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As electronic devices become smaller in size, thermal management chdtienge
various applicationsust be solvefor enhanced system performance and reliability.
Without appropriate thermal conductivity tosdipate excess heat, the system overall

performance and reliability will be compromise&or high power electronic



applications, local heat flux can be on the order of kW/Anhighly thermaly
corductive materia arepreferred to effectively dissipate heat generated irssisieem.

On the otheihand materials withlow thermal conductivityare desiredo prevent
thermal shoktircuit, for example,n thermoelectric applications. This dissertation
investigates thermalrppertiesof nanostructured materials, in which the approach of
using additives in the base material to tailor the effectiventakeconductivity of
composite materiaFor power systems, WeBN composite exhibitg-planethermal
conductivity of 3.14 W/mKwhichis 12 time enhancement compared to that of pristine
wax. Moreover, an improved 1113.3 MV/m breakdown voltage of W&N
composite was achieved. For optoelectronic systems, a thermally conductive,
electrically insulating and optically transparemanopaper using a bilayer design
structure with BN and cellulose nanofiber (CNF) was proposed. An optical
transparency (70%) amal-planethermal conductivity (0.76 W/m/K) were successfully
achieved with BNCNF nanopaper. For lithium ion battery energyage system, BN
coated separator results in Coulombic efficiency stabilizing at 92% over 100 cycles
compared to 18% for pristine separatmder 0.5 mA/cracurrent density condition
BN-coated separator reduced lithium dendrite by creating a more homageneo
thermal environmentin extreme high temperature applications, certain substrate for
example glass suffers from poor thermal management properties, which greatly limits
the system performancélith BN coated thin film glass push the maximum operating
temper at ur e congaretl @Otidat o C O iwrmal glass indicating
enhancedthermal management capability of substrd&eTes material properties

modification with external magnetic field has also been explémediemagnetic field,



crossplanethermal conductivityof Bi-Tesis predicted to experience 3.3% drop. The
TEC numerical simulation indicateBi>Tes exhibit 1 . 7 C enimsidenc e ment
magnetic fieldMaterialthermal conductivity modificatiohas beenlemonstrateéas a

promisingapproacto enhancéhermal managemenapabilityin electronic systems.
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Chapter lintroduction

1.1 Motivationand Overview

With the rapid development of technology nowadaysteand moreapplications are
associatewvith energy transport including kinetic energy, mechanical energy, chemical
energy, magnetic engrgnuclear energy, thermal energy and so on. Among various
energy transport forms, thermal energy has attraotedasingattentionsincemost of
energy conversion process/olveseitherheatreleaseor absorption During the heat
transferprocess, the thermal conductivity of a material, in Sl unit of W/mK, denotes
materialability to conduct heat from high temperatsideto low temperature side.
Without an appropriate thermal conductivityaterial systemthermal design can be

extremelychallenging or theverallperformanceanaybe compraised[1].

During the pasafew decades, researchers have extensively investigated the underlying
themal transport behavior and proposedany ways totalor material thermal
conductivityfor enhanceaverallperformanceThose advances directly lead to major
breakthroughs in multiplepplicationsIn powerelectronic applicationgpr example,
integrated circutMoor eés | aw predicts the number
be doubled every two ges, which can result inkW/crm? heatremoval necessitiyom

the chig2]. In such highheat fluxapplications the materiaé with higher thermal
conductivity are preferred to effectively dissipate heat generated insldetronic
componento maintain safepematingtemperature and prolong the device i@t On

the other siden some applications, logv thermal conductivitiesaredesired taavoid
1
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componenthermal failure One example is the thermal insulation coating outside the
space shuttle. When the space shuttle travels at very high speed through the atmosphere
layer, the friction betweeits surfaceand gas molecules caroducesignificant amount

of heatas shown irFigure 1-1 (b), which canexceedmelting point of most materials.

To protect the core componeiftsm the overheating issue, the thermal insulation layer

is critical. In suchthermal insulatiomrmaterial the themal conductivity needs to be
minimized to prevent heatpropagationinto the inner structuresf space shuttle.
Another example is in the thermoelectric coqBEC) application, the Peltier effect

on one side of the thermoelect(iEE) leg is used to cool the hot spathile heat is

dumped at the ther side of TE leg. The parasitic back conduction through the

thermoelectrideg needs to be minimized to achieve better cooling performance.

b

Figurel-1 (a) ThermaFailure inPowerElectronic §stem[3], (b) Thermallssues in
SpaceShuttle atHigh Speed[4]

Tablel lists the experimental thermal conductivity values of common materials in a

wide range byChung [5] and Vargaftik [6] at moderate temperatureShermal

conductivity vares for different substances and degemamultiple factors, such as



structure environmenttemperature and pressueéc. Usually, the material thermal
conductivity values below 0.1 W/mK is considered low aad be usg as thermal
insulation material, sticas foams and fiber§he thermal conductivitin the range of
1-10 W/mK, is considered to be moderate to high values. If the material thermal
conductivity isover 100 W/mK, it isreckonedas very conductive material, which

used as thermal conductdos heat dissipatian

Tablel-1 ThermalConductivityValuesof VariousSubstances atmospheric

Pressure aModerateTemperature

Thermal Thermal
Material Conductivity Material Conductivity
(W/mK) (W/mK)
Metal Liquid
Aluminum 247 Acetone 0.161
Copper 398 Ethanol 0.169
Gold 315 Water 0.607
Lead 30 Toluene 0.134
Nonmetallic Gas
Diamond 2000 Helium 0.156
Silicon Carbide 270 Neon 0.048
Aluminum Nitride 320 Argon 0.0178




Not every property of a material is ideal ftsrapplications, sometimes, to satistyme
primary system functional requirements, the material selection is linhiteadaterials
with inappropriate thermal propertiel order tomodify thermal property of such
materials toenhance their thermal performanceseveraltechniques have been
proposed over the past a few decadbsse experimental techniquesnodify overall
effective thermal conductivity of compositan be d/ided into a few categories: a.
addition of special fillers into the base material; b. modification the material
manufacture procest® alter theintrinsic structure c. alternation of the external

environmento affect the heat transpoprocessnside the material

Lots of researckfforts have been placed on additives intolthgsematerialsto form a
composite By incorporating highly thermal conductive fillersuch as metal
nanoparticleg?, 8], carbon nanotubes (CNTE), 10] and graphene flakd41, 12],
into the poor thermal conductivitlgasematerials, for example paners, have been
proved to be an effective way texhibit improved effectiveoverall thermal
conductivity of the compositénother commonly used method isrtmdify material
manufacture process to altiés structure or properties to achieve differengrthal
conductivity.Han et al. experimentallyobservedhatholey graphenexperiencedn 3
times enhancement inthermal conductivityunder different pressures at room
temperaturg13]. For the third methaddifferent thermal conductivitiesf certain
environmentatesponsive specmen can be achieved by changing the extatn
environment. The response aédrtainmaterias to external environmentange yield

different thermal conductivitiesDas et al [14] reported by using temperature
4



oscillation techniquéo affect Brownian like motion of the nanoparticles to achieve
thermal conductivity enhancement of 2 to 4 tinoe®r asmall temperatureange
betweer?1 to5 1 e C @stwatdr naAdfluidsThe increased stochastic motion of
nanoparticles bringsxtra nanceffect of conducting behavior of the fluidable 2

summarizes the commonly used techniques to tailor thermal conductivity of materials

in recent yearfl5-24].

Tablel-2 Summary olVariousApproachedo Tailor ThermalConductivity of

Materials.
Researchel Classification Materials Observation Note
and Year
Leeet al Additives to AIN/ Polyethylene | K increases | 75 vol %
2005 base material from base loading ratio
0.351t0 2.27
W/mK
Leeet al Additives to AIN/ Epoxy Kincreases | 57 vol %
2008 base material 15 times than filler loading
pure epoxy | ratio




Yu et al Additives to Graphite Kincreases § 10 wt %
2008 base material | Nanoplatelet/Epoxy times filler loading
ratio
Li et al Additives to Boron Nitride/ K increases | 30 wt %
2010 base material | Polyimide from 0.2 to | filler loading
1.2 W/mK ratio
Ekimovet | External Diamond/ copper | 600 W/mK at| Sintered at
al. Pressure composite 2GPato 900 | 2100 K
2008 W/mK at 8
GPa
Choiet al. | External Carbon nanotube | K increases | Magnetic
2003 Magnetic Field | Polymer Composit§ 10% Field CNT
Alignment
Processing
Mintsaet | External Water/ AbO3 15% 204 0 C
al. Temperature | nanofluid (9 vol increment in
2008 Field %) effective K




Yamashita | External BaFe(Asos/o332 | K varies Extreme low
et al Magnetic Field from 0.244 to| temperature
2011 0.248 W/mK | 1K
with 2T
magnetic
field at
different
orientations
Honeet al. | External Single wall Carbon| K of SWNT | 7-25K
1998 Temperature | nanotube bundle | is linear
Field increasing
with
temperature
Wrightet | External Ni coated 1.1 W/mK at | Magnetic
al. Magnetic Field | CNT/FeOs 620 Oe Field
2008 (Magnet) nanoparticle/Water| 1.01 W/mK | Alignment

at 380 Oe




1.2 Heat Conduction Theory

1.2.1 Classic Fourier Theory

For a classical, isotropic materiateady stat& o u rs iaw stabes the local heat flux

is proportional to temperature gradient to negative temperature grgdi2ak:
. Q .
== =k T 1
A 1)

where ( is heat flux in SI unit of W/ Q is total amount of heat transfer in Sl unit of
W, A is cross section area perpendicular to heat transfer direction with urfitlofam
the thermal conductivity in SI unit of W/mKT is the temperature gradient in 3iitu

of e C/ m.

