR camera at multiple power levels. This temperature profile is dictated
by heat generation in the wire and by radiation losses to the surroundings. The governing energy

equation and boundary conditions representing this situation are given as

9°T hP(T—Tor) 4"

—=0 (3.6)
0x? k,,A * k,,
l dT
x=§:kA|a|=0, (38)
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n

where Tg,,,- is the temperature of the surroundings, g’’’ is the heat generation rate in the wire, P is
the wire perimeter, A is the wire cross-sectional area, h, is the linearized radiation heat transfer
coefficient, [ is the length of the wire, T, is the known temperature boundary condition, and k,, is
the wire thermal conductivity. Note that g"" = (I? R;)/A, where 1 is the supplied current. The
value of T, is fixed at steady state for each side of the wire at a given input current, and is
determined from the measured IR temperature map. The effective surrounding temperature for
radiation heat transfer from the wire, Ty, is estimated to be 23°C with an uncertainty of £ 2°C to
account for the maximum possible span between the measured ambient temperature and the
temperature inside the chamber enclosure. Also, we assume h,.~ ae(Tazvg + T2,) (Tavg + Tsur)
%3, where Ty, is the average (measured) wire temperature, € is the wire emissivity, and o is the
Stefan-Boltzmann constant. The emissivity is taken as the calibrated value of the carbon-coated
wire (0.64), which is a good assumption because the IR detector operates in the 2-5 um wavelength
range, close to the peak emission wavelength in the Planck distribution at the wire temperature.
The solution for the differential eq. (3.6) with the boundary conditions (3.7) and (3.8) yields the

following expression for the wire temperature profile:

1

T e e+ 1y

(em=m? ke (To = Tour) = @'} + €™ Pk Tour + 4"} (39)

+ emx{mzkw(TO - Tsur) - qm} + mzkwTsur + q”’):

where m? = (h,-P) /(k,,A). All other parameters in the above equation are known except for k,,,
which can therefore be determined using a single-parameter least squares fit of the measured and

theoretical temperature profiles.
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An example IR temperature map obtained from the wire calibration experiment is shown
in Figure 3.3a. The temperature reaches a maximum at the center of the wire and the temperature
distribution is approximately symmetric about this location. The experiments are conducted at 5
different levels of input current and 5 temperature maps are obtained at steady state. These data
are analyzed to obtain the temperature profiles along the length of the wire for all power levels,
which are fit simultaneously with the model described by eq. (3.9), with all input parameters set
to their nominal values. As seen in Figure 3.3b, this single fit provides a very good match with the
model across all power levels for a wire thermal conductivity of 10.9 Wm-K-L, This also indicates
that the temperature dependence of thermal conductivity of the wire is not significant in the range
of operating temperatures. Further, fitting the same experimental data with the model, but
neglecting radiation losses (only considering heat conduction), overestimates the thermal
conductivity by ~15%. Therefore, it is important to consider the effect of radiation losses from the
wire in the measurement.

Sample thermal conductivity measurement. Next, the target sample is attached

perpendicular at the center of the heater wire, as shown in Figure 3.2b, and the experiments are
conducted in this cross-structure arrangement across a range of applied powers. Steady state
infrared images are recorded that include both the wire and the sample.

For the heater wire, a dip in the temperature profile is observed at the center due to the heat
removed by the sample at the wire—sample junction. In this situation, the governing eq. (3.6)
remains valid for each side of the suspended region of the wire, but the boundary conditions are
modified due to heat loss at the center of the wire. Focusing on the region of the suspended wire

to the right of the junction, the boundary conditions become:
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dT
x=0:kA |—| = Qr, (3.11)
dx

where £ now represents the length of the wire on the right side of the sample. Thus, x = 0
represents the edge of the wire domain near the wire—sample junction where a heat rate of Qx

flows out of the wire. The expression for the wire temperature profile on the right side is then given

by:
e—mx

T(x) =
() m?k,,A(e?™ + 1)

(Aem(ZxH’){mZkW (To — Tsurr) — q”'} (3.12)

+ Ae™m@H) 2k T+ @'} — mQre?™ + mQre?™*

+ Ae™{m?k,, (Ty — Tsuy) — q""'} + Ae™ M%k,, Torr + q'"'}).
The only unknown parameter in the above equation is Qg, which is determined by fitting eq. (3.12)
to the experimental data. The analogous Q, is determined in the same manner. In practice, the edge
of the fitted region might not extend to the central junction contact point exactly, in part because
the sample blocks the view. Thus, the actual heat rate leaving the wire is determined by adding the
heat generated in the central region of the wire, as discussed earlier. The edge of the wire domain
where the heat flux boundary condition is applied can be moved away from the junction to ensure
that one-dimensional heat transfer assumptions are accurate in the modeled region, and the heat
rates at the junction can still be calculated using the heat generation term inside the control volume.
Therefore, this method does not make any assumptions regarding the nature of contact between
the wire and the target sample, and the heat flow rates into the sample can be accurately determined
independent of any contact resistance. The analysis also does not require symmetry of the
experimental wire temperature profiles on each side, as the heat rates Q, and Q are determined

independently.

50



The final step in the calculation of sample thermal conductivity is determination of the
temperature gradients on each side of the sample, |dT /dy|; and |dT /dy|g. This involves analysis
of the steady state temperature maps of the sample corresponding to the wire temperature profiles.
In the sample region, conduction is the only mode of heat transfer and radiation loss is neglected
due to the low temperature difference between the sample and the surroundings. Therefore, a linear
temperature profile is expected on each side of the sample as shown in Figure 3.2c, and the
temperature gradients can be trivially determined from the slope of the profiles. Ultimately, the
thermal conductivity of the sample is determined using eq. (3.5).

Radiation Loss Consideration. The thermal conductivity measurement technique

described above considers the effect of radiation losses from the suspended region of the heated
wire through the associated heat transfer model (eg. (3.12)), but does not include radiation losses
from the samples. Radiation losses in the sample region are significant only when relatively low
thermal conductivity samples are used. Additionally, we note that a linear temperature profile is
generally observed in the sample region for most experiments in this study, which demonstrates
that the radiation losses from this region are not significant, and the temperature profile is solely
dictated by conduction.

However, in cases where the thermal conductivity of the sample may be low, these
radiation losses in the sample region can be included to obtain a more accurate thermal
conductivity measurement. The governing equation for heat transfer in the sample region (on each
side of the heater wire) based on a linearized radiation heat transfer model is given as:

0°T  hP(T —Tyy)
dy? koAq B

0, (3.13)

where kg is the sample thermal conductivity, h,. is the linearized radiation heat transfer coefficient,

T¢I the temperature of the surroundings, P, is the sample perimeter, A, is the sample cross-
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sectional area, and y is the direction along which the length of the sample is oriented. As seen from

hyPs(T—Tsur)

eqg. (3.13), the sample temperature profile becomes non-linear only when is significant,

S4°Ss

which occurs for low thermal conductivity samples. Solving eq. (3.13) based on a one-dimensional
fin analysis with known temperature boundary conditions T, at the end of the sample, and T}, . at
the base near the contact with the heater wire, yields the following solutions for the total heat

transfer rate to the top side of the sample (Qr) and the sample temperature profile (T (y)) :

_ cosh(mLT) - HLT/HDT 3.14

QT = hrPsksAsebT < sinh (mLT) ) ( )

ﬁ B (01,./0p,) sinh(my) + sinhm(Ly — y) (3.15)
Op, - sinh (mLy) '

Here, L1 is the sample length on the top side between the two boundary temperature locations,
Or = Tr(¥) — Tsur Op, = T, — Tsurs 01, = T — Ty, @and m? = (b, R)/ (ksAg). Note that
analogous equations are valid on the bottom side of the sample which has a heat rate of Q5 flowing
through it a steady state. Based on the heat transfer model described above, Q + Qg is known
from the temperature profile in the heater wire and the heat generation in the central control volume
and therefore, the sample thermal conductivity can be determined by solving for m from eq. (3.14)
and its analogous form that applies to the bottom side of the sample. The temperature profile in
the sample region can then be determined using eg. (3.15) and compared to the experimentally
measured temperature profiles. This offers an approach to take into account radiation losses when
important for certain samples and demonstrates the generality of the developed measurement
technique.

In Figure 3.4, we plot the temperature profiles in the sample region as a function of sample

thermal conductivity as extracted from the above model to illustrate that radiation losses are
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important only for low thermal conductivity samples. The input parameters for the above equations
are chosen such that they are representative of the fabric experiment (details in the following
chapter, Section 4.2.2) in terms of geometry, surface properties, etc. The radiation losses in the
sample region only result in a significant deviation from a linear temperature profile for values of
ks < ~1 WmK? For conductivities on the order of the fabric samples (~10 Wm=K)

characterized in this work, it is appropriated to neglect radiation losses.

——k, = 0.1 W/mK
40 _
——k, = 0.5 W/mK
k. = 1 W/mK
S ——k, =5 W/mK
[ 35| —kS:10W/mK
(&)
=
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Figure 3.4: Temperature profile in the sample for several different assumed sample thermal
conductivities when radiation losses in the sample region are included (sample width = 2 mm,
sample thickness = 650 um, emissivity = 0.6, T,= 40 °C, and T, = 24 °C).

Radiation losses from the heater wire comprise two components: radiation losses from the
suspended regions on each side of the sample; radiation losses from the region inside the central
control volume considered for the energy balance at steady state. The radiation losses from the
suspended region are incorporated in the heat transfer model that dictates the wire temperature
profile. On the other hand, the radiation losses from the central wire region are generally very low

(less than ~1%) compared to the total heat conducted from the wire into the sample for the yarn

and fabric experiments presented in the next chapter. This component (Q,.,4) iS dependent on the
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thermal properties of the sample and is significant for relatively low thermal conductivity samples.
The experimental temperature profile of the wire in the central region can be used to determine
Q,qq based on the radiation heat transfer between the wire and the surroundings in this region.
When important, this can simply be incorporated in the thermal conductivity calculation via energy

balance as follows:

_ QL + QR + Qgen - Qrad (3_16)

ky =
As{ dT dT B}

ol * @

T

3.2.2 Validation of the Measurement Technique

In order to validate the proposed measurement technique, experiments are performed using
reference samples having known thermal conductivity. Two different materials are chosen because
they have a similar geometry as the yarn and fabric samples characterized in this work (in the
following chapter): a nichrome wire (circular cross-section similar to the yarn) and a bulk HDPE

film (rectangular cross-section) of width comparable to the fabric sample.

3.2.2.1 Nichrome Wire

Experiments are performed using a reference nichrome wire as the “sample”. Specifically,
a carbon-coated nichrome wire heater is oriented perpendicularly to contact another similar
nichrome wire; the experiments and model fitting are otherwise performed in an identical manner
as detailed in the measurement methodology. As illustrated in Figure 3.5, the linear fit of the
experimental data yields a thermal conductivity of 11.8 Wm-K-1, This result is within 10% of the
value determined from the standalone thermal conductivity calibration of the nichrome wire. Also,
this is in good agreement with thermal conductivity values of standard nichrome alloys published

in the literature, which are on the order of 11-13 Wm-1K-1 63.114-116
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Figure 3.5: Heat flux as a function of the sample temperature gradients for a validation
experiment using a nichrome wire as the sample. The best-fit “sample” wire thermal
conductivity is k,,= 11.8 Wm1K,

3.2.2.2 High Density Polyethylene Sheet

Experiments are performed using a high density polyethylene (HDPE) sheet (width of ~2
mm and thickness of ~381 um) as a reference sample. The emissivity of the black HDPE film (as
received) is calibrated to be 0.81 + 0.01. Due to the relatively low thermal conductivity of this
sample, radiation losses from the sample region must be considered in this case. These losses are
incorporated to obtain an accurate measurement of thermal conductivity, and are included using

the approach described in Section 3.2.1.2.
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Figure 3.6: (a) IR temperature map of the experiment with the HDPE sample at an input
electrical current of 240 mA. Experimental and modeled temperature profiles of the (b) wire in
the suspended region and (c) the HDPE sample including radiation losses from the sample.
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Figure 3.6a shows a representative IR temperature map for this experiment. Note that the
temperatures of the HDPE sheet are higher than those in the fabric sample at similar applied powers
(see Figure 4.5a in the following chapter), which is an indication of its lower thermal conductivity.
The relatively lower thermal conductivity also leads to a shallower dip in the wire temperature
profile, as seen in Figure 3.6b, when compared to the case of the woven fabric sample (see Figure
4.5b in the following chapter). The total heat rate conducting into the sample is determined using
the energy balance approach described in Section 3.2.1.2 The temperature profiles in the sample
region seen in Figure 3.6¢ have an exponential profile because the radiation losses from the sample
are significant. Figure 3.6¢ also indicates that a good match is obtained between the experimental
temperatures and the fin model (eq. (3.15)). Based on these measurements, the sample thermal
conductivity is extracted using eq. (3.14).

The average value of sample thermal conductivity based on measurements at five different
power levels is determined to be 0.49 + 0.02 Wm-K-, which is in excellent agreement with the

known thermal conductivity of high density polyethylene 117119,

3.2.3 Uncertainty and Sensitivity Analysis

Various input parameters are involved in analysis of the experimental data; assessing the
sensitivity of the measurements to these parameters and the total uncertainty associated with the
results is important in understanding the accuracy of the measurement. Therefore, a thorough
model uncertainty and sensitivity analysis is conducted to estimate our confidence in the measured
thermal conductivity. Here, the uncertainty analysis is described the validation experiment with
the nichrome wire reference sample. The nominal values of all the known parameters and their
estimated uncertainties are summarized in Table 3.1. The uncertainty for the input heater wire

thermal conductance is estimated based on standard uncertainty propagation 1%, applied to the
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wire-only calibration experiment. Specifically, the total uncertainty in the calibrated wire thermal

conductance is calculated using

n 2 (3.17)
ok, A)
Ak, A) = Z( (aj )A1>,
J

where j refers to each of the four parameters involved in the calibration experiment
(Tsur Ry, €4, dyy,). Note that the extraction of the heat transfer rates and error propagation is based
on the conductance (k,,A) and not conductivity (k,,); this is done to reduce the total error because
the area of the wire is not required to extract the calibrated conductance.

