THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING

Extending Transient Plane Source-Based Measurements for the Accurate
Determination of Thermal Transport Properties in Polymers

Zijin Zeng

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2024



Extending Transient Plane Source-Based Measurements for the Accurate Determination of
Thermal Transport Properties in Polymers

Zijin Zeng

© Zijin Zeng, 2024.

Technical report no 2024:10

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

SE-412 96 Gothenburg

Sweden

Telephone + 46 (0)31-772 1000

Cover:

[A graph depicting typical results of the Transient Plane Source Scanning measurement
presented in the fashion of a jigsaw puzzle.]

[tryckeriets namn]

Gothenburg, Sweden 2024

This project has received funding from the European Union’s * ¥
* *
Horizon 2020 research and innovation programme under the I I o R nT E ‘ "; :
* 4 *
Marie Sktodowska-Curie grant agreement No 9558 *



Extending Transient Plane Source-Based Measurements for the Accurate

Determination of Thermal Transport Properties in Polymers
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ABSTRACT

The Transient Plane Source (TPS) method is widely used for measuring the thermal
conductivity and thermal diffusivity of materials, including the apparent cross-plane thermal
conductivity of films, which incorporates the influence of thermal contact resistance. However,
to precisely determine the intrinsic cross-plane thermal conductivity of films, the measurement
procedure should be refined to decouple thermal contact resistance. Additionally, the TPS
method has been adapted into the Transient Plane Source Scanning (TPPS) method to directly
measure the heat capacity. While effective for materials with a thermal conductivity exceeding
1 W/(mK), the TPPS method may underestimate the heat capacity of materials with a low

conductivity, such as polymers.
This thesis addresses these issues in two parts:

First, it explores the application of TPS in determining the intrinsic thermal conductivity
of film samples. Thermal contact resistance in the measurements was carefully analysed
considering experimental conditions such as sample thickness, mounting force, and the use of
thermal interface materials. Finally, an optimized TPS-based method was proposed, which
considerably mitigates the thermal contact resistance and provides the precise determination of

intrinsic cross-plane thermal conductivity in polymer films.

Second, this thesis utilizes a finite-element numerical model to investigate the TPPS
method for heat capacity measurement. Unlike conventional numerical models that require
preset material properties, several key material properties in our model were tuned using
experimental data. This enables the model to accurately simulate the experimental process.
Consequently, the model provides correct heat capacity determinations for samples across a

spectrum of thermal conductivities.

Keywords: Transient Plane Source method, finite element simulation, heat capacity, cross-plane

thermal conductivity, polymer.
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NOMENCLATURE

temperature increase of the TPS sensor
heat flux by conduction

thermal conductivity

temperature

density

the specific heat capacity
thermal diffusivity

in-plane thermal conductivity
cross-plane thermal conductivity
resistance of sensor

initial resistance of sensor

temperature coefficient of resistance

temperature increase at sample surface facing the sensor

additional temperature increase introduced by thermal

resistance between the sensor and the samples
heating power from sensor

equivalent radius of sensor

dimensionless time

dimensionless time function

time

time correction factor

radial thermal conductivity

axial thermal conductivity

radial thermal diffusivity

total thermal resistance

thickness of film sample

apparent cross-plane thermal conductivity of film
intrinsic cross-plane thermal conductivity of film

area of sensor

settling time

thickness of bulk sample
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GHP
LFA
TPS
TDTR
FDTR
TWM
DSC
TPSS
TIM
HDPE
PP
PMMA

heat loss

heat loss equation

heat loss equation in holder measurement
heat loss equation in sample measurement
mass

temperature increase in holder measurement
temperature increase in sample measurement
heating power in holder measurement
heating power in sample measurement
average rate of temperature increase

thermal contact resistance

power from the heat source

relative error in determining heat loss

heat loss in the sample measurement
measurement temperature

weight average molecular weight

guarded hot plate

laser flash analysis

transient plane source
time-domain thermoreflectance
frequency-domain thermoreflectance
temperature wave method
differential scanning calorimetry
transient plane scanning source
thermal interface material
high-density polyethylene
polypropylene

poly(methyl methacrylate)
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Chapter |

INTRODUCTION

1.1 Heat transfer and thermal properties

Heat transfer, the exchange of energy between materials driven by a temperature gradient,
is a ubiquitous physical phenomenon encountered in both our daily routines and diverse
industrial processes. A thorough understanding of heat transfer mechanisms allows us to utilize
energy more intelligently and efficiently, leading to substantial energy conservation and paving

the way for a more sustainable future.

The mechanisms of heat transfer can be categorized into conduction, convection, and
radiation. Heat conduction is the process by which heat passes through the material itself,
without any macroscopic movement of the heated body. Convection refers to the transfer of
heat by the relative motion of a heated body, either liquid or gas. Radiation is the process by
which heat is transferred directly between distant portions of the body by electromagnetic

radiation.