Usually, in the material, one type of energy carrier k dotem#éhe heat conduction
process.Neverthelessor materials withmultiple carriers,such as thermoelectric

materials and aerogelie total thermal conductivities can be combitagkther:
k=k # Kk . @)

where k is overall thermal conductivity, kke, kg is the thermal conductivity

contributed by lattice, electrons and gas molecules, respectively.

1.2.2 Kinetic Theory

To further understand the physical meaning of thermal conductivity k, kinetic theory
can be applied to derive Kinetic energyis the amant of energy of an object or
particle because of its movement. The substance can be solids, liquids or gases. For
solids, very strongattraction forces between molecules Isalde particle in relative

8



fixed, regular arrangement. The particles can onlyatédocally around their fixed
positions. For liquid molecules, the attraction forces between molecules are weaker
than that for solids, they have more energy than solid molecules and camnewe
speed to form irregular arrangement. Lastly, for gakoutes, due to the negligible
attraction forces between molecules, they can travel in random directedatinehigh

speed.

When solid substance is heated, the particles will gain more kinetic energy, which
causes them to vibrate more rigorously. The extra kinetic energy is passed to
neighboringparticles, and eventually, the kinetic energy is passed through the solids.

As a resultthetemperature of the whole substance will rise.

= E | 3
Etotal c X X ( )
L =vd (4)

where, ktal is the total energy, c is the heat capac& is the temperature gradient
X

along x direction,  is the mean free pathy is particle velocity in x directiort, is

relaxation time.



“ T
Gher = (nV) v (5)
X
p T
G = CE= 2 (6)
X
where nyis the net particle flux, C (C=nc) is the totabheapacity.
To generalize the equation in 3 dimensions, the average velocity can be expressed as:
VEN AV, (7
X y z 3
By substititing Equation B) back toEquation @), we get the following form:
. 1
Opet = 3 Cvt Br (8)
Compared to the Fouritaw, theEquation(6) can be expressed in thermal conductivity
term k in the following form:
1
k==Cuvl 9
3 (9)
where k is the thermal conductiyiof the substance, C is the total volumetric heat

capacity in unit of J/AK, v is the average particle velocity in unit of m/s, and | is the

mean free path in unit of m.

Normally, more than one source of scattering is present, such as impuritiettiaad la
phonons. Fomul t i pl e scattering mechani sms i

rule [26]:

"= § (10
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1.2.3 Electrons in Metals and Semiconductors

In pure metals, the energy carrier is domidatg free electrons. However, lreavily

doped semiconductors, the electron contributigncéames from dopantan be
comparabled lattice contribution Ko the overall thermal conductivity. In both cases,

the electron conduction mechanism needs to be understood. Because the free electrons
carry both charge and heat, there is a very important relationship between electrical
conducivity s and its contribution to thermal conductivityknown as Wiedmann

Franz Law:
K, _
e =L 11
T (11

where, k is thermal conductivity contributed by free electrossis the electrical

conductivity, T is the temperature in unit of K, L is the Lorentz number.

WiedemanrFranz law indicates that fagertain materialgheelectrical conductivity is
proportional to its thermal conductivity at given temperatboe.a free electron with
parabolic dispersion near Fermi energy, like most metals, with purely elastic scattering,
which is caused by impurities and point defectsalattemperatures. The Lorentz

number has the following value:
,02k2 -8 2
L= B3e2 2.44° W K (12

where lg is Boltzman constant.

For semiconductorsthe thermal conductivity is inherently linked telectrical

conductivity through WiedemannFranz law. The thermal conductivity of the
11



semiconductors is composed fo c o mponent s el ectronsod
electrons and lattice bration contribution by phononsNith known electrical
conductivity and appropriate Lof materia) it is possibleto estimateits thermal
conductivity. For special cases where semiconductor is not heavily doped with other
materials, L approaches to 1.5&*W/WK?2. If both nand p type carriers are present

in thesystem, khas the following estimation form by considering ambipolar effect:

_ S, S
K=k, ., ;ﬁ(sp S)? T (13)

where, $and S are then-type and gtype carrier Seelok coefficient.

1.3 Magnetic Field

It is desirable to create magnetic fields with specific spatial distribditiormany
purposes in modern physics aedhnologiesThere are a number of ways to generate
magnetic fields. Theeasiest approaclnvolves permanent magnetic materials.
Permanent magnasuallysuffers fromlow magnetidield strength, less than 0.5 Tesla.
Another drawback for permanent magisethat it cannot be shut down, which makes

it not applicable for those applications require tuning or switch the magnetic field.
Alternatively magnetic fieldan be generatatirough currentarrying elements. The
latter method offers the flexibility to emerate field with complicated spatial
configuration andpredeterminedstrength, which is a preferred choice in many

applications.

12
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Biot-Savartés | aw describes magnetic field ge

magnetic fielddB at a point in spacto a line elemertl carrying steady current I:

dB = mldlsin ¢ (14)
4pr?

Here r is the distance from the point in the equatiantor r e nt car r yoi hg el er
is absolute permeability of’WgAnrinSuntvacuum
system, d | is the infinitesi mal l ength of

angle between r and I.

By arranging currentarrying elements intospecific designed spatial patterns,
magnetic field with desired spatial distributiacen be created'he flexible design is
accomplished by discretizing cylindrical surface into infinitesimal trianglersgions,
and for each subegion, the current flow stream function formulation is applied to
generate magnetic fie[@7]. With electric current following through currecdrrying

element come®hmic/ JouleHeating Q:

Q = I ’ I%elec (15)

Where, Riecis he resistance of the current carrying elementlasthe current.

Superconductive materials hafRaec approachingo zero, and thus Ohmic heating is

no longer a major concerHoweverup todate technology achieveaperconductivity

at very low temperature (typically 4K), which requires cryogenic device and low
temperature technologies. In addition, the electric current inside superconductive wires

cannot be readily changed. Thus supercotigeiecnaterials have been mostly applied

13



to generate very strong magnetic field of constant magnituelenét variable over
time), such as those used for particle acceleration and NMRventional current
carrying wires, such as copper wires, are preters currentarrying elemento
generate magnetic fieldMagnetic field is linearly proportional to electrical current |
(Equation(15)), while Ohmic heating is proportional tb (Equation(16)). In cases
when current reaches a few hundred amperesrdbglting Ohmic heat can be
tremendouswhich poseghermallimitation for theoverall performance afhagnetic

field.

To dealwith excessive heating issues, researchers have to suppress Ohmic heating by
eitherdecreasing electrical resistand®sincreasg the electrical conductor diameter

or lowering the pumped current. Alternatively, the overheating problemeraeslied

by introducing advanced cooling technology. Lemdiasbal proposed a design a 3

axis gradient coil magnetic field with AWG 20 wiat 100 Anp working condition

[27]. Chornik et al applied rectangular wire to maximize copper sfesction as
current carrier to minimize the Ohmic heating. Their system was also equipped with 7
mm diameter copper tubing carrying forced water cooling at the flow rate of 5 L/min

to work under 100 Aip condition [28]. Goodrichet al constructed a smaliore
insetable gradient coil for a 75mp DC current forcontinuous operatiorFrom the
temperature rise test, the average tempera

the maxi mum temperatur[29. was measured to be

14



Chapter Zl'hermal Properties Characterization Techniques

2.1 Introduction

While the classicsteady staté-ourier lawfor thermal conductivity measuremeist
straightforward, the accurate measurements are sometimes very chall@nging.

the past a few decades, numerous experimentalisteeRplareddifferent approaches

to performaccurate thermal conductivitmjeasurerant for various substance3he
thermal conductivity value for different materials can vary between several orders of
magnitude. For example, the thermal conductivity for aerogels is around 0.015 W/mK,
however, the thermal conductivity for diamond can behmgh as 2000 W/mK. In
general, it is very challenging sxcurately measuraaterialthermal conductivityn a

wide range using one specific method.

