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ABSTRACT

Hybrid Photothermal Technique for Microscale Thermal

Conductivity Measurement

by

Zilong Hua, Doctor of Philosophy
Utah State University, 2013

Major Professor: Dr. Heng Ban
Department: Mechanical and Aerospace Engineering

Most existing thermal conductivity measurement techniques of nuclear fuel only measure
the overall effective thermal conductivity of the fuel, cladding, and gap, with low spatial-
resolution. However, damage to nuclear fuel microstructure caused by neutron-irradiation can
result in sharp, local changes of thermal conductivity. Additionally, extremely large temperature-
gradients (~1600 K/cm) from the fuel centerline to the coolant result in similar gradients of
thermal conductivity. Therefore, in pursuit of greater understanding of nuclear fuel performance,
the objective of this study was to develop a non-contact thermal conductivity measurement
technique to provide micron-sized spatial-resolution capability. Based on photothermal
techniques and using both frequency and spatial-domain photothermal reflectance methods, an
experimental measurement system was designed, built, and tested for measuring the thermal
conductivity of a thin-film coated material with micron resolution. This hybrid method involves
separate measurement of thermal diffusivity, D, and thermal effusivity, e, from which, thermal
conductivity, k = (e%/D)? is calculated. A detailed parametric analysis using analytical solutions

and a numerical model has been performed to guide the experiment and optimize measurement



iv
conditions. The measurement system was validated using two calibration samples having thermal
conductivities at both the upper and lower limit of the common range of nuclear fuels (~1 — 10
W-m™K™). Sources of experimental errors are discussed qualitatively and the uncertainty of the
measurement system for the thermal conductivity range of interest is quantified. The measured
error is found to be about 10%, and up to close to 20% for the worst case (upper limit of k range).

An extended application of the modulated laser excitation technique is explored to
measure mechanical properties of solid materials. This technique involves obtaining the natural
frequencies of different vibrational modes of a cantilever beam sample allowing for the extraction
of the elasticity constants of the material. From Neumann’s principle, the number of independent
elasticity constants is dependent on the symmetry of the material structure. Specifically,
symmetries of crystalline materials and composite materials are analyzed. Experimental results of
two validation samples with cubic crystal system agreed well with the published values with
experimental errors of ~10%.

(118 pages)



PUBLIC ABSTRACT

Hybrid Photothermal Technique for Microscale

Thermal Conductivity Measurement

Zilong Hua

In nuclear reactors, the thermal energy generated from the nuclear reactions needs to be
transferred all the way through the core of the fuels to the surrounding steam to be utilized.
Therefore, thermal conductivity is considered an important thermophysical property of the fuel
which needs to be measured. The nuclear fuel microstructure is known to be damaged by neutron-
irradiation, which can result in sharp, local changes of thermal conductivity. However, most
existing thermal conductivity measurement techniques of nuclear fuel are not able to make high
spatial-resolution measurements. The objective of this study was to develop a non-contact
thermal conductivity measurement technique to provide micron-sized spatial-resolution
capability.

In this study, two lasers are involved for the non-contact feature: one for heating and the
other one for detection. A detailed parametric study is performed to optimize measurement
conditions analytically and numerically. The numerical work was performed using a finite
element model developed in COMSOL Multiphysics. The measurement system was validated
using two calibration samples. Sources of experimental errors are discussed qualitatively and
guantitatively.

An extended application of the laser-involved technique is explored to measure
mechanical properties of solid materials. By measuring the natural frequencies of a cantilever

beam, the elasticity constants of the material can be obtained.



Vi

ACKNOWLEDGMENTS

First, | would like to express my gratitude to my advisor, Dr. Heng Ban, for his never-
ending motivation and inspiration throughout these five years. His words and working attitude
have totally changed my life. I respect him no less than my father. | am equally grateful for the
help and encouragement that | received from my other advisor, Dr. David Hurley from Idaho
National Laboratory. | spent 20 months in his laboratory and his attitude of scientific research
has become my motto in my academic career. | would also like to thank my other committee
members, Dr. Leijun Li, Dr. Steven Folkman, and Dr. Byard Wood, for their guidance during my
graduate studies. Particularly, 1 would like to thank Dr. Steven Folkman for his kind help in and
out of the class in the first semester of my PhD studies when | worked as his teaching assistant.

Also, I would like to thank all my lab mates and staff at Utah State University and ldaho
National Laboratory, for all their valuable discussion and selfless helps. Special thanks go to
Robert Schley, Colby Jenson, Austin Fleming, Charlie Folsom, Jingwen Mo, and Zhuorui Song.
We spent good times together in the past years. They are not only my workmates but also my
greatest friends. The same thanks should be sent to Bonnie Ogden, Chris Spall, and Karen Zobell
for their great help. | also owe my gratitude to many friends who encouraged me to finish this
course. Haiyang Chao, Qi Wang, and Yanzhe Yang gave me lots of useful advice; Xiang Li,
Yuanzhi Zheng, and Li Yang always supported me whenever | needed them; and Deming Yuan
inspired my interests in other areas of life. Limitation of space prevents me from listing all the
names here but I cherish your friendships heart and soul.

I am also grateful to the funding supporter of this project, the Department of Energy,

Idaho National Laboratory.



vii
My deepest appreciation goes to my family members. | have been grateful for the help,
support, encouragement, and love from my parents and my grandparents in every second of my

life.

Zilong Hua



viii

CONTENTS
Page
ABSTRACT . ettt bbb bbb e R bbbt R bR bbb bRt ne s iii
PUBLIC ABSTRACT ...ttt bttt bbbttt bbbt anas v
ACKNOWLEDGMENTS ..ottt Vi
CONTENTS. ettt e bbbt bbb bbb b bbbt b st bt b et b et b et et e b e viii
LIST OF TABLES. ... .ottt ettt bttt bbbttt Xi
LIST OF FIGURES ..ottt Xii
ACRONYMS .. bbb bbb bbb bbbt bbbt b et b b Xiv
NOMENCLATURE ..ottt bbbttt bbbt bbb et XV
CHAPTER

1. INTRODUCTION ...ttt 1

1.1. Heat Transfer and Thermal Transport Properties in Heat
CONAUCTION 1.ttt 1
1.1.1. Thermal CoNdUCLIVILY.......cccoviiiiiiic e 1
1.1.2. Thermal DiffusSiVity .....ccccooiiiiiiiiic e 3
1.1.3. Thermal EFfUSIVITY........ccoiiiiiiiii e 3
1.2.  Thermal Wave and Thermal Diffusion Length............cccccovviviiiiiiiiecicne, 4
1.3. Nuclear Reactions and Nuclear FUElS.............cccoiiriiniiiiincccce, 4
14, IMOTIVALION ..ottt bbb 5
1.5, DisSertation OVEIVIEW ........cccvueiiiieiieiieiesieeiestesee e siaeee e sseessesnaeaesseeeeseesnes 6
2. LITERATURE REVIEW ......ooiiiiiiiiiiet et 7
2.1. Traditional Measurements of Thermal Transport Properties..........c.cc.cecervennee. 7
2.2.  Photothermal TECANIQUES ........cceiiiiiiiiiici st 8
2.2.1. Photoacoustic Technique and Laser Flash Technique............c..c......... 9
2.2.2. Photothermal Displacement SPeCtroSCOPY ......cvvvrvverirreeernirreeienenn 11
2.2.3. Photothermal Deflection TeChniquUe...........cccceoviviiviiiiinininereee 11
2.2.4. Photothermal Radiometry..........cooiiiiiiiiiiie e 12

2.2.5. Photothermal Reflectance Technique.........c.cccoooviiiiiiiiiinieee 14



2.3.  Conclusion of Literature REVIEW..........cccvereiieeierenieie e e e 15
OBUIECTIVES ...ttt bbbttt bbbt 17
THEORY DEVELOPMENT ..ottt 18
4.1. Frequency-Domain Photothermal Reflectance Technique

(FDPRT) ottt ettt bbbt 18

4.1.1. EXisting 1D MOdEel ......ccoooviieiiiiee e 19

4.1.2.  Improved 1D MO ........ccooiiiiiiiiiise e 21

4.1.3. 3D MOEI ..o e 25
4.2. Spatial-Domain Photothermal Reflectance Technique

(S]] 1 = 1 S 28
4.3, SenSitiVIty ANAIYSIS ......ccooviiiiiiiiie s 32
EXPERIMENT PROCEDURE........ccceitiiiiiieiscce e 37
5.1, EXPerimental SEIUP.......cciiiiiiiieicce et 37
5.2, Sample DESCIIPLION. ......cviiiiiiierieieeee e 39
5.3.  Experimental ProCeAUIE ..o 40
EXPERIMENTAL RESULTS AND DISCUSSION.......ccccoviiiiininisinene e 44
6.1. The Determination of Film Thermal Conductivity (Ke).......c.ccoovrvvrerinerennnnes 44
6.2. Data Refinement for Film Thermal Conductivity (i) .....ccccoovvvriiniiiinciennnn. 45
6.3. The Determination of Substrate Thermal Diffusivity (Dg) ........cccovevvvivieiiennns 50
6.4. The Determination of Substrate Thermal Effusivity (8s)........cccccevevivivieiennnas 51
6.5. Thermal Conductivity (ks) Extraction and Discussion on

EXPErimeNtal EITOrS......ccccviiiiiee ettt 52

6.5.1. Discussion of Substrate Thermal Diffusivity (Ds)

MEASUIEIMENT ...ttt e nee e 53
6.5.2. Discussion of Substrate Thermal Effusivity (es)
MEASUIBIMENT ...ttt 54
6.6. Uncertainty QUantifiCation ...........ccceiviiiiiiiiie e 56
6.6.1. Uncertainty Analysis in Substrate Thermal
Diffusivity (Ds) Measurement ...........ccccvevevieveiesieeseseesee e see e 56
6.6.2. Uncertainty Analysis in Substrate Thermal Effusivity
(Bs) MEASUIEMENT ...ttt 57
6.7. Exploration of Measurement RANQE ........ccoooeiveiereieeriere e 59
COMPUTATIONAL SIMULATION ..ot 61

7.1. Introduction of Numerical MOGEL ...........oooveeeiiieeeeeee e 61



7.2.  Simulation Results and ANAIYSIS .........cooiiiiiriiiieeees s 63
8. ELASTICITY CONSTANTS DETERMINATION ....ccocooiiiiiencenese e 66
8. L. INEOTUCTION ..o bbb 66
8.2.  Symmetry Analysis and Independent COMpPONENtS.........ccovvvrerinerereniennenn 69
8.2.1. Symmetry of Crystal Materials............cccccovvveviiieiiieni e, 69
8.2.2. Symmetry of Composite MaterialS...........ccccoveviviiieiiiieciiii e, 69
8.3.  (0/90)s Sample and the Coordinates Used in the Derivation............c..cc.c..... 73
8.3.1. Vibrational Mode and Natural Frequency ............ccocvvvrerinencniennen. 73
8.3.2. Relationship between Elasticity Constants and

Natural FIEQUENCY .......cviiiiiiiiieieieese s 74

8.3.3. Vibrational Modes Measurement from Photothermal
REFIECTANCE SELUP ...viivieiicec e e 76
8.4. Laser-based Resonant Ultrasound Spectroscopy (LRUS).........cccccevvviveiiennas 77
8.5. Strategy to Measure ElastiCity CONStaNtS ..........ccooevviveveriiniienrsiesesesiese e 78
8.6.  Experimental RESUITS...........cooiiiiiiicc e 80
9. CONCLUSIONS AND FUTURE WORK ......coiiiiiiriiie e 82
0.1, CONCIUSIONS ...vieieciieiie sttt sttt e st e saesteeneesteeraeneenne s 82
0.2, FULUIE WOTK ... ieie ettt sttt sae st stnerae e nne s 84
REFERENCES ...ttt sttt et e st e ne et e sneabe st e teeeneas 85
APPENDICES ..ottt ettt sttt se bbb st et e e e seene et e eneebenaenneeeneas 90



Table

4-2

5-1

6-1

6-2

6-3

8-1

8-2

8-3

8-5

Xi

LIST OF TABLES

Page
The parameters used in 1D basic and improved models for simulation....................... 25
The parameters used in the sensitivity analysis...........c.ccoiireinereici e 34
Information of the validation SAMPIES. ........cccveviiiiic e 40
Optimized parameters from the sensitivity analysis...........ccocvereiencininisise e 42
Measured thermal properties and the literature values of the validation
1001 0] L3 T OSSR 53
Summary of the individual uncertainties of all experimental parameters
and their contributions to the overall UNCertainty............ccocvvereieieicieies e 59
Experimental results on more SamMPIES. ........ccooveiiiiiiiieeee e 60
Summary of the anisotropic crystal structure, corresponding symmetry
system, the number of independent elasticity components, and examples. ................... 70
Detailed information of the independent elasticity constants in various
anisotropic cases (isotropic case is added as a reference). ......cocovcevvevevie i cvcce e, 70
Measureable elasticity components of the independent ONes™..........ccccvvveveieveeineennn, 79
Elasticity constants of the validation Samples. ... 81

Experimental data of the flexural modes and sample geometry, E
represents effective elastic MOUIUS. ...........coov i 81



Figure

1.1

2.1
2.2

2.3

2.4
2.5
2.6
2.7
2.8
4.1

4.2

4.3

4.4

4.5
4.6

4.7

4.8

4.9

Xii

LIST OF FIGURES

Page
A cross-section photo of the post-irradiation nuclear fuel rod (notice the
MICIO CIACKS) [7]- +-veeereeiieiee sttt 6
Photoacoustic effect: light — acoustic energy conversion [9]......c.ccccoeevvviviieiesveiennns 10
Laser flash teChniQUE [L6]. ......ccvoveiiiiiieie e 10
Mechanism of the photothermal displacement technique: thermophysical
deformation caused by heating [21]. .....ccccocvevieieiii i 12
A typical setup of the photothermal deflection technique [22]. ......cccoovvviiiiiiiiciieneen, 13
A typical setup of photothermal radiometry [33]........ccccoiriiiieiie e 13
A typical setup of the photothermal reflectance technique [42].........cccoviviiiiiiieniennnn. 14
An example of SDPRT experimental data [37].........cccoceviieviiieiiie i 15
An example of FDPRT experimental data [44]..........ccoooiiiineieieesee e 16
The layered model and boundary conditions in the basic 1D model. ........c...ccccevennnee. 20
Phase lag curves from the basic 1D model (green line), improved 1D
model (red dot) and improved 1D model with only Rth considered (blue
AASIN TINE). 1 24
The 3D model and coordinate SYSTEM. .......c.cocveiiiiiieii e 25
Phase-lag curves from the improved 1D model (blue line) and the 3D
MOodel (red dash TINE). ... 28
Spatial-domain measurement model and coordinate SyStem...........ccccvevririinerenenienns 30
Dispersion relation curve of a layered sample [44]......cccoovoviiiiiiciciciccecc e, 32
The comparison of thermal wave number obtained from the simplified
model (red line) and the 3D model (black dot). ........ccocviiiiiiiiiic e 32
Sensitivity analysis of the spatial-domain measurement on sample A at the
frequency of (a) 100 Hz and (b) 50 KHZ........cccooiiiiiii e 34

Sensitivity analysis of the spatial-domain measurement on sample B at 100



4.10

51

5.2

6.1

6.2

6.3

6.4

6.5

6.6

7.1

7.2

7.3

7.4

7.5

8.1

8.2

8.3

8.4

8.5

Sensitivity analysis of the frequency-domain measurement on sample B ..................... 36
Design diagram of the experimental SELUP. .......ccoevveiiiiii e 38
A picture of the experimental SELUP. .....cccveviiiieiiiice e e 39
An example of the spatial-domain measurement data for kf extraction [44]. ................ 45

An example of a 60-spot data set with unacceptable asymmetry. Notice
the significant scatter of the data measured at 50 kHz (the green data set).................... 48

An example of a different type of asymmetric data set. The measured data

at 50 KHz is shifted to the right relative to the fitted curve. .........ccccoooiiiiiiiciciens 48
A comparison of two fitting reSUILS. ........cccoviieie i 50
Refinement result (overall). Upper pane: OSP VS. Kf.......ccocooiiiiiieiiiiecee 51
Dispersion relation plots from the real experimental data of SiO2 and

CaF2 SAMPIES [A4]. .ottt s nes 52
Obtaining the phase information of the temperature response from the

NUMEFTCAL MOTEL. ... et nrenne s 62
Phase-lag profile acquisition of the numerical model. ..........c.cccooieiiiiiniiiiiees 62

Simulation result from the numerical model to examine the influence of
the size and intensity distribution of the probe laser to the experiment [56].................. 63

The influence of ks change caused by the temperature rise to the phase lag,
simulated from the numerical model [56]. .......cccooiviiieiiiiiiii e 64

The experimental error caused by the convection and radiation heat

TFANSTEE [56]. ..ttt 65
An example of unidirectional fiDer. ... 71
A cross-section picture of (0/90)S COMPOSILES. .......ccvevviiieriiiiiie e 71
(0/90)s sample and the coordinates used in the derivation..............cccccevcvviviievivsciennnenns 73
() Bending mode; (b) lateral mode; (c) torsional mode [58]. ....c.cccovvevviviieiviieieinn 74

Design diagram of the cantilever beam sample..........cccooieiiiiiniie e 76



AOM

B.C

CCD

COMSOL

DP

EBSD

FDPRT

GS

LRUS

ODP

OSP

PA

PD

PTR

SDPRT

SP

ACRONYMS

acousto-optic modulator

boundary condition

charged-couple device

COMSOL Multiphysics software package
deviation parameter

electron backscatter diffraction

frequency-domain photothermal reflectance technique
general slope

laser-based resonant ultrasonic spectroscopy
overall deviation parameter

overall slope parameter

photoacoustic

photothermal displacement

photothermal radiometry

spatial-domain photothermal reflectance technique

symmetry parameter

Xiv



NOMENCLATURE

Stiffness tensor (stiffness constant), [N/m?]
Temperature dependent coefficient of thermal conductivity, [N/m%/K]
Thermal diffusivity, [m?/s]

Thermal diffusivity of the film, [m%s]

Thermal diffusivity of the substrate, [m?/s]
Effective thermal diffusivity, [m?s]

Young’s modulus, [N/m?]