The total uncertainty associated with the measurement technique is evaluated by first
calculating the total error associated with each data point (with respect to both coordinates) in the
linear fit of Figure 3.5. These error values are calculated based on applying eq. (3.17) to the
calculation of the total heat flux and the sum of the temperature gradients. Error in the temperature
gradient (horizontal-axis error bars) is only due to uncertainty in the sample emissivity, while error
in the heat flux (vertical-axis error bars) is due to uncertainties in all the other known parameters.
The total uncertainty is equal to the estimated error in the slope of the linear fit performed using a

weighted regression analysis with uncorrelated errors along the horizontal and vertical axes 121122,
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Table 3.1: Nominal value and uncertainty in experimental and modeling parameters for the
validation measurements (validation sample is another nichrome wire with same emissivity and
diameter as the heater wire)

Parameter Nominal value Uncertainty (z)
Tour 23°C 2°C
R, 22.44 Qm™ 0.07 Qm!
€w 0.64 0.02
d,, 265 pm 10 pm
kA, 5.99x107" WmK-! 0.7x108 WmK-
€ = €, 0.64 0.02
ds =d,, 265 pm 10 pm

The model sensitivity analysis is performed for the validation experiment with the wire
reference sample to understand the individual effect of each model parameter on the measurement
results. The thermal conductivity of the sample is extracted with a given parameter changed by its
uncertainty value while all other parameters are fixed at their nominal values. Consequently, the
fitted heat rates, Q, and Qg, and the temperature gradients, |dT /dy|; and |dT /dy|p are altered,
and the resulting thermal conductivity is determined. This is repeated for all the parameters listed
in Table 3.1, and the absolute change in thermal conductivity, |Ak| is evaluated in each case.

Using the approach described above, the total absolute uncertainty in the thermal
conductivity measurement of the reference sample is calculated to be 0.4 WmK- which
corresponds to an uncertainty of only ~3.5%. The same analysis approach is used to calculate the

total uncertainty for the other experiments (fiber, yarn and fabric samples) characterized in this
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study. The uncertainties in these measurements are generally slightly higher and depend on the

various experiment and model parameters in each case.

0.8 |-

0.2

Tourr Ry Ew dy kdy e ds

Figure 3.7: Sensitivity analysis of experimental and modeling input parameters for the
validation experiment with the nichrome wire reference sample. Each parameter is varied by
its uncertainty amount and the resulting absolute change in thermal conductivity, |Ak| is
shown in the vertical axis.

The results of the sensitivity analysis for the wire reference sample are shown in Figure
3.7. The measurement is most sensitive to the sample diameter, because this directly influences
the extraction of thermal conductivity calculation as seen from eq. (3.5). For the actual fiber and
yarn samples characterized in this work, the effect of this parameter is expected to be even greater
due a higher uncertainty in the effective diameter of these samples compared to the reference
nichrome wire. We note that the process of performing the experiments and analysis at multiple

power levels to extract a single measurement for thermal conductivity helps to greatly reduce the

total uncertainty associated with the measurement technique.

3.2.4 Summary of the Developed Technique

An infrared microscopy technique for measuring the in-plane thermal conductivity of

different materials has been demonstrated. The presented approach is based on simple energy
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balances, and the associated experiments are implemented by contact heating of the target
specimen using a nichrome wire suspended in a vacuum chamber. A one-dimensional steady state
heat conduction model, incorporating radiation losses, is used to analyze the experimental
temperature maps and extract the thermal conductivity. The technique is validated by performing
measurements with standard reference samples and a detailed uncertainty analysis is performed.
Additionally, this method is not dependent on the nature of thermal contact at the junction between
the heating wire and the contacting target sample; eliminating the need for estimating this contact
resistance to extract the sample conductivity is a major advantage of this approach compared to
other characterization techniques. Further, the developed technique is generally scalable for in-
plane thermal characterization of samples across different length scales and ranges of thermal

conductivity.
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CHAPTER 4. THERMAL CHARACTERIZATION OF ULTRA-HIGH
MOLECULAR WEIGHT POLYETHYLENE: FROM FIBERS TO
FABRICS

In this chapter, the thermal conductivity of UHMW-PE fibers, yarns formed from twisting
these fibers, and woven fabrics are experimentally characterized. Plain-weave type fabrics are
constructed from UHMW-PE yarns with a relatively higher density of yarns along one direction
of the fabric. Such multi-scale thermal characterization of the different forms of UHMW-PE is
achieved using we the in-house IR steady-state thermal conductivity measurement method
described in Chapter 3. The axial thermal conductivity of the fibers and yarns, and the in-plane
effective thermal conductivity of the fabric in the dominant heat conduction direction are
measured. The resulting findings help understand the effective thermal behavior as a function of
scaling-up the high conductivity fibers, and indicate very promising thermal properties for the
woven fabrics for applications as a flexible/wearable heat spreader. In addition, a reduced-order
heat conduction model is also developed to estimate the effective in-plane thermal conductivity of
plain-weave fabrics, which serves as a simple confirmation of the key conclusions from the
experimental data. The content in this chapter was published in ACS Appl. Polym. Mater.''"* as

part of this work.

4.1 Methods

The UHMW-PE material used in this study was acquired in the form of a flat yarn (DSM
Dyneema SK75; Atkins and Pearce Inc.) with a linear density of 0.044 g/m. The fibers in the flat
yarn are twisted together using a drop spindle tool which produces a well-bound twisted yarn (see

Figure 4.1) that is suitable for weaving.
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Yarn spinning Fabric
using a drop constructionona .t
spindle miniature loom

— |

Flat yarn Twisted yarn

Figure 4.1: (a) Overview of the procedure for construction of plain-weave fabrics from flat
yarn (Dyneema). Photographs of the (b) flat yarn (as received) with loosely bound individual
fibers and (c) a woven fabric prototype sample when held in the miniature loom with warp
and weft directions identified. (d) Top-view photograph of the woven fabric with inset
showing optical microscope images of portions of the weave at high magnification. The weft
yarn number density is 4-5 times higher compared to that of the warp yarns resulting in a
weft-faced plain-weave pattern in which the warp is almost completely covered by the weft.
Thermal characterization is conducted along the high density weft yarn direction.

The twisted yarns are used to construct a swatch of woven fabric on a miniature weaving
loom (Wee Weaver; Purl & Loop) with a gauge specification of 12 grooves per inch. The warp
yarn is first wound through the grooves on both ends of the loom and held taut. The weft yarn is
interlaced over and under each successive row (thread) of warp yarn, as illustrated in Figure 4.1a,
and then is similarly interlaced back through the fabric in the opposite direction after it passes

through the last warp thread. Successive rows of weft threads are compressed together such that

the weft number density is ~4-5 times that of the warp. Ultimately, a plain-weave fabric pattern
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with a high density of threads in the weft direction (i.e., weft-faced weave) is constructed, as seen
in the photographs and optical microscope image in Figure 4.1c and Figure 4.1d.

Thermal measurements are performed for individual fibers pulled out from the flat yarns,
twisted yarns, and the woven fabric based on the measurement methodology detailed in Chapter
3, Section 3.2. For the fabric samples, thin strips of material must be cut without fraying of the
fabric. Fabric strips ~2 cm long (parallel to the weft) and ~2.5 mm wide are cut using a CO3 laser
(ULS PLS6MW) while the fabric is held under tension in the loom. This fuses the cut edges of the
strips and prevents unraveling of the yarns. Note that the width of the fused region is very small
compared to the width of the fabric and does not influence the thermal measurements for the fabric

strip.

4.2 Results and Discussion

In this section, the infrared thermal characterization results of the Dyneema yarn and woven
fabric are presented, followed by the thermal measurement results for the individual fibers. The
trends in effective thermal conductivity as the material is scaled from fibers to yarns to fabric are
explained using reduced-order thermal models. Finally, the key findings of this work are compared

with related studies on UHMW-PE materials.

4.2.1 Effective Thermal Conductivity of Yarns

A yarn sample with an effective diameter of ~370 um is mounted on the heat sink inside
the vacuum chamber such that the nichrome heating wire is threaded through the fibers of the
bundle to obtain more uniform heating throughout the yarn cross-section. Figure 4.2a shows an
example IR temperature map obtained from the measurements in the wire—yarn cross-structure

arrangement. Two different temperature maps are obtained at each level of supplied current, one
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based on the calibrated emissivity of the wire (in the wire region), and the other based on the
calibrated emissivity of the yarn (in the yarn region). These are analyzed to fit for the heat rates

Q,;, Qr, and the temperature gradients in the yarn as shown in Figure 4.2b.
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Figure 4.2: (a) IR temperature map of the wire—yarn experiment at a current input of 220 mA.
Temperatures shown are based on corresponding emissivity values of the nichrome wire and
the yarn, within the regions as indicated. (b) The corresponding temperature profiles used to
extract the heat rates and sample temperature gradients are also shown. Representative error
bars in the experimental temperature data are shown in cyan near the center of each profile.
(c) Heat flux as a function of sample temperature gradient at different levels of input current
for two different yarn samples. The slope of the linear fit across all power levels yields the

thermal conductivity of the yarn sample. Error bars indicate the calculated uncertainty in heat
flux and temperature gradient. Note that uncertainty in the sample temperature gradient is

smaller than the data point width.

The heat generation in the junction region of the wire Q4¢y, is also calculated to determine
the total heat flux flowing into the yarn sample. This is repeated at five different levels of supplied
current. Because the total heat flux ({Q, + Qr + Qgen}/As) at each power level is linearly
proportional to the sum of the temperature gradients (|dT /dy| + |dT /dy|g) on each side (see
eq. (3.5)), a single value of thermal conductivity is obtained from the measured slopes by fitting

the experimental data to a straight line passing through origin, as shown in Figure 4.2c. This
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procedure reduces the measurement uncertainty associated with the experiments. Given the
nominal values of all input parameters to the model (e.g., diameter, emissivity, etc.), the thermal
conductivity of the yarn (Dyneema SK75) is determined to be 15.840.7 Wm™'K"! for a first sample
and 16.3£0.7 and 16.4+0.7 Wm™'K"! for two repeated trials of a second sample. As illustrated in
Figure 4.2c, the thermal conductivity values measured from the two trials using the second yarn
sample are in excellent agreement, indicating good repeatability.

Based on previous studies related to yarn structures 22125 we note that the level of yarn
twist and orientation of fibers within the yarn are important factors that could influence the
effective properties of the yarn. With increase in yarn twist, two key mechanisms may affect the
heat conduction behavior: (i) increased effective packing of the fibers within the yarn due to
compaction, which would lead to an increase in the yarn effective thermal conductivity; and (ii)
an increased length of individual fibers per unit of apparent axial conduction length (i.e., an
extended path-length for heat conduction following the spiral of the fiber), which leads to a
decrease in the yarn effective thermal conductivity. A decrease in yarn thermal conductivity with
increasing twist was predicted in 123 by considering the varying helix angle of fibers from the core
to the surface of the yarn for an assumed packing arrangement. However, this model only accounts
for the increased conduction length due to the oblique orientation of the fibers with respect to the

principal yarn axis, without considering the effect of increased compaction 124125,
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Figure 4.3: (a) Representative in situ IR images of yarns in the experimental setup at two
different twist levels characterized by a surface helix angle of ~8° (low twist) and ~30° (high
twist). (b) Thermal conductance (product of yarn thermal conductivity and cross-sectional area,
k,A,) measured as a function of surface helix angle of the yarn. Variation of thermal
conductance with twist is not very significant (<6%) for the range of twist levels evaluated.

In the present study, we perform thermal measurements with the twisted yarns to explore
the effect of yarn twist on the effective thermal conductance (per unit length) of the yarn. Note that
the yarn effective thermal conductance per unit length (with units of WmK-1) is defined as the
product of the effective thermal conductivity and the yarn cross-sectional area. This parameter is
of interest for fabric construction because it directly influences the in-plane effective thermal
properties of fabrics woven from the twisted yarns. The effective thermal conductance can be
easily extracted from our measurements without having to consider changes in the effective yarn
cross-sectional area at different twist levels. We investigate the effect of yarn twist by performing
the IR experiments for four different twist levels characterized by the average surface helix angle

of the yarn, as illustrated in Figure 4.3a. The extracted thermal conductance, increases by only

~6% from the lowest to the highest twist level considered here, spanning a surface helix angle
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change of about ~20°, as shown in Figure 4.3b. We conclude from these experiments that the
change in yarn thermal conductance is not significant for the range of twist levels characterized

here, which is also representative of the twist level of the yarns in the constructed woven fabric.

4.2.2 Effective Thermal Conductivity of Fabrics

A strip of woven fabric having a width of ~2.1 mm and thickness of ~660 pm is
characterized. In order to achieve uniform heating across the fabric thickness and obtain good
thermal contact conductance with the heating wire under vacuum conditions, a small piece of
copper tape is wound around the fabric in the contact region and a thermal gap pad is placed
between the wire and the fabric sample. A schematic drawing of this experimental configuration
for fabric testing has been included in Figure 4.4 for clarity. The thermal gap pad helps in
conducting a greater amount of heat into the sample at a given level of electrical power input, but

does not influence the measured sample thermal conductivity.

A representative IR temperature map for the wire—fabric experiment is shown in Figure
4.5a and the corresponding temperature profiles of the wire and the fabric in Figure 4.5b. For the
fabric, a sharp dip in the wire temperature profile is observed on either side of the contact region,
which contrasts the wire temperature profile seen for the yarn test in Figure 4.2b. This occurs due
to the larger amount of heat being removed by the fabric sample due to its higher thermal
conductance as compared to the yarn sample. Analogous to the analysis for the yarn, the total heat
flux flowing into the fabric, and the temperature gradients in the fabric region, are obtained for
each level of input electrical power. The effective thermal conductivity of the fabric is extracted

from the linear fit shown in Figure 4.5c¢. The radiation losses from the control volume in the central
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region of the wire are verified to be negligible (~1%) compared to the total heat rate, Q; + Qg +

Qgen-

Nichrome Thermal gap pad

heating wire Cu tape adhered

around fabric

Dyneema fabric

Figure 4.4: Schematic of the experimental configuration used for the thermal measurements for
the woven fabric sample.
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Figure 4.5: (a) IR temperature map of the wire—fabric experiment at a current input of 300 mA.
Temperatures shown are based on corresponding emissivity values of the nichrome wire and the
fabric, within the regions as indicated, and (b) the corresponding temperature profiles.
Representative error bars in the experimental temperature data are shown in cyan near the center
of each profile. (c) Heat flux as a function of sample temperature gradient at different levels of
input current for different experimental trials: Run 1 is performed with the thermal gap pad
between the wire and fabric for enhanced thermal contact, while Run 2 is performed without this
pad. The slopes of the linear fit from both runs are extracted to calculate an average fabric
thermal conductivity of ~9.5+0.6 Wm1K-1.
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The effective thermal conductivity of the fabric is determined to be 9.5+0.6 Wm'K"! based
on the two experimental trials shown in the Figure 4.5¢. The first trial (Run 1) is performed with
the thermal gap pad placed in between the wire and the fabric to enhance thermal conductance at
the junction, while the second trial (Run 2) is performed without the use of this pad. The results
from these two independent runs yield the same value of thermal conductivity to within
measurement uncertainty, which further demonstrates that the developed characterization
technique is independent of the junction thermal contact resistance.