Based on specimen temperattime profile,the thermal conductivitgharacterization
techniques can be divided intvo categoriestransient methodand steady state
method Steady state methods measure the thermal conductivity of a sample by
monitoring temperature distribution thatindependentntime. Most commonly used
steady statenethods includes guarded hot plated radial heat flow metho®n the

other side, fansient techniquesneasure time dependetemperaturedissipation
behavior within the sample, whicimcludes hot wire method, laser/Xenon flash
method, transient plane soe methodand 3-Omega methadThe use of transient
method is advantageous over steady state methods for rapid measurenoedés. to

measure the thermal conductivity with appropriate technique, several rules need to be

15



followed: (1) understand theneasirement requirement fosample geometry and
material preparatioprocess(2) be familiar with fundamentals of each measurement
techniques, advantages and disadvanta@ainderstand the potential system error

associated with each measurement techriigole

2.2 Stateof-the-art Measurement Technique

2.2.1Radial Heat Flow Method

When dealing with thermal conductivity measurements ahigh temperature
(temperature > 1000 K), the radial heat flow method has a scheshatiangin the

Figure2-1. The sample is heated internally at tdemteraxis by a wire heater and the

heat is propagatieradially through the sample in all directions. The thermocouples can

be placed at specified locations and collect the temperature distribution data within the
sampl e. The ther mal conductivity of t he

cylindrical coadinate:

where, [ and p are the radius where two thermocouples are located, H is sample height

and &T i s temperature difference between
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® Thermocouple

. Heat Source

Figure2-1 Schematic of radial heat flow method

2.2.2Hot Wire Method

Hot wire method for thermal conductivity measurement is a transient technique that
embeds an electrically heated wire (usually platinum) as heat source into a material.
Due to the embedded heater requirement, the samples are gemartty to foams,

fluids, oils and melted plastics, with easy approach to embed the heating element inside
the material interiorThen the temperature rise at given location is monitored over a
known time intervalDuring testthe heating wire begins to gad the heat throughout

the sample in every direction. Based on different material thermal conductivity, heat
can be spread out at various rate. For higher thermal conductivity material, it is easy to
conduct heat away from the heat source, while for tve thermal conductivity
material, the heat is accumulated around the heating element. The thin wire can

simultaneously work as a heat source and a temperature sensor. By measuring the

17



temperature of the wire versus the logarithm of time, the thermal cividucan be
obtained 31-33]. The advantage of using hot wire transient method is that for heating
element, it isachievableto obtain high length to diameter ratio, which makes the
heating element a perfect line source. However, the major disadvantage is by using
resistance thermonestusually comes with an error in the input power. The material
for heating element is generally platinum, the resistance of platinum will increase with
higher temperature, thus results in fommstant input power during the measuring
process. Schematic sfich measurement system is shown in Fige2¢32].
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Figure2-2 Schematic of Hot Wire Thermal Conductivity Measurement Sy§82in

2.2.3Laser Flash Method

Contact thermal resistance poses a noticeable error for temperature measwfem

thermal conductivity tests. The laser flash methods employcantact temperature
18



sensing technique to achieve high accuracy. An optical laser is usually used as heat
source to heat one side of the sample, and the time dependent thermographic image
on the other side of sample will be captured by Infrared ¢iR)era as presented in
Figure2-3 for laser flash method schematic. The laser flash method does not directly
measure the thermal conductivity of sample, instead, it measures the thermizityiffus

first, then according to the other properties such as density and heat capacity to back

calculate the thermal conductivity based on the thermal diffusivity definition.
a= L (17)

wherea is thermal diffusivityr is density and s the heat capacity.

To accurately calculate total power input and measure the temperature contour of the
sample, usually both sides of the sample are sppated with a thin layer of graphite
coating with calibrated emissivity. With known density and heat cappaifyerties

the thermal conductivity can kmlculated Due to the possible error in temperature
profile, density and heat capacity measurement, this technique usually suffers from
relative low accuracy compared to steady state method. However, it is fmeful
compamg similar material or structure. The advantages for laser flash method include
quick test and also it can be used to test thermal conductivity for small samfzs (5

mm in diameter)34].
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IR Camera

[

Laser Pulse

Figure2-3 Schematic of Laser Flash Method for Thermal Conductivity Measurement

System

2.2.43-Omega Method

Another commonly used technique to characterize thermal conductivity of material is
3O0mega (3¥) method. It is widel yforbstted f or t
bulk and thin filmsmaterials A metallic strip is deposited on top a substrate. Due to its

thin feature, the metallic strip can be treated as infinitely lloegt sourcen the

mathematical model. It utilizes a very thin metal strip as bottehaad thermometer

on the samples or suspended in the material in liquid phase. The alternating current
(AC) passing through the strip with freque
frequency. Then the temperatunereaseat 2 ¥ f r e g direatlycrglated whi ¢ h
totheoscillat ng resi stanc®vemltavd| tragfeeqoeponpent o
obtained during measurement Si nce the 3 ¥ voltage signal
magni tude | ower than ampl i-ihsighad amplifierappl i ed

required. The AC current sisce itpegaréseless ed 1 n

20



equilibration time and less vulnerable to radiation losses. The thermal conductivity of
materials will be deter mi n atdrerisgoftlermataly zi ng t
wire with respecttothe ACur r ent f r e dhigheaspect ratio betwban thint o
wire diameter and the specimen dimension, the heat affected region is confined in a
very tiny region. Onlyregionsnearthe metallic strip will ke heated, and temperature
oscillation decays exponentially in the surrounding areas. Compared to the hot wire
method, the temperature rise can be controlled in a small range, (less thamné&ie),
material propertiesan be reckoned @®nstant. The testaterials can be extended to
dielectricg[35], porous materialg36], and carbon nanotub€37] in the range of 30 to
1000 K. A commonly used 3 Omega thermal conductivity test setup schematic is shown
in Figure2-4.

I(t)=1,cos(t ) (18

where b is the current amplitude.

DT (t) = Tpcos(wt /9 (29
wher e seTt he temperature change amplitude,
R(t)=R,1&a; D R, aiT,dsCw ) (20

w h e rris the temperature coefficientresistance of heater materia,di® the initial

electrical resistance of heater.

V= IOR®Y Roheostt) FR,ha TRos(w  F Rrly caT, os(3t w

(21
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)

Sample

Figure2-4 Schematic oB-Omega Transient Thermal Conductivity Measurement

System

A significant advantage of 3 omega method over conventional steady state method is
the error due to the radiation loss is very small. Even at extremely high temperature,
for example 1000 K, the radiation error is less than[28h However, the challenge
involved with this method is microfabrication for metallic heater. Tablests the

comparison of various thermal conductivity characterization technifR@s

22



Table2-1 Comparison of Various Thermal Conductivity Characterization Techgique

[30].
Radial Heat Laser Flash 3 Omega Hot Wire Technique
Flow Technique Technique
Technique
Nature Steady State Transient Transient Transient
Temperature
Up to 800 -120-2800 Up to 800
Range
Non-
Depends No No Depends
Destructive
Test Time Hours Seconds Seconds Minutes
Reduce Non-contact
Bulk and Thin Powdered/ liquid
Advantage | Radiation Heat| Temperature
Film Samples samples
Loss Sensing
Other Physical Thin wire
One Dimension Metallic Heater
Challenge Property manufacture
Assumption Microfabrication
Needed

2.3 OurMaterial Thermal Conductivity Characterizati@ystem

2.3.1 Electrical HeateiThermocouple System for Thermal Conductivity Characterization

The thermal conductivity along thepecimencan measured by applyingot plate

steadystate methodThe specimewith known dimensiong sandwiched between an
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electrical heater and a heat siflkvo K type fine gage thermocouples were employed

to measure the tempe rdstanceleas dhownindigugeh c e T a
[39]. To minimize heat loss, the sample is placed in a vacuum chanithea \Wweat

shield. The temperature and electrical power data are recorded using a NI LabVIEW

software. When steaeltate is reached, the thermal conductivity of the sample is

determined by applying Fourierbds | aw:
K:QSL (22
AD

where Q is the power flowing through the sample, L is the distance between the

thermocouple leads, A is the cross section area of thplsahrough which the power

flows, and ®@T is the temperature differenc
- HeatSink
-3 @
t vacuum
1@
ot} — -

® Thermocouple

Figure2-5 Schematic Illustration of SteaebyateElectrical HeaterThermocouple

Thermal ConductivityCharacterizatiof39]
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Vacuum Pump Vacuum chamber TC DAQ

Figure2-6 Electrical HeateiThermocouple System for Thermal Conductivity
Characterization
If there is no heat loss, all the power supplied to the heater flows through the sample
and into the heat sink; therefore the heat flowing across any cross section would be
constant. Irmctualmeasurements, heat loss is inevitable through radiation, damvec
and heat conduction through electrical wires connected to the heater, so the power
flowing through the sample<{@an be written as:
Q. =Q, -Qu (23

where Qssis the power lost by radiation, heat conduction through the connection leads
and convection.
Calibration experiments were performed for stainless steel (K =16 W/mK), aluminum
plate (K = 205 W/mK) and copper alloy@ (K =380 W/mK). The uncertainty of the

thermal conductivity measurement along the film samples is about 10%.
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2.2.3 Laseiinfrared CameraSystem for Thermal Conductivity Characterization

In conventionahot platesteady state thermal conductivity measugatrapproaches,
thermocouples andlectrical heater as heat source are widely used. There are some
inevitable system uncertainty/ errors induced by thermocouples, such as the size of
thermocouple junction, type, the large thermal contact resistance between
thermocouple junction and the specimen surfaces, location of junetiiovhile
electrical heater as heat source suffers from possible heat conduction losses through
electrical wiresconnectedhe heater. Suckystem error induced by contact resistance

of thermocouples and power loss through electrical wires from heat saartbs
catastrophic to low thermal conductivity material characterizathdthough high
thermaly conductive thermal paste and powersla@rrection formuldor electrical

heater came applied to compensate those parasitic effdotsccuracy ofesults are

still not satisfying Thus a nonrcontacttechnique fortemperature detectionsing
infrared cameraand laserincident heat sourcenave attracted attention from many

researchers.

Therefore a Lasefinfrared @amerasteady state thermal conductivity measurement
system isproposed with the schematic shownFigure2-7. The vacuum chamber is
used to minimize the natural convectibrat bssbetween specimen and ambient
environment With vacuum pressure less than-BEKPa,there is negligiblenatural
convection aroungpecimenApart from natural convection heat loss, the radiation
heat loss from specimen to ambient environment can be significant for low thermal

conductivity materialssince the radiation heat transfer resistance and conduction
26



thermal resistance may be at tkemilar order of magnitude. Without proper
remediationof radiation heat loss will lead to higher thermal conductivity result for
specimenTherefore, a finite element model is built in ANSYS V 18.1 to mimic the
actual thermal conductivity test condition wibnsideration of radiation heat transfer
from specimen to ambient environment. The radiation funésiothe models enabled

and the thermal conductivity is fine tuned to matekperimentaltemperature

distribution results.