Shear modulus, [N/m?]

Polar moment of the cross section, [kg-m?]
Length, [m]

Thermal diffusion length, [m]

Effective thermal diffusion length, [m]

Heating laser power, [W]

Heat flux, [W/m?]

Heat flux into the film, [W/m?]

Heat flux into the substrate, [W/m?]

Optical reflectivity of the film

Optical reflectivity of the substrate

Compliance tensor (compliance constant), [m?/N]
Temperature, [K]

Temperature of the film, [K]

XV



5(x)

XVi
Temperature of the substrate, [K]
Major axes of the heating laser beam, [m]
Minor axes of the heating laser beam, [m]
Specific heat capacity, [J-kg™K™]
Specific heat capacity of the film, [J-kg™K™]
Specific heat capacity of the substrate, [J-kg™-K™]
Thermal effusivity, [J/(m?s*?K)]
Thermal effusivity of the film, [J/(m’s"?K)]
Thermal effusivity of the substrate, [J/(m%"?K)]
Frequency, [Hz]
Film thickness, [m]
Thermal conductivity, [W-m™K™]
Thermal conductivity of the film, [W-m™K™]
Thermal conductivity of the substrate, [W-m™K™]
Thermal wave number, [m™]
Time, [s]
(solid mechanics) Thickness, [m]
Width, [m]
Optical absorption coefficient, [m™]
Optical absorption coefficient of the film, [m™]
Optical absorption coefficient of the substrate, [m™]
The ratio of the substrate thermal effusivity to the film thermal effusivity
Phase (lag), [deg]

Dirac delta function



Py

Ps

Tr

Radiation emissivity

(solid mechanics) Strain

Density, [kg/m’]

Density of the film, [kg/m?]
Density of the substrate, [kg/m®]
Stress, [N/m?]

Characteristic time of the film, [s]

Angular frequency, [Hz]

XVil



CHAPTER 1

INTRODUCTION

In this chapter, the essentials of heat conduction are discussed with the important
parameters including thermal conductivity, diffusivity, and effusivity, thermal wave, and thermal

diffusion length. The significance of this project is stated in the end.

1.1. Heat Transfer and Thermal Transport Properties in Heat Conduction

Heat transfer as a common energy-exchange phenomenon widely exists in solids, liquids,
gases, and across the voids of vacuum. The fundamental modes of heat transfers are heat
conduction, heat convection, and heat radiation. Heat conduction occurs inside material and
across the contact interface between separate bodies. Heat convection occurs between moving
fluids and/or surfaces. Heat radiation is the only mode that does not need a medium and occurs
between two non-contacting materials. In this work, the mechanism of interest is heat conduction
in solids. Three important thermal properties that describe thermal conduction in a continuum are

introduced in this chapter: thermal conductivity, thermal diffusivity and thermal effusivity.

1.1.1. Thermal Conductivity

Thermal conductivity is the most important thermal transport property in heat conduction.
In current textbooks [1], thermal conductivity is commonly introduced through the one-
dimensional (1D) Fourier’s law, which states the relation between the heat-flow rate through a

homogeneous solid and the temperature gradient along the heat-flow path as:

aQ _ E
2= kAT (1.1)

where A is the cross section area, and the proportionality ratio k is thermal conductivity. In most
literatures, thermal conductivity is denoted as k or 4. It has an SI unit as Watt (W) / meter (m) /

Kelvin (K).
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Thermal conductivity of different types of materials can vary greatly. Most metals are
good thermal conductors with thermal conductivity of ~100 W-m™K™, while for glass, wood and
concrete the value is comparable to or less than 1 W-m™K™. The reason for large variations of
thermal conductivity in materials is differences in their microstructures. In metals, free electrons
are the primary thermal-energy carriers. For non-metallic crystals that do not have free electrons,
the heat conduction mechanism is different. In 1912, Debye stated that the heat conduction
mechanism in crystals is the wave motion formed by lattice vibration. To describe the vibrational
motion, phonon was introduced by Russian scientist lgor Tamm in 1932. A phonon represents an
excited state in the quantum mechanical quantization of the lattice vibrational modes, which can
be treated as particles. In modern solid state physics, phonons are considered to be the primary
thermal-energy carriers in non-metal crystals [2].

For both metals and non-metallic crystals, thermal conductivity is a function of number
density, heat capacity contribution, mean free path, and mean moving velocity of the carriers. The
high number-density of free electrons is considered the main reason why most metals are good
thermal conductors. In contrast, the low number density and long mean free path of phonons
generally lead to low thermal conductivity of non-metals. Still there are several exceptions
including diamond, which has the highest recorded thermal conductivity of any bulk solid. Some
of these parameters such as mean free path are temperature dependent, leading to the temperature
dependence of thermal conductivity. For imperfect materials, thermal conductivity may be
dramatically reduced because of the existence of defect, impurity, and boundary scattering in both

metals and non-metals.



1.1.2. Thermal Diffusivity

Thermal diffusivity plays an important role in transient heat-conduction procedure. It is
defined as thermal conductivity divided by volumetric heat capacity, %, with the SI unit of m?/s.
The transient heat-conduction equation explicitly contains thermal diffusivity:

ver -1 ¢ (1.2)
Thermal conductivity is a property of a material that describes how well it transports thermal
energy. Thermal diffusivity is a material property that describes how fast the temperature of a

material responds to an imposed heat flux or a temperature change of surrounding environment.

Good thermal conductors generally have high thermal diffusivity as well.

1.1.3. Thermal Effusivity

Thermal effusivity is perhaps the least familiar one of the three thermal parameters being
discussed. It is an indicator of a material’s ability to exchange thermal energy with its
surroundings. In other words, thermal effusivity describes the transient thermal-behavior at the
interface of two objects in contact. The temperature of the contact interface between two semi-
infinite bodies only depends on the temperatures of the bodies and their effusivities. The
definition of thermal effusivity is the square root of the product of a material’s thermal
conductivity and volumetric heat-capacity, e = (kpc)*/?, and the SI unit for thermal effusivity is
I(m%K).

An explicit relation of three thermal transport properties can be found as k = e x D'/2.
Because thermal conductivity is difficult to extract directly from experimental measurements, the
approach used in this work is to measure thermal diffusivity and thermal effusivity separately,

from which thermal conductivity can be calculated.



1.2.  Thermal Wave and Thermal Diffusion Length

Two important concepts, thermal wave and thermal diffusion length, are introduced in
this section to help understand heat conduction and the approach of this measurement. Thermal
wave (or temperature wave) was introduced by Carslaw and Jaeger in the classic work,
Conduction of Heat in Solids [3]. In the book, the temperature expression derived from the
thermal conduction equation with harmonic heat source was proved to be a wave-like function,
changing periodically in both space and time. This “thermal wave” also showed other wave
propagation features such as reflection, refraction and transmission. Since then, the thermal wave
has been widely used to describe temperature oscillations produced by a periodic heat-source.

To describe the range of thermal-waves propagation (always in solid materials) from the
heat source, thermal diffusion length is defined as L;,, = \/g. The dependence of the thermal

diffusion length on the frequency (f) of a harmonic heat-source is widely utilized to measure
thermal properties of multi-layered samples. The definition of thermal diffusion length in the case
of pulsed-transient heat source was given by a more traditional way — the distance at which the

temperature amplitude of the heat flux reduces to 1/e compared to that at heat source.

1.3.  Nuclear Reactions and Nuclear Fuels

Nuclear energy is a promising candidate for near-term replacement of traditional fossil
fuels. Nuclear fuel has an energy density thousands-of-times more than fossil fuels with near-zero
greenhouse gas emission. Nowadays, nuclear power plants provide about 6% of the world’s
energy and 13-14% of the world’s electricity [4].

Commercial nuclear power reactors generally use sustained nuclear fission to generate
heat and electricity. The fissile materials that can sustain fission chain reactions are nuclear fuels.
The most common nuclear fuels are 2°U (the isotope of uranium with an atomic mass of 235) and

%Py (the isotope of plutonium with an atomic mass of 239). In nuclear reactors, the fissile
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materials absorb neutrons and split into the fission products, releasing energy, gamma radiation
and free neutrons. A portion of these neutrons may later be absorbed by other fissile atoms and
trigger further nuclear chain reactions. By using neutron poisons and neutron moderators, nuclear

chain reactions can be controlled or stopped if unsafe conditions are detected in nuclear reactors.

1.4. Motivation

Thermal conductivity of nuclear fuel is intimately related to energy conversion efficiency
and reactor safety. Due to the microstructure damage caused by neutron irradiation (Fig. 1.1),
thermal conductivity of nuclear fuel is known to depend strongly on the local environment,
sometimes with extremely sharp changes within a few millimeters. Therefore, a significant need
exists to know the thermal conductivity distribution inside nuclear fuel with high spatial-
resolution. However, current in-pile measurement techniques, for example, use thermocouples to
measure the temperature gradient in the nuclear fuel and only provide an “effective” thermal
conductivity of the fuel, cladding and gap [5]. The laser flash technique, another commonly used
technique to measure thermal properties of nuclear fuels, also lacks required spatial-resolution to
make local measurements [6].

The main motivation of this project is to develop a measurement technique to fill a
technology gap. Based on the photothermal reflectance technique, our approach measures thermal
conductivity of solid materials (ultimately, nuclear fuels) with micrometer spatial-resolution
requiring only a small surface area (typically less than a square millimeter) for measurement.
Thus, sample size can be made very small, which is also helpful for handling irradiated nuclear

fuel materials.
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Figure 1.1 A cross-section photo of the post-irradiation nuclear fuel rod (notice the micro
cracks) [7].

1.5. Dissertation Overview

This dissertation is divided into four main parts. A literature review, objectives and
theoretical models are given in detail in Chapters 2 — 4, respectively. Experimental details are
described in Chapter 5 and 6, including the experimental setup, results, and related discussions. In
Chapter 7, a numerical model built in finite-element analysis software COMSOL is introduced.
The influences on experimental results from some parameters which are impossible to be
considered in analytical model are checked in numerical model. Chapter 8 demonstrates an
extended project to measure mechanical properties (elasticity constants) of solid materials in the
form of a cantilever beam. By examining the change of elasticity constants, it has the potential to
detect microstructural changes inside nuclear fuels. In the end, Chapter 9 gives the conclusions

and future plans.



CHAPTER 2

LITERATURE REVIEW

In this chapter, photothermal techniques, as the most popular transient technique to
measure thermal transport properties with high spatial-resolution, are reviewed. The photothermal
reflectance techniques in spatial domain and frequency domain are selected to measure thermal
diffusivity and effusivity with the resolution of micrometer range and extract thermal

conductivity from thermal diffusivity and effusivity data.

2.1. Traditional Measurements of Thermal Transport Properties

Before photothermal techniques were invented and developed to be mainstream
techniques, countless efforts had been made in the development of thermal property
measurements. A general classification divides the measurements into two categories. The first is
steady-state measurements where a static temperature-gradient is established in a sample from a
heat source (e.g., an electrical resistance heater). The temperature difference between two (or
more) locations is measured as well as corresponding heat flux. Thermal conductivity can then be
derived from Fourier’s law in a straight forward manner. To reach steady state, relatively long
time is required to apply the measurements. One annoying problem of steady-state measurements
is that the existence of contact resistance from thermometers makes the measurements difficult to
carry out for good thermal conductors. Nowadays this technique is still employed in some areas if
local thermal conductivity is not required and the sample thermal conductivity is not high.

As opposed to steady-state methods, transient methods measure time-dependent
temperature responses to a heat excitation, and obtain properties based on the transient heat
conduction equation. A further distinction for transient methods is that the heat source can be a

periodic or short-duration transient. Periodic heating was first introduced to measure thermal
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diffusivity by Angstrom in 1861 [8]. In this classic method, a harmonic heat source is applied to a
sample to create periodic temperature variation, and the thermal diffusivity can be derived from
either the variation of the amplitude or phase of the induced thermal wave at different locations.
Another type of transient methods is to use a pulsed heat source instead of a harmonic heat
source. Thermal properties can be derived from the temperature response of the sample after the
short excitation. These two types of transient methods are the basis of current photothermal
techniques in frequency domain and time domain respectively.

Undoubtedly, the equations of analytical solutions for transient methods are more
complicated than the ones for steady-state methods. However, steady-state methods can only
measure thermal conductivity with low spatial-resolution for a bulk solid with one surface
available for measurement. Given proper boundary conditions and a well-defined heat source,
more thermal transport properties can be obtained from non-steady-state methods with good

spatial accuracy.

2.2. Photothermal Techniques

With more than 30 years of development, photothermal techniques have been widely
accepted as one of the best options to measure thermal transport properties of materials with high
spatial-resolution. In a typical photothermal setup, a pump laser is used as a transient heat-source,
modulated either in the frequency domain (amplitude-modulated continuous-wave laser), or in the
time domain (short-duration pulsed laser). The means of the temperature-change detection caused
by the thermal-wave propagation are different in various approaches. Often, another laser (termed
the probe laser) is used in one of several different manners including: detecting the thermally-
induced deformation of the surface (i.e., photothermal displacement technique), measuring the
temperature gradient (refraction index gradient) of the surrounding gas above the heated surface

(i.e., photothermal deflection technique), or sensing small temperature-induced changes in optical
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reflectivity of the heated surface (i.e., photothermal reflectance technique). For some
photothermal techniques the probe laser is not necessary, such as the photothermal radiometry
technique, in which the radiated heat from surface is collected by an infrared detector.

Laser-based photothermal techniques have several intrinsic advantages: the
measurements are non-contact and non-destructive and can be done in a relatively short time;
micrometer spatial-resolution is possible with proper laser selection and modulation. A
considerable number of studies have been published on measuring thermal conductivity,
diffusivity and effusivity of a wide variety of solid materials, liquids and gases. A brief review of

the literatures of popular photothermal techniques is presented in the following sections.

2.2.1. Photoacoustic Technigue and Laser Flash Technique

The sound waves generated by thermal expansion upon photothermal heating can be
detected acoustically, resulting in a separate category of measurements known as the
photoacoustic (PA) technique. Periodic thermal expansion and contraction of the sample surface
causes the surrounding gas-layer to expand and compress periodically, generating a detectable
acoustic-signal. After the PA effect was first discovered by Alexander Graham Bell in 1880, new
technologies, such as microphone and lock-in amplifier, have been added in to improve the
detection sensitivity. By the early 1970s, development of the laser had made the PA technique
widely used to measure thermal properties. The PA technique was first applied to measure
thermal diffusivity in 1975 by Rosencwaig and Gersho [9]. By including the optical-thermal
energy conversion term in heat diffusion equations, they derived the AC component of the
temperature distribution and the gas displacement under periodic laser-excitation as functions of
the thermal diffusivities of the gas and sample. Using similar theories, thermal diffusivity and

conductivity of some materials have been measured [10, 11].
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Figure 2.1 Photoacoustic effect: light — acoustic energy conversion [9].

Another famous laser-based technique to measure thermal transport properties is the laser
flash technique, introduced by Parker in 1961 [12]. Due to the technology limitations at the time,
a flash tube was initially used as the heat source but later lasers have become the standard. The
principle of the technique is to detect the diffusion speed of a thermal energy pulse travelling
through a sample by pulsed heating on the front surface of a sample and measuring the
temperature change of the rear surface. The time-dependent feature of the laser flash technique
leads its main application to measure the thermal diffusivity of a large range of solids and liquid

materials, including bulk materials, coatings, composites, polymers and glasses [13-15].
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Figure 2.2  Laser flash technique [16].
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Although the PA, laser flash and other photothermal techniques are essentially based on

the same thermal transport theory, differences exist in data from different techniques. The
mechanism of the PA technique is to detect induced acoustic effects to reflect the delay in the
temperature response to the period heating. In the laser flash technique only diffusion speed of
thermal flux is determined from a combined effect of the amplitude and phase delay of the
temperature wave propagation through the sample. In many other photothermal techniques, the
amplitude and phase changes due to thermal-wave propagation and scattering can be obtained

individually, which can provide a better local thermal properties measurement.