In order to obtain an estimate of effective fabric thermal conductivity to compare with our
experimental results, and to also understand the effect of yarn density on fabric conductivity, we
have developed a reduced-order heat conduction model. In this model, a full nodal-network-based
analysis similar to the approach implemented for modeling conduction through foam structures in
126 is performed. Effective fabric thermal conductivity along a given direction of interest is
calculated by assigning constant temperature boundary conditions Ty and T to the associated
opposite fabric ends, while insulating the other two sides as shown in Figure 4.6a. As a result, heat
is conducted at steady state along one set of orthogonal yarns (blue yams) oriented in the y
direction. The model considers the thermal resistance to heat flow through yarn segments between
cross-over locations and defines a node temperature at each cross-over. The nodal temperature at
some cross-over location (node ‘P’) for a given yarn is related to the neighboring nodal
temperatures along the same yarn (nodes ‘N’ and ‘S’) via segment thermal resistances, and to the
nodal temperature of the orthogonally oriented yarn (node P’) via a contact thermal resistance.

Energy balance equations are written at each node of the resistance network to obtain a

system of linear equations which is solved to obtain all nodal temperatures based on the fixed
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boundary conditions. Finally, the effective fabric thermal conductivity in the direction of interest

(along y) is obtained as follows:

lerr }
koo = , 4.1)
eff =4 {<TH " T ) Aoy

where q is the rate of heat flow along the y direction, l.¢f is the total length of heat flow in the
considered network, and A.¢f is the effective cross-sectional area of the network defined as the
area of the rectangular envelope around the fabric weave as shown in the cross-section depictions
in Figure 4.6b. Note that the calculated effective thermal conductivity becomes independent of the
size of the nodal network and the input boundary temperatures. Further, for a plain-weave fabric,
the effective thermal conductivity in the direction under consideration is independent of the inter-
yarn thermal contact resistance at the nodal locations, because the yarns oriented perpendicular to
the direction of heat flow (along x) are insulated at their end and therefore non-participating. As a
result, an inter-yarn thermal contact resistance between orthogonal yarns does not need to be

specified in this case.
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Figure 4.6: (a) Schematic drawing (top-view) of a plain-weave fabric showing the heat transfer
nodal-network associated with the reduced-order model to calculate the effective thermal
conductivity of the fabric in the y direction (along the blue yarns). The neighboring nodes

associated with a node ‘P’ on a particular blue yarn are also shown in the inset to illustrate node

connectivity. (b) Schematic drawings of the plain-weave fabric cross-section, showing only the

blue yarns that participate in heat conduction. These drawings illustrate the effective area-based

packing fraction for a loose fabric (I, /d, = 1) as compared to a tight fabric (1, /d,, = 0.5). (c)

Effective thermal conductivity as a function of 1,,/d,, as predicted by the reduced order model.

The measured fabric thermal conductivity from the experiments is shown as a ‘star” symbol and
agrees well with the prediction from the reduced-order model.
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Based on the results from the reduced-order model, the effective fabric thermal
conductivity of the plain-weave fabric is dependent on three model input parameters: the yarn
thermal conductivity (k,,), the center-to-center spacing between adjacent parallel yarns (l,), and
the effective yarn diameter (d,). The schematics in Figure 4.6b portray the effective cross-sections
of a fabric with a high packing density (l,,/d,, = 0.5) and low packing density (l,,/d, = 1) of
yarns parallel to the heat flow direction. From this model, the effective thermal conductivity is
determined to be directly proportional to the cross-sectional area-based packing fraction of the
yarns oriented along the direction of heat flow. Specifically, as illustrated in the plot in Figure

4.6c¢, the effective fabric thermal conductivity is inversely proportional to 1, /d,, for a given value
of k,,, which is taken to be 16 Wm™'K"! based on the results obtained from the yarn characterization

experiments. From inspection of the images of the woven fabric shown in Figure 4.1d, a value of

l,/d, ~0.5-0.6 is representative of the experimentally characterized woven fabric. At this packing

density, the estimate of effective fabric conductivity from the reduced-order model matches well
with the result from the thermal characterization experiment, as shown in Figure 4.6¢. Further, the
results obtained from the reduced-order model also offer quantitative understanding of the effect

of yarn packing in the fabric weave on effective fabric thermal conductivity.

4.2.3 Thermal Characterization of Fibers

The thermal measurements for individual UHMW-PE fibers are based on the same
measurement principle as that of the yarns and the fabrics. However, because the diameter of an
individual fiber is ~20 um, which is an order of magnitude smaller than that of the yarns, a higher
magnification IR lens with a pixel resolution of 3.03 um is used in these measurements.

Additionally, a nichrome heater wire with a much smaller diameter is needed to achieve the
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required sensitivity in the measurements in terms of obtaining a measurable dip in the wire
temperature profile to quantify the heat flow into the sample. The wire is coated by dipping in a
colloidal graphite solution to increase its emissivity, and the diameter of the wire after coating is
(~80 um) measured in-situ during the IR measurement. The fiber is not coated because the coating
procedures used for the individual fibers significantly increase the effective fiber diameter which
would impact its measured effective thermal conductivity.

Due to the much smaller length scales involved, these measurements are more challenging
in terms of sample preparation (coating procedures) and sample setup (placing the individual fiber
in proper orthogonal contact with the heater wire). Also, individual fibers have a relatively low
surface emissivity (~0.27 in the associated IR range), and appropriate emissivity calibration must
be used to extract the temperature maps without the aid of a high emissivity coating. Further, the
field of view of the experimental cross-structure arrangement in these IR measurements is limited
to an area of ~3.1 mm x ~3.1 mm around the central region of the wire and fiber. Therefore, the
suspended length on each side of the wire and sample available for extraction of temperature
profiles is only ~1.5 mm (see Figure 4.7). For this reason, the temperature rise due to heat
generation on each side of the wire is very small (~1-2°C), and the heat rate conducted into the
fiber is low, on the order of 0.01-0.1 mW across all power levels. Therefore, the estimation of heat
rates leaving the wire based on fitting the experimental temperature profiles to a heat transfer

model (as done in case of the yarn and fabrics) involves higher uncertainty and sensitivity.
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Figure 4.7: (a) Representative experimental and filtered (based on a moving average)
temperature profiles of the nichrome wire at an electrical power input of 14 mA. The peak-to-
peak distance, L, is shown, which is used to extract the heat rate entering the fiber, and (b)
corresponding experimental temperature profiles and linear-fits of the two sides of the fiber
sample. (c) Heat flux as a function of the sample temperature gradient. The linear fit across
power levels yields fiber thermal conductivity.

To address some of these challenges, we use a simpler analysis to extract the heat transfer
rate from the wire to the fiber sample that avoids the need to perform the wire-only calibration
experiment, which helps in reducing the uncertainty involved in this case. We find that a
measurable peak is obtained in the experimental temperature profiles on each side of the wire. The
heat rate conducted out of the wire can be extracted based on the heat generation within the region
between the peaks on each side of the wire. All the heat generated in this region (after appropriately
accounting for radiation losses) must flow into the fiber sample at steady state; the heat generated
in the region outside the peaks is conducted out to the heat sink and does not flow into the fiber
sample. Specifically, because the electrical resistance of the wire is known by measurement, and
the electrical current supplied to the wire is known, the total heat generation in the region between
the peaks is given by Qgen =1 ZRllp, where 1, is the distance between the temperature peaks on

each side of the wire. The total heat transferred to the sample is then given by Q@ = Qgen — Qraas

where Q44 is the radiation loss from this region of length L,. Note that Q,.q = g&,,md,, 1, (TL g
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Terr), Where T4y g 18 the average wire temperature in this region and &, is the surface emissivity
of the wire. The temperature gradients on each side of the sample are determined from the
temperature profiles of the fiber and the thermal conductivity of the fiber (with cross-sectional area

Ay) is calculated as:

Q
ke = —1ar T } (4.2)
B

Af{m dy

Figure 4.7a shows the wire temperature profile extracted from the IR temperature map in

the available field of view for a given power level. The peak-to-peak distance in the temperature
profile [, is determined from this plot as shown. The associated uncertainty in this calculation is
also estimated based on observing the change in [, when using differing window sizes to filter the
experimental wire temperature profiles. Figure 4.7b shows the corresponding temperature profiles
of the fiber sample based on its calibrated emissivity. As in the experimental procedure described
for the yarns and fabrics, the measurements are performed at five different power levels and the
total heat flux and temperature gradient are extracted at each power level. The thermal conductivity
of the fiber is determined from the slope of the linear fit across the different power levels as shown
in Figure 4.7¢c. Based on measurements performed for two different fiber samples, an average
thermal conductivity of 28.4+3 Wm'K'! is obtained. The thermal diffusivity of the individual
fibers is also measured using the micro-IR Angstrom method described in Chapter 3, Section 3.1.
Individual filaments are setup to be orthogonally oriented in contact to a nichrome wire, and a
periodic square wave electrical power input is applied to the wire. The measurements are
performed at different levels of electrical current at a fixed periodic heating frequency of 100 mHz.
The thermal diffusivity of the fibers is extracted using the amplitude ratio and phase lag as a

function of the length of the sample. The results of these measurements are shown in Figure 4.8 at
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different values of temperature amplitude which arise due to the different levels of electrical power

input.
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Figure 4.8: Measured thermal diffusivity as a function of temperature amplitude as a result of
different levels of electric current supplied to the heater wire. The dashed lines show a
comparison from two other references ([41], [46]) based on the extracted thermal diffusivity

(from measured thermal conductivity) using standard values of density and heat capacity for
UHMW-PE.

The measured thermal diffusivity is in the range of ~0.78x10~ m?/s to ~1.35x10 m?/s
which corresponds to a thermal conductivity range of 15 to 24 Wm™'K"! based on standard values
of density and specific heat capacity specified for UHMW -PE materials. This is in generally good
agreement with measured values of thermal conductivity for similar fibers 446, and with the direct
thermal conductivity measurements performed using the steady state IR technique described in
this work. Slight discrepancies may be due to the assumption of standard values of specific heat

and density to extract thermal conductivity from thermal diffusivity which can potentially vary

across fiber samples.
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4.2.4 Discussion

The results from the thermal characterization study presented in the previous sections
indicate a very high measured thermal conductivity for UHMW-PE yarns and fabrics, especially
considering that these are constructed out of polymer fibers. To interpret these measured thermal
conductivities, we have also characterized the individual fibers (monofilaments with diameter ~20
pm) that comprise the yarn and fabric as detailed in the previous section. In this section, we
compare the results from this work to other relevant thermal studies on UHMW-PE materials.

Consider the thermal conductivity of oriented UHMW-PE as the material is scaled from
fibers to fabrics, as illustrated in Figure 4.9a. Our measurements in this work reveal that the
effective thermal conductivity of UHMW-PE only reduces by a factor of ~3 as microfibers are
scaled up to woven fabrics. This reduction is attributed mainly to the packing density of individual
fibers within a yarn, and the packing density of yarns within a fabric. The effective density of
yarns, based on measuring the yarn linear density and assuming a circular cross-section, is
determined to be ~460 kg/m?, which is lower than the specified density of an individual fiber by a
factor of ~2. This is the same factor of reduction in effective thermal conductivity from fibers to
yarns as measured. Further, the results from the reduced-order fabric thermal conductivity model
explain this same reduction due to packing density from the yarns to the woven fabric.
Nevertheless, given these fabrics are a macroscale material, their effective thermal conductivity

(~10 Wm'K"") is remarkable compared to a bulk form of polyethylene (~0.5 Wm™'K-! for HDPE).
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Ref. Material Details

Ultra-drawn films produced from UHMW-PE gels
with final thickness of ~4-10 pm

Ultra-drawn films produced from UHMW-PE
powder with final thickness of ~1 pm

Fiber bundle comprised of 6000 commercial
[95] UHMW-PE (DSM Dyneema) fibers measured
at 260K
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diameter ~50 um
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Figure 4.9: (a) Thermal conductivity of various forms of UHMW-PE measured in the literature
and the present study. The thermal conductivity for each material is reported using a bar along
the horizontal axis scale, with bars organized into groups of similar form and groups shown in
order of increasing length scale. Details of the materials are listed in (b).
Comparing to the values in literature, as apparent from Figure 4.9, our measured thermal
conductivity of the individual fibers is generally in good agreement with other studies 42, The

thermal conductivity of fiber bundles measured in %

are much higher compared to our
measurement for the yarns. However, we note that radiation losses and parasitic conduction losses
were not considered in the conventional steady-state measurement technique used in this previous
study *°, which would tend to overestimate the thermal conductivity. Further, as pointed out in
[41], the value of thermal conductivity directly measured for the fiber bundle (~60 Wm™K!) in %3
does not agree with the thermal conductivity extracted from the thermal diffusivity measurement
(~36 Wm™'K™!) in the same work 3, as well as with that extrapolated from the measurement of the

fiber-reinforced plastic (in °°) comprising of the same fibers (~33 Wm™'K-!). Our measurements

for yarns also corroborate the measurements of individual microfibers #1612 as a reduction in
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effective conductivity (and not an increase) is expected for yarns when compared to individual
fibers due to a decrease in effective density.