Air Cooling

\/

=

IR Transparent Window .+~ g
s

IR Camera %
(7-13.5um) g

n

Temperature distribution H
Graphite coating (¢=0.9)

Vacuum Chamber (8E-5 kPa)

Figure2-7 Schematic of LaselR Camera System for Thermal Conductivity

Characterization

Laserwith adjustable poweis used to deliver variable heat flas heat sourcr a
wide rangeof thermal conductivity characterizatioRor specimenwith low thermal

conductivity such asvood or telfon, low heat flux is required to prevent overheating
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phenomena around hot spot, while for highly conductive materials, such as aluminum
or copper, a relative high heat flux input is cruciafjémeate noticeable temperature
distribution along the specimen. Although the overall system complexity is introduced
due to the laser and supporting optical system, the adjustability of local hot spot size
location and input laser poweprovides widerapplication range for variety of
specimensLaserpower calibration is performed by using ThorLabs 332 C power
detector465 nm Blue DPSS laser with a beam size of 5 mm x 6 mm is used as heat
source. The overall powductuationis less than 3% over 4 hsu The temperature
profile is captured by FLIRT450Sc Infrared camera withmicrobolomersensor
resolution of 320 x 24fixels. Theinternaluncooledmechanism enables tBensor to
capture lhe irradiationwithin the wavelength betweenahd 135 um. The werall
accuracy of such IR camera is 2/ C or 2% of readingover temperature range of 0

650. C

Due to the necessity of vacuum chamber to minimize natural convection effect, the
windows on the vacuum chamber needs to be IR transparent for both IRaGarder
laser heat source. Based on different wavelengths, &aFKBr have been chosen as
window material for high transmission properties 90% transmission rate with
experimental validationjor laser heat source and IR camera, respectividipse
transnissivity of IR window will be taken into consideration of IR camera and input

laser power calibration.
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Figure2-8 IR Transparent Window Materials Transmission Properties

for Laser(CakR) [40] and IR CameréKBr) [41] at Different Wavelength Ranges

Standard mat@al stainless steel 31Wasusedto calibratethe accuracy of LasdR
Thermal Conductivity Measurement Systdfnom the experimental listed below, the
thermal conductivityasfined tunedin ANSYS to matchexperimental temperature
distribution To fully capture the temperature distribution along the specimen by IR

camera wthout introducing disturbance of heat transfer path, 5 thin graphite coating
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strips (emissivity is 0.9)ere applied perpendicular to heat transfer direction using

graphite spray coating ovestencil with fixed spacing.

Experimental Result Numerical Result

52°C

35°C

Figure2-9 LaserIR Thermal Conductivityn-PlaneMeasurement System Validation
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Figure2-10 ANSYS Numericabnd Experimental Data Comparison with anidhout

Radiation Function

From Figure 2-10, it is easily seen that with radiation model, when the specimen
thermal condativity was fine tuned to 17 W/mK it matcked the experimental
temperature distributiordata very well. However, if the radiatioeffect was
suppressedhe temperature distribution slopasmud higher than experimental data.

To match experimental result, theaterialthermal conductivity needs to be increased
around 23 W/mkKo flatten the temperature distribution slope. The green shaded box
(laser pover input and distributed regionjarks the laser side graphite coating region,

to ensure all the incident laser power is absorbed and evenly distributed along the
specimen, a 10 mm region is coated at the laser side. As a result, the temperature

distribution within this region is not used for thermal conductivity characterization.
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The effect of radiation heat lgss is further demonstrated ilglre 2-11. Since the
numerical simulation temperature distribution result agnath the experimental data

well, some insights about effect of radiation heat lossesbe further exploredn
ANSYS, temperature distribution along speen centerline are plotted ingare2-11

with and without consideration of radiation heat loss. For no radiation model, the
tempeature gradient after laser power input and distributed region sslcowstant
temperature gradient slopad heat conduction total power, which is reasonable given
that there is no additional heat losses other than heat conduction due to energy
conservationlaw. However, once the radiation heat loss model is activated, the
temperature distribution along specimen centerline shows a much different behavior
compared tothat of no radiation model. With radiation model, both temperature
gradient and conduction per keeps decreasing due to the loss of power through
radiation. Given the fact that the radiation model matches experimental very well, we
have reasons to believe even under small temperature difference between specimen and
ambient environment, the rad@t heat loss is not negligiblespeciallyfor poor
thermal conductive materials. The underlying explanation can be verified with
radiation and conduction thermal resistance comparison. For high thermally conductive
materials such as aluminum (K=200 W/nd€)d copper (K=400 W/mK), the difference

between radiation model and nmadiation model is small.
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Figure2-11 Effect of Radiation Heat Loss Demonstrabydlemperature Gradient

and Heat Conduction Power

(blue line: no radiation model, red line: with radiation mydel

In Table4 below, several standard materials are tested to fuvdidiate the overall

accuracy of the LasdR Camera Thermal Conductivity Measurement System.
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Table2-2 LaserIR System Accuracy Validation on Standard Materials

Specimen Nam¢

Literature Therma

Thermal Conductivity Data Obtaine

Conductivity (W/mK) Using LaseflR System(W/mK)

Wood 0.1 0.13
(radial direction) (radial direction)
0.2-0.25 0.3-0.25

(longitudinal direction) (longitudinal direction)
Teflon 0.25 0.24
Stainless Steeg 16-18 16.5
(316)
Aluminum 180-200 183
Copper 380401 390

34



Chapter 3Material Thermal Propertiddodification with

Nanostructured Materials

3.1 Introduction

Technology development experiences exponeniabst trend because ofthe
information explosionAs electroniadevicesbecomes smaller and smaliersize the
resultingincreased power density poses challarfge thermal management system
used in electronic systemi many cases, thecal hotspot temperature rather than
average temperature is the | imiti@g factor
43]. Geneally, the thermal managemeayproachesicorporated in electronic systems

are classified in two categories based on their external energy consumption status:
active cooling and passive cooling. Circulating coolant by pump or fan involves
consuming extewd energy, which is reded as active cooling method. Despite their
exceptional cooling performancestae cooling approaches not only tend to make the
entire system bulky and complex, but also conserteenergy. Moreover, the noise

and vibration of ative cooling approaches will compromise the reliability of the
system. On the other hand, passive cooling mainly relieth@mal management
material intrinsic properties rather than external power, which can overcenaen
drawbacks for active coolingethod. Theeforethermal management performance of
passive cooling methods depend heavily on material properties, which has been an

attractive research topic for both industry and academia.
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Most of the electronics system incorposaseibstratessuch asplastics or polymers
during fabricatioror assemblyprocesses. Howevérose materials generally bareor
thermalproperties which makes thertess idealkcandidate for thermal management
system. Due to their unique functional and irreplaceatupeastiesof such substrates

in the systems, much effort has been placedimproving their overall thermal
properties by introducingther highy thermaly conductivematerids as filler. Carbon

or metal particle based fillers includimgapheneand Al.O3 nanopatrticles have been
proven to improveoverall thermal and electrical conductance of the blser
composite at various loading ratio effectively. Unfortunately, the electrical
conductance of sucharbon or metal basefiller in the composites signitantly
hampered their applications in electronic systems. Therefore, designing a thermally
conductive composite with excellent electrical insulating properties is urgent for

electronic system thermal regulation.

In comparison tehermally and electrichi conductivegraphene containing single type

of carbonatoms, heterdamic 2D nanomaterialselxagonal boron nitride {BN) also

has superior thermally conductikat electrically insulating propertigg4-46]. Shown

in Figure 3-1, hexagonal boron nitride is comprised of alternating B and N atoms in a
ihoneycombo | attice str uctdybrdizesBaridiNar t o
atoms are covalentbound, whereas neighboring cross planes are held together by van

der Waals forces. However, thaW der Waals forces between adjacent BN layers are
stronger than that of graphite due to the electronegativity difference between B and N

atoms. Such thermdy conductive, electrically insulating and chemical stability
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properties of FBN makes it a very promisinthermal managemermiandidate to be

incorporated in electronic systef#/].

Hexagonal boron nitride structure

0.1446 nm

Covalent bonds

Van der Waals/
bonds

Boron (B) T
atoms \

0.6661 nm

Figure3-1 Schematic oHexagonaBoronNitride Structure[48§]

3.2 BN based Composite PowerSystem

| nTheimally Conductive, Dielectric PCNdoron Nitride Nanosheet Composites For
Efficient Electronic System Thermislanagemert p aybleshred at Nanoscale 2016
[49]. W.L., L.Z, and J.W. contributed toBNNS synthesis and materigkeparation
J.W.andY.Y helped with XRDmaterial characterizations, Z. ¥ndB.Y. performed
thermal conductivity measuremeheat of fusiormeasuremerand characterization of
electrical properties of samplekD. contributed to 3D figures. Z.Y., W.L. and K.F.

drafted the manuscript. K.F. and D.H. contributed to grammar cheek, B.Y. and
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L.H. contributed the idea and expeents design.All authors contributed the

manuscript and comments on the final paper.