2.2.2. Photothermal Displacement Spectroscopy

Photothermal displacement (PD) spectroscopy was introduced by Olmstead in 1983 [17].
The principle of the PD technique is to use a modulated pump laser beam to generate a regional
temperature fluctuation and thermoelastic deformation on sample surface, which is detected by
the variation of the reflection angle of an incident probe laser beam. By analyzing the variation of
the reflection angle in frequency domain or time domain, the sample optical absorption, thermal
expansion coefficient, thermal diffusion length and thermal conductivity can be determined [18-
20]. To perform this technique on thermal conductivity measurement needs information of the
thermal expansion coefficient and Poisson ratio. These additional parameters bring uncertainty

and signal-to-noise ratio issues to the thermal properties determination.

2.2.3. Photothermal Deflection Technique

In 1979 Boccara, Fournier and Badoz proposed the photothermal deflection technique
(they named it “photoacoustic spectroscopy” as an evolution from the PA technique) [22]. It
detects the refractive index gradient associated with the temperature gradient of the surrounding
gas on the heated surface which is also called “mirage effect.” A general setup includes a pump

laser to generate thermal wave on a sample surface, a probe laser to detect the refractive index
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Figure 2.3  Mechanism of the photothermal displacement technique: thermophysical
deformation caused by heating [21].

gradient by passing through the heated gas, and a position-sensing detector to monitor the probe
beam deflection. By plotting the recorded deflection angle as a function of the wavelength of the
heating laser beam Boccara obtained the photothermal spectroscopy (“photoacoustic
spectroscopy” in ref. 17 and 18) and the coefficient of optical absorption was derived [20, 23]. A
few months later, the relationship of the deflection beam angle/amplitude to the thermal
properties of the gas was derived from a similar setup by Murphy and Aamodt [24] and the
photothermal deflection technique was formally introduced. Despite the incapability of
performing precise local measurements, the photothermal deflection technique has received
significant development and has been applied for measuring thermal properties of many materials

[25-27].

2.24. Photothermal Radiometry
Based on the detection of blackbody thermal radiation, photothermal radiometry (PTR) is
another well-established photothermal technique. In a typical PTR approach, the transient

thermal-flux emitted from the heated sample surface is collected by a cooled photoconductive-
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detector. This technique was first introduced by Nordal and Kanstad in 1979 as an alternative to
the traditional spectroscopic analysis of solid and semisolid materials [28]. Santos and Miranda
worked out a quantitative derivation of the PTR signal in frequency domain and time domain
involving optical absorption in 1981. The results showed the capability of the PTR technique to
measure thermal diffusivity and the coefficient of optical absorption of solids [29]. To date,
several PTR theoretical models have been developed and applied to measure thermal properties

of various solid materials [30-33].
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Figure 2.4 A typical setup of the photothermal deflection technique [22].

Laser

Lock-in Amplifier |—
Control

Laser

- Sample

Pre-amplifier

Detector

Figure 2.5 A typical setup of photothermal radiometry [33].
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2.2.5. Photothermal Reflectance Technique
The change of the optical reflectivity of a solid material can be considered as a linear
function of the temperature change (in a moderate temperature range) [34]. This phenomenon was
first utilized on the photothermal reflectance technique by Rosencwaig in 1985 [35]. The rate of
optical reflectivity change to temperature change is defined as the temperature coefficient of
optical reflectivity. A typical photothermal reflectance system includes a pump laser as a
modulated heat source in frequency domain [36-38], time domain [39] or spatial domain [40, 41]
and a continuous-wave probe laser (or a split branch of the pump laser before modulation) to
detect the optical reflectivity change as an indicator of the temperature change. Depending on
different boundary conditions, thermal conductivity, diffusivity and effusivity can be measured.
Performing this technique requires a sample that has a large temperature coefficient of optical
reflectivity, high absorptivity at the pump laser wavelength and high reflectivity at the probe laser
wavelength. These requirements can be satisfied by coating a particular metal film which absorbs
photons at specified wavelengths on the sample. The sample is usually polished to enhance the

overall reflectance.
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Figure 2.6 A typical setup of the photothermal reflectance technique [42].
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2.3. Conclusion of Literature Review

Based on the review of the literature, the photothermal reflectance technique was found
to be the most promising option to make thermal conductivity measurements with micrometer
resolution. The laser flash method lacks local measurement ability; signal intensity of the
photoacoustic, photothermal deflection, and photothermal displacement techniques depend
heavily on the measurement setup, thus signal-to-noise ratio is very difficult to guarantee; PTR
technique requires sample black-body radiation and has a resolution limitation.

Based on the photothermal reflectance technique in the spatial domain (SDPRT) and
frequency domain (FDPRT), numerous measurements have been reported to obtain thermal
properties with high spatial-resolution successfully. SDPRT, first reported by Fanton [43], is
essentially a recall of Angstrom’s method to detect the phase-lag on a sample surface caused by
the separation of the pump and probe lasers. For the samples composed of a single material,
thermal diffusivity can be derived from the slope of the phase-lag (Fig. 2.7) in a straightforward

manner. The details are discussed in Chapter 4.
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Figure 2.7 An example of SDPRT experimental data: x-axis represents the separation distance
between the heating laser and the probe laser, and y-axis represents the phase-lag caused by the
separation [37].
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Figure 2.8 An example of FDPRT experimental data [44].

Different from SDPRT, in FDPRT, both lasers are kept concentric while varying heating
frequency and recording the phase-lag of the corresponding temperature. FDPRT is one of the
most popular methods to obtain thermal properties of film-substrate structure samples because the
detection depth (thermal diffusion length) decays with thermal wave modulation frequency.
Applying FDPRT with 1D heating, thermal effusivity has been reported successfully measured
from the phase-lag vs. frequency plot [45].

A combination of SDPRT and FDPRT is concluded to be the best option for thermal
conductivity measurement in this project. By measuring thermal diffusivity and effusivity of the
sample (in this case, the substrate in a layered structure), thermal conductivity can be deduced
from the explicit relation k = e x D/2. Depending on the thermal diffusion length and laser spot
sizes, spatial resolution of this hybrid system can reach the micrometer level. The utilization of
frequency-dependent thermal diffusion length in FDPRT also makes it a good option for
measuring interface resistance between layers or detecting subsurface defects[21, 42, 46, 47].
Recently, by using fiber lasers instead of diode lasers, Yarai has reported to compact a FDPRT

system into a laptop-size case, which makes the in-situ measurements possible [48].



17

CHAPTER 3

OBJECTIVES

The overall goal of this work is to develop a hybrid photothermal reflectance system to
measure thermal diffusivity and effusivity in spatial and frequency domains, respectively, and
thus determine thermal conductivity of solid samples with high spatial-resolution. Ultimately, this
approach will be performed on nuclear fuel to obtain the thermal conductivity distribution with

micrometer resolution. The specific objectives include:

Based on the photothermal reflectance technique in frequency domain, establish a theoretical

model including interface resistance and absorption coefficient to measure thermal effusivity;

e Design and build a hybrid photothermal reflectance setup to measure thermal effusivity and
diffusivity, and optimize this system by performing a detailed parametric analysis of the
parameters of interest from the analytical and numerical models (COMSOL Multiphysics);

e Validate the method by performing the measurement on samples having thermal conductivity

at both the upper and lower limit of the common range of nuclear fuels;

o Determine experimental uncertainty.



18

CHAPTER 4

THEORY DEVELOPMENT

In order to obtain thermal conductivity, k, the 1D frequency-domain and spatial-domain
photothermal reflectance techniques are used to measure thermal effusivity, e, and diffusivity, D,
separately. In this chapter, theoretical details of the measurements are discussed. The existing 1D
model to measure e does not consider thermal contact resistance (or “Kaptiza resistance™), Ry,
and optical absorption coefficient, a, which is shown to be insufficient by our improved model. A
3D model with anisotropic thermal conductivity of both layers is built and mathematically solved

to give the analytical solution, from which the sensitivity analysis is carried out.

4.1. Frequency-Domain Photothermal Reflectance Technique (FDPRT)

The basic idea of the frequency-domain photothermal reflectance technique is to
periodically modulate the intensity of the heating laser and record the corresponding in-phase
temperature change of the heated area (from a probe laser beam reflected off the sample surface).
The phase-lag profile, which is a function of the modulation frequency, carries the information
that indicates thermal properties of the sample. Depending on the heating condition, i.e., the
relationship of the heating area to the thermal diffusion length, Ly, theoretical models can be
formulated in 1D and 3D coordinates. Theoretically, using a 3D model provides greater flexibility
in terms of the number of parameters that can be explored. In practice, however, the added
complexity of 3D models always causes sensitivity issues to the parameters of interest, thus
lowering the confidence of experimental results. Additionally, in most measurements based on
3D models, an inverse multi-parameter fitting process is required to extract the parameters that
exist implicitly in the analytical solution. This process is always tedious and the uniqueness of the

solution is hardly guaranteed. On the other hand, e of a two-layer sample can be measured from a
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less complicated fixed-frequency experiment based on a 1D model. As a consequence, the
frequency-domain measurement based on a 1D model is selected for e extraction. The derivation

is given in the following sections.

4.1.1. Existing 1D Model

As stated previously, e is introduced from the interface between the film and substrate
layers. Without a metal film coated on a thermally thick sample, the phase of the 1D model is
independent of any thermal property and results in a constant value of -n/4 regardless of the
modulation frequency. In the layered model, e; is a function of the film properties and modulation
frequency. If the thickness and the thermal properties of the film are known, e is the only free
variable in the phase expression and can be extracted from a fixed-frequency measurement. The
first successful measurement was reported by Yagi et al. [38]. The assumptions of the 1D model
used in that manuscript include:

1) 1D sinusoidal heating condition is supplied;

2) the substrate layer is semi-infinite in both radius and depth directions;

3) the film layer is semi-infinite in radius direction;

4) contact thermal resistance, Ry, at the interface is negligible.

The governing equations in this 1D model can be stated as

62Tf an

kf ax2 — prf¥ =0 O<x<h (41)
92T, aT.

ks Fzs — PsCs a_ts =0 x>h (42)

where subscripts f and s indicate film and substrate separately, and h is the thickness of the film,

with the boundary conditions

aT .
~ky~Z|x=0 = Qo sin(wt) B.C1)

Trlx=n = Tslx=n B.C2)
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Figure 4.1 The layered model and boundary conditions in the basic 1D model.
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The layered model and corresponding boundary conditions are plotted in Fig. 4.1. The

phase-lag of the temperature response to the heat source is expressed as

cosh? @(tﬁnh@+ﬁ>(tanh\/§+ﬁ—l)
COSZ@(B—ﬁ-l)tan J? )

-6 = 2” + tan~1(

(4.3)

where B = es/e; and 7, = h?/Dy.

In all assumptions of this 1D model, 1D heating is the most important one. Ideally, the
1D heating condition can only be satisfied by using an infinite large heat source with uniform
heat flux to heat the whole sample surface. In laser-based measurements, a rule of thumb to
satisfy 1D heating is to make heating laser spot size 10 times larger than the thermal diffusion
length, Ly. It requires a large beam size and high modulation frequency of the heating laser. In
most 1D frequency-domain measurements, the heating laser is modulated to megahertz or higher,
thus Ly, in the film layer is comparable to 1 pum. In this case, a size of 10 pum is the bottom-line of
the heating laser spot in order to satisfy the 1D heating assumption.

The other assumptions also need to be verified. For a sample with dimensions ~ 1 mm
with a coating spanning the entire measured surface, assumptions 2) and 3) are valid. However,

R, Which is ignored in assumption 4), is always found at the interface between the film and
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substrate layers. The existence of Ry, significantly affects thermal wave propagation and e

measurement result. Sensitivity analysis in Section 4.3 also shows that the sensitivity curves on e

and Ry have the same peak position. In an extreme case of both layers being good thermal

conductors (e.g., metal), the existence of Ry, can dominate the thermal wave propagation, thus
make it impossible to extract thermal properties.

As a consequence, it is important to add Ry, into the 1D model and quantitatively discuss

its influence to the experiment. An improved 1D model is required.

4.1.2. Improved 1D Model

In this section, the existing 1D model is revised to include the influence of Ry, in the
measurement of e;. Additionally, an implicit assumption in the basic model is examined and
modified to make the improved model more representative of reality: the heat flux from the pump
laser is no longer fully absorbed on the surface of the coating film but within a small volume
(depth in the 1D model) of the film layer. It introduces a new parameter, optical absorption
coefficient, a, to the improved model.

To prove the use of the implicit surface heating condition in the basic 1D model,

governing equation of heat conduction in film is redefined as

9T aT .
kg axzf — pscy 6_tf = Qo sin(wt) X §(x) (4.1)*

The added Dirac delta function J(x) represents the surface heating condition and
diminishes by applying the Fourier transform so that it does not influence the phase-lag
expression. This confirms the application of the implicit surface heating assumption in the basic
model. It is worth noting that the unit of Q, needs to be modified with respect to the unit of the
Dirac delta function.

Comparing to Ry, the influence of « to the experimental result is expected minor because

most laser energy does not penetrate deep into the metal film. Based on the wavelength of the
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pump laser and the coating material used in this project, the literature value of the optical
absorption depth («) is about 10 — 20 nm, which is one or two digits smaller than Ly, (in our case
at the measurement frequency of 1 MHz, Ly, is about 1 um). Nevertheless, we still decide to add
this parameter to the improved 1D model for a couple of reasons: a different coating material or
laser with different wavelength may change the optical absorption depth; a higher measurement
frequency will shorten Ly, and decrease the contrast between Ly, and the optical absorption depth.
If the heating laser is modulated in the frequency range of gigahertz, the volume absorption effect
will become significant.

The governing equation to describe the heat conduction in the film layer needs to be
rewritten to include a:

a%r oT . >
ks axzf — pfcfa_tf = @, sin(wt) exp(—ax) 4.1

The boundary conditions correspondingly become

aT ,
~k—ZLlx=0 =0 B.C1)

oT aT. >

kf a_xf lx=n = ks 6_9: | x=n B.C2)

aT ,
~Renks - lx=n = Tr = Ts B.C3)

The added Ry, is in the modified boundary conditions 3)’.

The derivation is a bit lengthy and only the result is given here. The expression of the

Ho(Hy—H3)

surface temperature response is Ty = + P, and

3tHy

Q 1

Hy=22——
0 ki a? — o2

a
H, = Eexp(ah) + exp(—ah)
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H, = TE. (Rthk A+ 1)[exp(—ah) — exp(ch)]
H; = exp(ch) + exp(—och)
H, = Ik_ (Rthk A+ 1)[exp(ch) — exp(—ah)]
P=- k — 62( +2) (4.4)

where o = \/% and A = \/;E. Phase-lag 6 is obtained from

_ —1 Imag(Ty)
6 = tan (—Real(To)) (4.5)

The details of derivation can be found in Appendix A.

At first glance, it appears that e; cannot be extracted because of the existence of the
substrate thermal conductivity (ks) and diffusivity (Ds, contained in A1) terms in H, and Hy.
However, a little more investigation reveals that all terms containing ks and Ds are only in the

form of the combination kA and a simple relation exists to convert them to e:

koA = k, JDE = Viwe, (4.6)

If the coating layer material and heating laser wavelength are both determined, Ry, and «
can be obtained from literatures. Take our experiment as an example. In order to guarantee a good
signal-to-noise ratio (which requires a high temperature coefficient of optical reflectivity), the
sample needs a Titanium coating and the heating laser needs a wavelength of 532 nm. Based on
these selections, the literature value of Ry (between Titanium and other material)
approximately 5x10° Km?%W [49], and « is 610'm™ [50]. Therefore, if the film properties are all
known, e; can still be obtained as the only free variable from a fixed-frequency measurement as in
the basic model.

The phase-lags solved from the basic and improved 1D model analytical solutions with

respect to the modulation frequency are plotted in Fig. 4.2. All parameters used in the simulation
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are listed in Table 4-1. A deviation of approximately 0.3 degree is found at 1 MHz between the
basic and improved models. Depending on the materials, film thickness, a, and Ry, at the
interface, this deviation can go up to a few degrees and lead up to a 10% error of e; measurement.
If a stronger influence of Ry, is found or an accurate value of Ry, is needed, it can be added as the
second fitting parameter with e; and an inverse fitting process will be necessary. In that case, a
frequency scan in the 1D heating region (e.g., 1 MHz — 5 MHz in this experiment) is required
instead of the fixed-frequency measurement, and the uniqueness of the solution needs to be
examined as well.

An interesting result is noticed from Fig. 4.2 that the sole influence of a at the
measurement frequency is obviously larger than what we predicted. A reasonable explanation is
that the optical absorption depth (about 17 nm) is smaller but still comparable to the film
thickness (170 nm), thus the temperature distribution of the film in the depth direction is different

from the surface heating condition case.
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Figure 4.2 Phase lag curves from the basic 1D model (green line), improved 1D model (red dot)
and improved 1D model with only Rth considered (blue dash line).
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Table 4-1  The parameters used in 1D basic and improved models for simulation.