In heat conduction, the extent of heat exchange through a material is proportional to the
negative gradient in the temperature (— VT), which is known as Fourier's law. The Fourier's

law can be expressed as follows,

q=—AVT (1.1)
where g denotes the local heat flux by conduction, the constant of proportionality A is the
thermal conductivity, a material property measured in watts per meter-kelvin (W/(mK)). A can
be expressed as the product of density (p), heat capacity (C,) and thermal diffusivity (), which

describes the rate of temperature spread through a material and is measured in square metres

per second (m?/s),



A= apC, (1.2)

Knowledge of the thermal properties (4, Cp, and a) of substance holds significant value
across various applications. For instance, this knowledge is instrumental in optimizing thermal

3 and electric vehicles* to enhance performance and

management systems in electronics'-
durability. Additionally, within the realm of construction, a profound understanding of the
thermal properties of building materials helps design innovative architectural designs that
decrease reliance on active thermal control technologies like heating, ventilation, and air
conditioning, thus substantially decreasing energy use®’. Furthermore, establishing connections
between thermal properties and microstructure in thermoelectric materials offers valuable
insights for developing enhanced materials, thereby boosting the areas of waste heat recovery

and portable power sources®!°.

1.2 Techniques for Measuring Thermal Properties

Techniques for measuring thermal conductivity and thermal diffusivity

For the measurement of thermal conductivity in bulk samples, several well-established
and commercially available methods exist, such as the Guarded Hot Plate (GHP) method!"'?,
the Laser Flash Analysis (LFA)'?, and the Transient Plane Source (TPS) method'*. The GHP
method is a conventional steady-state method based on one-dimensional Fourier’s law, with
advantages of simplicity and high accuracy. However, this method requires relatively larger
samples and long measurement time. The LFA is a time-dependent method that uses a laser to
provide a one-dimensional (1D) heat flow across the sample. It obtains the thermal diffusivity
by measuring the time heat needed to pass through the sample and derives thermal conductivity
using Eq. 1.2. The TPS method is a time-dependent method, with high versatility and high
reliability. It correlates thermal properties with the measured temperature increase of the sensor.

More information regarding TPS is available in Chapter 2.

However, when dealing with micrometer-thick film samples, the conventional methods
for thermal conductivity face challenges due to the small thickness of samples. Recently, the
TPS method has been extended to measure the apparent A, and intrinsic A, of film samples'*+
18 However, further investigation is required to improve the measurement procedure for a

broader range of samples and achieve greater accuracy in the results.



Whereas there are several practical methods available for film samples, including the 3-®
method'®, the Time-domain Thermoreflectance (TDTR)?**?!, and Frequency-domain
Thermoreflectance (FDTR)?>?*, the Temperature Wave method (TWM)?*%°. The 3- method
utilizes a metal sensor deposited on the smooth sample surface, which offers a frequency-
dependent heating power to manipulate the penetration depth of heat. This method enables the
measurement of in-plane thermal conductivity (4;) and cross-plane thermal conductivity (4, )
of film samples. Both TDTR and FDTR are based on optics, providing an evident advantage of
no thermal contact resistance (R.) between the sensing element and the sample. This advantage
enables these methods to accurately determine the thermal conductivity of much thinner films.
On the other hand, in cases where samples exhibit low light absorption and reflection, an extra
layer of transducer is required to be deposited on the surface of sample. This additional step
may increase both the duration and expense of the measurement procedure. The TWM, another
frequency-domain method, measures the thermal diffusivity of film and calculates thermal

conductivity by combining thermal diffusivity with volumetric heat capacity.

Techniques for measuring heat capacity

For the measurement of heat capacity, several conventional methods are available,
including drop calorimetry?®?’, Differential Scanning Calorimetry (DSC)?. Drop calorimetry
is in a method which involves dropping a heated sample with known temperature into a coolant,
and measuring the change of the coolant temperature to determine the heat capacity of the
sample. It is a rapid and straightforward technique yet requiring careful management of heat
loss. DSC, one of the most widely used methods, enables measurements of heat capacity in a
broad range of temperature. The results from DSC are precise even when dealing with very

small sample quantities.

In contrast to DSC, the TPS provides heat capacity measurement of relatively larger
samples***. This technique obtains the thermal conductivity and thermal diffusivity from a
single measurement. Then the volumetric heat capacity of the sample can be indirectly
determined via the ratio between the thermal conductivity and thermal diffusivity. However,

this method is valid only when the sample is isotropic and homogenous.

2931 is an extended application of

The Transient Plane Scanning Source (TPSS) methods
the TPS setup and enables direct measurement of the heat capacity. This technique handles

large and/or inhomogeneous samples, such as batteries, textiles, and building composites.



However, this method currently finds its application restricted to samples with thermal

conductivities exceeding 1 W/(mK)*, excluding most polymers.

1.3 Aims and scope

This thesis aims to expand TPS-based methodologies for precisely measuring thermal
properties of polymers and other materials with low thermal conductivity, aiming to enrich the

field of thermal characterization.
The research conducted within this thesis can be divided into two parts:

The first part involves the determination of intrinsic A; in film samples using the TPS
method. A comprehensive evaluation of the TPS method has been conducted to understand its
abilities and limitations pertaining to the measurement of polymer films. Consequently, a
refined experimental approach has been recommended to increase the robustness and accuracy

of the measurements.

The second part is dedicated to determining the heat capacity of polymer using the TPSS
method. A thorough investigation was performed to identify potential inaccuracies in TPSS
measurements. Subsequently, a data analysis method assisted with finite-element modelling

was proposed, facilitating the accurate determination of polymer heat capacity.