4243 can have a similar thermal

Figure 4.9 also indicates that ultra-drawn oriented thin films
conductivity to individual fibers. The recent study by Xu et al. * demonstrates great potential for
scalability of these films along the drawing direction, but the drawing process required to obtain
such high thermal conductivity also greatly reduces the thickness. Therefore, even though the
thermal conductivity of the fabricated films increases from 0.38 Wm™'K™! to 62 Wm'K"! as the
draw ratio increases to 110, the thermal conductance (per unit length) of these films across all draw
ratios is limited to relatively low values in the range of 2.9x10”7 WmK! to 3.9x107 WmK-'. To
address this scalability limit in the thickness direction, Xu et al. ** also demonstrated construction
of a 150 pm-thick laminate by hot-pressing many films produced at a high draw ratio of 50, and
measured the in-plane thermal conductivity of the laminate to be ~33 Wm™K"!. The thermal
conductance of this fabricated 100-layer laminate (in 4*) is ~5x10® WmK-!, while the conductance
of the single-layer woven fabric test strip (from this work) is 1.3x10 WmK-'. The woven fabric
strip has a thermal conductance 2.6 times greater primarily due to its higher length scale compared
to the film laminate. We note that while the high thermal conductivity of the laminate is very
promising for heat spreading applications, effective scaling-up of these structures while
maintaining these properties is crucial for such applications. The ultra-drawing process constrains
the cross-sections that can be achieved for the produced films, whereas single-layer weaves can
easily be scaled along the width and length directions. Also, laminates of larger thickness prepared

in this manner may be stiffer as compared to woven materials which can potentially limit their

usage in flexible device applications.
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Based on the results of the current study, woven fabrics show great promise for scalable
fabrication of a high effective thermal conductivity material because weaves with lengths and
widths on the order of meters, and thicknesses on the order of ~0.5-1 mm, can easily be produced
by a large-scale textile manufacturing process. Further, the in-plane thermal conductivity of
UHMW-PE fabrics is more than two orders of magnitude higher than conventional fabrics such as
cotton (0.03-0.07 Wm™'K™), silk (0.09 Wm™'K™"), and wool (0.04 Wm~'K") 1277129 Therefore,
UHMW-PE fabrics are ideally suited to wearables and other flexible device applications where
good heat spreading functionality is desired. Additionally, complex weaves and multi-layer fabric
stacks provide an avenue to tailor the high thermal conductivity of these materials to a particular

application.
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CHAPTERS. THERMAL AND MECHANICAL
CHARACTERIZATION OF COMMERCIAL HIGH-PERFORMANCE
POLYMER FABRICS

In this chapter, we explore high-performance polymer-based engineered textile materials with
specific interest in their heat conduction behavior, while also considering relatively mechanically
flexible materials. Based on a survey of commercially available materials, we first identified and
acquired several commercial fabrics consisting of UHMW-PE (Dyneema®) to characterize their
properties that are relevant for wearable heat spreading applications. Specifically, the effective
thermal conductivity and bending stiffness of these commercial Dyneema®-based are measured
using custom-developed thermal and mechanical metrology techniques. We also perform
measurements for an in-house woven fabric constructed entirely from Dyneema® fibers, as well
as other conventional materials, in order to benchmark their performance. Further, we
experimentally investigate the impact of creasing and thermal annealing of the fabrics on their
effective thermal behavior to develop a better understanding of their potential for long-term use in
wearable device applications. The content in this chapter has been adapted from a recent

manuscript draft submitted for publication and currently under review.

5.1 Materials Survey and Selection

In this section, the reported thermal and mechanical properties of commercially available
polymer materials are surveyed, which serves as the basis for selection of the fabrics characterized
in this study. Commercially available high-performance fiber materials that could potentially be

integrated in advanced textiles are first identified. Then, a material having desirable properties for
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applications in wearable device thermal management is selected. Finally, existing textile/fabric

products constructed from these fibers are acquired for subsequent characterization.
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Figure 5.1: Elastic modulus and thermal conductivity of conventional polymer fibers (in blue)
and commercially produced high-performance polymer fibers (in red). The high-performance
polymer fibers typically have ~1-2 orders of magnitude higher thermal conductivity and elastic
modulus (note the log scales). Data compiled from references with details for the high-
performance fibers summarized in Table 5.1.

The two primary properties of interest are the elastic modulus and thermal conductivity.

These properties are cataloged for various commercially produced high-performance fibers in

Figure 5.1, with details summarized in Table 5.1. Compared to conventional polymers, these

materials have over an order of magnitude higher elastic moduli and thermal conductivities,

typically greater than 50 GPa and 1 Wm1K-2, respectively. Among these materials, we identify

Dyneema®, a commercial gel-spun microfiber made of UHMW-PE, as a suitable starting material

for the current study due to its standout thermal conductivity (20-30 WmK™?) and availability.

The relatively lower elastic modulus of Dyneema® as compared to other highest thermal

conductivity materials, such as Zylon®, is also an advantage in applications involving flexible

substrates and devices.
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The identified commercial Dyneema®-based fabrics, the in-house fabricated sample
constructed entirely from Dyneema® fibers, and benchmarking materials considered in the present
study are summarized in Table 5.2, along with a sample identifier used for each material. The
commercial fabrics include two types of Dyneema® denim fabrics (labelled “Dyneema® Black”
and “Dyneema® BW”) and a Dyneema® composite fabric (labelled “Dyneema® Composite™)
acquired from Rockywoods Fabrics LLC. As illustrated in Figure 5.2a, the denim fabrics consist
of a specially engineered double-warp weave configuration comprising Dyneema® yarns along
the warp and weft directions of the fabric, and cotton yarns along the warp. The composite fabric
is made up of a grid of Dyneema® fibers sandwiched between polymer films to form a UHMW -
PE composite laminate, with a polyester weave is attached on one face (see Figure 5.2b). The in-
house fabricated sample (100% Dyneema®) is a plain-weave Dyneema® fabric constructed
entirely from Dyneema® SK75 microfibers (Atkins and Pearce Inc.) as described in our previous
work 10 Additionally, we acquire some conventional materials with no UHMW-PE content for
benchmarking purposes: EeonTex®, a non-woven fabric that is commonly used as a heater fabric
in electronic textiles; a high-density polyethylene (HDPE) flexible sheet (McMaster-Carr); and a

typical cotton twill weave fabric (tested for mechanical properties only).
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Table 5.1: Details of the different high-performance polymer fibers (shown in Figure 1)

Tensile Axial Thermal
Fiber Fiber Type Fabrication Method Modulus Ref | Conductivity (Wm™ | Ref | General Properties
(GPa) )
- - - 41 - -
Ultra-High Molecular Gel.-splnnlng process using . 14.2 . ngh_ strength to _Welght,
. spinneret (super drawing, 101 23.6 abrasion resistance,
Dyneema® Weight Polyethylene heati | . q 3 131 28 110 hanical h th |
(UHMW-PE) eating, e or}gatlng, an 11 4 mechanica strength, therma
cooling) 225 132 | conductivity
Ultra-High Molecular 118 “ 158 . ?g?ar;ioztrength t?esiwstzlr?:;
Spectra® Wel(g;Sl'c_| l;/(l)\l}\//(_altahg)lene Gel-spinning process 13 131 20 o mechanical strength, thermal
conductivity
Spun from Polyphosphoric 215 . 23 . ;{fetr)]/ th hlgzxce||r2§fhanrl]zzlt
Zylon® Polybenzoxazole (PBO) acid (PPA) solutions via 133 130 =ngtn, ) | h |
dry-jet wet spinning 270 22.6 re5|3tant(_:e,_tvery ow thermal
conductivity
Poly (p-phenylene r I 202 4 4 | High modulus and high
PBZT benzobisthiazole) Dry-jet wet spinning 150 134 12:5 strength
. Condensation 76 4 .
Polyhydroquinone- o a“ High strength, modulus, and
PIPD (M) diimidazopyricine | POYmerzation followed by 330 13 88 thermal stability
. . Liquid-crystalline polymer 120 4 High strength, toughness,
Kevlar® Aro(m ::;Caﬁ):r%%r;'de produced by wet/dry-jet 133 31 4| thermal stability, flame
P wet spinning 185 resistance
: Melt spinning / extrusion 60 4 1.7 4| High tensile and impact
Vectran® Aromatic polyester from liquid crystal polymer 65 188 25 185 | strength, abrasion resistance
Aromatic conolvamide Condensation High heat and chemical
Technora® (para argmi)(/i) polymerization followed by 71 133 1.98 1% | resistance, strength, and
P spinning and drawing dimensional stability
Condensation reaction Intrinsically flame resistant
Nomex® Meta aramid followed by spinning and 88 137 0.65 136 y ’

drawing

high temperature resistant




Table 5.2: Summary of the materials considered in this study

Material Category

Sample Identifier

Description

Dyneema®
(UHMW-PE) fabrics

100% Dyneema®

Plain-weave fabric woven in-house, consists of Dyneema® SK75
yarns along warp and weft directions, with 4-5 times higher yarn
density along weft

Dyneema® Black

Commercial double weave denim consisting of Dyneema® and
cotton warp vyarns, and Dyneema® weft vyarns (Supplier
Specification: 62% Dyneema®, 38% cotton)

Dyneema® BW

Commercial double weave denim consisting of Dyneema® and
cotton warp yarns, and Dyneema® weft yarns; some amount of
polyamide and elasthane are present to provide stretch (Supplier
Specification: 52% Dyneema®, 37% cotton, 9% polyamide, 2%
elasthane)

Dyneema® Dyneema® fiber-reinforced polymer composite with polyester
Composite weave (Supplier Specification: 15% Dyneema®, 65% polyester, 20%
other polymer film)
Benchmarking EeonTex® Non-woven conductive e-textile heater fabric consisting of a
Materials polyester/nylon blend
(No UHMW-PE) HDPE sheet Bulk material sheet made of high-density polyethylene
Cotton Conventional cotton cloth

weft

(a)

Dyneema weft Dyneema warp

Cotton warp

Dyneema warp l f v
>Jl‘
Dyneema i

Cotton warp Dyneema weft

Dyneema face

Polyester weave

Polymer film

Dyneema fibers (grid)

Cotton face

Figure 5.2: Representative schematics of the commercial Dyneema® fabric samples: (a) the

Dyneema® denim fabric weave structure consisting of Dyneema® and cotton yarns, with optical

micrographs of the Dyneema® and cotton faces for the Dyneema® Black fabric shown as an

example. (b) the Composite Dyneema® fabric sample consisting of a grid of Dyneema® fibers

sandwiched between polymer films, with a polyester weave attached on one face.
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5.2 Experimental Methods

5.2.1 Thermal Metrology

The in-plane thermal conductivity of the fabrics is measured using an in-house thermal
measurement technique based on infrared microscopy. A brief description of this method is
provided here and details of this technique are reported in our recent work 2, As seen in Figure
5.3a, the fabric sample is heated using a current-carrying nichrome wire placed orthogonally in
contact with a strip of the fabric. The simultaneous measurement of the wire and fabric sample
temperature profiles using a high-resolution infrared microscope (Quantum Focus Instruments) in
a vacuum environment enables extraction of the effective in-plane thermal conductivity of the
sample. For each fabric sample, five steady-state temperature datasets are recorded at different
power levels (in the range of ~75-175 mW) to extract a single, average value of thermal
conductivity so as to improve confidence and reduce uncertainty in the measured results. The
approach for calculation of uncertainties in the measured thermal conductivity is described in 12,

These measurements yield the in-plane thermal conductivity of the fabric samples.

5.2.2 Mechanical Metrology

To quantify the mechanical flexibility of the fabric samples, we characterize the bending stiffness
(or flexural rigidity), which is a measure of the resistance to bending offered by the fabric material.
We use an experimental approach for measuring fabric bending stiffness in accordance with the
principle of the Pierce Cantilever Test and the ASTM D1388 standard 28, For this purpose, a

bending test fixture is designed and fabricated.

86



(a) (b)

Twire
]

1
i
Sample _ N
E : @ !g:r?r Slider Overhanglength (L)
—»

H
() Fabric H

Bending
angle (6)

~

Edge 1 hR 4
1 N

Heating wire i

Figure 5.3: (a) Schematic representation of the thermal metrology setup showing a heating wire
orthogonally oriented in contact with the test sample to be measured (left). Representative
temperature profiles of the wire and sample shown (right) are captured using an infrared
microscope. Heat rates (Q; and Q,) are determined from the wire temperature profile, and the

temperature gradients ( (Z—;) and (Z—D ) in the sample are used to calculate the sample
T B

thermal conductivity k.. (b) lllustration of the principle of the bend testing metrology, where the
overhang length L and bending angle 6 of a fabric under its own weight enables quantification of
the bending stiffness.

In this test, a fabric sample is placed under a weighted slider and manually slid over the
edge of the fixture until the end of the fabric bends under its own weight to a prescribed angle
(typically 41.5°). The bending stiffness of the fabric is quantified based on the overhang length
and bending angle as illustrated in Figure 5.3b. We note that the most recent version of the ASTM
standard %8 includes unexplained and ambiguous constants, as also discussed by Lammens et al.
139 Therefore, in this work, the bending stiffness (G) (units of Nm) is calculated based on the

traditional Pierce equation as follows:
— 3
G=WCc3, (5.1)

where W is the weight per unit area (in N/m?) and C is the bending length (in m). The overhang
length (L) shown in Figure 5.3b is measured to determine the horizontal length moved when the

sample reaches the specified bend angle. This length is then used to calculate the bend length, C:
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¢ =fOL, (52)

where @ is the bend angle at which the overhang length is measured and f () is given by

[

@] 53
f(@) - [8 tan(B)l

The two key parameters, L and 6, are measured using scale rulers attached to components of the
cantilever test fixture. To measure the overhang length (L), a weighted slider with an attached scale
is always kept in contact with the fabric during the test. The displacement of the slider is the
overhand length of the fabric, which is read from the scale at the end of the test. For the bending
angle (8), two sets of protractors are etched into transparent acrylic plates on both sides of the
overhanging fabric sample. The uncertainties in this measurement are calculated via a standard
propagation of errors in the measurement of the overhang length, L (+ 1 mm) and bending angle,
6 (£ 2°). Additionally, a validation of the measurement approach is provided in Appendix A by
comparing the measurements for a Kapton® (polyimide) film to the calculated value from plate

theory.

5.3 Results and Discussion

5.3.1 Thermal Conductivity

In this section, we report the results of the thermal conductivity characterization for the
samples in Table 5.2. The HDPE, EeonTex®, and Dyneema® composite samples are isotropic in
the in-plane direction, while the woven Dyneema® denim and 100% Dyneema® fabrics are
anisotropic due to differing yarn materials and densities along the warp versus weft directions. For

these fabrics, the thermal conductivity is measured along the high-density direction of constituent
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yarns, which is along the weft for the 100% Dyneema® fabric and along the warp for the

Dyneema® denim fabrics.