Parameters Unit Basic model ‘ Improved model

ks W-mtK* 9.6

Py kg/m® 4506

G JK1kg't 523.5

Ks WmK?! 1.4

Ps kg/m® 2200

Cs JK kgt 670

h nm 170

R Km*/W N/A (0) 5x10”

a m™ N/A (o) 610"

4.1.3. 3D model

In order to validate the improved 1D model and carry out sensitivity analysis on the
parameters of interest, a more complicated model is built and analyzed in 3D Cartesian
coordinate system. The model and coordinate system are plotted in Fig. 4.3. It is worth noting that

in the 3D model, the heat source term is described by a Gaussian distribution function.

X3

Figure 4.3 The 3D model and coordinate system.
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Governing equations in the 3D model are given below with the heat source terms. The

boundary conditions are fundamentally the same from the improved 1D model.

keijTrip — presTy = Qf (4.7)
ksist,ij - psCsTs = Qs (4.8)
and the heat source terms are
Pag(1—-Rf) 2 2 11 . .

Qf = ﬁ exp(— Z—% - Z—g - afx3)(5 + " (exp(iwt) + exp(—iwt))) (4.9

— — — 2 2
Q, = “RPC ISP oxp(— 52— 22 — 1 (x; — )5 + 1 (exp(iet) + exp(—iwt)))

142 1 2

(4.10)
where P is the power of the heating laser, a; and a, are the major and minor axes of the heating
laser beam (a;=a, if the heating laser spot has a circular shape), and R is the reflectivity on the
surface of layers. Anisotropic thermal conductivity in both layers is considered in this model with
the directions denoted by the subscripts i and j.

The surface temperature is derived in Fourier space as T, (&;, &;) with & and &, as the
integral variables. It can be derived that Toy(&1,&,) = A(&1,&,) + B(§1,&) + E(&1,&,), with A

and B from boundary conditions:

and
Nip = (—ikfslfl - ikfszfz - Ufkf33)
Nip = (—ikpz1&1 — ik328s + nrkpss)
Nys =0
Ny1 = (—ikgz1$1 — ikp328, — Nrkrssz)exp(—ngh)

Ny, = (—ikpz 81 — kg3, + Nrkrssz)exp(—ngh)
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Noz = (iks3181 + iks3282 + Nsks33)

N3, = Rth(ikf31f1 + ikf328, + Ufkf33) eXp(—nfh) - exp(—nfh)
N3, = Rth(ikf31f1 + ikf328, — Ufkf33) eXp(nfh) - eXp(nfh)
Nys =1
Ry = E(ikg3181 + iks328, + arkyss)
Ry = E(ikp31&; + ikp32&; + apkpss) exp(—aph) — F(iksz1&1 + ikg328, + asksss)
R3 = E[1 — Rep(ikp31&1 + ikp32&, + apksss)] exp(—agh) —F (4.11)
where E and F are obtained from the particular solution as

Pas(1—Ry)
—Lo Lo exp(—¢2at /4—¢3d3/4)
E

kf33a]§ + 2‘7ff(ikf31<f1 + ikf23fz) —28185kr12 — kf11‘>;12 - kfzzfzz —lwpscy

Pas(1—Rf)(1—Rs)exp(—arh)
P . [“exp(-¢§2a3/4-§3a2/4)

ks33@+20(iks3181+iks2382)—28182ks12—Ks1187 —ks2282—iwpscs

(4.12)

and #; and 7, are parameters defined from the homogenous solutions and can be obtained by

applying the homogenous solutions to the diffusion equations:

krs3alfss + 20(E1kes1z + E2kp/s23) — 28180kp /510 — E1kp 511 — §5 Kk 522 — 1wpg/sCrys = 0
(4.13)

Performing the inverse Fourier transform numerically as

To = — [ To (&1, E2)expli(E1x, +E,%,)]dE; dE, (4.14)

2T
the surface temperature response in real space can be derived. The details of derivation can be
found in Appendix B.
If all terms including heating laser power and distribution, optical reflectivity, Ry, « and

film/substrate thermal conductivity anisotropy are defined accurately, the 3D model is capable to

demonstrate precise transient-temperature-distribution all over the sample.
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Figure 4.4 Phase-lag curves from the improved 1D model (blue line) and the 3D model (red
dash line).

As stated previously, the 3D model can be used to validate assumptions of e
measurement based on the 1D model and perform the sensitivity analysis. Fig. 4.4 shows the
phase-lag curves of the 1D and 3D analytical solutions as a function of the frequency in the log
scale. The radius of the heat-source area measured from experiment is used in 3D model, which is
10 um. The other parameters used in the 3D model come from Table 4-1. The convergence trend
of the phase-lag curves, with increasing frequency, displays the accomplishment of 1D heating in
the high frequency region. At 1 MHz the phase-lag deviation (~0.5 degree) is found to be below
the instrument noise level (~1 degree), sufficient to satisfy the 1D heating assumption. It confirms
the statement of the 1D heating condition requirement: heating laser spot size should be at least

10 times larger than Ly,.

4.2. Spatial-Domain Photothermal Reflectance Technique (SDPRT)
The causes of the phase lag in the frequency and spatial-domain measurements are
different. In the spatial-domain measurements, the phase lag is generated from the separation of

the heating and probe lasers. Depending on experimental conditions, one of the laser beams is
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scanned across sample surface while the other one is fixed. For laterally heterogeneous samples,
scanning the heating laser requires solving the governing equations for each position. Therefore,
it is preferable to move the probe laser and keep the heating laser stationary. If the sample surface
reflectance condition is not uniform, to obtain a better signal-to-noise ratio, it is recommended to
keep the probe laser at a highly reflective region and scan the heating laser.

The spatial-domain photothermal reflectance technique is essentially developed from the
classic Angstrom’s method. Thermal wave phase lag, Ap, can be proved as a linear function of
the distance between the heat source and the detection spot Ax:

Ap = Re(q) - Ax (4.15)
where q is the thermal wave number, a function of modulation frequency and sample thermal
properties. For a bulk sample (single layer without coating), the dispersion relation of g and
thermal diffusivity, D, is:

q =+iw/D (4.16)

The real part of q is

Re(q) = w/2D (4.17)

D can be extracted from the y-intercept of the dispersion relation curve on a log-log
graph, with the slope of the phase lag — laser separation curve as the y-axis and the heating laser
modulation frequency as the x-axis [8].

For layered samples, the dispersion relation becomes a function of the thermal
properties of both layers and the thickness of the film. By assuming the film a good thermal
conductor, thus no temperature gradient in the depth direction in the film layer, the governing

equations are given as in Eq. (4.18) and (4.19) [37]

an

— (4.18)

a
oTs _

5 = DT, (4.19)
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Figure 4.5 Spatial-domain measurement model and coordinate system.

where x presents the radius direction and z presents the depth direction. V2 = 92 /9x? + 82 /dy?.
The model and used coordinate system are plotted in Fig. 4.5.
By applying the method of separation of variables, T=f(z)<exp(igx-iewt), the dispersion

relation can be derived as

_ i ety [ e D
q—\/Df+ 11 J1 (- )] (4.20)
where q, = — h";‘: . More details can be found in ref. 37.
f

Similarly to Eq. (4.17), the “effective thermal diffusivity” of the layered sample can be

defined to describe overall heat transport property as

More mathematical work can be done on Eq. (4.20). By pushing « to high or low

frequency limitation, it is found that the real part of q becomes

R R ia)+q02 1 4iw 1 Dy
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~re([9)= [2 (4.22)

in low frequency region and

R R iw N q0° 4iw 1 Dy

iw w

in high frequency region.

In both cases, D of one single layer can be extracted in a straight forward manner.
Therefore, by modulating the heating laser frequency to very low or very high region, it is able
to measure D or Dy separately. The overall dispersion relation (Eq. (4.20)) is plotted in Fig. 4.6
to validate this statement. The real part of g is dominated by D at low frequency end (i.e., below
10 Hz) and Ds at high frequency end (i.e., above 100 KHz) as in Eq. (4.22) and (4.23). In the
transition region, both film and substrate properties have influences on g.

Physically this trend is caused by Ly. As introduced previously, Ly, is the indicator of the
thermal wave propagation range. In low frequency case where Ly, is much larger than the film
thickness, thermal wave penetrates deep into the substrate and the influence of film properties to
the thermal wave propagation is negligible comparing to the substrate; with frequency increasing,
L, decreases and in the extreme case thermal wave cannot reach the substrate layer, thus the film
properties dominates the thermal wave propagation.

The slopes of the simulated phase lag — lasers separation curves from the 3D model are
plotted in Fig. 4.7 to inspect the assumption of the absence of a temperature gradient in the film.
Although a noticeable deviation is found in the transition region, it does not break down the

conclusion that g is dominated by D of only one layer in the extreme cases.
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Figure 4.6  Dispersion relation curve of a layered sample [44]. (Dash line - substrate thermal
diffusivity; dash-dot line — film thermal diffusivity; dot - real part of the thermal wave number)
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Figure 4.7 The comparison of thermal wave number obtained from the simplified model (red
line) and the 3D model (black dot).

So far the strategy of measuring Ds and e from the spatial-domain and frequency-domain
photothermal reflectance technique has been clarified. To optimize the measurement conditions
and guarantee good measurement accuracy on the parameters of interest, a detailed sensitivity

analysis is required.

4.3. Sensitivity Analysis

The sensitivity S(&) is defined as below:

= 99 _ 9G+2D)-0()
S@ =50 =" (4.24)

where ¢ is the parameter in question.
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Except for the parameters of interest (Ds and e;), other important ones are examined:
thermal conductivity of the film, k;, which is dependent on the film thickness due to
microstructure effect and needs to be measured separately [51], heating laser spot size, which is
important to validate the 1D heating condition, and Ry,, which had been proved to influence e
measurement result significantly. Hence, three thermal parameters ks, Ds and ki and the heating
laser spot size in the spatial-domain measurement, and e; and Ry, in the 1D frequency-domain
measurement are selected to be analyzed. Although the 3D frequency-domain measurements are
not used to obtain any thermal properties, the sensitivity analysis is still applied on ks, Ds, ki, spot
size and Ry, to help better understand the influences of these parameters on the experiment.
Because the sensitivity analysis is planned to be performed before the real experiment,
only approximated values of these parameters are used in this sensitivity analysis. ks is expected
to be half of the bulk values with the density and heat capacity not influenced by microstructure
effect. It is a reasonable assumption if the films are fully dense [52]. In real experiments, the
measurement is performed on two validation samples with different ks that represent fresh and
irradiated nuclear fuels. Correspondingly, in two simulation samples ks and D; are set as 10% and
80% of the film properties respectively. The properties used in simulation are listed in Table 4-2
(note the differences of ki, D; and h from Table 4-1).
The results of the sensitivity analysis are plotted in Fig. 4.8, 4.9 and 4.10. In Fig. 4.8(a),
S(¢) is plotted for the spatial-domain measurement at a modulation frequency of 100 Hz for
sample A. This plot illustrates that there is a relatively high sensitivity of Ds. This behavior is to
be contrasted with the result at 50 KHz shown in Fig. 4.8(b). Without changing the sample, the
sensitivity to ks increases with modulation frequency and becomes larger than the other thermal
parameters of the system. This sensitivity change with respect to frequency is essentially a
restatement of the conclusion in Section 4.2 that g is mostly influenced by the substrate properties

in low frequency region and film properties in high frequency region. Therefore, k; and D
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Table 4-2  The parameters used in the sensitivity analysis.
Parameters Unit Sample A ‘ Sample B

Ks W-mtK* 11
Dy m’/s 5107
Ks W-m™K™ 11 8.8
D, me/s 510 4x10°

spot size SDPRT m 1

spot size FDPRT pm 15
h nm 200
Rin K-m?/W 510"
a m™* 610"

0.4}
™ ™
3 3
Zo.2 =
(o]0] (o]0]
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Figure 4.8  Sensitivity analysis of the spatial-domain measurement on sample A at the
frequency of (a) 100 Hz and (b) 50 KHz (red dot — Ds, blue line — kf, green dash—dot line — ks).

measurements are decided to be performed at high and low frequencies respectively. It is worth

noting that in both figures, the parameters of interest do not show dominant sensitivity thus an

inverse fitting process is probably needed.
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Figure 4.9  Sensitivity analysis of the spatial-domain measurement on sample B at 100 Hz(red
dot — Ds, blue line — kf, green dash-dot line — ks, cyan dot — pump laser spot size).

In Fig. 4.9(a), S(& is plotted for the spatial-domain measurement at a modulation
frequency of 100 Hz for sample B. A different situation here is that the sensitivity to Ds is an
order of magnitude larger than the sensitivity to other parameters, which means a high confidence
to get D on the sample with high ks from the low frequency spatial-domain measurement thus the
inverse fitting process is not required. The sensitivity of the pump laser spot size versus scan
distance on sample B is considered in Fig. 4.9(b). The sensitivity changes sharply near the origin
reflecting the finite spot size of the pump laser, and a constant offset is observed with increasing
scan distance. A similar sensitivity curve is available on sample A, leading to the conclusion that
the influence of this parameter is only near the origin thus it can be measured independently.

The sensitivity analysis in the frequency-domain measurements is shown in Fig. 4.10.
The thermal parameters used here correspond to sample A. On sample B the situation is similar
only the peak positions and magnitudes are different. Note that the treatment of Ry, is different
from the other parameters in Fig. 4.10. The approximated Ry, from literature is believed to have
an order of magnitude greater percentage-uncertainty than other parameters (i.e., Ry in real

experiments may be found 50% different from the values in literatures, while for the other
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parameters the uncertainty is less than 10%). To help demonstrate the real influence of the
parameters, the sensitivity curve of Ry, is exaggerated by a ratio of 10. In Fig. 4.10(a), sensitivity
to e; and Ry, are considered in the improved 1D model. As stated previously, the maximum of the
sensitivity to these two parameters fall in the similar frequency region: the peak of e; sensitivity is
found in the range of 1-5 MHz, and the influence of Ry become noticeable in the range of 500
KHz — 20 MHz. In this range Ly, is comparable to the film thickness, thus the boundary condition
between the two layers, which contains both e; and Ry, becomes significant.

The 3D frequency-domain measurement is considered last. In Fig. 4.10(b) each
sensitivity curve has its own influence but no one is dominant. Theoretically, an inverse fitting
process can be used to obtain each single parameter. However, low contrasts between sensitivity

curves may become a problem if a high fitting accuracy is required.
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Figure 4.10 Sensitivity analysis of the frequency-domain measurement on sample B (red dot line

— Ds, blue line — kf, green dash—dot line — ks, cyan dot — pump laser spot size, megenta dash line
— Rth, yellow line —es).
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CHAPTER 5

EXPERIMENT PROCEDURE

In this chapter, the preparation details of the experiment are given, which include two
parts: design and build the experimental setup, and determine the reference sample and the
samples of interest (validation samples). The experimental process is determined based on the

results of the sensitivity analysis from Section 4.3.

5.1. Experimental Setup

The design diagram of the experimental setup is shown in Fig. 5.1. Two continuous-wave
lasers with the wavelength of 532 nm (Coherent model Compass 315M) and 655 nm (lab built)
are selected as the pump laser and probe laser, and the maximum powers are about 150 mW and
25 mW respectively. After passing through various optics, the laser intensity gets attenuated and
the remaining power reaching the sample surface is only a few percentages of the output power.
The measured values on the sample surface are 3 mW, 500 W for the spatial-domain
measurements and 5 mW, 700 LW for the 1D frequency-domain measurements (former ones are
for the pump laser) approximately. An acousto-optic modulator (AOM, NEOS technologies
model 23080 with the driver model N21080-1SAS) is used for the amplitude modulation of the
heating laser, and the frequency is controlled by a function generator (Agilent Technologies
model 33215A). To improve the probe laser quality, a pinhole-filter system composed of a pair of
lens and a 50-nm pinhole is used. Scanning of the probe laser relative to the pump laser in the
spatial-domain measurements is achieved by sending the probe laser to pass through a confocal
lens pair. The first lens is mounted on a motorized stage (Newport model VP-25XA) with a
mirror to make the probe laser beam to move on the x-y plane. The second lens converts the x-y

motion of the beam into an angle change at the entrance of the objective lens. A 50X objective
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lens (Olympus model SLMPLN50X) is used in the spatial-domain measurement and the limit of
the scan distance of this confocal system is approximately 100 pm. For the 1D frequency-domain
measurements, to increase the heating laser spot size, a 10X objective lens (Olympus model
LMPLFLN10X) is used instead. The pump laser is sent to the center of the objective lens using a
dichroic mirror following the confocal system and the propagation vector is parallel to the
objective-lens axis. The positions of the pump laser and probe laser on the sample surface are
checked from a CCD camera (Panasonic model WV-BP140). The reflected probe beam is
collected by a photo detector (New Focus nanosecond photo detector model 1621) and analyzed
by lock-in amplifiers (Stanford Research System model SRS830 and SRS844) after passing a
bandpass filter to block the pump laser beam.

One picture of our experimental setup is given in Fig. 5.2.

Function Generator ~ Lock-in Amplifier
Detector
ND filter
i =
=
AOM Probe beam
scanning Objective
apparatus lens
Tl =
Pinhole filter Dic_hroic
mirror
Detector sample

Figure 5.1 Design diagram of the experimental setup.
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Figure 5.2 A picture of the experimental setup.