Chapter 2

THE TRANSIENT PLANE SOURCE METHOD

First introduced in 1991, the TPS method is now a reliable and widely spread technique
for measuring thermal properties®2. For isotopic bulk materials, the TPS method is able to
determine both thermal conductivity and thermal diffusivity through a single measurement. The
volumetric heat capacity of the material can be indirectly derived'* via A = apCy. In cases of
anisotropic materials, or the rod like isotropic materials, The TPS method enables the
determination of thermal conductivity along a specific axis, provided the heat capacity of the
material is already known'®. Therefore, the TPS method has been extended to the Transient
Plane Source Scanning (TPSS) method for the direct measurement of the heat capacity of

materials’!.

Performing the TPS measurements is straightforward and effortless. In a standard TPS
measurement, a TPS sensor is sandwiched between two samples with identical properties (Fig.
2.1a). The sensor is a thin nickel structure with shape of double spiral (Fig. 2.1b), embedded
between two insulation layers such as polyimide (Kapton), polytetrafluoroethylene (Teflon), or
mica. Throughout the measurement, the sensor severs two functions simultaneously: (1) it heats
up the surrounding materials (the samples) via Joule heating, and (2) it records consequent

temperature increase, AT (t), through the resistance change of the sensor!*:

R(t) = Ry[1 + a - AT(t)] (2.1

where R(t) is the resistance of the sensor in time, R, the initial resistance of the sensor, a
the temperature coefficient of resistance of the sensor. A typical AT (t) resulted from a TPS
measurement is shown in Fig. 2.2a. More details on data analysis are available in the subsequent

sections.
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Figure 2.1. (a) Schematic sketch of a standard TPS measurement of bulk samples.

(b) Profile of a TPS sensor encapsulated in insulation layers of polyimide.

2.1 Measurement of isotropic bulk samples

In the TPS measurement, AT (t) consists of two components, AT,(t) and AT;(t), as

expressed as follow'?,

AT(t) = AT, () + AT,(t) (2.2)

where AT, (t) denotes the temperature increase at the sample surface facing the sensor,
while AT;(t) is the additional temperature increase introduced by the thermal resistance
between the sensor and the samples, which stabilizes to a constant value shortly after the

measurement initiation.

In the TPS theory, it is assumed that the bifilar sensor can be approximated by a series of
concentric and equally spaced circular line sources. This assumption gives a solution of heat
transfer equation, which reveals the relationship between AT (7) and the thermal properties of

isotropic samples'?.

AT,(1) = P(n3/%r2) " D(7) (2.3)

where P is the heating power from the sensor, r is the equivalent radius of the sensor, and

D(7) represents a dimensionless time function of 7, which is defined as'?,

o \1/2
T= (t gtc) where 0 =r1%/a (2.4)



where t. denotes time correction factor for compensating unavoidable hardware and

software delays.

Using the data of recorded AT (t), a least-squares iterative process is employed to optimize
t. and a. As suggested in Eq. 2.3, the iteration should result in a linear relationship between
D(t) and AT(t) (as shown in Fig. 2.2b). Afterwards, the thermal conductivity can be
determined from the slope of the line.

() (b)

AT (t) AT (7)

t
AT,
t(s) | D (7)

Figure 2.2. A typical temperature increase of sensor versus (a) time and (b)

dimensionless time in the TPS measurement.

2.2 Measurement of anisotropic bulk samples

Utilizing the TPS method, it is also possible to measure both the thermal conductivity and
the thermal diffusivity of anisotropic samples with uniaxial structure. Assuming that the
properties of the samples are identical in the radial direction, with respect to the plane of the
sensor, but different from that in the axial direction, the following equation can be used to

describe AT, (t) in the measurement'?,

ATy (1) = P(m3/?r(Ag - 1)) D(1x) 2.5)

where A, and A4 are the radial and axial thermal conductivity, respectively'*.

Y
TR = (t tc) where 0 =71?%/ag (2.6)
Or

Similarly, an iteration using the data of AT (t) yields the radial thermal diffusivity, ag.
Then the radial thermal conductivity can be calculated with the equation Ag = agpC,.

Subsequently, 4, can be calculated using Eq. 2.5,



2.3 Measurement of films cross-plane thermal conductivity

Theory

The TPS method can also be utilized to obtain the cross-plane thermal conductivity (4,)
of film samples by employing a specially designed sensor with a broader nickel pattern (Fig.
2.32)!*!7. Measuring film samples requires two steps. The initial step requires performing a
reference measurement with the sensor sandwiched between two pieces of bulk materials with
relatively high thermal conductivity (referred to as background material from here on), as
shown as Fig. 2.3b. The subsequent step is to perform a sample measurement with two films of
identical properties positioned between the sensor and the background materials, respectively.

It is crucial to apply the same mounting force in both measurements to ensure consistency.

As discussed before, AT;(t) is related to the total thermal resistance between the sensor
and the materials (R;,¢). When utilizing a specially designed sensor (Fig. 2.3a) and assuming
one-dimension heat flow across the sample, the correlation between the AT;(t) and the R,

could be described by'*,

P = 2AAT; /R¢ot (2.7)

where A is the area of the sensor. In reference measurement (Fig. 2.3b), the total thermal
resistance, Ry¢ .-, consists of thermal contact resistance between the sensor and the background
material (R.s-p) and the thermal resistance of the polyimide insulation layer (R;). In sample
measurement (Fig. 2.3c), the total thermal resistance Ry, ¢ consists of R;, thermal resistance of
the film sample (Rf), the thermal contact resistance between the film sample and background
material (R;f_p), as well as the thermal contact resistance between the sensor and the film
(Res—)- If R¢ s—p approximate R ;_r closely, the following equation can be used to calculate
the apparent cross-plane thermal conductivity of the film samples (4, ), which includes the

influence of R s_p,

/1J_,a = Ah(Rtot,s - Rtot,r)_l (2.8)

where h represents the thickness of the film samples. If additional sample measurements
of film samples with different thickness are implemented'>!!® (Fig. 2.3d), we can apply Eq.