During the thermal measurements, the in-plane heat spreading behavior of the sample can
be qualitatively understood from the steady state temperature profiles. In the wire-sample
arrangement, a higher thermal conductivity sample will dissipate more heat from the heater wire
at the same input power. This is observed as a relatively steeper temperature drop in the wire in
the direction toward the point of contact with the sample. Additionally, a higher thermal
conductivity sample will exhibit a more linear temperature profile in the sample due to heat
conduction along the sample dominating compared to radiation loss to the surroundings *°. These
heat transfer mechanisms (conduction and radiation) are of comparable magnitude for a low
conductivity sample leading to a non-linear decaying temperature profile. These qualitative trends
are illustrated in Figure 5.4a and Figure 5.4b, which show representative temperature profiles of
the heater wire and the fabric sample for experiments with Dyneema® BW and EeonTex® samples
at the same total input power of ~100 mW. The temperature of the heater wire (Figure 5.4a) is
significantly lower for the Dyneema® BW fabric compared to the EeonTex®, and the temperature
gradient approaching the contact region with the sample is steeper. Further, the temperature of the
sample (Figure 5.4b) is also lower on average and has a near-linear profile for the Dyneema® BW
fabric, whereas there is a clear exponential trend in temperature (and higher average) for the

EeonTex® sample.
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Figure 5.4: Representative temperature profiles of (a) the heating wire and (b) fabric sample
obtained from IR thermal measurements of the Dyneema® BW and EeonTex® samples at
the same electrical power input. The Dyneema® BW sample exhibits significantly lower
wire and sample temperatures, a steeper temperature gradient in the wire approaching the
central region, and a relatively more linear sample temperature profile, which all are
indicative of a higher in-plane thermal conductivity. (c) Measured effective in-plane thermal
conductivity for the different samples.

Based the measurements, the effective in-plane thermal conductivity for each sample is
calculated, and these results are summarized in Figure 5.4c. The commercial Dyneema®-based
fabrics have thermal conductivities in the range 2-2.5 Wm-K-, and the 100% Dyneema® fabric
has a thermal conductivity of 9.5 Wm=K-2. This is a significantly higher conductivity compared
to the HDPE sheet (0.45 WmK-?), and more than an order of magnitude higher than EeonTex®
(0.13 WmtK™1), which is a typical electrically conductive textile material. Further, typical textiles
such as cotton have a conductivity on the order of 0.05 Wm-K- 129 demonstrating remarkable

potential for Dyneema®-based fabrics to be integrated into wearable-device heat spreading

applications.
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Figure 5.5: (a) Photograph of three different fabrics bending under their own weight. The stiff
HDPE sheet does not visibly bend under its own weight, the Dyneema® Black fabric is much
more flexible as seen from its extent of bending, and the 100% Dyneema® lies in between. (b)
Measured average bending stiffness (flexural rigidity) based on the described bend testing
metrology.

5.3.2 Bending Stiffness

The bending stiffness provides a way of quantifying and comparing mechanical
compliance and flexibility, which is an important consideration for wearable electronics-based
substrates. Using the procedure described above, we quantify bending stiffness by measuring the
overhang length at two different bending angles of 41.5° and 7.1°. The choice of these two angles
is based on the value of £(8), which is ~0.5 and 1 at these respective angles and typically in
literature 138139, The results of the measurements are reasonably consistent at the two bending
angles (See Appendix A). We note two extreme cases of measurement: the HDPE sheet being
relatively stiff is tested only at a bend angle of 7.1° as the higher 41.5° bend angle is not achieved
solely due to bending under its own weight even at high overhang lengths. In contrast, cotton being

highly flexible reaches a high bending angle for a very small overhang length, and so it is measured
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only at the bend angle of 41.5°. Figure 5.5a shows a photograph that illustrates the relative

flexibility of the HDPE film, 100% Dyneema® fabric, and the Dyneema® Black fabric.

The average value of the bending stiffness measured from the different bend angles is
plotted in Figure 5.5a, with higher values indicating lower flexibility. This measure spans over
three orders of magnitude with the cotton sample and HDPE sheet representing the extremes. The
Dyneema®-based fabrics exhibit an intermediate level of flexibility and are more flexible than

EeonTex®.

5.3.3 Crease Testing

An important aspect related to flexibility is the durability of these fabrics (in terms of
retaining their excellent thermal conductivity) as they will potentially undergo varying degrees of
bending when used in practical applications. To evaluate durability under bending for the
commercial Dyneema®-based fabrics, the effect of creasing on the effective thermal properties is
explored. Creasing, that is sharp folding of the fabric at a point by 1800, represents an extreme
bending case. In these experiments, a swatch of fabric is suspended in a fixture and a nichrome
heating wire is attached across the center of fabric. As illustrated in Figure 5.6a, infrared thermal
measurements are performed to view the temperature profile in the sample perpendicular to the
wire before and after creasing the fabric at a specific location along its length. The creasing is
achieved by folding the fabric by ~180° about this location while the fabric remains in place within
the setup and then bending it back to the original position. The temperature is measured for the
initial sample before creasing and after repeating the creasing multiple times (1, 5, 20, and 100
crease cycles). Steady state temperature maps shown in Figure 5.6b, captured before and after

multiple crease cycles indicate that the temperature profile along the fabric length is not
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significantly affected by creasing. As a point of reference, we perform a separate test to show that
the temperature profile is significantly affected in an extreme case when the fabric is scored using
a razor blade. We conclude from these observations that wrinkling or creasing the fabric, without

damaging the weave structure or the individual yarns, will not significantly impact its effective

thermal conductivity.
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Figure 5.6: (a) Schematic diagram showing the top-view of the testing configuration to assess
impact of creasing on thermal performance. The fabric sample is creased by bending by 180° at a
specific location as indicated, and infrared temperature maps are captured before and after
creasing. (b) Steady state temperature profile as a function of distance from the heater wire on
the creased side of the fabric swatch, shown for increasing number of crease cycles and after
scoring. The temperature profiles indicate no significant change in heat spreading properties
except for the extreme scenario of scoring to purposely damage the individual yarns.

93



5.3.4 Thermal Annealing

Practical application of Dyneema®-based fabrics in wearable devices must also consider
the effect of exposure to high temperatures on the heat spreading performance of the fabrics.
Previous studies on UHMW-PE fibers reveal a melting range of 147-152°C 140141 We perform
differential scanning calorimetry (DSC) measurements to verify that the melting ranges for as-
received Dyneema® SK75 fibers and the Dyneema® Black denim fabric are in the expected range
for UHMW-PE materials (see Appendix B). Also, other studies on UHMW-PE indicate respective
long-duration and short-duration temperature limits of ~70°C and ~100-130°C 42, These limits
are based on evaluation of thermal stability at different aging times based on retention of
mechanical properties such as modulus and tenacity. To the best of our knowledge, there has been

no evaluation of the thermal stability of these materials as it pertains to the thermal conductivity.

To assess the impact of thermal annealing, we first anneal the Dyneema® Black fabric
samples in an oven (Binder ED 023) at different temperatures approaching the melting point (100,
115, 130, 145°C) for 1 hour, and perform DSC measurements after annealing. DSC can give a
rough indication of the crystallinity of the sample by evaluation of the melting curves 3, which
directly relates to thermal conductivity, as the high thermal conductivity of UHMW-PE fibers is
due to enhanced crystallinity and alignment as a result of the drawing process. Comparison of the
DSC results after annealing with those of a control (as-received) fabric sample indicate that the
DSC response does not change significantly for the annealing temperatures below 145°C for a 1-
hour duration (see Appendix B). Therefore, we use fabric samples annealed at this highest 145°C
temperature condition for comparison of the in-plane thermal conductivity with a control fabric

sample, using the measurement technique described previously.
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The thermal conductivity of a single strip of control fabric is first measured in the in-plane
test setup. Then, that same sample is annealed (145°C for 1 hour) and the thermal conductivity is
measured again. The thermal conductivity of the fabric sample before and after annealing is
measured to be 2.57 + 0.1 WmK and 2.12 + 0.1 Wm-K-, respectively. We note that, during
this annealing process, the sample is very close to the melting point of Dyneema® and undergoes
some curling and deformation, even when the edges of the sample are constrained with tape. This
is more pronounced for annealing of a thin strip (it is not observed for larger samples), and leads
to fraying and unraveling of some of the yarns from the woven fabric, lowering the effective
packing of yarns and thereby the effective thermal conductivity. Therefore, the measured 20%
reduction in thermal conductivity can be regarded as an extreme scenario for the potential

deleterious effects of annealing.

To eliminate these edge effects due to fraying and unraveling, a thin fabric strip cut out
from a larger sample of annealed fabric (145°C for 1 hour) is also considered, and the thermal
conductivity of this strip is demonstrated to be similar to that of a control (as received) fabric
sample. This is facilitated using a simple experimental method that also enables qualitative
visualization of the in-plane heat spreading of the two samples. In this approach, simultaneous
transient and steady state IR temperature maps are captured for both samples (as received and
annealed) when placed adjacent to each other and heated uniformly at one end. The relative in-
plane thermal conductivity of the two samples is quantified based on fin heat conduction analysis
(see Appendix C for details). From these different thermal measurements, it can be concluded that
exposure of the fabrics to high temperatures does not significantly impact their heat spreading

ability for the conditions considered in this study.
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5.3.5 Thermal and Mechanical Property Assessment

It is valuable to assess the effective thermal and mechanical properties of the fabrics
characterized in this study in the context of a broader set of materials that would be considered for
similar applications. The inherent tradeoff between material thermal conductivity and flexibility is
illustrated in Figure 5.7, which catalogs these properties a broader set of standard materials that
are typically used either for heat spreading or in wearable devices. The flexibility parameter shown
here is the inverse of the bending stiffness. For the standard materials shown that are not
characterized in this study, the bending stiffness is estimated using plate theory for a fixed
thickness of 500 pm.

In general, conventional heat spreaders such as metals sheets and carbon-based materials
possess low flexibility due to their high elastic modulus, while conventional polymer and fabric
materials offer high flexibility at very low thermal conductivity. The UHMW-PE (Dyneema®)
fabrics stand as outliers that break free from this tradeoff in thermal versus mechanical properties.
They possess significantly higher thermal conductivity relative to polymers and conventional

textiles, while retaining similar levels of mechanical flexibility.
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Figure 5.7: Thermal conductivity versus flexibility (inverse of bending stiffness) for different
materials. The materials shown in shades of red (top left) are conventional heat spreaders and
possess low flexibility, while those shown in shades of blue (bottom center-right) represent
conventional polymer and fabric materials with high flexibility and low thermal conductivity.
Dyneema® fabrics (stars) break the trend by demonstrating significantly higher thermal
conductivity relative to polymers, while retaining good mechanical flexibility. Data for standard
materials (not characterized in this study) taken from references 144148,
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CHAPTER 6. INFRARED-MICROSCOPY ENHANCED
CHARACTERIZATION: IN-PLANE LASER-ANGSTROM METHOD

In this chapter, a characterization technique that enables measurement of the in-plane heat
spreading properties and anisotropy of a material is presented. This method leverages a laser for
transient heating and infrared microscopy for non-contact temperature sensing. The proposed
technique builds upon the principles of the IR-based Angstrom method (described in Chapter 3,
Section 3.1) that focuses on heat conduction in one-dimension and translates it into a multi-
dimensional analysis to develop a novel approach with the ability to characterize in-plane
anisotropic thermal properties of materials such as fabrics and films. The principle of this
technique, its experimental implementation, and associated numerical models to extract the desired

material properties are detailed in the following sections.

6.1 Concept and Experimental Methodology

The proposed method is essentially a radial (two-dimensional) version of the traditional
linear Angstrom method and determines the in-plane thermal properties of a material based on
extracting its two-dimensional surface temperature map when subjected to periodic heating. In this
method, the basic principle of the Angstrom’s method which relates the amplitude and phase of
the temperature oscillations of a rod-like sample at quasi-steady state to the thermal diffusivity of
the sample is leveraged to develop an approach that can be extended to in-plane anisotropic thermal
property characterization for samples such as fabrics and films. Essentially, this involves using the
transient surface temperature profile of the sample to extract the in-plane thermal conductivity of
the sample, while accounting for any orthotropic direction dependence, using an associated heat

transfer model. The scope of this method involves enabling measurement of in-plane anisotropic
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materials with the anisotropy defined based on different thermal conductivities along the

orthotropic directions.
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Figure 6.1: (a) Schematic of the experimental setup of the Laser-Angstrom method. A
periodic heat input is supplied to the center of the bottom surface of a sample using a laser
source and transient temperature movies of the top surface are captured using an IR
microscope lens. (b) Hlustration of amplitude of temperature oscillations at three different
points away from the location of laser heat input. The quasi-steady oscillations exhibit
decreasing amplitude and increasing phase lag with distance from the center.

Figure 6.1a shows a schematic of the experimental setup. The sample to be characterized
is suspended over a heat sink fixture with a cylindrical hole (~30 mm in diameter) at the center
that maintains the outer portion of the sample close to room temperature, while allowing the central
region of the sample to be heated using a laser beam (445 nm laser wavelength, spot size ~1 mm,
and maximum power of 2 W). A laser driver connected to a function generator (Hewlett Packard
33120A) provides a modulated square-wave periodic heat input to the bottom surface of the

sample, while the transient thermal response of the top surface is captured using an infrared
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microscope (QFI Infrascope). The 1/6™ magnification IR lens with a pixel resolution of ~75 pum
provides a sufficiently large field of view (~77 mm x 77mm) to measure the surface temperature
response of the sample. A graphite-coated circular metal tape (~6.3 mm in diameter) is attached to
the bottom surface of the sample to act as an absorber for the laser beam. This serves several
practical purposes: (1) to act as an indirect heat source by absorbing the incident laser power to
heat up the sample by conduction; (2) to ensure the heating source is approximately circular
mitigating the effect of any eccentricity of the beam spot; and (3) to prevent any laser light leaking
through porous samples such as fabrics and damaging the infrared detector.. This experimental
setup not only allows for non-contact heating and temperature sensing during the radial laser-
Angstrom test, but also enables device-like transient performance characterization of materials as
the laser power and frequency can be adjusted to assess and compare their heat spreading

performance.