5.2. Sample Description

Two substrate materials are selected to validate the measurement setup. SiO, (Alfa Aesar
quartz microscope slide, fused, 3.0x1.0>0.0394 inch) has a thermal conductivity of 1.4 W-m™K™,
representing the highly burnt nuclear fuel, and CaF, (American Element Calcium Fluoride
Windows, CA-F-02-WIN, 1 inch diameter) has a thermal conductivity of 9.2 W-m™*K?,

representing the fresh nuclear fuel. As the reference sample to determine the thermal conductivity
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Table 5-1  Information of the validation samples.

‘ SiO, CaF;
k [W-m™K"] 1.4 9.2
D [m?s] 9.5%10" 3.4x10°
e [J/(m?*s™K)] 1436 4990
Vendor Alfa Aesar American Element
Production model Quartz microscope slide, fused Windows, CA-F-02-WIN
Size [inch] 3.0x1.0>0.0394 (Dia)) 1

of the film, ki, a good thermal insulator is needed and we select SiO, as we had claimed before.
Although both SiO, samples are from the same vendor, the measurements of the thermal
conductivity of the substrate, ks, from the validation SiO, sample and k; from the reference SiO,
sample are performed separately.

Titanium is selected as the coating material due to its good temperature coefficient of
optical reflectivity (a parameter to describe optical reflectivity change due to temperature) at the
probe laser wavelength. The coating films on two samples of interest and one reference sample
are deposited simultaneously using thermal sputtering (ordered from Utah Nanofab, University of
Utah). A thickness of 200 nm is suggested by sensitivity analysis. The exact film thickness is
obtained from the picoseconds acoustic technique as 170 (#4) nm [53].

The details of the validation samples are summarized in Table 5-1.

5.3. Experimental Procedure

As stated previously, the diffusivity and effusivity of the substrate, Ds and e, are
measured separately from the spatial-domain and frequency-domain measurements to extract k.
In addition, due to the grain boundary scattering, k; is different from the bulk value and has to be

measured from the reference sample prior to the measurements of Ds and e;. To ensure that the
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films on all samples have the same coating condition (then the thermal properties and thickness of
the film can be considered as identical), the reference sample and samples of interest must be
prepared simultaneously.

The recipe to evaluate ks is composed of three steps: measuring k;, Ds and es. An outline
of the approach is given below:

1) measure thermal conductivity of the film (k)

Fig. 4.8(b) in the sensitivity analysis section demonstrates that the spatial-domain
measurement in high frequency is proper to get k;, and an inverse fitting process is required. As
mentioned previously, spot size and k; generally affect different parts of the phase-lag profile:
spot size only affects the area near the heat source where other thermal properties including k;
have very low sensitivity. Hence the two parameters can essentially be obtained independently
from each other. It is worth noting that, because the thermal wave propagation attenuates
exponentially with frequency, the high-end limit of the heating laser frequency of the spatial-
domain measurements exists and it is always below 1 MHz (100 KHz in this project), not enough
to reach the linear region of the dispersion relation diagram on the log-log graph (e.g., Fig. 4.6) to
get Dy and then extract k;.

With the consideration of both sensitivity and signal quality, the experimental data to fit
ki are from 5-KHz, 10-KHz and 50-KHz spatial-domain measurements.

2) measure thermal diffusivity of the substrate (Ds)

The spatial-domain measurements are carried out in low frequency region to get D from
the samples of interest. After plotting the dispersion relation diagram on a log-log graph, we can
envision two scenarios: a) a linear region is observed at low frequencies, indicating that we are
only sensing the substrate, or b) a linear region is not reached with decreasing frequency. The
same issue of k; measurements exists here as well. In principle the linear region is always

available if the heating laser frequency is below a critical value. However, in real experiments,
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there is a low frequency limit determined by the signal-to-noise ratio. In this project the low
frequency limit is in the range of 10-100 Hz depending on the substrate sample.

In case a), D can be obtained from the position of the linear region with high confidence.
In case b), the inverse fitting process is necessary with Ds, ks and spot size as the fitting
parameters. The data of spatial-domain measurements at 100 Hz, 500 Hz, and 1 KHz are selected
for the inverse fitting process. Due to the complication of the inverse fitting process and the issue
of the solution uniqueness, case b) should always be avoided if possible.

3) measure thermal effusivity of the substrate (es)

The key relation to improve e; measurement accuracy is that the heating laser spot size is
at least 10 times larger than the thermal diffusion length which is comparable to the film
thickness. This relation ensures 1D heating and a good sensitivity to measure e, However,
enlarging the heating laser spot will decrease the power density and reduce the signal intensity.
Thus a balance is needed between the 1D heating condition and signal quality which depends on
the experimental conditions. Based on the suggested 200-nm film thickness, we decide to

modulate the heating laser frequency to 1 MHz, and adjust the spot size to ~ 10 pm.

Table 5-2  Optimized parameters from the sensitivity analysis.

Optimized Terms Values

Frequencies for ks extraction 5 KHz, 10 KHz, 50 KHz

100 Hz — 100 KHz, at least 10 different frequencies;

Frequencies for Ds extraction ) ) o )
100 Hz, 500 Hz, 1 KHz if the inverse fitting process is needed

Frequency for e extraction 1 MHz

Film thickness 200 nm

Heating laser spot size in e

>10 pm
measurement
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Within the 1D case, e can be calculated either from a fixed-frequency measurement or a

frequency-domain scan. It is always recommended to examine the 1D heating condition by

comparing the phase profile from the 1D frequency-domain scan and the 3D analytical solution
with fitted value of e.

All the optimized experiment parameters are summarized in Table 5-2.
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CHAPTER 6

EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter, the experimental results are given. All steps generally follow the recipe
we stated in Section 5.3: the spatial-domain measurements are applied in high frequency region
on the reference sample to get the thermal conductivity of the film, ki; then the fitted k; is used to
get the substrate thermal diffusivity, Ds, of the samples of interest from the spatial-domain
measurements in low frequency region, and thermal effusivity, e;, from the 1D frequency-domain
measurements; eventually substrate thermal conductivity, ks, is calculated from Ds and e and
compared with the data supplied by vendors. The sources of experimental errors are analyzed.

Quantitative uncertainty analysis is carried out in the end of this chapter.

6.1. The Determination of Film Thermal Conductivity (k)

Suggested by the sensitivity analysis, the spatial-domain measurements are carried out in
the high frequency region (5 KHz, 10 KHz, and 50 KHz) to extract k;. Scan distance of the
spatial-domain measurements is 8 pm for the 40-spot scan and 12 pm for the 60-spot scan,
ensuring the spatial resolution of 0.2 m between neighboring spots. The 60-spot scan is always
recommended because the sensitivity of the parameters of interest is higher at the ends of phase-
lag curves. In case of the sample surface having a poor reflectance condition, the signal can be
very noisy at the ends and the 40-spot scan becomes the better choice. A 50X long-working-
distance objective lens is used to focus lasers and get higher resolution. Both heating and probe
laser beams have a size of several millimeters before been focused and 1 — 1.5 pm on the sample

surface after.
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Figure 6.1 An example of the spatial-domain measurement data for kf extraction [44].

The measurements are taken on the reference sample repeatedly to decrease the random
errors. After a data refinement (details are given in next section), good data are collected to get k.
One example of good experimental data is given in Fig. 6.1 with least square fit curves from the
3D model introduced in Section 4.1.3, and the best fit value of k; is 9.6 W-m™K™. It is
significantly lower than the literature value of the Ti bulk, 21.9 W-m™K™. The over 50%

deduction of the thermal conductivity matches other published result on thin film study [54].

6.2. Data Refinement for Film Thermal Conductivity (k)

Due to the inhomogeneity of the film and substrate layers and the previously mentioned
sensitivity issues in the inverse fitting process, a significant variability in the fitted value of k; is
found even for the data sets that appear similar. It will lead to an uncertainty problem in the e
measurement and ks extraction if the variability is not taken care of. A simple way to solve it is to
take a large number of scans at each frequency. It can statistically lower the random error in the
measurement and narrow the fitting parameter uncertainty. Some more treatments stated in this
section will help the refinement and guarantee a reliability of the fitted k; value.

1) Determine the Symmetry Parameter and filter out asymmetric data
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The phase-lag curves from the spatial-domain measurements are theoretically symmetric
with the assumption that the sample is isotropic and homogeneous. The curves generated from the
simulation program also display symmetry representing perfect experimental conditions and
sample structure. However, in real experiments, several factors may cause asymmetry data, which
may significantly influence the fitting result quality. The common possibilities include: the
sample is not aligned perpendicularly to the laser beams; the intensity of the probe/heating laser
either is not consistent or does not have a Gaussian distribution; the sample surface is poorly
coated/polished or has defects/oxidation which leads to variations in reflectivity; or the
instruments generate electronic noise. It can be seen that some of the reasons, such as the
oxidation of the metal film, are inevitable in the real experiment. Fig. 6.2 and 6.3 give some
examples of the experimental data set with poor symmetry.

The first step of the refinement is to check the data symmetry and take off some sets
before the inverse fitting process. To quantitatively compare the symmetry conditions among all
sets of data, we define a Symmetry Parameter (SP) step by step as below:

Pre-treatments: comparing the first half of the phase-lag data (which represents the left
side of the phase-lag curve) to the second half (which represents the right side of the phase-lag
curve) point by point, normalize the phase-lag differences from each point pair (1 and n" point,
2" and (n-1)" point...) to balance the magnitude differences of the phase lag across various of
frequencies. A few pairs of points (two pairs for 40-spot data and three pairs for 60-spot data)
with large differences are taken off from the data set so that random noise does not influence the
overall symmetry evaluation.

Obtaining necessary slope parameters from experimental data: two slopes are extracted
for one side of each phase-lag curve (totally four slopes are obtained from one curve): from all
useable points and from the points only on the ridges. Generally, the “useable points” only

exclude the data on the top of the phase-lag curve which is mostly sensitive to the heating laser
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spot size but not material properties; and the “ridge points” exclude the data on the top of the
phase-lag curve and the data at both ends (always noisy). For instance, for the sets of 60-spot scan
data, the slopes covering all “useful points” on each side use the 1% to the 25" point, and the 35"
to the 60™ point; the slopes fitted from the “ridge points™ use the 5" to the 20" point, and the 40"
to the 55" point. The points on the top (from 25" to the 35" point) are always not used. The
reason of taking two slopes from the same side is to consider both the ridge points with good
signal-to-noise ratio and the useful points with good sensitivity.

Defining General Slope, Symmetry Parameter and Overall Symmetry Parameter: three
more parameters are defined to describe the overall symmetry conditions quantitatively. General
Slope (GS) is defined as the square root of the product of the two slopes on the same side; and SP
is defined as the ratio of two GSs from each side of a scan curve, while the larger GS is always
placed in the numerator of the expression, i.e., SP > 1. The last one, Overall Symmetry
Parameter, (OSP) is defined as OSP = (SP1+SP2+SP3) * max (SP1,2,3).

These definitions are necessary and useful. GS considers the balance of a good signal-to-
noise ratio and the sensitivity of the thermal property of interest; SP gives a single indicator of the
symmetry condition of a phase-lag curve; and OSP is the overall evaluation of the symmetry
condition of an experimental data set. The definition of OSP also takes a complicated case into
consideration. The data with three sufficient SPs are preferred to the data with only two excellent
SPs. Current definition of OSP can successfully avoid the improper selections.

Setting OSP filter to separate out data with poor symmetry: in ideal case, all single SPs
equal to 1 and the OSP = 3. For real cases, a value of SP less than 1.1 is considered acceptable.
The critical value of the OSP filter is set 3.4 for 40-spot scans and 3.5 for 60-spot scans. The data
with a large OSP is rejected from entering next filter.

2) Fit the data and get the Deviation Parameter
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In the inverse fitting process, a “fitting quality indicator” is required to describe the

deviation between the fitting curve and the experimental one. The sets of data with bad fitting

quality will be filtered out from the final step, k¢ extraction. In this refinement this indication,

Deviation Parameter (DP), is defined with the steps below:
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Figure 6.2 An example of a 60-spot data set with unacceptable asymmetry. Notice the
significant scatter of the data measured at 50 kHz (the green data set).
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Figure 6.3 An example of a different type of asymmetric data set. The measured data at 50
KHz is shifted to the right relative to the fitted curve.
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Pre-treatments: as we stated previously, the data at the ends of each side has good
sensitivity to ks but low signal-to-noise ratio. To help decrease the noise influence and keep useful
part of the data, we determine to weight the individual deviations between the fitting curve and
the experimental phase-lag spots by weight factors before the deviations get summed up. The
weigh factors change from 1 to 0.2 depending on the signal-to-noise ratio (or signal intensity).

Defining Deviation Parameter: after all the deviation summations of single phase-lag
curves are obtained, the average deviations at three scan frequencies are calculated. DP of each
single curve is then defined as the ratio of the individual deviation summation to the average
deviation at corresponding scan frequency. A value of DP = 0 indicates a perfect fit quality, and
DP = 1 indicates an averaged fit quality. The reason why the average deviation is involved here is
to make DP an independent parameter of the number of spots, scan sets, and overall data/fitting
guality. With current definition, even if all experimental data are noisy, it is still able to select
sufficient relatively good data to extract k.

Defining Overall Deviation Parameter and setting the ODP filter: similar to OSP, an
Overall Deviation Parameter (ODP) is required to describe the overall deviations of a set of data.
It is defined following OSP as ODP = (DP1+DP2+DP3) * max (DP1,2,3). An ODP < 4 is
considered acceptable (for both 40-spot scan and 60-spot scan data).

See Fig. 6.4 for a comparison of unacceptable and acceptable data. Note how
insignificant the differences appear to casual observation. Without the rigor of the data vetting
process, it would not be possible to separate accurate data from scatter. Only data that meets both
OSP and ODRP criteria should be picked to extract k.

3) Extract ki from the vetted data

In real experiments, about 40% of data that pass both OSP and ODP tests can be selected
to extract k. Two common statistical treatments, the mean or mode, were not selected in this

project. A more complex, but also more reliable, method was designed by using a chart of
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OSP/ODP (or a function of both) versus fitted k;. ldeally, the values of k; fitted from the data

passing both filters fall in a small range. The data points away from this range should be taken

off. The data before and after refinement are plotted in Fig. 6.5 with this design. An irregular

fitting result on the left is found and filtered out, displaying the advantage of this design
compared to the common statistic methods.

The power of the refinement is seen that the variation of the fitted k; decreases from 60%

before the refinement to 25% after it, and the uncertainty is well controlled in 10%.

6.3. The Determination of Substrate Thermal Diffusivity (Ds)

The experimental data of SiO, and CaF, samples are plotted in Fig. 6.6. D; is determined
to be 9.8x107 m%s of the SiO, sample from the linear region of the dispersion relation curve in
the frequency range of 20 Hz — 100 Hz with a slope of Alog(real(q))/Alog(m)=0.475 (mentioned
in Section 5.3). In an ideal case the slope equals to 0.5. For the CaF, sample, the linear region
covers a larger frequency range of 1 KHz to 100 KHz and the slope of
Alog(real(q))/ Alog(w)=0.498 and D is determined as 3.25x10° m?s. Based on the forms of the
curves in the figures and the slope values of the linear region (0.475 for SiO, and 0.498 for CaF,),

Ds measurement on the CaF, sample has a higher reliability.

Figure 6.4 A comparison of two fitting results. On the left: Good fitting at high frequency and
poor fitting at low frequency (the whole fitting curve is above the experimental data). On the
right: Acceptable fitting at all frequencies. The right data set has better fitting quality, i.e., a
smaller ODP value (x-axis: separation [jum], y-axis: phase lead [deg]).
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Figure 6.5 Refinement result (overall). Upper pane: OSP vs. kf. Lower pane: ODP vs. kf.
Note that the data with large OSP and ODP values also have large deviations in the value of kf.
Values of kf which passed both filters generally fall in the range of 8-10. An outlier is found on
the left part of the lower chart at k; = 4.

6.4. The Determination of Substrate Thermal Effusivity (e;)

The 1D frequency-domain measurements at 1 MHz are performed to get the phase lag to
extract e;. In the experimental setup, we replace the 50X objective lens by a 10X objective lens to
enlarge the heating area. The radius of the heating laser beam spot, which has a Gaussian profile,
is measured to be 8-15 pm (about 10 times larger than 1-1.5 pm with the 50X objective lens). The
thermal diffusion length, Ly, of Ti film at 1 MHz is about 1 m. So the ratio of heating laser spot

radius to Ly, is about 10, which satisfies the 1D heating criterion.

The phase lags of the fixed-frequency measurements are 60.4 degree for SiO, and 46.3
degree for CaF,. As stated previously, the thermal contact resistance, Ry,, and optical absorption

coefficient, «, are obtained from the literatures and the values are 5x<10° Km%W and 610" m™
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respectively. e, of SiO, and CaF, substrates are determined to be 1475 J/(m°s”K) and 4300

JI(m?s™K), respectively, from the equations in Section 4.1.2.