2.9 to determine the intrinsic cross-plane thermal conductivity of the film (45 ),

AJ_,i = Ah(ARtot,s)_l (2.9)



However, the derivation of Eq. 2.9 is based on a fundamental assumption that R s_;, and
R;s_r 1s independent to the sample thickness; in other words, R.f_, and R._; remains

unchanged in these sample measurements.

If multiple sample pairs are measured, Eq. 2.9 can be extended to Eq. 2.10 to linearly fit

the experimental data,

Riots = R + h(/lJ_,i)_l (2.10)
The reciprocal of fit gives the value of A, ;, while the intercept R reflects the total thermal

contact resistance in the measurement.

(a) (b) Reference measurement
- Mounting force

Background material

Sensor

Background material

g

l cm

(c) (d)

=

¢
o

Y

A
Y\
3\!&

A

b

Rc,s—f :

c,s—f

Re r-p Bern
Sample A <> Thick sample B <___—>
- — |
R

~dr- n_=

Figure 2.3. (a) Profile of a TPS sensor for film measurement, with the feature of
wide bifilar spiral. (b-d) Schematic sketch of a (b) reference measurements, (c, d)
sample measurements of films with different thickness, and their respective thermal

networks.
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Capabilities and limitations

The TPS method is capable of measuring the apparent cross-plane thermal conductivity
of films with thickness ranging from 20 pum to 600 um and thermal conductivity between 0.05
W/(mK) to 2 W/(mK), with an expected reproducibility of +/- 3%. While the theory and
procedure of using the TPS method for measuring intrinsic thermal conductivity of film require

further refinement which we discuss in Chapter 3.

2.4 Direct measurement of heat capacity (the TPSS measurement)

Theory

As mentioned before, the necessity of determining direction-dependent thermal properties
motivates the development of the TPSS method, which aims to measure heat capacity directly.
The TPSS method is an adaptation of the standard TPS, utilizing the same type of sensor but
attached onto a specially designed sample holder (Fig. 2.4a).

Two steps are involved in the TPSS measurement as well. First, a measurement is
performed with an empty sample holder, which we referred to as the holder measurement. The
purpose of this initial step is to collect essential information regarding the heat capacity of the
holder and the heat loss during the measurement. This is followed by a measurement
incorporating a specimen within the sample holder (Fig. 2.4b), intended to collect the data
containing the information about the heat capacity of the sample. During both measurements,
the sample holder should be surrounded by thermal insulation materials to mitigate heat

dissipation.

In TPPS measurements, there are two fundamental assumptions. The first is that the AT (t)
recorded by the sensor can represent the average temperature increase of the sample after a
settling time, t,. The settling time can be approximated using the formula t; = 2d?/a, where

d is the thickness of the sample®’. The second assumption is that there exists a heat loss equation,
fn(t), which governs the rate of heat loss by Q(t) = % (AT(t)) f(t). Based on these

assumptions, Eq. 2.10 and Eq. 2.11 can be written for holder measurement and sample

measurement, respectively’!,

Py = [(MCn + fu(D] 5 (ATy (D)) (2.10)

11



P, = [(Cy)n + (MCp)s + £()] 2 (AT, (6)) (2.11)

where % (ATS (t)) denotes the rate of temperature increase, subscript h and s represent

holder measurement and sample measurement, respectively. For the sample measurement, the
heating power from the sensor, P, should be carefully selected so that AT (t) is close to ATy, (t).
In the phase of measurement where that AT,(t) and AT}, (t) exhibit linear alignment’!, it is
assumed that f},(t) is identical to f;(t). Combining Eq. (a) and Eq. (b), we can derive an

equation to calculate the heat capacity of sample’:

P, Pa
5o (mcp), (2.12)

where P is the average heating power from the sensor and & is the average rate of

: d ="
temperature increase, defined as EATS (v).

(a) (b) Hot Disk thermal constant analyzer

Thermal insulation material

Figure 2.4. (a) A Hot Disk sensor attached to a gold sample holder. (b) Schematic

diagram of a TPSS measurement with a sample.

Capabilities and limitations

TPPS is capable of determining the heat capacity of sample with thermal conductivity
higher than 1 W/(mK), with a high reproducibility of +/- 2%. However, it tends to underestimate
the materials with a low thermal conductivity (<1 W/(mK)) owing to the heat loss during the
measurement process>>. More details regarding the heat loss underestimation are available on

Paper 11, Fig. 2b.
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Chapter 3

EXTENDING THE TPS METHOD FOR MEASURING

INTRINSIC CORSS-PLANE THERMAL CONDUCTIVITY

In this chapter, we developed and validated a procedure for measuring intrinsic cross-
plane thermal conductivity of films using the TPS method. We have taken into account the
impact of crucial factors on measurement outcomes, such as sample flatness, mounting force,

and the utilization of thermal interface materials (TIMs).