During a measurement, the sample is heated at a particular frequency and laser power that
are controlled using the frequency generator and by adjusting the potentiometer of the laser driver,
respectively. The sample is then allowed to reach quasi-steady state (~5-10 mins). Transient
temperature data in the form of infrared temperature movies are then captured at a specific delay
time between frames based on the heating frequency to ensure sufficient temporal resolution.
Typically, ~5-10 cycles of oscillation are recorded to perform the associated modeling and data
analysis. As illustrated in Figure 6.1b, temperature oscillations of at locations away from the point
of laser incidence will exhibit gradually decreasing amplitude and increasing phase lag as a
function of distance from the center. The results from processing this experimental data of the top
surface of the sample using an associated thermal model yield the in-plane thermal properties of

the sample independent of the laser power and the periodic heating frequency.
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Figure 6.2: Overview of the numerical experiments. (a) Numerical model geometry and
boundary conditions simulated in COMSOL Multiphysics. (b) Overall approach illustrating the
use of numerical experiments to aid the development of a numerical model for data analysis

6.2 Numerical Experiments

In order to understand the measurement considerations for the proposed experimental

methodology and develop an approach for the associated thermal modeling, numerical

experiments are performed using COMSOL Multiphysics to simulate the true experimental

conditions. A 3D model geometry of the experimental setup including the sample and an aluminum

heat sink with a cylindrical hole is created with appropriate boundary conditions as shown in

Figure 6.2a. An aluminum disc (~6.3 mm in diameter) is attached to the bottom surface of the

sample which acts as the indirect heat source. Note that the absorption properties of this material

are not important, as the in-plane thermal properties of the sample are determined from the

transient thermal response independent of the input or absorbed laser power. A constant
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temperature (293.15 K) boundary condition is assigned to the aluminum heat sink and a periodic
heat flux condition of the form q(t) = q,"' (1 + sin (2rft), where q,"" is the laser heat flux, f is
the periodic heating frequency, and t denoting time, is applied to the central ~1 mm diameter
region of the aluminum disc to simulate the periodic heating of laser spot. The material properties
of the sample including its density (p), specific heat (C,), and thermal conductivity along different
primary (orthotropic) (ky, k,, and k,) are specified as inputs to the model. Here
k. and k,, represent the thermal conductivities along the x and y in-plane orthotropic directions,

while k, represents the through-plane thermal conductivity which is along the z direction. The
output of the simulated experiments is the temperature data of the top surface of the sample at
specified regular grid of points (200 x 200 grid) as a function time. As illustrated in Figure 6.2b,
the numerical experiments provide a framework to develop a numerical approach with the
objective of extracting the in-plane thermal conductivities of the sample, k, and k,,, by knowing
only the simulated transient surface temperature map T, (x,y, t), similar to what would be
measured in areal experiment. Therefore, this framework provides a validated numerical modeling
approach to determine the orthotropic in-plane thermal conductivities of a material (independent
of its through-plane conductivity) using the proposed measurement technique. The details of this
numerical methodology and the technical considerations under which it is valid are discussed in

the following sections.

6.3 Numerical Analysis and Property Extraction

In this section, a numerical analysis methodology is presented to allow extraction of thermal
property data of a sample. This involves consideration of appropriate governing equations and

boundary conditions to model the transient temperature profile of the sample and fit for the in-
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plane thermal properties without prior knowledge of the laser power input and through-plane

thermal conductivity.

6.3.1 Generalized Numerical Approach

The transient temperature profile, T(x,y,t) of the top surface of the sample in the
suspended region outside of the central metal disc (in the region between the black and white
dashed concentric circles shown in Figure 6.2b) is modeled based on the governing equation for

two-dimensional transient heat conduction:

d (k 6T)+ 0 (k 6T)_ c oT (6.1)
ox \*ox) Tox\"vox) = PPt

Due to the periodic heating of the laser, a time-periodic solution in temperature can be assumed
for the sample. This can be written in complex form in the frequency domain as:

T(x,y,t) = [P(x,y) +iQ(x, y)] e™", (6.2)
where P(x,y) and Q(x, y) represent the real and imaginary parts of the complex amplitude, and
the e'“? accounts for the periodic behavior of the solution with w = 2rf representing the angular
frequency of the periodic heat input. Substituting this general solution for temperature into eq.
(6.1), and equating the real and imaginary coefficients, we obtain the following set of partial

differential equations for P and Q:

. 92p i %P c (6.3)
* 9x2 y dy? =P pr'

92Q 92Q (6.4)
kxwﬁ' kyW = pCp(UP.

The above equations are valid at each point in the domain and can be solved as simultaneous

algebraic equations based on discretization of the second order derivates for P and Q to obtain a
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map of (ky, k,) at each point. Alternatively, these can also be solved as a system of discretized

equations across all the grid points in the domain (say n points) as shown below:

[02P,  0%P, (6.5)
0x2  dy? —G

7 7, [kx] ) )

. .. _ w

02Q, 920 k] TP Py

0x2 0x? o

.. ‘e 2nx1

2n X2

The simulated quasi-steady temperature response of the sample T,,, (x,y, t) is processed using a
Fourier transform at each point in the domain at the fundamental frequency (frequency of periodic
laser heating) to obtain the in-phase and out-of-phase components which correspond to the
spatially varying real (P) and imaginary (Q) parts of the temperature amplitude signal at each grid
point. Using numerical gradient computations of the P and Q matrices, the second order derivative

estimators Py, Qxx» and Q,,,, can be obtained. These can be processed at all chosen points in

By,
the domain to solve for k, and k,, using eq. (6.5). This is solved using MATLARB’s optimization
solver which outputs the values of k, and k,, that minimizes the objective function given by

II[PQ].[k] — [pq]ll, where [PQ] represents the coefficient matrix on the left hand side of eq.
- - - - kx -
(6.5), [k] represents the orthotropic thermal conductivity matrix [k ] [pq] represents the matrix
y

on the right hand side of eq. (6.5), and ‘||” denotes the Euclidean norm. This numerical solution
approach is similar to the approach presented in Christov et al *4°. Confidence intervals (95%) for
the best-fit thermal conductivity values can also be obtained using the associated nlparci function
in MATLAB. The difference between the fitted thermal conductivity results determined using this

numerical approach starting from the simulated transient thermal response of the sample, and the
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true input values of k, and k,, provides a method of estimating the total error associated with the

proposed measurement technique.

The numerical approach described above is valid assuming the temperature gradients along
the through-thickness direction of the sample away from the heat source are negligible compared
to the gradients in the in-plane direction of the sample. An advantage of this approach is that the
boundary conditions do not need to be specifically accounted for in the model provided the region
of analysis does not closely approach the boundaries. Therefore, the points chosen to fit for the in-
plane thermal conductivities should be sufficiently far away from the inner and outer boundary
conditions. The validity of these assumptions relates to various parametric considerations relating

to the sample and the measurement setup which will be discussed in Section 6.3.

6.3.2 Reduced Analytical Model for Isotropic Case

The general case of an anisotropic material has no simple analytical solution, and the
analysis technique described in section 6.2.2 must be used. But if the thermal conductivity is
isotropic in-plane, then, an analytical solution in radial coordinates can be used for fitting for
thermal conductivity. In this case, due to uniform heat spreading across all radial directions of the
sample when subjected to periodic heating at a centrally located circular spot, circular isotherms
will be observed at quasi-steady state with decreasing amplitude and increasing phase of the
temperature response as a function of radial distance from the center. Therefore, the model of the
linear-Angstrom method described by Hahn et al. & can be extended to a radial coordinate system
to determine the in-plane thermal diffusivity (and therefore thermal conductivity) of the sample
using an analytical approach.

The one-dimensional transient heat conduction equation in radial coordinates is given

below:
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0T 10T 10T (6.6)
oz ror aot
Considering temperature oscillation boundary conditions in complex form with fixed amplitudes
T, and T}, at two radial locations r = a and r = b corresponding to the inner and outer boundaries
of the sample domain, and a phase lag ¢, between them as shown below:
(6.7)

T(r=at)= Ee"“’t + Ee‘i“’t' T(r =b,t) = Ee"(‘“t“”b) + Ee‘i(w”"’b)
) 2 2 ) ) 2 2 )

a general periodic solution for the temperature profile in frequency domain can be written as
T(r,t) = T, (r) et + T,(r)e L. (6.8)

Here T, (r) and T, (r) represent general complex functions which can be solved by substituting
back into the governing equation and are in the form of Bessel’s functions J, and Y, of the periodic
heating frequency w and the sample in-plane thermal diffusivity a (See Appendix D for details).
Therefore, an analytical solution for the temperature profile can be obtained if the parameters T,,,
Ty, and ¢, are known. These parameters can be determined based on experimental data for a given
sample of interest to obtain an analytical solution of the quasi-steady state temperature profile as
a function of radial position. By comparing the analytical solution to the experimental temperature
profile at a given periodic heating frequency based on the quasi-steady amplitude A(r) and phase
¢ (r) of the temperature oscillations, we can fit for the in-plane thermal diffusivity a and therefore
determine the in-plane thermal conductivity (k) of the sample. In this approach, a fitting function
that combines A(r) and ¢(r) of the form f{(r — 19)?} = In [Ao/A(T)][@o — @ (1)] similar to
that used by Hahn et al. 8 based on the experimental and analytical model data can yield the

thermal diffusivity of the sample.
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6.4 Results and Discussion

In this section, the results of the proposed measurement method and numerical approach
are presented by analyzing representative numerical experiments for different sample and
measurement parameter inputs. The validity of the numerical approach and the associated technical
considerations for experimental measurements are discussed using representative cases in the

following subsections.

6.4.1 Representative Analysis for Validation of the Method

An example of an in-plane anisotropic sample, 500 pum thick, with thermal conductivities
ky =2 WmK? k, =6 Wm?K? and k, = 0.5 WmK™, density (p) of 970 kg m*, and
specific heat capacity of 1950 J kg'K™ is considered. Numerical simulations are performed as
described in Section 6.2.1. An input heat flux of gq,” = 5 x 10° Wm-2 and a frequency of f = 25
mHz are used as input parameters to specify the periodic heat input boundary condition, and a total
of 25 periods of oscillation with 100 time steps in each period are simulated. The temperature
response of the top surface of the sample extracted on a 200 x 200 grid with a pixel spacing of 200
um is shown in Figure 6.3a with the elliptical isotherms indicating the in-plane anisotropy of the
sample. The two depicted inner and outer dashed circles represent the boundaries of the domain
corresponding to the edge of the metal disc absorber and the edge of the heat sink platform
respectively. The temperature as a function of time at two points (1 and 2) halfway between the
inner and outer boundaries along the in-plane orthotropic directions of the sample is plotted in
Figure 6.3b. The periodic temperature response at quasi-steady state is observed due to the periodic
nature of the laser heat input. Also, the temperature profile at point 2 displays a higher mean
temperature and amplitude of oscillations due to the three-times higher in-plane thermal

conductivity along the y direction. The transient temperature information of the top surface of the
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sample is used to extract the spatially varying real and imaginary parts of the complex temperature
amplitude, P and Q at each point on the grid as described in Section 6.2.2. These are then used to
simultaneously solve the discretized form of eq. ((6.3) and eq. (6.4) to obtain a map of thermal
conductivities, k, and k,, at each grid point which are plotted in Figure 6.3c and Figure 6.3d
respectively. Since the central region of the laser spot (~0.5 mm radius) is subjected to a periodic
heat flux boundary condition and the assumed solution for the temperature profile is periodic in
temperature, grid points close to the outer perimeter of the laser spot (generally within a radial

distance 6-7 times the laser spot radius) should not be included. In this case, these are automatically
excluded as such points lie within the region of the metal tape disc. Also, there is intrinsic noise
present in the numerical gradient approximation used for discretization which is relatively
significant near boundaries where the geometry and mesh change. Therefore, grid points close to
the inner and outer dashed circles are also not included as illustrated in Figure 6.3c and Figure

6.3d. For the calculated maps of k, and k, shown, the average extracted values across all grid
points are 2.01 WmK? and 6.13 WmK™ respectively. However, the calculated standard
deviations are very high (>100% in each case) due to the nature of the point-by-point computation.
At many individual points, the extracted k, and k,, have extremely high errors as also apparent
from the contour plots in Figure 6.3c and Figure 6.3d. These contour maps are useful to graphically
illustrate the computed values of thermal conductivity at each point in the domain, but ultimately,
we consider a single fit of k, and k,, based on the numerical solution approach presented in eq.
(6.5). Considering all the points in the domain to solve the system of equations to extract a single
value for both k, and k,, the inaccuracies are almost entirely resolved. The extracted values based
on eq. (6.5) are 1.98 Wm™ 'K~ * for k, and 6.22 Wm™*K-! for k,,, with 95% confidence intervals of

(2.975, 1.987) and (6.208, 6.234) respectively. Therefore, in-plane orthotropic thermal
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conductivities of the sample are determined to within 4% error for both directions using the

proposed measurement approach.
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Figure 6.3: Representative analysis of numerical simulations for an in-plane anisotropic sample
with k, = 2 Wm?K™ and k, =6 Wm™K" depicting the (a) simulated top surface temperature
map at a given time instant at quasi-steady state with the evolution of temperature with time for
two specific points plotted in (b). The extracted contour maps of k, and k,, obtained individually
at each point are plotted (c) and (d) respectively. The red-dashed circles indicate the inner and
outer boundaries representing the edge of the metal tape disc and the edge of the heat sink.
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Figure 6.4: Representative analysis of numerical simulations for an in-plane isotropic sample
with k, = 2 Wm?K™ and k, =2 WmK" depicting the (a) simulated top surface temperature
map at a given time instant at quasi-steady state with the evolution of temperature with time at
the indicated point plotted in (b). The extracted contour maps of k, and k,, obtained individually
at each point are plotted (c) and (d) respectively. The red-dashed circles indicate the inner and
outer boundaries representing the edge of the metal tape disc and the edge of the heat sink
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As a second representative example, a sample with equal input in-plane orthotropic thermal
conductivities of 2 Wm=K-! and all other input parameters of the first case is considered. In this
case, the surface temperature map, the transient response, and the calculated maps of k, and k,,
are shown in Figure 6.4. The in-plane isotropic nature of the sample is evident from the circular

isotherms see in Figure 6.4a. The extracted values of k, and k,, in this case based on solving the

system of equations eq. (6.5) are 1.997 and 1.995 Wm- K- ! with confidence intervals of (1.9936,
1.9997) and (1.9922, 1.9982) respectively. This is in excellent agreement with the input thermal
conductivity values. This case is primarily used as a validation of the proposed numerical approach
by comparing with the analytical approach for the in-plane isotropic case described in Section
6.2.3. The same transient temperature data is processed using the described analytical solution
approach by obtaining the amplitude and phase lag of the temperature oscillations as a function of
radial distance from the outer radius of the metal tape disc to the edge of the heat sink platform.
This is done by dividing this suspended region of the sample into 50 radial segments and averaging
the temperature data within these segments over 360°. This spatially averaged temperature
amplitude and phase lag data is plotted in Figure 6.5a. As expected, the amplitude of the
oscillations continuously decreases with increasing radial distance and the magnitude of the phase
lag with respect to the center of the sample where the heat input is applied continuously increases.
By fitting the combined amplitude and phase parameter f (as described in Section 6.2.3) in the
region indicated by the red-dashed lines in Figure 6.5a, the thermal diffusivity of the sample is
obtained. Note that the jump in the phase corresponds to a phase change of 27, and the fitted result
is not significantly dependent on the chosen fitting region in this case provided the starting point
is sufficiently away from the inner boundary for the one-dimensional radial heat transfer

assumption to hold good. The data from the numerical experiment, fitted result, and 10%
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sensitivity bounds for the fitted solution is plotted in Figure 6.5b. The fitted thermal diffusivity of
a = 1.055 x 107 m? corresponds to a thermal conductivity of 1.995 WmK-* which agrees

well with the input value of 2 WmK-! with good sensitivity of the fit.
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Figure 6.5: (a) The temperature amplitude and phase lag as a function of radial distance from
the edge of the metal tape disc averaged over 360° for the case of the in-plane isotropic
sample with k,, = 2 WmKand k), =2 Wm*K-. The data from the indicated fitting region
is used to fit for the thermal conductivity of the sample as shown in (b) along with 10%
sensitivity bounds. A fitted conductivity of 1.995 Wm-K is obtained which agrees well with
the input value of 2 Wm-K-!