3.2.1 Motivation

With the rapid development of technology, the demand for denser integrated circuits,
and smaller sizes and faster speeds of electronic systems cantiouspike; the
coolingrequirements of power flux in a system are remarkably high. The potential risk
associated with the inadequate heat dissipation of electronic systems poses a greater
risk for thermalissuesand failures. It is reported that the penage of oveheating

related failures in electronic systems exceeds 55%. For example, the performance of
lithium-ion batteries in electric vehicles (EVs) and hybrid electric vehicles (HEVS) will

be compromised above 65 °C working conditions. Thereforegffazient thermal
management system with adequate heat dissipation capacity is crucial for enhancing
the performance and reliability of the systp48]. Figure3-2 shows the fire in Tesla
Model S batker pack after thermal failure, which costs not only economical loss, but

also posesafety riskto human
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Figure3-2 ThermalFailure in TeslaModel SBattery Rack[50]

Fast response, easy maintenance and cost effectiveness of passive cuelohga
significant attention from academia and industry. It should be noted that the passive
cooling performance heavily depends on material properties. Among the various
passive cooling materials, phase change materials (PCMs) have been widely adopted,
which absorb and release heat during phase tranbetimveersolid andliquid state. In
addition, the thermal stability during thermal cycling processes and uniform

temperature distribution within PCMs are also favorable.

PCMs benefit from the large latent heat absorbed or released during phase change
transition processes with a wide range of phase change temperatures for thermal
management. Compared to other sensible materials, the incorporation of PCMs can
achieve the saeor even better performances with a smaller volume. To meet the

thermoregulation requirements for different applications, various PCMs can be
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selected. Zhongt al. reported a thermal management system using a PCM with a 58
°C phase change temperature and44 kJ/kg heat of fusion. Kandasarty al
experimentally and numerically validated paraffin wax which helped maintain the
temperature of an electronic chip below 80 °C for 4 hours as a thermal management
material. However the poor thermal conductiveparty of PCMs(than 1 W/mK)

limits their thermal regulating capacity due to the fact that heat cannot be effectively
dissipated through PCMs. This will lead to inefficient PCM utilization during the phase
transition process, which hinders tbeerall peformanceof PCMs to be used as a
thermal management material. In order to enhance the thermal conductivity of PCMs,
different approaches have been reported. Unfortunately, the electrical conductance of
many PCMfiller composites significantly hampered thaipplications in electronic
systems. Therefore, designing a thermally conductive PCM composite with excellent

electrical insulating properties is urgent for electronic system thermal regulation.

Paraffin wax, as a typical PCM material with a large hé&tision, has a wide range

of phase change temperatures that can be used for broad applications. The continuous
BNNS network not only effectively enhances thermal conductivity and electrical
insulating properties, but also provides mechanical sugmnmnarix. The BNNS
network effectively conducts heat throughout the entire composite, andtempe of

paraffin wax in the Vaxi BNNS network provides an additional heat transfer
mechanism by incorporating the heat of fusion of wax during phase change gsopcess

as illustrated inFigure 3-3. Highly thermally conductive and electrically insulating

Wax-BNNS composites are promising candidates for thermal management
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applications to be used in electronic systems, for example battery sybtgurse 8-3
(©)). The gplication can also be further extended to other microelectronic packaging
systems requiring passive cooling thermal management with enhanced thermally

conductive properties.

Figure3-3 Schematic of Heafransfer Mechanism in WaBNNSs Composite
(a) Schematic of thé&/axi BNNS Composite; (bHeat Transfer Mchanism in the

CompositeWax AbsorbsHeat from theHeatSource, (red line: heat dissipation
path); BNNSsConductHeat within theComposite; (cPotential Application of the

Waxi BNNS Composite

3.2.2 WaxBNNSs Material Preparation

The Waxi BNNS composite wapreparedy penetrating molten paraffin wax into the

cavities left in a BNNBNFC (Nanofibrillated Cellulose) freestanding filfigure3-4
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(b) shows a transmission electron microscopy (TEM) image of the BNNS flakes,
revealing their thin and transparent morphology. The lateral size of the majority of the
BNNSswas concentrated between 2@D0 nm. The large lateral size of BNNSs is
desired to form entinuous thermal networks with a small interfacial resistance
enhancéheat transfer performanceo allow the penetration of molten wax, a porous
freestanding membrane was prepared by using polystyrene spheres (PS) as sacrificial
fillers mixed togethewith BNNSs and NFC to serve as a matrix for wax loading. The
PS fillershadan average diameter D600 nm. After filtration process, the freestanding
PSBNNS-NFC film could be easily peeled offrom the anodic aluminum oxide
(AAO) membraneThen thePS BNNSI NFC film was immersed in a toluene solution

to remove PS spheres embedded in the film. The BNIFE film with cavities left by

PS spheres was ready for molten paraffin wax penetration.

Figure3-4 Preparation of PBNNS-NFC Film
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(a) Digital Picture of the BNNENFC Suspension in IPA, (b) TEMnlage of the

BNNS Flakes, (c)Digital Picture ofthe Freestanding PBNNSI NFC Film.

Figure 3-5 shows the schematic and scanning electron microscopy (SEM)
morpholgical characterization of key steps during the WBXNS composite
fabrication process. Figurg5 (a) presents the schematic of the freestanding PS
BNNSI NFC film. The green and white regions shown in the schematic represent PS
spheres and the BNNSFC network, respectively. The overlapping BNNS flakes
form a continuous network to enhance the heat transfer performance within the
composite. From the SEM image and the magnified SEM image of th8RSSi

NFC film in Figure3-5(b) and (c), respectively, PS regsgarecircled with a green
dotted line. The schematic of cavities in the BNN&C film is shown in Figure-

5(d). The white and black regions represent the BNNS network and cavities,
respectively. The PS spheres as a sacrificial material were removeningysing the

PS BNNSI NFC film in toluene solution to create a porous structure feature in the film.
The SEM image and magnified SEM image of the BNNEC film (Figure3-5(e) and

(f) reveal that the BNNISNFC film contains sufficient cavities left by PS.&'fandom
cavity size is due to PBNNSNRCGfimgegaratolg gl o me r ¢
process. Figur8-5(g) shows the schematic of thea®BNNS composite, where the
yellow and white regions represent paraffin wax and the BNNWFE network,
respectiely. The cavities previously occupied by PS spheres were successfully filled
after wax penetration (Figui@5(h) and (i)). About 60 wt% of paraffin wax in the

waxi BNNS composite was obtained by measuring the mass change of the composite
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before and aftewax penetrationAt this point, a freestanding & BNNS composite

was successfully synthesized. The wax in the composite provides large heat absorption
capacity during its endothermic phase transition process, and the BNNS network
enhances the thermal ahrctivity of the composite to effectively spread heat within

the composite.

Figure3-5 SEM Morphology Characterization

(a) Schematic of the PBNNSi NFC Film (green region: PS, white region: BNNS

network). p, c) SEM images of the PBNNSI NFC Film. (d) Schematic of BNNS
NFC after PSRRemoval (black region: cavity, white region: BNNS network). (e, f)
SEMImages of BNNBNFC after PSRemoval. (g) Schematic of tiW#axi BNNS

Composite (yellow region: wax, white regi: BNNS network). (h, i) SENImage of

theWaxi BNNS Composite

44



3.2.3 WaxBNNSs Properties Characterization

To evaluate the application poteal of the waXxBNNS composite its thermal
properties and electrical prapies were characterizeddeally, a high thermal
conductivity and large heat of fusion are desired for materials to be used in thermal
management system applicatioriggure 3-6 illustrates the thermabnd electric
insulatingproperties of th&vaxi BNNS compositeAs shown in Figug 3-6 (a), thein-
planethermal conductivitie®f pristine paraffin wax, the Ak BNNS film and the
freestanding BNNEBNFC film (BNNS film for short) were measured to have value of
0.29, 3.47 and 30.6 W/mKespectivelyusing a steady state method. By addighly
thermal conductivity BNNSs into pristine paraffin wax, the thermal conductivity of the
Waxi BNNS composite increased 12 times than that optistine paraffin wax. The
continuous BNNS network embedded in paraffin wax facilitates heat conduction
throughout the networkvhichleads to a highegffectivethermal conductivity of the
Waxi BNNS composite, enabling an improved heat transfer performance of the
composite for thermal managemeptirposes Apart from the superior thermal
conductivity of the BMS network Figure3-6 (b) characterizethe paraffin waxnside

the Wax-BNNSs compositean provide large heat absorption capacity of 80.17 J/g
during the endothermic procesg differential calorimetry scanning (DSC) technique
The dr o fromfwax tp HvaxBNNSs compositas attributed to wax mass
reduction per unit volume. Liu and Chung reported a similar trend with the 20 wt

Al>Osi wax composite showing a decreased heat of fusion to 58 J/g compared to that
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of pure paraffin waxThe excellent eledtal insulating properties of BNNSs flakes
further improves the breakdown voltage from-8.3 MV/m of pure wax to 11:33.3
MV/m in Figure 3-6 (c). The enhanced breakdown voltage of the WVBMXNS
composite indicates that the WaBNNS composite can tolemta higher voltage

differencethresholdacross the composite in electronic system.
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Figure3-6 Thermal and Electrical Properties Characterization of \BNSSs
Composite
(a) ThermalConductivity ofDifferent Specimens. Inset is tifachematic ofSample

ThermalConductivityMeasurement. (b) DSThermograph during thehaseChange
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Process ofristine Paraffin Wax and thaVaxi BNNS Composite (c) Breakdown
Voltage ofDifferent Specimens. Inset is tHechematic ofSampleBreakdown

VoltageMeasurement. (d) Dielectri@onstant oDifferent Samples

3.2.4 Experimental Section

Synthesis of the BNNS suspension

Pristine BN powder (SigmaAldrich Co., Ltd (US)) with particle sizes@®@1 e m was
used for BNNS exfoliation. To ¢din a high concentration BNNS suspension, 1.5 g of
pristine BN powder was added into 500 mL of isopropanol alcohol (IPA) at room
temperature. The nanofibrillated cellulose (NFC) disintegrated from wood pulp was
used as a dispersing agent based on theawethour previous studies. After 48 h of
sonicati on, a white hNFQouegensom was obfaimad,! k y 0
indicating that the BNNS flakes were uniformly dispersed in solution. The measured
concentration of BNNSs was 2.2 mg/ml. After being plased shelf under ambient
conditions (22 °C, relative humidity 30%) for 24 h, the top 3/4th volume of the BNNS

suspension was collected to exclude any possible precipitation near the bottom.