3.1 Sample preparation

We fabricated two types of film samples using high-density polyethylene (HDPE) and
polypropylene (PP), respectively. The HDPE, obtained from Sigma-Aldrich (547999), has a
weight average molecular weight (M) of 95 kg/mol and a polydispersity index of 5.3. The PP,
obtained from Sigma-Aldrich (427888), has a My, of 250 kg/mol and a polydispersity index of
3.7.

These materials were pressed into film shapes under a pressing force of 15 KN, using a
laboratory press (LabPro 200) supplied by Fontijne Presses. The pressing temperature for
HDPE and PP were 180°C and 210 °C, respectively. Utilizing a Constant Thickness Film Maker
from Specac Ltd., we kept the film diameter at 29 mm while adjusting the thickness across

twelve distinct levels within a range of 20 um to 410 pm.

Nevertheless, the films generated through hot pressing exhibit deviations from perfect
flatness. To quantify their flatness, we measured the film thickness at five distinct locations
using a micrometer (Fig. 3.1, inset). The deviation of the measured values is calculated for each
level of thickness (Fig. 3.1) to serve as a measure of the flatness of the films. The average

deviation for all the film samples made by hot pressing is around 2 um.

13
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Figure 3.1. The thickness deviation of the film samples.

3.2 Measurement results

Through the TPS measurements, the total thermal resistance between the sensor and
background material was determined. These obtained values were plotted against the thickness
of the samples (Fig. 3.2). Subsequently, a linear fit based on Eq. 2.10 was applied to each set
of results, resulting in respective slopes and intercepts. The reciprocal of the slope is expected
to represent the intrinsic cross-plane thermal conductivity, while the intercepts are expected to

yield information about the thermal contact resistance.

14



(a) (b)
ON 50N ON 50N

& 2000 SON 300 N F ZW00F @ SON 300N

E 2 v 300 N * 550N
o o

E 1600 |- g w00 | TDPE L o
: o s

o i) e

= 200} g 1200 s

Z z gt

@ = =

S 800 = 800 o '

= =4

= = o

= 400 f = 400 o

k] °

= ol

0 0 I 1 1 n 1 I 1 n 1
0 80 160 240 320 400 0 80 160 240 320 400
Thickness (pm) Thickness (pm)

Figure 3.2. The total thermal resistance versus the thickness of the films in
measurements at different mounting pressure: (a) without and (b) with deionized

water as thermal interface material.

We investigated the influence of mounting force on the results of the total thermal
resistance (Fig. 3.2a). Interestingly, we observed a notable decrease in total thermal resistance
for thick samples compared to thin samples when applying higher mounting forces. Given that
thin samples are more flexible than those thicker, we reasonably infer that thicker samples
exhibit higher thermal contact resistance and thus have more potential for reduction. This

deduction is contrary to the assumption made in Chapter 2.3.

The varying degree of reduction in total thermal resistance leads to a lower slope of the
fit (Fig. 3.2a) and thus a higher calculated A; (Table 3.1). Since the calculated A1, here is
dependent on the mounting pressure, it is concluded that it is not the intrinsic A1, that we

anticipated.

We repeated the measurements with the introduction of deionized water as liquid thermal
material between the sensor, samples, and background materials. Remarkably, in this case, the
values of total thermal resistance appear to be independent of mounting pressure. This can be
attributed to the replacement of air trapped in the contact interfaces by water, which

considerably reduces and stabilizes thermal contact resistance.

Finally, we calculated 1, from these measurements (Table 3.1), which exhibits a better
alignment with reference value. Despite the significant difference in mounting force employed,

the relative deviation of the extracted A, is under 1%.
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Table 3.1. The results from the fits in Fig. 3.2, including the intrinsic 4, (the

reciprocal of the slope) and the intercept.

Calculated A Intercept

Material 1}/(1)?3:?13‘;; (C;l;:lz:eﬁ;ili;) (Wilzlt:zegM) (with deioniz:d (with deioiized
water as TIM) water as TIM)

0 0.340 £ 0.006 26.367 £ 11.747 0.436 £ 0.008 41.078 £9.031

HDPE 50 0.371 £0.007 47.158 £ 11.106 0.435 £ 0.006 31.657 £ 7.465
300 0.398 £ 0.008 23.167 £ 10.982 0.443 £+ 0.006 32.015+7.190
50 0.212+0.002  4.724 + 0.0480 0.265 £ 0.005 58.812 £ 15.646

PP 300 0.218 £0.003  12.326 +11.687 0.263 £ 0.004 44756 + 13.681
550 0.232£0.002  48.253 £7.178 0.267 £ 0.005 57.379 +15.369

3.3 Numerical simulation for potential error

In this section, we developed and employed numerical models to investigate potential

errors in our measurements.

In the TPS method for film samples, it is assumed that the heat flow across the sample is

1D (Eq. 2.7). However, the heat flow in the actual scenario is more intricate, primarily due to

two reasons. The first reason is that the actual pattern of the sensor is a wide double spiral,

instead of an ideal circle as assumed in Eq. 2.7. Another reason is that film samples often have

a slightly larger radius than the sensor for easier installation of the measurement. The

inconsistency between the actual scenario and the idealized theory could introduce errors.

Furthermore, the introduction of liquid thermal interface material may also contribute to errors.