112



6.4.2 Measurement Considerations

The measurement approach and representative cases presented above demonstrate the
applicability and validity of the proposed method to characterize the in-plane anisotropic thermal
properties of a sample based on the known/measured transient temperature distribution of the top
surface when subjected to periodic heating. The thermal conductivities in the in-plane direction
are extracted independent of the laser heat input, periodic heating frequency, and the through-plane
sample properties and temperature gradients. Here, the main assumption is that the heat transfer is
predominantly two-dimensional in the plane of the sample and that the through-plane temperature
gradients in the third dimension across the sample thickness are not significant. This assumption
is generally valid when the region of analysis does not include locations close to the laser heat
input. However, it is important to consider the validity of this assumption depending on the
properties of sample to be characterized and the associated limits of this measurement method.
Specifically, this consideration relates to the relative in-plane and through-plane thermal properties
and the thickness of the sample, which influence the periodic heating frequency and the dimensions
of the experimental setup to be chosen for a particular measurement. By tuning these controllable
measurement parameters appropriately, the accuracy of the measurement can be reasonably
maintained over a wide range of thermal properties and length scales.

An important measurement consideration is the relative through-plane versus in-plane thermal
conductivity of the sample which also directly relates to the sample thickness (t). To minimize the
error induced by through-plane temperature gradients of the sample which are assumed to be
negligible compared to the in-plane gradients, a sufficiently low frequency should be used such
that the sample thickness is much lower than the thermal penetration depth. This condition can be

given as:
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f«z (6.9)

t2

pkcz . Therefore, for a given through-plane conductivity and sample thickness, the input
14

where a, =
frequency for accurate measurements should be much smaller (factor of ~0.1) compared to this
upper bound. At the same time, with respect to the in-plane direction, the frequency of heating
cannot be too low and should be sufficiently high to minimize the effect of the boundaries based
on the dimensions of the setup. More specifically, the temperature oscillations on the plane of the
sample should be sufficiently attenuated close to the boundaries to satisfy the semi-infinite criteria.

This condition can be given as 8 :

298 a,, (6.10)

>
f TR2

ky . . . ..
where a,, = p—c’y, and R, the outer radius of the heat sink platform, is chosen as a characteristic
p

sample length along the radial direction in this case. Depending on the specific sample parameters
involved, the measurement frequency can be on the same order of this ideal lower bound, but

values significantly lower than this limit will lead to inaccuracies in the predicted results.
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Figure 6.6: (a) Illustration of periodic heating frequency bounds depending on the in-plane and
through-plane thermal conductivity of a sample at a fixed value of thickness and outer radius of
the experimental setup. An example case corresponding to k,,, =4 Wm*K*and k, = 0.5 Wm"
'K is depicted as indicated by the pair of ‘X’ points. A typical frequency choice (25 mHz) for
measurement in this case is indicated. (b) Input and predicted thermal conductivities along the x
and y orthotropic directions demonstrating the applicability of the proposed measurement
method across a wide range of thermal conductivity values.

The conditions described above are graphically illustrated in Figure 6.6a for a specific case
corresponding to k, , = 4 Wm?K?, k, = 0.5 Wm™K™, ¢t = 500 um, and R = 15 mm. The upper
bound is dictated by the values of k, and ¢, and the lower bound by the values of k, ,, and R. In
this way, for a given set of sample parameters and estimated thermal properties, and a specific
experimental setup, the frequency of the periodic heat input can be chosen to lie in the region
between these two limits, as indicated by the example choice of 25 mHz. This plot serves as a
general guideline to assist choice of measurement parameters during an experiment and understand
the limits of the measurement. For example, we can see from the figure that measurements of a

sample with high in-plane conductivity (>100 Wm-K-) and low through-plane conductivity (<0.1
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Wm-K-1) would not be feasible for this case of sample thickness and outer radius of the setup, and
a scaled-up version of the experimental setup (higher R) would be needed. It is important to note
that this plot does not consider the in-plane anisotropy of the sample, which is a separate and
important measurement consideration. More detailed analysis is needed to thoroughly understand
the parametric space associated with these measurements and develop this approach as a standard
characterization technique.

To demonstrate the tunability of the measurement approach based on the properties of the
sample, different numerical experiments are considered with the in-plane orthotropic thermal
conductivity of the sample spanning 5 orders of magnitude. In each case, the through-plane thermal
conductivity is set to be on the order of 0.1 times the in-plane thermal conductivity as a
representative factor of in-plane to through-plane anisotropy. Fixed input values of sample
thickness, density, and heat capacity, and fixture dimensions are assumed. Figure 6.6b shows a
chart of thermal conductivity along the orthotropic directions plotted against each other to compare
the inputs and the predictions from the numerical approach across a range of conductivities. For
each pair of data points plotted, the input laser power and heating frequency are adjusted to
accurately capture the in-plane thermal conductivities along both directions. As an example, a
heating power of 5 x 10° Wm-2 and a frequency of f = 25 mHz are used for the case of k,, ky, =
2 Wm-K-1, while a heating power of 1 x 108 Wm2 a frequency of f = 10 Hz are used for the
case of k,, k,, = 2000 Wm K 1. The agreement between the input and predicted values is within
1% for equal values of k, and k,, across the broad range of thermal conductivity considered with

other sample properties being constant. Also, an in-plane anisotropic ratio of up to 10 is accurately
predicted to within an average error <10% across the entire range, with representative cases shown

in Figure 6.6a for a thermal conductivity on the order of 1-10 Wm™ K -1. Note that the error for
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anisotropic ratios in the range of 1-8 is within 5% with error increasing to >10% for an anisotropic
ratio of 10. This increase in error with increasing anisotropy is mainly related to increased relative
differences in temperature oscillations and phase lag along the primary in-plane directions which
is captured with lesser accuracy for a given value of heating frequency. Conducting multiple sets
of experiments with different chosen frequencies can potentially be used to significantly reduce
this error for highly anisotropic (in-plane) samples. However, an anisotropic ratio of 10 considered
here as an upper bound is a conservative estimate as high anisotropic ratios in the in-plane direction

are atypical for materials in general.

6.4.3 Experimental Demonstration

Here, an experimental demonstration of the proposed measurement method is presented.
Thermal measurements are performed using the experimental setup and procedures described in
Section 6.1. Two different samples are considered: an isotropic high-density polyethylene (HDPE)
sheet and a Dyneema Black composite fabric with different sets yarns along its warp and weft
directions as described in Chapter 5. These materials are experimentally characterized at periodic
heating frequencies of 25 mHz and 100 mHz respectively using different power levels for the two
samples. Transient temperature movies are captured using infrared microscopy at quasi-steady
state to obtain ~5 periods of temperature oscillations, and representative IR temperature maps at a

particular time instant are shown in Figure 6.7.
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Figure 6.7: Representative IR temperature maps at quasi-steady state for (a) HDPE sheet, and (b)
Dyneema Black fabric under periodic heating frequencies of 25 mHz and 100 mHz respectively
using a laser heat source. The circular isotherms in the case of the isotropic HDPE sheet and the
elliptical isotherms in the case of the Dyneema fabric demonstrate that the intrinsic in-plane
anisotropy of the sample can be captured experimentally.

As seen in Figure 6.7a, circular isotherms are obtained for the HDPE sheet due to the in-plane
isotropic nature of the sample, while Figure 6.7b shows elliptical isotherms for the Dyneema Black
fabric due to the intrinsic in-plane anisotropy of the sample resulting from the different types of
yarns present along the two orthotropic directions. Therefore, the in-plane anisotropy of a material
can be visually captured during experiments using this measurement method. Another important
aspect of these measurements is that the relative in-plane heat spreading properties of different
materials can be qualitatively compared based on the surface temperature maps. To obtain the
same order of average temperature rise of the samples for the two cases shown here, a significantly
higher frequency and laser power were used for the Dyneema fabric compared to the HDPE sheet.
This indicates that the Dyneema fabric has a significantly higher in-plane thermal conductivity
compared to the HDPE sheet which was also evident from the results presented in Chapter

CHAPTER 5.
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This experimental data for both samples is processed using the numerical analysis approach.
Due to presence of noise in the temperature oscillations of the actual experimental data when
compared to the COMSOL numerical experiments, the calculation of the second order derivative
estimators Py, B,,, Qxx, and Q,,, described in Section 6.3.1 requires applying filtering methods
using MATLAB’s image averaging filter function to obtain smooth gradient maps for accurate
computations. After appropriate filtering of the raw data, the 95% confidence intervals for
extracted thermal conductivities, k, and k,,, for the HDPE sample are (0.508, 0.522) Wm™'K-?
and (0.539,0.553) respectively, assuming typical values of density and specific heat for HDPE.
This is in very good agreement with the theoretical conductivity of HDPE, as also measured using

the steady state heater wire method in Section 0, and also indicates an anisotropy ratio of ~1 which

is expected for this material. For the Dyneema fabric, effective diffusivity parameters, (pic) and
X

(pic) , are determined along each orthotropic direction in lieu of the thermal conductivities, as the
y

directional effective density and specific heat of the fabric are not well defined or quantifiable due
to the presence of different types of yarns in each direction. The extracted effective diffusivity
parameters are (k/pCp), = (0.60 x 107°,0.66 x 10~®)m?s and (k/pC,), = (0.06 x

107%,0.095 x 107%) m?s™!, indicating an in-plane spreading anisotropy ratio of ~8.3.

In order to further improve and validate this method, additional experimentation and modeling
analysis are needed. Specifically, experiments need to be performed by adjusting the periodic
heating frequency and laser power to obtain higher amplitude of temperature oscillations away
from the edge of the metal tape disc to reduce the noise in the raw temperature data. The uncertainty
in the measurements can be reduced by performing multiple experiments at different input

frequencies and power levels for the same sample. Also, the numerical modeling approach can be
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extended to include the effect of natural convection by including a convection coefficient as a
fitting parameter in the governing equations. Finally, the measurement technique can be further
validated by performing experiments with a standardized reference sample with known thermal

conductivities in the in-plane orthotropic directions.
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CHAPTER 7. CONCLUSION

7.1  Summary®

In this thesis, the effective thermal properties of a high thermal conductivity polymer
material (UHMW-PE) have been investigated. The material studied is a commercial gel-spun fiber
manufactured using techniques that impart a high degree of crystallinity and orientation to the
polymer molecular chains, resulting in a high strength and high thermal conductivity material. To
enable the measurement of thermal properties of this material across different forms (individual
fiber, fiber bundle/yarn, woven fabric), an in-house steady state thermal characterization technique
based on infrared thermography has been developed. The experiments presented in this work
establish the validity of the measurement technique for the materials characterized in this study,
and also demonstrate the generality of the method for in-plane thermal characterization of different
materials. Additionally, prototype plain-weave fabrics constructed from the high conductivity
UHMW-PE fibers are measured to have a very high in-plane thermal conductivity (~10 Wm'K-")
in the dominant heat conduction direction. This finding is also supported by the results obtained
from a reduced-order heat conduction model developed to predict the thermal properties of the
woven fabrics. Ultimately, the results from this study have demonstrated great potential for
scalability of thermally conducive polymer fibers, especially for applications in low-power flexible
and wearable electronic devices.

This work also comprehensively characterizes the thermal and mechanical properties of
commercial fabrics that are relevant for heat spreading applications in flexible and wearable

devices. Suitable high-performance polymer materials are surveyed, identifying Dyneema® fibers

® Portions of this section are adapted from our published work (Candadai et al.''%) and a recently submitted paper
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as an ideal candidate for construction of heat spreading textiles and substrates. The thermal
conductivity and bending stiffness of fabrics constructed from these fibers are characterized using
in-house thermal and mechanical metrology techniques, demonstrating great promise for such
applications. Compared to other conventional heat spreading and textile materials of comparable
thickness, UHMW-PE fabrics possess a unique combination of high thermal conductivity and
mechanical flexibility suitable for these applications. Moreover, additional tests conducted with
respect to both mechanical and thermal reliability assessment suggest that these materials can be
used reliably in wearable device technologies. Our findings related to these previously unexplored
properties of existing commercial materials pave the way for further research in the development
of novel materials constructed from UHMW-PE to enhance key thermal and mechanical properties
for application-specific performance criteria. The mechanical characterization work provides a
foundation to enable understanding of the bend stressing limits of these materials associated with
desired levels of thermal performance, with key implications to device design and reliability in
potential applications.

Finally, a measurement method to characterize the in-plane thermal anisotropy of a material
1s demonstrated through numerical simulations and experimental demonstrations. The proposed
technique is a modification of the traditional Angstrom method and combines infrared
thermography and non-contact optical heating to enable anisotropic thermal characterization of
materials. We demonstrate that this method is applicable for measurement of a wide range of
thermal conductivities along different orthotropic directions by controlling the measurement
parameters involved. The tunability of this measurement approach is particularly beneficial
towards addressing thermal metrology challenges that arise during characterization of different

types of materials both at the microscale and the macroscale. Additionally, this method can also
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be used for device-level performance characterization of substrate materials for directional heat
spreading, hotspot thermal management, and electronics packaging applications.