Preparation of the RBNNSI NFC film

214 mg of monodispersed palysene (PS) powder with diameter ~500 nm was added
into 10 ml of IPA. The PSPA mixed solution was sonicated for 1 h in water bath to
form a uniform solution. The concentration of the PS suspension was 21.5 mg/ml. The
measured concentration of NFC solatiwas 1.0 mg/ml. The 4:5:1 mass ratio of PS:

BNNSs: NFC was chosen based on our previous study to fabricate a stable and uniform
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PSBNNSs-NFC film. The mixed solution was prepared by first adding 300 mg of 1.0
wt. % NFC solution into 10 ml of deionized tea under vigorous stirring at room
temperature for 0.5 h. Then, 6.5 ml BNNSs suspension with concentration of 2.3 mg/ml
and 560 mL of PS solution with concentration of 21.5 mg/ml PS were carefully dropped
into the asprepared solution. The PENNSsNFC mixed solution was stirred
vigorously for 0.5 h, followed by water bath sonication at room temperature for 0.5 h
to form a uniform suspension. Finally, the-BENSsNFC suspension was filtered
with a Bucher funnel using anodic aluminum oxide (AAO) membraéhe asprepared
PSBNNSsNFC film left on the AAO membrane was dried at ambient conditions. The
freestanding PBNNSsNFC film could be easily peeled off from the AAO Synthesis

of Wax-BNNSs Composite

The freestanding RBNNSsNFC film peeled off from the AAO membrane was then
immersed in toluene solution for 24 h to remove PS. PS was dissolved in the toluene
solution while the BNNSH&IFC freestanding film remained intact. BNNSEC
freestanding film washen dried in a vacuum chamber at 80 °C for 24 h. The paraffin
wax with a melting temperature of 42 °C was placed on top of the BINW¥Esfilm

in the vacuum chamber for 24 h at 80 °C for wax penetration. At 80 °C, the molten wax
penetrated into the caws in the BNNS$SNFC film and covered the BNNSs network.

The excess melted paraffin wax left on the VBSXNSSNFC (WaxBNNSs for short)

composite surface was removed with filter paper before it solidified.

Thermal Conductivity of WaBNNSs composite Measement
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The inplane thermal conductivity of WaBNNSs composite was determined by
applying a steady state hot plate method using our electrical ‘ieaterocouple
thermal conductivity characterization system. A 6 mm wide and 30 mm long Wax
BNNSs compositevas placed between an electrical heater and a heat sink along the
longitudinal direction. Two finggage K type thermocouples were placed on the
samples to capture the temperature differe
heat loss, the samples wearkaced in a vacuum chamber with a heat shield. The
temperature and heater power data were recorded using a LabVIEW program from
national instruments. The steady state Fourier conduction theory was used to determine
the effective thermal conductivity ofalWWaxBNNSs composite with the consideration

of heat loss. Calibration tests for the thermal conductivity measurement system were
performed with glass (K=1 W/mK), stainless steel (K =16 W/mK), and an aluminum
plate (K = 205 W/mK). The uncertainty of theetmal conductivity measurement along

the film longitudinal direction is about 10%.

Heat of Fusion of the WaBNNSs Composite

To further characterize the thermal properties of the-BldXSs composite during the
phase transition process, differential scagrgalorimetry (DSC) was conducted on a
DSCG-Q100 provided by TA instruments, USA to characterize the samples thermal
properties during the phase change process. For the DSC test, a 4.325-BY M&x
composite sample was placed in a hermetic aluminummésealed by an aluminum

lid. The aluminum pan was placed in the DSC chamber with a heating and cooling rate

at 5 °C/min from 20 to 100 °C at a 50 ml/min nitrogen gas purge rate. An 8.428 mg
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pristine paraffin wax sample was tested under same test corfditicomparison. Two

cycles were tested for each sample to validate the result.

Electrical Properties of WaBNNSs Composite Characterization

For the breakdown voltage test, pristine paraffin wax and-BNXSs composite
samples were sandwiched between taectrodes in an electrical circuit. While
increasing the voltage difference across the sample, the current in the circuit was
monitored and recorded. The dramatic current spike due to-ghmrit within the
samples were monitored once the voltage difiee across the samples reached the
breakdown voltage threshold. The dielectric constant property was characterized with
an Agilent E4991A RF Impedance/ Material Analyzer at the CALCE center, University
of Maryland. With material dimensions and measuragghcitance of the sample, the
dielectric constant can be determined at various frequencies and test conditions. The
pristine paraffin wax and the WaBNNSs composite were cut to a round shape with
diameter of 15 mm and thickness of 0.3 mm. Each sampleamasviched in 16453A
dielectric material test fixture; dielectric constant of samples was tested at a frequency
range from 1100 MHz. The accuracy of the dielectric constant measurement is £1%.
The calibration test was performed on a standard PTFE mdtbegatetical dielectric

constant is 1.99.
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3.25 Conclusion

In this work, a WaxBNNSs composite with improved thermal conductive and
electrical insulating properties was fabricated and experimentally validated. The
approach is scalable, low cost and ecofriendly. The 12 times enhancement in thermal
conductivity makse the localized heat spread out through the composite more easily,
which proves to be a promising candidate for PCM thermal management systems. In
addition, 80.15 J/g latent heat of the composéa provide another heat absorption
path during phase tratisin. When it comes to powering system application, the
electrical insulating properties like breakdown voltage becomes significant important.
The 11.313.3 MV/m breakdown voltage of the WaBNNS composite exhibits a
higher voltage difference threshold cpaned to that of paraffin wax (6.3.3 MV/m)

in powering system applications. The application of this high thermal conductivity,
large heat absorption capacity aextellentelectrically insulating properties of the
Wax-BNNS composite can be further exteddbeyond battery powering systems to
microelectronic packaging systems, revealing its remarkable significance for thermal

management.

3.3 BN based Composite OptoelectronicsSystem

I n AThermally Conducti ve, El e ¢t BiLayera | | nsu
Nanopaper o paper published at AQSNVNAppl i ed I

L.Z, and X.H. contributed to BNNS synthesis and material preparation. L.Z. and S.J.
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helped with SEM and TEM nberial characterizations, Z.Y. and B.Y. performed
thermal conductivity measurement and temperature distribution measurement. J.D.
contributed to 3D figures. Z.Y., W.L. and L.Z. drafted the manus@igtcontributed

to grammar check. B.Y. and L.H. comwited the idea and experiments design. All

authors contributed the manuscript and comments on the final paper.

3.3.1 Motivation

Flexible optoelectronics are emerging type of electronic technologies due to their great
potential to enable a range of napplications such as skin electronics, wearable
devices (Figure 3-7), and conformal systems. Ubiquitously, optoelectronics are
typically built on a certain type of substrate. Plastic substrate such as cellulose
nanofibers (CNF)51], polyethylene terephthalate (PE[H2], polycarbonate (PC)

[53], and polyimide (PI1)54], due to their light weight, flexibility and low cost.
Transparent nanopaper made offFCéduld potentially be useas innovative substrate

to replacesomeplastics due to its excellent mechanical strength, biodegradability and
optical transparency properties, which is extremely attractive for green electronics
toward a more sustainable futuRecently, a range of flexible electronics have been
demonstrated on transparent paper, including thin film transi€bfsorganic solar

cells[56], light-emitting diodes, and sensd&Y].
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Figure3-7 Wearalte Flexible Optoelectronic$58]

However, he poor thermal conductivitgf CNF nanopapewill result in local heat
concentratiomas large amount of heat generatedhe system, which may lead to
thermal failure of the device. Here a bilayer structure of aligned boron nitride
nanosheets (BNNSs) coating on transparent -Galtopaper was designed. Tihin

BN layerwith high thermal coductivity facilitatesin-planeheat dissipation opure
CNF-nanopaper to alleviate heat concentratissue while still maintains high
transparencyas compoundas shown in Figur&-8. Compared to mixed design, the
bilayer structure leads to heat dissipation mostly at the surface in BN hgrein, a
thermally conductive, electrically insulating and optically transparent nanopaper was

fabricatedand experimentallgharacterized for itapplication potentigl51].
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Transparent

Figure3-8 Schematic of BNCNF Nanopaper

(a) Schematic tdlustrate thelransparenBilayer Nanopaper 6nductsHeat along

theln-planeDirection. (b) ADetailedStructure ofBilayer Nanopaper

3.3.2 Bilayer BNCNF Transparent Paper Preparation

The BNNSs suspension wpeeparedy liquid-exfoliationof the bulk BN in solvent,

which makes it possible for scalable protion with remarkably stable chemical and

thermal properties’he bulk BN in the ethanol4® (9:1 vol %) in Figure3-9 (a) could

not be well dispersed prior to sonication. As showkigure 3-9 (b), BN is comprised

of alternating Byeotb®& bhabmscenspaneBbobbuoee,
and N atoms are covalently bounded, but for neighboring cross ph&nBN layers

are held via \an der Waals forces. An optimized ethane@Hatio allows the solvent

to penetrate into the interlayer of BNftwm favorable interactions with BN molecules.
According to previous reports, ethanal®with 9:1 volume ratio was selected in this

work. [59] Also, the solvent effect can weaken tian der Waals forces between
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adjacent BN layers and slowly expands the interlayer spacing, which assists the
exfoliation of BN powderand form BNNSs. After 48 h of sonication in the mixed
solvent, a white Amil kyo BNNS®),indicatipge nsi on ¢
that BNNSs were successfully peetdtl(Figure3-9 (f)). The highly stable suspension

showed little precipitatioafter being stored for 3 weeks under ambient conditions (22

°C, RH 30%).