In this context, the numerical model is designed to estimate the error arising from these

aforementioned factors.
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Figure 3.3 Schematic diagram of the numerical models of ideal 1D scenario (a) and

the actual scenario (b).

These simulation models are developed in two-dimensional (2D) based on the following

assumptions:

e The measurement components, including the sensor, background material, layers,

and interfaces can be treated as asymmetric.

e The bifilar sensor pattern can be approximated as a sequence of concentric and

uniformly spaced circular line sources.

e Heat transfer between measurement components and ambient environment is

negligible (adiabatic boundary condition).
e Heat transfer via convection and radiation is negligible.

e Material properties are assumed to remain constant during the measurement.
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The first numerical model is developed to mimic the scenario with 1D heat flow. Another
model is constructed for the actual scenario with a more complex heat flow. The schematic
diagrams of these two models are shown in Fig. 3.3a and b, respectively. Note that the thickness
of the water layer was set to the average deviation of the sample thickness, 2 pum. Besides, the

material properties used in the simulation are summarized in Table 3.2.

The simulation model is based on equations for non-steady state heat conduction, as

presented below,
T
pCPE-}_ Vg = Q (3.1)

q=—AVT (3.2)

where g denotes heat flux by conduction, while Q is the power supplied from the heat

source.

Table 3.2. Material properties used in the numerical simulation.

Component Material AW/mK)) C,(J/kg/K) p (kg/m?)

Background Stainless steel 13.7 460 8150
Insulation layer Polyimide 0.18 1090 1420
Sensor pattern Nickel 91.4 444 8900

Liquid TIM Deionized water 0.6 4186 997

After the calculation, we obtained the simulated temperature distribution of the
components (Fig. 3.4a). In the ideal scenario, the temperature evenly decreases from the sensor
to the background material, suggesting 1D heat flow. On the other hand, in the actual scenario,
temperature distribution deviates from the 1D assumption due to the geometry of the sensor
pattern and the additional edge area. Subsequently, the difference in temperature increase
between these two scenarios is obtained (Fig. 3.4b). This difference is dependent on both the

thickness and thermal conductivity of the samples and ranges from -10% to 6%.
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Fig. 3.4 (a) The comparison of temperature distribution across the film specimen

between the ideal scenario and the actual scenario. (b) The relative deviation

between the ideal scenario and the actual scenario.
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3.4 Discussion and conclusion

With knowledge of the difference between the ideal and actual scenario, we calibrated the
results in Fig. 3.2b. Furthermore, to evaluate the reproducibility and robustness of the current
method, we recalculated the intrinsic A; using smaller subsets of data points drawn from the
calibrated dataset rather than the full array. Specifically, we implemented a loop to iteratively
select pairs of sample points and recalculated the intrinsic A, . Then the results of recalculated
intrinsic A; were plotted against the thickness difference of the corresponding sample pairs (Fig.
3.5a). The analysis aims to demonstrate the feasibility of extracting a reliable intrinsic A; with

just two pair of samples.

As illustrated in Fig. 3.5a, the recalculated A, displays more scatter when the thickness
difference is small, possibly due to the higher uncertainty in measuring thin samples. Whereas

the recalculated 1, converges as the thickness difference increases.

To refine our analysis, we excluded the data of the samples with thickness lower than 80
um due to their relatively high uncertainty. Subsequently, a similar plot revealing the
relationship between the intrinsic 4, and the thickness difference is generated (Fig. 3.5b). In
this case, the data points are more concentrated, especially in the low thickness difference range.
When the thickness difference exceeds 200 um, the calculated A, for HDPE and PP converges
to 0.431 W/(mK) and 0.263 W/(mK), respectively, with a fluctuation being around 5%. This
indicates that two pairs of samples could be adequate for a reliable measurement of A, , provided

the thickness difference between them exceeds 200 pum.

Using the same routine, the intrinsic A; of poly(3-hexylthiophene) (P3HT) films made by
hot pressing was determined to be 0.198 W/(mK). More information about the P3HT can be
found in Paper I, Table IV.
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Fig. 3.5 (a) Calculated thermal conductivity versus thickness difference between the
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than 80 pm.

Ultimately, we compared the extracted results from Fig. 3.5b and the reference values
from the Temperature Wave method (TWM) and the TPS measurement of bulk samples (Table
3.3). The average difference between the extracted A, and TWM value is 4.2% for HDPE and
8.7% for PP, respectively. The average difference between the extracted 1, and the values from
the TPS measurements of bulk samples is 7.3 % and 2.2 % in the cases of HDPE and PP,

respectively. Note that the difference between the reference values in the cases of HDPE and
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PP is 3.2% and 10.0% respectively. These comparison results demonstrate the reliability of the

proposed method in this work.

Table. 3.3. The comparison between the 4, from this work and the reference value
from the Temperature wave method (4, 1) and the TPS measurement of bulk
materials (A, 7pg). The Apy, i rps Were obtained from the bulk specimens made by

the same routine of hot pressing as the film specimens.