6.5. Thermal Conductivity (k;) Extraction and Discussion on Experimental Errors

Based on the e; and D, measured in the former sections, k; of SiO, and CaF, are
calculated to be 1.44 W-m™K™ and 7.75 W-m™K™, respectively. All the measured thermal
properties are listed with the literature values in Table 6-1.

Comparing to the 3% error of the measured ks of SiO,, the CaF, sample has a relatively
large error of 16%. The larger experimental error on CaF, sample could be from several sources.
One important reason is that k; of CaF, is strongly depending on the temperature [55]. The
temperature rise in the experiment due to laser focusing is approximately 10-50 K, which can lead
to up to 10% descent of ks. The sources of the experimental errors are discussed in next sections.
The quantitative uncertainty analysis is given in Section 6.6, including the individual

uncertainties of the D, and e; measurements and the overall uncertainty of ks extraction.
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Figure 6.6  Dispersion relation plots from the real experimental data of SiO2 and CaF2 samples
[44].
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Table 6-1  Measured thermal properties and the literature values of the validation samples.

Parameters ‘ unit Sio, CaF,
Phase lag degree 60.4 46.3
e,, measured J(m?s™K) 1475 4300
e, literature J(m?s™K) 1436 4990
es error 3% -14%
D,, measured me/s 9.8x10" 3.25x10°
D, literature me/s 9.5x10” 3.4x10°
D, error 3% -4%
ks, measured WmhK* 1.44 7.75
ks, literature W-m™K* 1.4 9.2
ks error 3% -16%
6.5.1. Discussion of Substrate Thermal Diffusivity (Ds) Measurement

The measured D of both the SiO, sample and CaF, sample showed agreement to the

literature values with less than 5% error. It is not surprising for numerous reasons:
First, each scan in the spatial-domain measurement covers a distance of 20 pm. As concluded
previously, the phase lags from the area covered by or close to the heat source do not have
sensitivity to extract Ds. Comparing to the heat source area which is smaller than 3 m, the large
scan distance guarantees enough useful data in phase-lag profile for D extraction.

Second, each phase-lag profile is composed of at least 40 data spots. Inevitably, a few
points will be of poor quality, but statistically they have little impact on the fitting process. Poor
data points can be caused by imperfections in the film such as local variations of optical.
Additionally, the quality of the laser plays a role, as small instabilities can also affect the
measurement. In any case, with careful control, the overall data has sufficient quality to extract Ds

with high confidence.
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The most important reason is that D, values are extracted from the linear region of the
dispersion relation but not from the inverse fitting process. In our experiment, 5-10 sets of spatial-
domain measurements at different frequencies were performed to get Ds. It significantly improved
the measurement reliability even if one or several sets of data do not have good signal-to-noise
ratio thus the slope (real part of thermal wave number) cannot be determined correctly. For
example, in Fig. 6.6 (b), the thermal wave number obtained at 2 KHz (second from left) is
obviously below the fitted straight line representative of Ds, but other data points help maintain

experimental reliability.

6.5.2. Discussion of Substrate Thermal Effusivity (e;) Measurement

Some treatments were carried out to improve the data quality in e, measurement: a time
constant of 10 s was set in the lock-in amplifier comparing to 300 ms or 1 s in the spatial-domain
measurement (longer time-constants can effectively decrease the data variation and improve the
signal-to-noise ratio); and the experimental data was averaged from 150 or 200 phase-lag values
to decrease the random error. However, the measured e, of CaF, still showed a relatively large
deviation from the literature value.

The primary reason for the large error in measurement of CaF; is the breakdown of the
1D heating assumption for higher conductivity samples. This effect is shown by the uncertainty
guantification in Section 6.6. In order to assure 1D heating in e; measurement, Ly, should be
always guaranteed to be smaller than one-tenth of the heating laser spot size. On the layered
sample, the effective thermal diffusion length, Ly ¢ (a complex function of the thermal properties
of both layers, calculated from effective thermal diffusivity, D¢, defined in Eq. (4.21)) should be
used instead. The higher value of D, of the CaF, substrate (3.4x10° m%s for CaF, vs. 9.5x10°’

m?/s for SiOy) leads to larger Dy and Ly e, Causing increased phase-lag deviation between the 1D
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and 3D model. Additionally, larger D¢ also allows more heat dissipation lowering the signal
intensity.

In order to improve it, a ratio of 10 between the heating laser spot size and Ly, ¢ Should be
guaranteed, which means either the heating laser spot size should be increased, or the
measurement should be performed at higher frequency. For the current setup, the modulation
frequency and laser spot size are restricted by the heating laser being used. To overcome these
limitations and reduce experimental error caused by the breakdown of the 1D heating condition,
the recommendation is to replace the heating laser with one of higher power.

The shape, intensity distribution, and relative position of the heating and probe laser may
also cause measurement error. In the 1D model, the heat source and the probe are described as
two points. However in reality, they are laser beams with Gaussian distributions of intensity. A
numerical model built in COMSOL Multiphysics (introduced in Chapter 7) proves that, if both
lasers are perfectly concentric, the deviation caused by laser area and distribution is negligible.
On the other hand, even a 1-pm offset between the laser centers can lead to several-degrees of
phase-lag deviation, and thus, significant experimental error. In this setup, the heating laser is
fixed and the probe laser is scanned by the motorized stage. The concentric position is found
when the reflected probe beam intensity reaches maximum. If the intensity of the probe laser does
not have a good Gaussian distribution, the concentric position may not be found correctly and the
experimental error will be generated from the laser beams offset. A poor distribution with
multiple random spikes had been found on the intensity distribution of the probe laser used in this
system. A pinhole filter system composed of a pair of lenses and a 50-nm pinhole aperture was

added to fix it.
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6.6. Uncertainty Quantification
After the sources of experimental error are analyzed qualitatively, an uncertainty
guantification to show the influences of all parameters and errors on the experimental result

(mainly in e; measurement) is performed.

6.6.1. Uncertainty Analysis in Substrate Thermal Diffusivity (Ds) Measurement

There are two types of experimental errors. One is systematic error that is a consistent
bias in measurement. It only influences the results into one direction and can be decreased or
even eliminated if the causes are identified and proper treatments are done. The other type is
random error. It is caused by inherently unpredictable fluctuations in the readings from the
measurement instruments. It can be reduced by applying the measurements repeatedly, but hardly
eliminated.

The systematic error in Dy measurement generally comes from two main sources. The
more important one is that the value of Dy may not be extracted from the perfect linear region of
the dispersion relation. In other words, the measurement frequency is not low enough and the film
properties still influence the thermal wave number. Due to the existence of the low frequency
limit, only the inverse fitting process can decrease the systematic error in this case. Another
possible source is from an experimental parameter called magnification factor. It is used to
describe the ratio of the probe laser beam scan distance on the sample surface to the movement of
the motorized stage. Magnification factor is 1 pm/pm if there is no lens used in the system, which
means 1 pm movement of the probe laser on the motorized stage leads to 1 pm displacement of
the laser spot on the sample. In our setup, the probe laser beam passes the objective lens and the
confocal system before it reaches the sample surface and the magnification factor is no longer 1
pm/m. After repeated measurements, with the 50X objective-lens, the magnification factor was

determined to be 0.0368 mm/mm, or 36.8 pm/mm. It is worth noting that any movement of optics
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in the experimental setup may lead to a different magnification factor. The error of the
magnification factor determination causes the error of the phase-lag profile slope, and ultimately
the systematic error of D, measurement. Measuring magnification factor repeatedly with precise
motorized stage can effectively decrease this error. In our experiment, the curve slope in the
linear region of dispersion relation had been checked, and the magnification factor was measured
with a high confidence. Therefore, systematic error in Ds measurement is believed to be trivial.

The random error in Dy measurement is from the determination of D; after the dispersion
relation is plotted on the log-log graph. Increasing the numbers of experimental data sets can
effectively control this random error to less than 5%. Due to the errors obtained on the SiO,
samples and CaF, samples having opposite signs (+3% for the SiO, sample and -4% for the CaF,
sample), it is believed that the overall experimental error in D, measurement is dominated by the

random error.

6.6.2. Uncertainty Analysis in Substrate Thermal Effusivity (es) Measurement

The possible sources of the experimental error in the e; measurement have been discussed
in Section 6.5.2. Because the phase-lag values do not change linearly with most parameters, the
percentage uncertainty on different samples should be calculated separately. In this section, the
guantitative analysis is given on the CaF, sample which has a relatively higher experimental
error.

In the improved 1D model, which we built for the e, measurement, several parameters
may lead to the experimental error, including the film properties (film thickness, ki, and a), Ry,
the phase-lag deviation between the theoretical model with 1D heating and experiment with 3D

heating, and instruments. The individual uncertainties of these parameters are listed below:
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1) Film thickness. The thickness of the Ti film was measured by the picoseconds
acoustic technique. 25 sets of data are analyzed and the film thickness was
determined as 170 nm with an uncertainty of 2%.

2) k¢ scattering. To control the data scattering, a refinement had been applied on the
original experimental result of the ki measurement. The details had been given in
Section 6.2, and the uncertainty after the refinement was controlled to be 7-10%. A
mid number of 8% is used in the uncertainty analysis.

3) Ry and a. The approximated values of Ry, and o from literatures are used in the fitting
program. The differences between the literature values and the real ones can cause
experimental error. On Ry, which strongly depends on the local adhesive conditions,
a reasonable guess of the percentage uncertainty is 50%. For «, it is assumed to be
5%.

4) 1D/3D model deviation and instruments. The uncertainty of the measured phase lag
from the lock-in amplifier is observed to be 1 degree, with the deviation of the
assumed 1D heating condition and the real 3D heating condition, which is
approximately 0.5 degree. For the CaF, sample, the percentage uncertainties from the

instrument and 1D/3D heating condition are 7.2% and 3.7%, respectively.

The individual uncertainties and the corresponding contributions to the overall
uncertainty are listed in Table 6-2.
The overall uncertainty of the e; measurement can be calculated from Eq. (6.1) below and

the value is 9.3%:

(2% = X&) 52 (6.2)
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Table 6-2  Summary of the individual uncertainties of all experimental parameters and their
contributions to the overall uncertainty.

Individual uncertainty Contribution to overall uncertainty
Film thickness 2% 0.3%
¢ 8% 2.8%
a 5% 0.2%
Rin 50% 3.5%
Instrumental 1 deg 7.2%
1D/3D heating 0.5 deg 3.7%

where ¢ represents the variables in the table.
The uncertainty of ks is propagated from Ds and e measurements, and from the same Eq.
(6.1), it is calculated to be 9.6%. Considering that the ks shift from temperature rise is about 10%,

the overall measurement error of the CaF, sample (16%) is acceptable.

6.7. Exploration of Measurement Range

Samples with significantly different values of ks have been tested with this setup without
specific system optimization and the results are listed in Table 6-3. The experimental results show
agreement (errors within 20%) on the samples with k less than 10 W-m™K™ such as glassy
carbon (GC) and ZrO,. It again proves the capability of this setup to measure k of nuclear fuels.
On the other hand, the experimental errors for high thermal conductivity samples, such as
Chromium and Zirconium, are relatively large (30%-40%), because the measurement system is
optimized for materials with thermal conductivity < 10 W-m™K™. The measurement system

could be optimized for higher conductivity samples to increase measurement accuracy if needed.



Table 6-3

Experimental results on more samples.

Parameter,

Units

Measured

Literature

error

Zr02 D, mm?/s 8.7x10" 8.7x107 0%
e, JI(m*Ks>?) 1980 2144 8%

k, W-m™K™* 1.85 2 7%

GC D, mm%s 5.4<10° 5.1<10° 6%
e, JI(m*Ks>?) 2200 2800 21%

k, Wm™hK"* 5.1 6.3 19%

Zr D, mm%s 8.5x10° | 12.5x10° 32%
e, JI(m*Ks>?) 4550 6400 29%

k, Wm™K™* 13.3 22.6 41%

Cr D, mm%/s 2107 2.94x10° 32%
e, JI(m*Ks>?) 13500 17350 22%

k, Wm™hK"* 60.4 93.9 35%

60
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CHAPTER 7

COMPUTATIONAL SIMULATION

COMSOL Multiphysics (shorten as “COMSOL” below) is a finite element analysis
software for the modeling and simulation of various physics and engineering applications. To
check the influences of some experimental parameters which are not possible to be considered in
the analytical models, such as probe laser distribution and temperature dependence of thermal
conductivity, a numerical model is built and analyzed using COMSOL. To validate the numerical
model, the simulation results are compared with the analytical solutions first. After a good

agreement is reached, the parametric analysis is done to guide the experiment.

7.1. Introduction of Numerical Model

The material properties and boundary conditions of the analytical models in Table 4-1 are
also used in the numerical model. Due to the symmetric character of the homogeneous sample
and the heat source boundary conditions, the 3D numerical model can be accurately modeled by
the 2D axisymmetric coordinates. It can significantly lower the computer hardware requirements
and decrease calculation time. The model is made following the sample design diagram (Fig. 4.3)
with a radius of 7.5 mm. The thicknesses of the film and the substrate layer are 1 pm and 5 mm
respectively.

The 2D structured grids have an exponentially incremented meshing density from the
model origin, where the heat source is located. Grid and time step independences tests are
performed prior to the analysis: 70 divisions are used in both axial and depth directions, and the
time step is determined to be 2x107° s.

Different from the analytical solution, the phase-lag values are not available explicitly in

the numerical model. Instead, several cycles of the temperature response in the periodic quasi



steady-state region are captured from the transient computation (Fig. 7.

62

1) and the peak positions

between the heat source and the temperature response with respect to time are compared to get

the phase-lag profile (Fig. 7.2).
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Figure 7.1  Obtaining the phase information of the temperature response from the numerical

model.
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7.2.  Simulation Results and Analysis
In order to validate the numerical model, the simulation results from the numerical model
are plotted with the analytical solution in Fig. 7.3. Only surface heating was considered in the
numerical model. With the interests of the probe laser distribution, one point temperature probe is
located at the center of the heat source area (yellow triangle in Fig. 7.3), and another integral
temperature probe is set at the center part of the heated area (brown triangle in Fig. 7.3). Heating
laser spot radius and integral probe radius are assumed to be 15 and 5 pm respectively. The
phase-lag deviations between the point probe and integral probe are found to be negligible. Both
curves also overlap with the analytical solution (dark solid line in Fig. 7.3), validating the
numerical model and leading to the conclusion that the influence of the probe laser size and

distribution is trivial.
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Figure 7.3  Simulation result from the numerical model to examine the influence of the size and
intensity distribution of the probe laser to the experiment [56].
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Calculation complexity from instant temperature changes prevents the temperature
dependence of thermal conductivity from adding into the analytical solution, which is not a
problem for the numerical model. It is especially important for CaF, sample, of which the
temperature dependence of the thermal conductivity had been concluded as an important reason
for the experimental error. Linear temperature dependence is assumed in our case because the
temperature rise is expected to be less than 100 K. The temperature dependence coefficient is
selected to be 0.05 K, close to the real CaF, sample (0.04 K™). The results are plotted in Fig. 7.4.
In the experimental frequency region (500 KHz — 2 MHz), a phase-lag deviation up to 10 degree
is found (at 1 MHz the deviation is approximately 2 degree) between the analytical solution (dark
solid line) and the simulation result with the consideration of temperature dependence of thermal

conductivity (yellow triangle), which matches the experimental error analysis in Section 6.5.
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Figure 7.4 The influence of ks change caused by the temperature rise to the phase lag,
simulated from the numerical model [56].
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Although the temperature changes caused by surface convection and radiation are
believed to be negligible compared to heat conduction, it is still of interest to quantify their
influences with the powerful numerical model by adding them in the boundary conditions. A
moderate convection heat transfer coefficient of 50 W-m™K™ and the emissivity of radiation of
0.1, 0.5 and 0.9 are used to simulate the natural environment. The results are plotted in Fig. 7.5.
The deviation of the analytical solution and simulation is found less than 0.01% if the
measurement frequency is above 10 KHz, which means the convection and radiation heat transfer

can be safely ignored.
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Figure 7.5 The experimental error caused by the convection and radiation heat transfer [56].



66

CHAPTER 8

ELASTICITY CONSTANTS DETERMINATION

Instead of measuring the thermal wave propagation, an extended application of the
photothermal reflectance measurement setup is explored to measure the elasticity constants of
solid materials from sensing the sample harmonic vibration. From a pump-probe approach with
the use of fiber lasers, natural frequencies of cantilever beam samples are obtained. Similar to the
thermal conductivity measurement, the intensity of the pump laser is modulated harmonically to
heat the sample and excite different normal modes of vibration which are detected by the probe
laser. Elasticity constants can be calculated from the measured natural frequencies.

Intrinsically, this technique is not sensitive to torsional modes of vibration. In this case,
another technique, Laser-based Resonant Ultrasound Spectroscopy (LRUS), is prepared to
capture them. In the LRUS technique, a rectangular, millimeter-sized sample is located on a
specialized holder. By exciting the broadband resonant modes from a short-duration pulsed laser,
the out-of-plane surface motion associated with the vibrational modes is detected by a
photorefractive interferometer. An inverse fitting process based on Hamilton’s principle is then
involved. After matching the measured vibrational modes with the simulated modes, the elasticity
constants can be extracted.