In order to investigate the morphology and dispersion state of BNNSs, SEM and TEM
are introducedAs displayed in Figur&-9 (c), the bulk BN powders consisted of
flakes with unifem thicknesses and shapes. Tdielal sizes of BN flakes ranggem
hundr eds of mvathsmoothtswefacest(FiguBed (d)p. After exfoliation,

the lateral sizes of the majority of the BNNSs in the dispersion varied from 200 to 500
nm (Figure3-9 (g)). However, the thickness decreased significantly that some single

BN nanosheets appears extremely thin and transparent (Bi§uie).
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Figure3-9 SEM Morphology Characterization

(a) Photograph oPristine BNPowder inEthanotH20 (9:1 vol%) Mixed Solvent

before nication, (b) Schematic afayerBulk BN, (c) SEM and (d) TEMmages of
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Pristine BNPowder beforeSonication, (e)BNnk after 48h ofSonication inEthanot
H20 (9:1 vd.%) Mixed Solvent, (f) Schematic of BNNS3ispersed irEthanotH.0

(9:1 vol%) Mixed Solvent, (g) SEM and (h) TENmages 6BN Nanosheets.

Bilayer nanopaper can be fabricated using the BNNSs solution and CNF solution. Pure
nanopaper made from CNF solution was used as a control. Bguréa), (b) show

SEM images of the crossection of pure CNfanopaper made from cellulose
nanofiberswita di ameter of 107120 nm. Tdssmdeel | ul os
and form a layered structure with lay®y-layer stacking, which provides CNF

nanopaper with good flexibility and transparency. Fig8tH) (c) shows the cross

section images of the bByer nanopaper with 2.5 wit of BN, where the thickness of

BNNSs | ayer is about 1 e&m. When the BN | a\
observed (Figur8-10 (d)). Furthermore, the surface observations by SEM (Figure

10 (e), (f)) confirmed that BNNSsire successfully coated onto the surface of CNF

nanopaper.
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Figure3-10 SEM Morphology Characterization Before and After BN Coating
SEMImages of (a, bpure CNFnanopaper and (c, 8jlayer Nanopaper. SEM

Images of (e) CNBurface and (f) BNsurface of theBilayer Nanopaper

3.3.3 Bilayer BNCNF Transparent Paper Properties Characterization

As discussed above, the most critical properties for-W nanopaper are
transparency and thermal properties. In thisctisn, those propertiesvere

experimentallytestedand analyzedThe transmittance of CNF and bilayer nanopaper
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was anal yzed wi tVis Saectioraeteb (BeakinBlrber, U.8.AThe
bilayer nanopaper with 2.5 w¥ of BN is relatively optical traesparent, as shown in
Figure 3-11 (a). Optical measurement (Figu11 (b)) of the bilayer nanopaper
exhibits 70% transmittance at 550 nm wavelength, which is comparable to that of pure
CNF-nanopaper94%). The slightly decrease in transparency is duleeohin layer

of BN coating on the CNHRanopaper surface.
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Figure3-11 Optical Properties Characterization of BENNF Nanopaper
(a) Photograph dBilayer Nanopaper 2.5 wéo of BN. (b) Transmittance d¢lure

CNF-nanopaper anBilayer Nanopaper with 2.5 w6 of BN

The inplane thermal conductivity of the pure CNfanopaper and the bilayer
nanopaper were further investigated using a ststatg method. The pure CNF
nanopaper shows a poor thermal conductivity of 0.04 W/mK, which is typical for
cellulosebased paper (Figurg12 (a)) . Af ter coveriickngss oft wi t h
BNNSs layer, the thermal conductivity of whole bilayer nanopaper increased to 0.76

W/mK, which is about 19 times higher than that of pure @idRopaper. When the
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content of BNNSs increased, theplane thermal conductivity increased sharply,
following a percolatiodike behavior. For example, the-plane thermal conductivity

of bilayer nanopaper with 90 w# of BNwas30.0 W/mK.

To further investigate the heat transfer performance of the bilayer nanopaper,
thermographs were captured by afrared thermal camera using a laser as the heat
source A Coherent Highlight FAP 1000 laser system has been used as heating source
for the specimens to be tested with a wavelength of 810 nm. The resulting temperature
distribution along the side surfacessm@aptured by FLIR Merlin MID Infrared (IR)
camera with a resolution of 320 x 256 pixdlke noRuniform temperature distribution
revealed poor kplane thermal conductivity of pure CNfanopaper since the heat
created by a lasdrot spotcould not spreadut easily, which resulted in a relatively

high temperature at the center of the ldsarspot(Figure3-12(c)). In contrast, a more
uniform temperature distribution can be observed on the bilayer nanopaper @igure

12 (d)). Figure3-12 (b) shows theemperature distribution of the two samples with
respect to the location of the laser pointer. For pure-@&ltopaper, the temperature
starts around 21 °C while it starts around 23 °C for bilayer nanopaper with 2.5 wt % of
BN. However, the temperature dibtition profile of pure CNFnanopaper is narrower

than that of the bilayer nanopaper, which indicates heat was not distnteltedong

the pure CNFhanopaper as comparedthat ofbilayer nanopaper. The better thermal
distribution of the bilayer nanopaper can be contributed to the higipdaine thermal

spreadinglue to the introduction dfighly conductiveBNNSs layer.
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Figure3-12 Thermal Properties Characterization of BNF Nanopaper
(a) Thermal @Wnductivity ofBilayer Nanopaper witiDifferent Total BN Contents of
0, 2.5 wt %, respectively. (b) TemperatuBsstribution ofPure CNFNanopaper and
Bilayer Nanopaper with 2.5 wf6 of BNNSs. Thermograph of (Bure CNF

Nanopaper and (Bilayer Nanopaper with 2.5 w6 of BNNSs

3.3.4 Experimental Section

Preparation of BNNSs

BN powder was purchased from Sigalgrich Co., Ltd. (U.S.A.) (particle sizéd1

em) . To pr e pume & BNNSs| despergien withogood quality, 1.5 g of
pristine BN powder was added into 500 mL of ethangl/ihixed solvent (v/iv = 9:1

vol. %). The mixed solution was sonicated for 48 h in a water bath (FS 110D, Fisher
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Scientific, U.S.A.), and then settledl room temperature for 24 h. Then the top 3/4 of
the supernatant was collected, and the concentration of the BNNSs dispersion was

measured to be 1.9 mg/mL.

Fabrication of Bilayer Nanopaper with 2.5 wt. % of BN

The CNF was disintegrated from wood pulp dzh®n the method proposed in our
previous work. In order to fabricate the bilayer nanopaper, solution A was first prepared
by pouring 58.3 g of 1.0 wt. % CNF solution into 400 mL of deionized water under
vigorous stirring at room temperature for 30 mimrmiarly, solution B was prepared

by pouring 1.7 g of 1.0 wt. % CNF solution into 150 mL of deionized water. Second,
8.2 mL BNNSs suspension (1.9 mg/mL) was dropped into solution B during the
stirring, which was labeled as solution C. The solution C wasnayusly stirred for

30 min, followed by sonicating in a water bath for another 30 min to form a uniform
BNNSs/CNF suspension. Finally, solution A was filtered with a Bucher funnel using a
filter membrane (A DVPP/Cellulose acetate filter membrane of haiameter, 0.65

em pore size, Mi |l ipore, u.s. A.) . After
added carefully to the filter. The -psepared wet paper was placed between filter
papers and followed by heating at 30 °C under mechanical pressing &ys 2adfter
which the freestanding bilayer nanopaper could easily be peeled from the filter

membrane. The total content of BN in the whole-B&ading film is about 2.5 wt. %.

Materials Characterization
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Scanning electron microscopy (SEM) images werertadn a Hitachi St¥0 Schottky

field emission gun scanning electron microscope, while transmission electron
microscope (TEM) images were taken from a JEOL 2100 TEM at 200 kndyX

diffraction (XRD) patterns were collected with a Bruker D8 Advance usind< Cl
radiation (& = 1.5406 j). The transmittan
analyzed with a Lambda 35 WVis Spectrometer (PerkinElmer, U.S.A.). The thermal

conductivity along the BN nanosheets layer on the bilayer nanopaper is measured by

applying seadystate method outlined in our previous studies.