Material A1 (W/(mK)) Ay rwm (W/(mK)) Apuik,rps(W/(mK))
HDPE 0.431+£0.022 0.450 £ 0.021 0.465 +£0.001
PP 0.263 +£0.013 0.242 £0.017 0.269 £ 0.001

In conclusion, this chapter presents a novel procedure for applying TPS-based
measurements to extract the intrinsic 4, of film samples, even when faced with the challenge
of uneven sample surfaces. We introduced deionized water as a thermal interface material in
the measurements, which effectively reduces the thermal contact resistance and thus the
uncertainty. Furthermore, numerical simulation was employed to estimate the extent of errors
in the measurement caused by the discrepancy between theoretical assumptions and actual
experimental conditions. The measurement data were then calibrated based on the knowledge
of the errors and used for a refined evaluation of the results. Finally, this evaluation confirms
that the proposed procedure can accurately determine the thermal conductivity of films, Finally,
this evaluation confirms that the proposed procedure can accurately determine the thermal
conductivity of film samples, as long as multiple paired samples are measured and the minimum

thickness of the samples exceeds 80 pm.
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Chapter 4

EXTENDING THE TPSS METHOD FOR MEASURING HEAT

CAPACITY OF LOW THERMAL CONDUCTIVITY SAMPLES

In this chapter, numerical simulation is employed to study the cause of underestimated
results for low thermal conductivity samples. A well-tuned model is developed to mimic the

measurement process, thereby enabling the accurate estimation of the heat capacity of samples.

4.1 The development of a numerical model
To simplify the simulation model, we made the following the assumptions:

e The heat transfer between measurement setup and ambient environment is

negligible (adiabatic boundary condition).
e Heat transfer via convection and radiation within the setup is negligible.

e The measurement setup is axisymmetric, rendering the effects from sensor leads

and the non-circular shape of the sample negligible.
e Material properties remain constant during the measurement.

e The spiral sensing element of the sensor can be represented by an ideal circle

boundary heat source.

Subsequently, the two-dimensional (2D) geometry of the model was constructed
according to its experimental TPSS counterpart. The employment of 2D geometry aims at
reducing computational overhead while maintaining accuracy in capturing the heat conduction
during measurements. A detailed visualization of each component within the model is achieved

through a 3D representation, created by rotating the 2D geometry (Fig. 4.1).
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Figure 4.1. Schematic diagram of the model, which represents the simulation

counterpart for the experimental setup depicted in Fig. 2.4b.

The material properties used in this numerical model are detailed in Table 4.1. The
governing equation of the model is Eq. 3.1 and Eq. 3.2. A mesh independence study has been

conducted to select the proper mesh configuration for the simulation.

Table 4.1. Summary of the component properties used in the numerical model. a.
Measured by the TPS measurement for slab samples'. b. Calculated based on the
specific heat capacity of the ingredients. c. Calculated from mass and volume. d.

Measured by the TPS measurement for bulk samples'. e. Obtained from

reference’.
Component Material AW/(mK)) C,J/kg/K) p (kg/m?)
Sample holder Gold alloy 44 + 10¢ 177° 1065°¢
Insulation Material ~ Polyimide foam  0.039 + 0.04¢ 1090¢ 6.6¢
Polyimide film Polyimide film 0.12¢ 1090° 1420¢

4.2 The development and utilization of the well-tuned model

The following outline illustrates the four steps for developing and utilizing the well-tuned

model (Fig. 4.2).
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The first step involves the development of a numerical model, as detailed in the previous
section. Afterward, the numerical model is employed to conduct a sensitivity analysis,
identifying the key material properties which dominate AT (t) in the measurement. The
sensitivity analysis is detailed in Paper II, Section 3.2. The third step entails tuning these key
material properties through a parameter estimation study within the numerical model, utilizing
the AT (t) data from the holder measurement. Finally, sample geometry is incorporated into the
model, while retaining the key material properties identified in the previous step. Another
parameter estimation study is then conducted to estimate the heat capacity of the sample,

utilizing the AT (t) data from the sample measurement.

The parameter estimation study is based on a derivative-free solver, bound optimization
by quadratic approximation (BOBYQA), integrated within the commercial simulation software
COMSOL Multiphysics. The core principle of the BOBYQA method involves iteratively

approximating the objective function with a suitable quadratic model.

Step 1 Development of a FEM model

Geometry and materials properties

* Governing equation and boundary condition

I
Step 3 Development of the well-tuned model |

|
Data from TPSS holder measurement I
|

Im pmN

|
|
I * Conducting a sensitivity analysis for identifyingl
: the key parameters which dominate the AT(t) I

Step 4 Utilization of the well-tuned model

Data from TPSS sample measurement

/mpurl

T T

The FEM model
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|
|
|
|
|
|
|
|
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|
|
|
|
|
|
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Figure 4.2. The framework for developing and utilizing the well-tuned model for the

specific heat capacity determination.

4.3 Results and discussion

We initially compared the simulated AT (t) against the measured AT (t) from the holder
measurement (Fig. 4.3a) and the sample measurements (Fig. 4.3b), respectively. The difference
in AT (t) is lower than 1% in both cases, which demonstrates the reliability of the well-tuned

model.
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Figure 4.3. Comparison between measured AT (t) (symbols) and simulated AT (t)

(solid lines) in the case of holder measurement and (b) sample measurement.

Subsequently, the specific heat capacity of the samples was extracted from the parameter
estimation study based on the well-tuned model. The extracted value is in good agreement with
the reference value obtained from the DSC or the Dynamic Plane Source (DPS) technique, with
an average difference less than 2.4%. This demonstrates the capability of the model to

determine the specific heat capacity of samples based on the measured data.

Utilizing the validated model, we analysed the heat balance during the measurement and

investigated how heat loss influences the measurement accuracy.