The results from the present study have helped develop a fundamental physical
understanding of the thermal properties of high-performance polymer materials as they are scaled
up from the microscale to practically usable macroscale materials such as woven fabrics. Overall,
the major outcome of this research has been the development of metrology techniques using basic
heat transfer and engineering principles that are broadly applicable for the thermal characterization
of various materials across different forms, length-scales, and directions. This has enabled
identification of desirable properties in a specific category of high-performance polymer materials

with great promise for use in flexible/wearable device applications.

7.2 Future Research Directions

The primary focus of the present thesis work spans fundamental physics and applied
engineering areas related to thermal metrology of high-performance polymer materials. The
potential directions for future research in these areas is summarized based in Table 7.1 and details

are discussed below:
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Table 7.1: Topic Coverage of Future Research Directions

Metrology

Materials

Development of IR-Laser Angstrom
method as a standard
characterization approach

Related experimental work to
validate the numerical approach for

Experimental investigation of
thermal conductivity
enhancements of fibers by
thermal annealing/fusing, and
addition of high thermal

Fundamental . . . o .
Physics an|S(_)tr0p|_c rr_1atena|§ and measure conductivity filler materials
fabrics/thin films of interest such as carbon
Experiments and thermal
modeling to understand role of
interfacial contact resistances in
fibers/yarns
Device-level performance metrology Modeling based investigation of
applied to materials of interest such novel weave designs/3D fabrics
as composite fabric and film-based using UHMW-PE to tune
heat spreaders properties along specific
Applications IR-based characterization and directions

associated modeling of wearable
electronics packages accounting for
interface resistances and skin contact

Application-based reliability
testing: effect of washing and
drying cycles, thermal cycling,
etc. on fabric properties

7.2.1 Metrology related

The laser-based IR Angstrom method discussed in Chapter 6 can be further developed as

a diverse and robust standardized anisotropic characterization technique by further investigating

the measurement parameter space. Specific experimental and modeling tasks in this direction could

include: (1) performing detailed numerical experiments/simulations and analysis across a range of

in-plane and through-plane thermal conductivities, sample thicknesses, heating frequencies and

experimental setup dimensions to develop a thorough understanding of measurement tunability;

(2) detailed error analysis across a range of these parameters to understand the limits of

measurement depending on relative sample properties; (3) uncertainty propagation and sensitivity

analysis based on numerical experiments; (4) accounting for natural convection coefficient in the

124




numerical model; (5) performing experiments for both isotropic and in-plane anisotropic materials
at multiple frequencies and input laser power levels to develop a model fitting approach across
different input parameters to minimize error (particularly crucial for highly anisotropic materials);
(6) using optical techniques or more-circular laser beams with lower spot sizes to minimize some
of the experimental challenges and reduce noise in the data; (7) developing a more refined
experimental facility to enable efficient characterization of samples across a range of forms and
property ranges; (8) using data from several numerical simulations to develop a reduced-order
neural network model to enable efficient extraction of thermal properties from IR surface
temperature map images, which may be specifically useful for quick in-situ characterization
analysis; and, (9) combining concepts of the 1D radial-Angstrom analysis and the 2D cartesian
orthotropic thermal conductivity analysis to develop a comprehensive thermal model in radial
coordinates to accurately predict angular variation of thermal conductivity.

Since the proposed experimental setup is also useful for device-level thermal performance
characterization, the in-plane heat spreading properties of different materials of interest such as
composite fabric and film-based heat spreaders can be characterized and benchmarked. A test
device can be constructed by mounting/embedding on/in the woven fabrics to test a representative
wearable cooling solution, and the performance of the device can be evaluated using IR
thermography. The performance of wearable electronic packages under different transient power
input conditions can also be well understood using this method. Associated thermal modeling of
wearable electronics packages accounting for interface resistances and skin contact can be

performed to inform their thermal design in application-specific scenarios.
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7.2.2 Materials

In the materials focus area, experimental approaches can be explored to further enhance
the baseline thermal properties of UHMW-PE based fibers and fabrics. Thermal modeling and
complementary experiments are needed to estimate the interfacial contact resistances in fibers and
yarns and understand their role on effective thermal properties, as they may be more important for
complex fabric weave geometries. Experimental investigation of thermal conductivity
enhancements of fibers by thermal annealing or fusing of the fibers to reduce inter-fiber and inter-
yarn contact resistances in the fabric can be carried out. Addition of high thermal conductivity
fillers such as carbon-based materials can be also be explored to improve thermal properties
depending on the desired application.

Thermal modeling of novel planer fabric weave configurations and 3D fabrics constructed
from UHMW-PE can be performed by significantly improving the reduced-order model developed
in the present work to understand the effect of anisotropic weave properties. The current results
from the reduced-order model indicate that inter-yarn thermal contact resistances can play a
significant role in determining the effective thermal conductivity of different weave configurations
depending on the orientation of the yarns with respect to the primary heat flow direction. Modeling
based investigation of novel planar weave designs as well as three-dimensional fabrics constructed
using can be performed to tune properties along specific directions.

Further characterization of properties of UHMW-PE fabrics is needed specifically with
respect to understanding their reliability during operation. The effect of washing and drying cycles,
long-duration thermal cycling, transient thermal loads etc. on the thermal properties of the fabrics
can be investigated.

The proposed future directions can further build on the findings of this thesis work to provide

a strong foundation for heat spreading applications leveraging properties of novel materials to
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assist thermal management solutions during design and engineering of future flexible and wearable

electronics.
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APPENDIX A. BENDING STIFFNESS

Validation using Plate Theory
An approximate validation of the bend testing measurement approach, similar to that
adopted by Lammens et al. 1%, is done by comparing the measured value for a Kapton® (polyimide)

film to the predicted bending stiffness using plate theory. For a solid film, the stiffness is given by:

_ Et3
T 12(1-v2) ]

where E is Young’s Modulus (Pa), t is the thickness of the material (m), and v is Poisson’s ratio.
Note that plate theory is not used as a theoretical comparison for the fabric samples measured in
this study because it is applicable only for isotropic solid materials. The stiffness based on plate
theory for the Kapton® film is calculated to be 4.83 x 10~* Nm, while the measured stiffness at
a bending angle of 7.1° is (2.7 + 0.8) x 10™* Nm. This comparison is also shown in Fig Al,
alongside the other bending stiffness measurements. Considering that bending stiffness for the
materials spans multiple orders of magnitude, this order of agreement between the theoretical value
and the measured value is reasonable for the purposes of estimating and benchmarking the bending

stiffness of the fabrics considered in this study.

Measurements at Two Bending Angles

The measurement of bending stiffness is performed at two different angles for each sample (41.5°
and 7.1°) except for HDPE and cotton as mentioned in the manuscript. The measured data are
plotted in Fig Al which demonstrates a reasonable agreement between the results at the two

different bending angles.
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Figure Al: Measured bending stiffness (flexural rigidity) of all materials characterized
at different bending angles. The measurements at and 7.1° and 41.5° are in reasonably
good agreement.

129



APPENDIX B. DIFFERENTIAL SCANNING CALORIMETRY
MEASUREMENTS

Differential Scanning Calorimetry (DSC) measurements are performed using a DSC system
(NETZSCH DSC 2014 Polyma) to assess the impact of annealing of the Dyneema® fibers and
fabrics at different temperatures approaching the melting point. Fig Bla and B1b show the DSC
response curves for Dyneema® fibers and the Dyneema® Black fabric, respectively, for as-
received samples as well as for those subjected to annealing at different temperatures (100, 115,
130, 145°C) for 1 hr. From these plots, we see that the melting peak for the Dyneema® fibers
occurs at ~147°C, and that for the Dyneema® denim fabric occurs at ~149°C. This is in good

agreement with the expected melting range of 147-152°C for Dyneema® 4%,

(a) (b)
Anneaied &t 145G ) / Annealed at ag,g*«\,,_,,\ —
Annealed at 130°C W \/
3_ 1\ - Annw\
Q | Apeseda T L | Annealed at 115°C
@ | Annealed at 100°C © A””w
As-received As—rm\f/‘_‘
L | L 1 1 | L | 1 1 1 1 | L 1 1 1 1
0O 50 100 150 200 250 0O 50 100 150 200 250
Temperature (°C) Temperature (°C)

Figure B1: DSC response curves for (a) Dyneema® fibers and (b) a Dyneema® Black
fabric, measured for as-received samples and for samples subjected to annealing at the
different temperatures indicated. The early melting peak can be noted for the samples
annealed at 145°C.
The results from Figure B1 also indicate no significant change in the DSC response for both fibers
and fabrics, except for the samples subjected to annealing at the highest temperature condition of

145°C. For these samples (for both the fiber and the fabric), the onset of melting begins earlier as
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indicated by the short melting peak (~133-135°C) that precedes the more prominent, deep peak.
This is because of the melting and recrystallization of a small fraction of polymer during and after
the annealing process at 145°C. This fraction of polymer which is no longer highly crystalline and
oriented then melts at a lower temperature during the DSC measurement, which is seen as an early,
short melting peak in the response curve. Since the DSC response changes significantly only for
the 145°C condition, the other temperature conditions are inferred to have no significant effect on
the intrinsic crystallinity or thermal conductivity of the fabrics.

These DSC measurements guide our choice of using the fabric samples annealed at 145°C for 1
hour to assess the thermal stability of these materials as pertaining to the thermal conductivity, as

reported in the manuscript.
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APPENDIX C. FIN HEAT CONDUCTION ANALYSIS OF ANNEALED
DYNEEMA FABRICS

A fin-based heat conduction analysis is used to obtain a relative measure of thermal conductivity
of the Dyneema® fabric before and after annealing. A Dyneema® control fabric sample and an
annealed fabric (at 145°C for 1 hour) are suspended between a heater block and cold block
maintained at 20°C as shown in Fig C1l. At a fixed heater power, steady state infrared (IR)
temperature maps can be used to extract the relative thermal conductivity of the two samples by
comparing the experimental temperature profile along the length of the sample and the theoretical
temperature profile using the temperature distribution for a fin with prescribed tip temperature.

For each sample, the theoretical temperature is given by 144

0(x) _ ((6 L/Hb)sinh(mx)+sinhm(L—x))
0y - sinh(mL) '

where, for each sample (control or annealed), 6 is the temperature rise (with respect to ambient)
as a function of length 6, is the difference between the base temperature (temperature at the heated
end) and ambient temperature, L is the sample length, 8, is the difference between the prescribed

tip temperature (obtained from the IR image) and the ambient temperature, and m is a non-

dimensional parameter given by \/% . Since the two fabric samples are cut to be of the same size

and geometry, they have the same convection heat transfer coefficient h, perimeter P, and cross-
sectional area A. Using the above equation, the parameter m can be individually obtained by fitting
with the experimental steady state temperature profile as a function of length. Following this, the
ratio of the thermal conductivities of the control and annealed samples (k, /k,) can be obtained.
By shifting the location at which the base temperature is measured by a few pixels away from the

heated end (up to ~1 mm away), four values of k,/k, are calculated to provide a measure of
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uncertainty in this measurement. The calculated ratio ranges from ~0.81-1.06, indicating that the
thermal conductivity of the control and annealed sample are estimated to be the same to within

experimental uncertainty.

Temperature (°C)

100

Annealed
fabric

Cold side

Figure C1: IR temperature image of the experimental test setup used to
compare the relative in-plane thermal conductivities of a control fabric
sample and an annealed (at 145°C for 1 hour) fabric sample.

A visual demonstration was also carried out by capturing a video to illustrate the transient
temperature distribution of both samples captured by the IR microscope after the heater is turned
on. This provided a qualitative comparison of the in-plane heat spreading in both samples and

indicated that there is no noticeable or significant change in the thermal conductivity.
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APPENDIX D. ANLAYTICAL SOLUTION FOR 1D RADIAL-ANGSTORM
METHOD

Consider the heat diffusion equation:

0%T N 10T 10T
or2  ror adt
The boundary conditions at two radial locations at the inner and outer boundaries are considered

as periodic conditions in temperature:

T, . T, .
T(r=a,t)= ?ae”"t + ?ae_“‘)t

T(T = b, t) = Eei(wtﬂﬁb) + Ee—i((utﬂpb)
2 2

Assume a solution of the form, T (r, t) = T; e'“t + T,e~**t and plug into the differential equation.

Consider the T; e't part of solution:

a_Z(T eia)t) + li(T eiwt) — li(T eiwt)
arz 1t ror- aot !
Solving, we can obtain an ordinary differential equation for T, (r) as shown below:

d?T, 1dT, iw
dr? rdr «a

This has a general solution given by:

T1(r) = 1o <(—1)%\/§ 7‘) + .Y (‘(—1)2\/§r>

Applying the boundary conditions T;(r = a) =% and T,(r =b) = %e‘i‘i’b , we get two

simultaneous equations to solve for the unknown constants.

T, 3 3
- = c1Jo <(—1)i\/§ a> + ¢, Y, <—(—1)2\/§a>
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T, .
?be-upb = ¢1)p <(—1)%\/§b> + 6 Y, (—(—1)%\@ b)

Solving these equations yields the constants and therefore we can obtain an expression for T; (1).
Applying a similar approach using the general solution and boundary conditions given below, we

can solve for T, (r):

T,(r) = c3)o ((—1)‘1*\/% T) + 4 Yo (—(—1)‘1*\/27”)

Ty(r=a) =2 Ty(r=b) = Le™9

Finally, the solution is then given as:

T(r,t) = Ty(r) et + T, (r)e @t
where,

T(r) =
e—i¢b<10<(—1)i Er)(z—blfo<—(—1)% a[2)-Leeitoro( -0 j%))—yo(—m)% e r)<%10((—1)% a[2)-Zeet®nso( -vib ﬁ)))
3 3 3 3 '
Y0<—<—1)z aJ%)JO<(—1)Z b\/%)—;o ((—1)1 a\/§>y0(—(—1)z b\/%)

Tz( )=
e—i¢b</0<(_1)%\/%r)(%y()(—(—l)% a\/g)—%eid’bYO(—(—l)% b\/%))—yo(—(—n%gr)(%](J((—ni a\/%)—%eid’b]o((—l)% b\/%)))
1 1 1 1 .
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