In this chapter, the method to measure vibrational modes and obtain elasticity constants
from a laser-involved reflectance approach is introduced. This method is validated by measuring

the elasticity constants of rolled and annealed polycrystalline copper samples.

8.1. Introduction
Applying a stress on a solid material can cause deformation (strain). If the stress is below

a critical value, the deformation is fully recoverable which means that the material will go back to
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its original shape without permanent deformation. This recoverable deformation is called elastic
deformation and the critical stress is elastic limit (or yield strength). On the opposite, the stress
above the elastic limit can cause permanent deformation which is named plastic deformation. It
has been found that under elastic deformation, the strain (&) is proportional to the applied stress
(0), or &=So (it’s worth noting that not all elastic materials undergo linear elasticity deformation,
e.g., many polymers). S is compliance constant. As an alternate, another form of this formula,
0=Ce, is also known as the Hooke’s Law. C is elastic stiffness constant. In isotropic materials, it
is the Young’s modulus (E).

For most natural materials, the materials properties are orientation-dependent, which is
defined as anisotropic. As opposed to anisotropic, if the properties of a material are the same in
all orientations, the material is isotropic. A typical isotropic material is polycrystalline metal. For
many polycrystalline materials, even though the individual grains are anisotropic, the property
differences are “averaged” due to the random grain orientations and the overall bulk property can
be isotropic.

Stress and strain are both orientation-dependent. Stress is defined as force per unit area,
which not only depends on the magnitude and direction of the force but also on the orientation of
the plane. Thus, specification of stress at a point requires a second-order tensor:

Oxx Oxy Oxz
o= [ny Oyy Uyz] (8.1)
Ozx Ozy Ogzz

In the simple case of an axially loaded beam, only normal stress is generated, which is
described by the orthogonal components of the stresses tensor. The other components are
representative of the shear stresses. The most common case to generate shear stresses is bending
from a shearing load. Similarly, strain is also a second-order tensor, composed of three normal

strains and six shear strains components.
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Correspondingly, both compliance (S) and stiffness (C) are fourth-order tensor with 81
(3% components. To describe elasticity of any material, all components are required to be
clarified. Fortunately, the direct consequence of the symmetry in the stress and strain tensors (i.e.,
gij= oji) is that only 36 of the 81 components are independent and distinct terms. Moreover, this
number can be decreased to 21 if the symmetry of the compliance (and stiffness) tensor is
considered (i.e., Cija=Cy;). Further deduction of the non-zero independent components in the
compliance and stiffness tensor follows the fact that the crystal symmetry exerts influence on the
symmetry of the physical property. It is also concluded as Neumann’s principle: the symmetry
elements of any physical property of a crystal must include all the symmetry elements of the point
group of the crystal. The details of crystal symmetry of different materials and the relation of it to
the independent elasticity constants are given in Section 8.2.

Before the discussion of the crystal symmetry, the matrix notations of the stress/strain
and compliance/stiffness tensors are given first to simplify the tensor notation. The basic rules to
convert the tensor indices to the matrix indices are: 11—1, 22—2, 33—3, 23—4, 13—5, and
12—6. For stress and stiffness tensor, this is the only rule to follow, e.g., o», (tensor notation) = o>
(matrix notation), Ciys, (tensor notation) = Cg, (matrix notation). For strain and compliance
tensors, the situation is a little different due to the use of the engineering shear strain y (g3 = %2 y23
= Yo &4, £13= Yo y13= Y2 &5, and €1, = Y2 1, = Y2 &). For compliance tensor, Sijy= Sm, When mand n
are 1, 2, or 3, 2Sjj = Smn When either m or nis 4, 5, or 6, and 4Sjy = Sy, when both m and n are 4,
5, or 6, €.9., S11220 = S12, 251123 = S14, and 4S;3,3 = Sys.

With the matrix notation, Hooke’s Law can be rewritten as:

01 Ci1 Gz Ciz Cip G5 Cig
/02 (C12 Crz Ca3 Cop (s 626\
| 03 | _ Ciz (3 (33 C34 (35 C36

8.2
04 Cia Coy (34 Cuu Cus Cue k‘g‘*) 82)

\‘75/ Cis (s (35 C4s Cs5 Cse
% Cie Cr6 (36 Ca6 Cs6 Cop
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8.2.  Symmetry Analysis and Independent Components

8.2.1. Symmetry of Crystal Materials

As mentioned previously, the number of independent components in the elasticity matrix
depends on the symmetry of the crystal structures of the material. Different crystal structures
have different rotational symmetric axes and different symmetries. For isotropic materials,
because any axis can be considered as symmetry axis, there are only two independent elasticity
constants: one to describe the flexural vibrational mode (E, or Young’s modulus) and the other
one to describe the torsional vibrational mode (G, or shear modulus). Vibrational modes are
discussed in details in Section 8.3.

For anisotropic materials, the situation is more complicated. There are seven different
anisotropic crystal structures, leading to various symmetries of the physical properties. The
anisotropic crystal structures, corresponding symmetry system and the number of independent
components in the compliance matrix are summarized in Table 8-1.

In this project, two most asymmetric cases (triclinic and monoclinic) are not considered.
The detailed information of the common symmetries and their independent components are listed

in Table 8-2.

8.2.2. Symmetry of Composite Materials

Unlike crystalline materials, the symmetry of fiber-based composite materials strongly
depends on the ply orientation and stacking order. In this section, symmetries of four common
used composite materials are checked: unidirectional, (0/90)s, (60/0/-60)s, and (0/45/-45/90)s.

An example of a unidirectional composite material is shown in Fig. 8.1. On the cross-
section plane which is normal to the fiber orientation, the physical properties are symmetric with

any axis/plane parallel to the fiber orientation. This special symmetry is defined as transverse
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isotropic. It can be easily proved that transverse isotropic materials exhibits hexagonal symmetry.

So the number of independent constants in the elasticity matrix is 5.

Table 8-1  Summary of the anisotropic crystal structure, corresponding symmetry system, the
number of independent elasticity components, and examples.

Crystal # of independent
Rotational symmetric axes example

structure components

Triclinic none 21 Some minerals
Monoclinic | 1 twofold (or 1 mirror plane) 13 Elemental sulfur

Orthorhombic 3 twofold 9 Wood
Tetragonal 1 fourfold 6 Some minerals
Trigonal 1 threefold 5 Quartz
Hexagonal 1 sixfold 5 Some minerals
Cubic 3 fourfold 3 Single crystal metals

Table 8-2  Detailed information of the independent elasticity constants in various anisotropic

cases (isotropic case is added as a reference).

# of independent

Crystal structure

components

Independent components

Slll 8221 8331 8121 8131 8231 S44l S551 866'

Orthorhombic 9
(The others components are 0)
Tetragonal 6 S11=522, S33, S44=Sss, Ses, S12, S13=S23
Hexagonal or - S11=522, Sa3, S12, S13=S23, S44=Sss,
Trigonal Se6=2(511-S12)
Cubic 3 S11=522=S33, S12=S13=Sy3,
S44=S55=Se6
. S11=S522=S33, S44=S55=Ses,
*Isotropic 2

S12=S513=S,3=511-¥2S44
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Figure 8.1 An example of unidirectional fiber.

Figure 8.2 A cross-section picture of (0/90)s composites.

Fig. 8.2 shows a cross-section picture of (0/90)s composite materials. The plies with the
orientations of 0 and 90 degree are stacked on each other alternately. The symmetry of (0/90)s
composite materials is tetragonal because it has a fourfold rotational asymmetric axis, which
means that rotating a (0/90)s composite material by 90 degree, the material properties will not be
changed. A simple mathematical derivation can be performed from this rotational axis. The way
to calculate the elasticity matrix components after rotation is:

Sijk "= AimjnAko@1pSmnop (8.3)
where Sy’ represents the elasticity constants after rotation, Sy, represents the elasticity
constants before rotation, and a is the rotational matrix with components depending on the angle

of rotation. It is worth noting that tensor notations are used in both S and S’ matrix instead of the
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matrix notation thus a conversion is required before using Eq. (8.3). Assume the orientation of the
0-degree ply is xi, the orientation of the 90-degree ply is X, and the rotation happens with the
axis of x3, as plotted in Fig. 8.3, a matrix can be described as

0 1 0
a= [—1 0 0] (8.4)
0 0 1

The elasticity constant S;1;; after rotation will be [57]
S11°=S1111 "=a11811811811S1111+811811811815S111, 811811811813+ S1113 T ... T@1381381381353333
(8.5)

Assuming orthorhombic symmetry, there are only 9 non-zero independent components in
the elasticity matrix (Si1, Siz, Sis, Sz2, Szz, Ssa, Sas, Sss, and Sgg). Inserting these non-zero
components (convert back to the tensor notation first) to Eq. (8.5), S;1’ can be obtained as

S11°=81111 " =a1281281281252222=S22

It means that S;; of the rotated matrix and Sy, of the original matrix are identical
components. From the analysis above, S;; of the rotated matrix should equal to S;; of the original
matrix. Therefore, S;;and S,; are equal (both in the original and rotated matrix)

Similarly,

S12"=S1120 " =A151282182152211=521=S12

S13"=S1133 "=a1281282382352233= 523

S22 '=82222 "=2182182182151111=S11

S23"=S2233 " =a2182183383351133= 513

Sz’ =S3333 ' =13303383323353333= 533

Sas’=4S2303"=4a2183387183351313=S55

Ss5 ' =4S1313 ' =4a183381283352323=S44

Ses '=4S1212 '=4a12821812872152121=Ses (8.5)



73

Figure 8.3  (0/90)s sample and the coordinates used in the derivation.

As a summary, S11=S, S13=S;3, S14=Sss. Therefore the symmetry is tetragonal, with 6
independent elasticity constants.
Using the same way, the symmetry of (0/60/-60)s and (0/45/-45/90)s can both be proved

as hexagonal (also called quasi-isotropic for composites), with 5 independent elasticity constants.

8.3.  (0/90)s Sample and the Coordinates Used in the Derivation

8.3.1. Vibrational Mode and Natural Frequency

A normal mode of a vibration system is a pattern of motion in which all parts of the
system move sinusoidally with same frequency with a fixed phase relation. The motion described
by the normal modes is called resonance. The frequencies of the normal modes of a system are
known as its natural frequencies. The normal modes of a physical object depend on its structure,
materials and boundary conditions.

For a cantilever beam, there are two types of normal modes of vibration. One is the
flexural mode including bending and lateral modes (Fig. 8.4(a) and (b)). The other one is the

torsional mode (Fig. 8.4(c)). For isotropic materials, E and G are used to describe the flexural and
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Figure 8.4 (a) Bending mode; (b) lateral mode; (c) torsional mode [58].

bending modes respectively. For anisotropic materials, the components in the top left area of the
elasticity matrix (i and j equal to 1, 2 and 3) describe the flexural modes, and the components in

the bottom right area (i and j equal to 4, 5 and 6) describe the torsional modes.

8.3.2. Relationship between Elasticity Constants and Natural Frequency

Two common methods can be used to measure natural frequencies. One is to supply a
harmonic external excitation. If the frequency of the excitation source matches one of the natural
frequencies of the system, resonance vibration can be activated and the vibrational energy will be
stored by the system to increase the vibrational amplitude. By adjusting the frequency of the
harmonic excitation and detecting the amplitude change of vibration, the natural frequencies can
be found. This is the mechanism of the natural frequency measurements on the cantilever beam.
The details are described in Section 8.3.3. The other method involves using short duration pulsed
laser. One application is the LRUS technique which is introduced in Section 8.4.

Depending on the geometry of the cantilever beam, classical beam theories (e.g.,

Bernoulli-Euler beam theory, Timoshenko beam theory, etc.) are available to simplify and solve
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the governing equations without sacrificing accuracy. In this project, the beam is designed to be
long and thin in order to match the requirements of the least complicated Bernoulli-Euler theory.
From the classical solution of the Bernoulli-Euler beam theory, elasticity constants can be
obtained from the sample density and geometry with a straight forward manner [58, 59].

The natural frequencies of the flexural modes are:

f
f_t Fiy2 1
fi _471'(L) 3pS11

(8.6)

where t and L are the thickness and length of the cantilever beam respectively, and p is the
density. Superscription f represents the flexural mode and i is the order of the modes. ' is
obtained from cosha{ cosa{ + 1 = 0, ultimately from the boundary conditions. For the torsional
modes, the natural frequencies can be calculated from

ft _2i-1 4
U7 4L A pISss

(8.7)

where | is the polar moment of the cross section and I = 1—12 (tw3 + wt3) with w as the width of

the beam. Superscription t represents torsional modes and {'is calculated by

192
s

—liaw_
6_3t (t

iz tanh ™) (8.8)

By measuring the natural frequencies of the flexural and torsional modes, two elasticity
constants Si; and Sy, can be obtained. By considering the orientation of the beam samples to the
original material, more elasticity constants can be measured.

The experimental setup is designed for in-situ measurements. Due to the use of the fiber
lasers, the whole setup is compact and easily embedded into harsh environments for real-time
study. Located in a vacuum chamber inside a furnace, this system is able to measure the change
of the elasticity constants with respect to temperature and pressure (e.g., heat treatments). Inside a

nuclear reactor, this setup can perform the measurement on nuclear materials or materials under

neutron irradiation (from which the microstructure change can be found).
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8.3.3. Vibrational Modes Measurement from Photothermal Reflectance Setup
In this approach, the cantilever beam sample is manufactured from the original material
with a frame surrounded as in Fig. 8.5. The sample is designed to be 17 mm long, 2 mm wide and
0.5 mm thick to reach the requirements of the Bernoulli-Euler theory (it’s worth noting that the
numerical model still shows a less than 2% error compare with the Timoshenko Beam Theory,
suggesting an even longer beam length design). The surrounding frame is fixed to a specific
module by screws at the corners. Extra pressure can be applied on the module to satisfy the
cantilever beam boundary condition. The clamped end of the beam is shined by an intensity-
modulated laser, and the thermal expansion difference at the top and bottom surface supplies an
external excitation. The probe laser is focused on the free end of the beam and the reflected light
is collected to sense the vibrations. When the frequency of the external excitation matches one
natural frequency of the beam, resonant vibrations will be activated. The resulting amplitude of
the free beam vibration will cause the intensity change of the reflected probe laser beam to reach

a local maximum corresponding to the natural frequency.

Figure 8.5 Design diagram of the cantilever beam sample.
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This technique is particularly sensitive to the flexural modes (bending modes). From the
vibration amplitude — modulation frequency curve, the natural frequencies of different vibrational
modes can be obtained. However, because the clamped end is always the node (at which no
vibration phenomena can be activated theoretically) of torsional modes, the torsional mode
natural frequencies are intrinsically difficult to be captured from this technique. The laser-based

resonant ultrasound spectroscopy will be required to capture the torsional model vibration.

8.4. Laser-based Resonant Ultrasound Spectroscopy (LRUS)

The other common method to measure the natural frequencies of a given sample is to use
pulsed excitation to activate a superposition motion of several normal modes. This is the
mechanism of the laser-based resonant ultrasound spectroscopy (LRUS) technique. In the LRUS
technique, a high power pulsed laser is used to activate as many vibrational modes as possible. A
probe laser or a photorefractive-interferometer scans the sample surface to get the out-of-plane
motions at every position. The natural frequencies of the activated vibrational modes at each
detection spot are then extracted by Fourier transform to obtain the resonant vibrational modes
(spectroscopy). By recombining the amplitude information of all detection spots’ vibration with
respect to (natural) frequency, several resonant vibrational modes of the sample are acquired. An
inverse fitting process based on Hamilton’s principle is then performed. By matching the
calculated vibrational modes with the measured modes at each frequency, the elasticity constants
can be obtained. The unique advantage of the LRUS technique is that all independent elasticity
constants can be theoretically fitted out from a single experiment run on one sample. However,
the inverse fitting process in the LRUS technique has a sensitivity issue similar to the 3D
frequency-domain photothermal reflectance technique (Section 4.1.3). Some published results
from the LRUS technique shows that the elasticity constants of the isotropic sample (with 2

independent constants) can be measured with a great accuracy; however, on the samples having
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more than 3 independent elasticity constants (cubic or more asymmetric than cubic), only the
ones relative to torsional modes can be accurately obtained. Therefore, it is recommended to
identify the material symmetry before applying the LRUS technique on measuring elasticity

constants of unknown samples.

8.5. Strategy to Measure Elasticity Constants

Theoretically, from the photothermal reflectance system, all elasticity constants can be
measured if enough cantilever beam samples with necessary orientations are supplied. In real
measurements, sensitivity becomes the first issue for reliable experimental results. As we stated
previously, when the modulated excitation technique may not be sensitive enough for the
torsional modes, LRUS can be used instead. The shear modulus, C4, (the mathematical reciprocal
of S44) had been successfully obtained on the polycrystalline copper sample by LRUS [60].

Another issue is the limitation of the beam orientations. For the original plate samples,
the only possible axis of rotation is the one normal to the plate plane. It restricts the extraction of
the elasticity constants which has to be measured from the four thin edges normal to the plate
plane. The measureable elasticity constants from an original sample with plate shape are listed in
Table 8-3.