In the holder measurement, the rate of heat accumulation into the insulation material
(Q(t)), namely the rate of heat loss, increases over time, while the rate of heat accumulation
into the sample holder shows a opposite trend (Fig. 4.4a). At the end of the measurement, the
rate of heat loss significantly surpasses the later, constituting 74% of the total heating power.
This suggests that heat loss predominates in the later stages of the measurement, which is

undesirable.

In the sample measurement of copper, the rate of heat accumulation into the insulation
material and the sample holder behaves similarly to the holder measurement (Fig. 4.4b).
Although the rate of heat accumulation into the sample decreases over time, it remains the

highest among the three components.

Table 4.2. Comparison between the C,, determined by the well-tuned model and the

reference value. a. Measured by the DPS technique®. b. Measured by the DSC
method.
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Specific heat capacity (J/kg/K)

Sample
Estimated Reference Average difference
Copper 384 £ 8 383 + 8¢ 0.2 %
Glass 836+ 17 843 + 34° 0.8 %
PMMA 1401 + 28 1436 + 15° 2.4 %

Knowing the rate of the heat loss, we extracted and compared the heat loss equations in

the holder measurement and the sample measurement, based on f(t) = Q(t)/ % (AT(t)).

In the measurement of copper, f,(t) closely aligns with f;(t) during 20 s to 40 s (Fig.
4.4c), consistent with the assumption f}, (t) = f;(t) in the original TPSS theory. However, the
difference between f},(t) and f;(t) increases considerably over time. In the measurement of
PMMA (poly(methyl methacrylate)), f;,(t) is larger than f;(t) throughout the measurement,

and the difference between them remains roughly constant in the later stage of the measurement.
Ultimately, we calculated the relative error in determining heat loss, referred to as the

go(t), using Eq. 4.1,

Fr(02(Ts(£) = Qs (1)
Ps

go(t) = 4.1

where @, is the rate of heat loss in the sample measurement. Based on the theory outlined
in Chapter 2.4, the data from 20 s to 40 s is experimentally used in the TPSS method for

calculating the C,, of copper. In the case of copper, &4 (t) remains within £1 % during the time

interval from 20 s to 40 s (Fig. 4.4d, red region), which contributes to the accurate determination

of the €, of copper.

On the other hand, with the settling time for PMMA calculated at 120 s, the data after 120

s is experimentally utilized for the C, of PMMA. In the stage after 120 s, however, ¢, (®)

increases from 3% to 10%. This means the heat loss is overestimated, which leads to the

underestimation of the specific heat capacity of the PMMA.
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Figure 4.4. (a) The rate of heat accumulation into different components during the
holder measurement and (b) the sample measurement. (c) Comparison between f(t)
in the holder measurement and the sample measurement of copper and PMMA. (d)
The relative error of heat loss determination in the case of copper and PMMA,

calculated using Eq. 4.1.

In this chapter, we developed a numerical model of the TPSS heat capacity measurement
to investigates the reason for the underestimated results. The key material properties utilized in
the numerical model are tuned using the holder measurement data, which enables the model to
closely mimic the actual measurements. Afterwards, the model was utilized to estimate the
specific heat capacity of the samples with various thermal conductivity. The estimated values
proved in good agreement with the reference values. Moreover, we quantified the heat loss
occurring during the holder measurement and the sample measurements. It was found that the
conventional theory in TPPS method tends to overestimate the heat loss in the sample
measurements, especially when measurement time is long, which results in an underestimated

heat capacity.
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Chapter 5

CONCLUSION AND OUTLOOK

The TPS measurement of intrinsic A, of films

We have designed and validated a routine to extend the TPS method for measuring the
intrinsic A; of polymer films. In this routine, liquid thermal interface material is introduced for
minimizing and stabilizing the thermal contact resistance. Additionally, film samples with
different thickness are required for deconvoluting intrinsic A, from the measured data, which
contains the effects of thermal contact resistance. This routine is deemed reliable for film
samples ranging in thickness from 80 pm to 600 um with thermal conductivity lower than 2

W/(mK), as illustrated in Fig. 5.1.

Future work can proceed along two distinct path. The first path is the application of this
refined method to investigate novel materials with unknown thermal conductivities, seeking to
connect their material properties with their microstructure. The second path aims to further
extend the TPS method to accommodate a broader spectrum of sample types and a larger range

of measurement temperatures (7).
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Figure 5.1. A comparison of sample size and thermal conductivity specifications
across six commercial methods (TPS?’, TDTR?, 3-0*, LFA®, TWM?* and GHP*’).
The coloured regions with frames indicates the specifications of the methods for
directly measuring thermal conductivity, while the unframed areas represent those
for measuring thermal diffusivity. Arrow signs denote the potential directions for

future enhancement in the TPS method.

The TPSS measurement of C,

We have developed a well-tuned numerical model that is capable of precisely mimicking
the TPSS measurement of C,,. This model offers a precise estimation of heat loss during the
measurement, thereby enabling the correct determination of the specific heat capacity of the
samples. With the numerical model aiding data analysis, the TPSS measurement is anticipated

to accurately evaluate samples with a thermal conductivity above 0.1 W/(mK)..

Future work could extend to the measurement of larger, inhomogeneous samples, such as

batteries, textiles, and building composites, at temperatures reaching up to 200°C (Fig. 5.2).
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