The recipe of this measurement is given below:

1) manufacture cantilever beams following Fig. 8.5 from the original plate sample, with
the orientations of O degree, 45 degree and 90 degree (the rotation axis is normal to
the plate);

2) measure Sy1, Sy, from the flexural modes of the 0- and 90-degree samples separately
(S11 and Sy, are supposed to have the same value for materials with cubic, hexagonal,
tetragonal or isotropic symmetry);

3) measure 2S;,+S,, from the flexural modes of the 45-degree sample;
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Table 8-3  Measureable elasticity components of the independent ones*

# can be
) measured )
# of independent ) # can be measured with
Symmetry ] without )
elastic constants ] torsional mode
torsional
mode
Cubi 3 (Su1, Stz Sas) 2 3 (all)
uoic 11, 912, 44 a
2815+S44)
2 (S11, Sas)
5 (Slla S121 8131 8331
Hexagonal 1(Sw) 4 (S11, Sss, Saa, S12) for

Sas) e
unidirectional

6 (Slls SlZ! Sl3! S33! 2* (8111

Tetragonal 3 (S11, 2S12+Se6, Sas)
S44, See) 2812"'866)
Orthotro iC 9 3* (Sll; S22; 5 (Sll; S22; 2812+866u 844,
P 2S15+Sge) Sss)
*|sotropic 2 (S11, Sas) 1(S1) 2 (both)

*note: although neither single value of S;, nor Sy4 can be measured from this step, one
degree of freedom still diminishes from this relation, which also counts one “available

elasticity constant” in Table 8-3

4) measure Sy, Sss from the torsional modes of the 0-degree sample and Sgg from the 90-
degree sample if the torsional modes are detectable; measure Su, Sss and Sge from

LRUS if the torsional modes are not sensed from the photothermal reflectance setup.
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8.6. Experimental Results

Rolled and annealed polycrystalline Cu samples are selected as our validation samples.
Measured by the electron backscatter diffraction (EBSD) technique, the structures of two
polycrystalline Cu samples are both cubic with three independent components. The elasticity
constants of the validation samples measured from other techniques (reported by Hurley et al.
[61]) and this technique are listed in Table 8-4. The capability of the photothermal reflectance
technique to sense torsional modes is proved on the rolled samples. On the annealed samples, no
obvious torsional modes are captured and only the value of 2S;,+S4, is obtained from the flexural
modes from the 45-degree sample. Due to the complexity of the LRUS technique and the
corresponding inverse fitting process, we decide to make more attempts on measuring torsional
modes from the annealed samples before LRUS is involved. The original experimental data (with
the geometry information and natural frequencies in flexural modes) is given in Table 8-5.

An experimental error of ~10% is found in the measurement results, except for S;, of the
rolled sample, which has an error of 21%. Briefly, the possible sources of experimental errors
include the measurement errors of the size determination (length, thickness and width),
inhomogeneity of the beam material, and the deviation of the measured length of the cantilever
beams to the “effective length” (including the measured length and the contribution of the base

that is also vibrating).
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Table 8-4 Elasticity constants of the validation samples.

Measured Measured

Reported | Reported Reported Measured

Rolled " " L | 80" | -1.8x10" | 25.6x10"
7.1<10 -2.3x10° 23.3x10°
sample (13%) (21%) (10%)
-5.1x10" [ 15x10™% N/A
Annealed » 13.8x10™"
12.7x10
sample 0 (9%) 2S1,+S4,=4.2x10™"
2812"'844:4.8)(.].0_
(12%)
Table 8-5 Experimental data of the flexural modes and sample geometry, E represents
effective elastic modulus.
Sample "A" || Sample "C" | Sample "E" [
L {mmj): 17.05 17 17.02
t (mm): 0.566 0.558 0.566
p (kg/m): 8940 8940 8940
Rolled Rolled Rolled
Mode Bl Freq(Hz) | E(Gpa) | Freq(Hz)! E(Gpa) | Freq(Hz){ E (Gpa)
1 1.875104 1,177 125.2 1,135 118.4 1,088 106.2
2 4.694091 7,110! 118.3 6,760 104.4
3 7.854757 19,703! 115.9 18,766 102.6
Annealed Annealed Annealed
Mode Bl Freq(Hz)! E(Gpa) | Freq(Hz)! E(Gpa) | Freq(Hz)!{ E (Gpa)
1 1.875104 2931 721 8781 70.8 1,190 127.1
2 4694091 5,526; 70.3 5,483  70.3 7,433 126.2
3 7.854757 15,445 70.0 15,305, @69.9 20,703 124.9
4 1099554 30,220 69.8
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

A thermal conductivity measurement based on the photothermal reflectance technique
was developed. Because of the use of lasers as heat source and probe, this measurement has some
unique advantages including non-contact, non-destructive, fast, and high spatial-resolution (in the
order of micrometer). In addition, the measurement can be performed on the sample with a size of
millimeters, making this technique ideal to measure the thermal conductivity of nuclear fuels.
Validation of this experimental setup was accomplished on two samples having thermal
conductivity at both the upper and lower limit of the common range of nuclear fuels, and the
results showed a great agreement to the literature values. As a post-irradiation examination tool,
this new experimental approach has important technological applications to advance nuclear fuel
development.

An extended application from the photothermal reflectance technique was explored to
measure the elasticity constants on a cantilever-beam sample. The experimental results on

polycrystalline copper samples agreed with the published values.

9.1. Conclusions

A thermal conductivity measurement system for solid materials was developed based on
the photothermal methods with micrometer spatial-resolution. With specific treatments, this setup
was optimized for measuring the samples with thermal conductivity in the range of 1 W-m™-K™ to
10 W-m™K™ that is common for nuclear fuels. The experimental errors on validation samples,
Si0, (1.4 Wm™K™) and CaF, (9.2 W-m™K™), were 3% and 16%, respectively. More
experiments were applied on ZrO,, glassy carbon, Zirconium and Chromium samples. Reliable

experimental results were again obtained on the lower thermal conductivity samples (ZrO,, 2
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W-m™K™?, and glassy carbon, 6.3 W-m™K™). The potentials of this setup on measuring thermal
conductivity on good thermal conductors (Zr, 22.6 W-m™K™, and Cr, 93.9 W-m™K™) were also
tested. System optimization will be needed if the sample is known to have a high thermal
conductivity.

Due to the microstructure effect, thermal conductivity of the film needs to be measured
before the substrate properties can be extracted from a reference sample. An approach of data
refinement was designed to extract reliable film thermal conductivity from the raw data. The
variation of the k values decreased from 60% before the refinement to 25%.

The experimental errors from the diffusivity measurement were smaller than the
effusivity measurement. The sources of experimental errors on both measurements were
discussed qualitatively for the possible improvements on measurement accuracy. For the
diffusivity measurement, random error was dominating and increasing sample size can effectively
decrease this type of error. For the effusivity measurement, the 1D heating condition was the
most important factor for high reliability of experimental result. Uncertainty quantification was
performed on both measurements and the overall uncertainty of the thermal conductivity
determination (with CaF, sample as an example) was calculated to be 9.6%.

A numerical model was built and analyzed using the finite element simulation software
COMSOL. The influences of some factors existing in real experiment but impossible to be
considered in the analytical model were examined using the numerical model. The study on probe
laser intensity distribution and heat convection and radiation validated the assumptions of the
analytical model. The simulation result of temperature-dependent coefficient of thermal
conductivity proved the conclusion in experimental error analysis that the temperature
dependence of thermal conductivity of CaF, sample strongly influenced the measurement results.

The elasticity constants measurement was an extended exploration from the laser-based

technique. Using pump laser to create a thermal expansion difference on top and bottom of the
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cantilever beam, the vibrational modes were activated and sensed by the probe laser. From
measuring the natural frequencies of different vibrational modes, the elasticity constants were
obtained. With different material symmetries, the available elasticity constants from this method
were different. The material symmetries of crystal materials and composite materials were
analyzed, and two polycrystalline materials with cubic material symmetry were selected as the
validation samples. Torsional modes were observed on the rolled sample, but not on the annealed
sample. The LRUS technique can be used as a complementary technique to measure the torsional
modes. Experimental results on all measured properties compared favorably to the published

values with about 10% errors.

9.2. Future Work

1) For the thermal conductivity measurement, a motorized stage to move the sample can be
added in the setup to map the thermal-conductivity distribution. In order to provide the
measurement-setup mobility, fiber lasers can be used instead of the diode lasers in current
setup. It can also greatly simplify the light path alignment thus comfort the system
maintenance.

2) For the elasticity constants measurement, although all three constants were measured on
the rolled sample with acceptable experimental error, on the annealed sample the
torsional mode was not captured. LRUS measurement will be performed if the situation
is not improved. After that, elasticity constants measurements on more asymmetric

materials will be attempted, and uncertainty quantification will be performed.
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APPENDIX A

Derivation Details of Temperature Response of the 1D Model

(with Thermal Resistance and Optical Absorption Considered)

The governing equations are rewritten by assuming that Ty and T, have a thermal wave

solution:
Ty _iwp — _Qogun(—
ot —D—fo =% exp(—ax) 0<x<h (A1)
%°Ty  iw
- D_STS = x>h (A.2)

The boundary conditions are

aT
_kfa_xflx=0 =0 (A.3)
Jep TL oy = kg 2 A4
f ox |lx=h = 56x|x=h ( )
oT
_Rthksa lx=h = Tf —Ts (A5)

The particular solution for the temperature on the surface (T;) can be found from Eqg.

(A.1) by assuming that T is independent of time, which is

o 5 exp(—ax)

T =_2__ -
kf a2 — 0

p:

iw
where g = /—.
Dy

Therefore, T; and T can be written as a combination of homogeneous solution and
particular solution (for T, it’s only the homogeneous solution), as below:
Tr = Aexp(ox) + Bexp(—ox) + T, (A.6)

Ty = D exp(Ax) + C exp(—Ax) (A7)
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where 1 = [

It’s worth noting that the substrate was assumed to be a semi-infinite solid. For the
solution in the substrate to remain bounded, the coefficient D must equal zero. Therefore, Eq.
(A.7) becomes T = C exp(—Ax).

In order to solve the coefficients A, B, and C, the boundary conditions are applied into
Eqg. (A.6) and (A.7).

Apply the boundary condition (A.3) to Eq. (A.6):

—p_Qz_ 1
A= ko ato? (A.8)
Apply the boundary condition (A.4) to Eq. (A.6) and (A.7), and use Eq. (A.8) to cancel

out the coefficient A:

— k1 _ _ Q_a —ah) —
C = PRyt {Balexp(ah) — exp(—ah)] + P [exp(—ah) — exp(ah)]} (A.9)

The last step is to apply the boundary condition (A.5) to Eq. (A.6) and (A.7), and use Eq.

(A.8) to cancel out the coefficient A:

L%

1
~Blexp(oh) + exp(-om)] + 3 27—

[g exp(oh) + exp(—ah)]

= C(—RipksA — 1) exp(—ah)
(A.10)
From Eqg. (A.9) and (A.10), coefficients B and C can be calculated. It’s worth noting that
temperature response at the surface Ty, r = Tf|x=0 = A+ B +T,, and the coefficient A can be
calculated from Eqg. (A.8) if the coefficient B is known. Therefore, Ty can be obtained by

calculating the coefficient B solely.

Q_ 1

_Eaz_gz

{[% exp(oh) + exp(—a’h)] — % (Repk A+ 1) l]i—]; [exp(—ah) — exp(ah)]}

[exp(ch) + exp(—ch)] + % (RepksA + 1) I]z—f [exp(ch) — exp(—oh)]
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If T is needed, the coefficient C can be calculated from Eq. (A.9) or (A.10) by applying

the expression of the coefficient B.
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APPENDIX B

Derivation Details of Temperature Response of the 3D Model
(with Anisotropic Thermal Conductivity, Thermal Resistance

and Optical Absorption Considered)

The governing equations for heat conduction in both layers are given below:

krijTr,ij — preeTy = Qf (B.1)
ksist,ij - pscsTs = Qs (B.2)
and the heat source terms are
Pas(1-Ryf) 2 2 11 , ,
Qr = ﬁexp(— z—% - z—; —apx3)G+ (exp(iwt) + exp(—iwt))) (B.3)
Pas(1-Rf)(1—-Rs)exp(—arh) 2 2 11 , .
Qs = = exp(— 3 — 2 — a5 — W) G + 3 (exp(iot) + exp(—iwt))
(B.4)

The boundary conditions are essentially the same from the 1D model in Appendix A:

oT

~ksi57 1220 =0 (B.5)
aT T
f3i a_zf lz=n = Ks3i 5z lz=n (B.6)
aT
~Renkszig, |z=n = Ty = T (B.7)

The normalization factors in Eq. (B.3) and (B.4) come from the following relationship

_[ Qsdv =P(1— Rf)(l — Rx)exp(—afh)

which implies
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Cro ma,a;

_ Pag(1 —Rp)(1— Ry)exp(—arh)

ma,a;

s0

The solution procedure begins by assuming a thermal wave solution:

T"]- = %(T] exp(iwt) + T} exp(—iwt)), for j =sf

Note the temperature is defined as real. Next, substitute the thermal wave solution into

the diffusion equations and collect term in exp(iwt):

Pas(1—Ry) x?  x3
. _ Pay i 1 X
KruTr —iwpre Ty =— oo Pz
Pag(1 — Re)(1 — Ry)exp(—ash) . x?  x?

————— —h
Ta,a, Xp( a% a% (ZS(X3 ))

ksist,ij —lwpscsTy =

Applying a 2D Fourier Transform to the heat conduction equations above with respect to
X1 and x, gives

—281&2kp1,Tr — 2i81kp13Tr 3 — 2085k p03 Ty 3 — E2kpraTr — E5kponTr + kpasTr 33 — iwprce Ty

—25152’(512715 - 2if1ks13Ts,3 - 21'521155237A"s,3 - f12kf11Ts - fzzkfzzfs + k533Ts,33 - iwpsCsTs

Pag(1—Rr)(1 —R) exp(—arh
_ s(1—Re)( — s) exp(—ay )exp(— 14‘11_27‘12_0(5(,(3_}1))

The solution in transform space can be represented by
Tr = Aexp(—nsx3) + Bexp(nexs) + E exp(—ayx3) for xs<h
Ty = C exp(—ns(x3 — h)) + D exp(ns(x3 — h)) + F exp(—as(x3 — h)) for x;>h
The portion of the solutions with coefficients E and F correspond to the particular
solution for the film and substrate respectively. For the solution in the substrate to remain

bounded, the coefficient D must equal zero. The coefficient A, B, C, E, and F as well as the
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exponents 7y, are unknowns. The exponents #ys are found by requiring that the homogeneous

solutions satisfy the heat conduction equations:
kf3377]% + (2i51kf13 + Zifzkf23)77f — 2&1&kp1p — §Tkp1q — E5kpan — iwppcy = 0
kg33né + (2i81ksis + 2i8ksp3)Ns — 281&5ks12 — T ks11 — 3 ksar — lwpscs = 0
The coefficients E and F are found by substituting the particular solutions of the film and
substrate into the respective differential equation:
P4 C = E) exp(—g2a2 fa-e3a3/4)

E =
kf33a]§ + 2‘7ff(lkf31<f1 + lkf23fz) —28185kr12 — kf11‘>;12 - kfzzfzz — lwpgCr

Pags(1 —Rf)(1 — R —arh
) 20~ ROUZ RSP ooy e202 /4-83a3/4)

B kzzal + 2as(ikez1&r + ikp382) — 281&2ks12 — ks1187 — k2285 — lwpscs

The remaining coefficients, A, B, and C are found by satisfying the boundary conditions

Eq. (B.5) — (B.7). The transformed boundary conditions are given by
(—ikp3181Tr — kg3 &, Ty + kf33Tf,3)|x3=O =0
(—ikf31€1Tf - ikf32§2'ff + kf33Tf'3)|x3=h = (—ikg31&Ts — iksz26,Ts + kss3Ts,3)|x3=h
—Rth(—ikf3lf1Tf - ikf32§2Tf + kf33Tf,3)|x3=h = (T — TS)|x3=h

Substituting the transformed solutions into the transformed boundary conditions gives the

following system of equations

and
Nyp = (—ikp31§1 — ik328s — Npkpss)
Ny = (—ikpz1&1 — ik328; + n5kpss)

Ni3 =0



Ny1 = (—ikgz181 — ikp3a8, — Nrkrssz)exp(—ngh)

Ny, = (—ikgz1§1 — ikp3a8, + Nrkrssz)exp(—ngh)
Nas = (iks3181 + iks3282 + Nsks3s)

N3, = Rth(ikf31f1 + ikf328, + Ufkf33) eXp(—nfh) - exp(—nfh)
N3, = Rth(ikf31f1 + ikf328, — Ufkf33) eXp(nfh) - eXp(nfh)
Ny =1
Ry = E(ikg31&1 + iks328, + apkyss)
Ry = E(ikp31&1 + ikpspés + apkpss) exp(—aph) — F(ikg31é1 + ikgs28, + agkgss)

R3 = E[l - Rth(ikf3151 + ikf32€2 + afkf33)] eXp(_afh) —F
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