3.35 Conclusion

In summary, we reported a bilayer transparent paper with aligned BN nanosheets
coated on the surface of CNianopaper. The perfectplane alignment of the BNNSs

on the nanopaper increathe thermal conductivity of nanopaper from 0.04 W/mK to
0.76 W/mK when the BN content increases from 0 %tto 2.5 wt %, while
maintainingrelative high optical transparency (up to 70%). Higher BN content will
dramatically decrease the overall transpacy of the compoundThe CNFBN
compound witl2.5 wt % of BNNS content has been experimentally proved to possess
significantly improved thermal properties, while still maintain acceptabierall
transparencin visible light rangeln contrasto well-developed thermally conductive
coating with graphene and carbon nanotube, elleetrically insulating of BNNS
coating is essential for system integrations on transparent and flexible substrates in

electronic systems.
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3.4 BN based Composite EnergyStorageSystem

I n AA Thermally Conductive Separator for
Nano Letters 201560]. W.L, L.Z, K.F designed BN specimen preparation and
fabrication, J.W. and Y.Y helped with XRD material charaztgrons, Z.Y. and M.M.
performed thermal conductivity measurement and temperature distribution
measurement, H.Z. B.Y. and L.H. contributed the idea and experiments design. W.L.
and L.Z. contributed to electrochemical measurement. All authors contribwged th

manuscript and comments on the final paper.

3.4.1 Motivation

Lithium-ion batteries (LIBs) have been critical for powering portable electronics since
their commercialization in early 1990s. To meet the -@venreasing demands of new
electric vehicles anélectrical energy storage for renewable energy resources, LIBs
with high energy density are required. Unfortunately, gragiased anode employed

in current LIB system exhibits a low specific capacity, significantly limiting the energy
density of LIBs. Tlerefore, significant effort has been focused on developing anodes
with high specific capacity, such as Si and Li metal. However, issues associated with
Li metal anodes, including uncontrollable dendritic Li growth and low Coulombic
efficiency upon electrdeemical cycling, have impeded their use in practical
application. With the urgent demand of highergydensity batteries, developing safe
and stable Li metal anodes has become very pivotal but remains a significant challenge

to research scientisf60].
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In order to address the issues found in Li metal anodes, many approaches have been
explored. To inhibit the dendritic Li growth, some researchers exploited a uniform and

stable solid electrolyte interphase (SEI) layer on Li metalaserfwhich is used to

adjust the components and additives of liquid electrolyte. For example, Xu and Zhang
reported that CsRFadditive can effectively enhance the stability of SEI and thus
suppress the dendritic Li growth. An alternative approach usiitg@ayel electrolyte

to improve mechanical strength and operational lifetime has also been studied. In
addition to the work on electrolyte additives, sedidte electrolytes, and interfacial

materials, modifying the separator has also been studiethathad to achieve stable

Li metal anodes. In previous research, different ceramic and organic materials were

used to coat a commercial separatbe x a g o n a | boron nitride, al
grapheneo, is one of t he moentcal stabilitg i ed 2D
electrical insulation, and very high thermal conductivitythis study, we propose a

novel boron nitride (BN) nanosheetoatedon commercially availableseparator

(shown inFigure 3-13(a)) for stable Li metal anodeés shown irFigure 3-13 (b), we

hypothesize that a thermally conductive BN coating can result in a uniform
deposition/striping of Li due to the smaller total surface area of the initial deposited Li

wires and a more homogeneous thermal distribution, decreasing tbédeshkdritic Li

growth and improving cycling performance.
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Figure3-13 Schematic of BNcoated Separator

Schematic of (aristine Separator and (b) BiHoated $parator

3.4.2 BNcoated Separator Materidtreparation

BN bulk powder, purchased from SigrAddrich, exhbits a typical hexagonal phase
and flake morphology with a size D600 nm BN powder is exfoliated by a sonication
procedure using Mnethyl pyrrolidone (NMP) as the solvent. After sonication, BN
nanosheets are preparekhe typical thickness of BN nanosheé&t D9.0 nm, as
determined by AFM. The as prepared BN/PVDF/NMP suspen$iigure3-14 (a)) is
coated onto one side of a commercial separator (Celgard 2325) by vacuum filtration

followed by drying in a vacuum oven at 60 °C overnight. As marked by the green circle
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in Figure3-14 (b), the surface of the separator becomes wvantéless specular after

BN coating. As shown in Figur@14 (c), a large number of pores are observed in the
surface of the pristine separator, and after coating, these pores are covered by BN
nanosheets with a particle sizel00 nm (Figure3-14 (d)). The thickness of the BN
layerisabout?2 em wi t h a D0.2sgcnmi(Fnyaredilda), where the
electrolyte uptake is slightly increased to 245% for-&ted separator compared to

pristine separator (180%).

Figure3-14 Preparation of BNcoated Separator and SEM Morphology

Characterization
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(a) DigitalImages of BN/PVDF/NMFSuspension and (b) BidoatedSeparator (BN
layer is marked with green dot line). (c) SEMages ofristine Separator. (dJop

View and (e)CrosssectionView of BN-coatedSeparator.

3.4.3 BNcoated Separator Properties Characterization

To investigate the electrochemical performance, pristine anddaltied separator are
employed in Li/Cu cells, where Cu foil is used as thekimgy electrode, Li foil as the
counter/reference electrode, and 1.0 M LiifFethylene carbonate/ diethyl carbonate
(EC:DEC = 1:1 by volume) solution as the electrolyte. Li deposition/striping cycles
between Cu working electrode and Li counter/refereneetrede are performed at
various current densitieft. is known that the morphology of the electrochemical Li
deposition plays a critical role in Coulombic efficiency. Coulombic efficiency drops to
85% after 50 cycles and 18% after 100 cycles in theva#il pristine separator. In
comparison, a stable Coulombic efficiencyD&2% after 100 cycles can be maintained
with BN-coated separator (Figugel5 (b)), and a similar result is also observed when
the current density is further increased to 1.0 mA/chne cell with a BNcoated
separator shows Coulombic efficiency maintains at 88% after 100 cycles, while the
control experiment shows sharp dedagnd in Coulombic efficiency. The above
observations demonstrate that the cycling performance of the Li ametdé at high

current densities is significantly improved by using the &fdted separator.
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Figure3-15 Electrochemical Performance Characterization of Li/Cu Cells
ElectrochemicaPerformance of Li/CiCells with Pristine Separator (black) and BN
coatedSeparator (red) af ariousCurrentDensities with @eposition @pacity of 1.0

mAh/cn?: (a) 0.5 mA/criand (b) 1.0 mA/crh

To investigate the thermal properties enhancement with BN coating, an infram@cam

is used to map the temperature distribution when a hotspot is created on the separators
by a focused laser beam. As shown in Figde (a), the temperature distribution of

the separators was characterized by heating separator center with a laseasuntng

the resulting temperature distribution with an infrared camera. The separators were
transparent in the IR spectrum, so a graphite coating was applied in order to make IR
measurements possible. The graphite coating was applied to the sideanfphe\sith

no BN coating and the sample is placed with graphite coating oriented down on the

experimental apparatus. The experimental apparatus was made of a low thermal
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conductivity polymer to minimize any heat spreading in the fixture. The laser heating
was focused down to a 1 mm diameter spot at the center of the separators, resulting in
a temperature gradient with the highest temperature at the center and lower
temperatures at the periphery. Higher thermal conductivity material allows localized
heatingto spread more readily; thus, for a given laser powercBated separator
shows a smaller temperature rise than that of the pristine separator. The temperature
spike is about 50 °C at the hotspot in the pristine sepasitsitown irFigure 3-16 (c).

In comparison, the temperature spike is reduced to 3¢@itftire 3-16 (d)) due to the
enhanced heat spreading with the BN nanosheets coating. It can be seen that the BN
coated separator can create a more uniform thermal distribution during Li
deposition/stripig cycling, which would lead to a more uniform growth/dissolution of

Li and thus a better Coulombic efficiency and cycling performance.
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Figure3-16 Thermal Properties Characterization of Bbated Separator
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3.4.4 Experimental Section

Preparation of BN/NMP suspension

BN bulk powder is purchased from SigiAldrich and BN suspension is prepared
according to our previous work. First, BN is dispersed in NMResol with a
concentration of 5.0 mg/mL. Then, the suspension is sonicated for 48 h using a sonic

bath (FS 110D, Fisher Scientific), after which, the suspension is centrifuged at 500 rpm
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for 10 minutes to remove the bulk powder and give BN nanosheets/N$persion

with a concentration of ~1.0 mg/mL.

BN-coated separator preparation

PVDF/NMP solution is added into the above BN nanosheet/NMP suspension (mass
ratio of BN/PVDF is 9/1) under sonication. The BN/PVDF/NMP suspension is then
used to coat one side of a commercial separator (Celgard 2325) with a Bucher funnel

and is dried in &acuum oven at 60 °C overnight.

Material characterizations

XRD pattern is collected by the D8 Advanced (Bruker AXS WEA) wusing a Cu
radiation source. The morphology is studied via SEM and TEM wsitaghi SU70

field emission scanning electronaroscopy and a JEOL JEM 2100 TEMspectively.

To determine the thickness, BN nanosheets arecgated on Si wafers fohFM
measurement. AFM data are taken and analyzed by Veeco Multimode AFM with a
Nanoscope Ill controller, 180x180 micron scanner, déaope and Gwyddion

software.

Thermal conductivity measurement
The BN coated separator is cut to a small piece that is 6 mm wide and 30 mm long. A
heat sink and an electric heater are attached to opposite ends of the BN coated separator

and two finegage K-type thermocouples are employed to measure the temperature

di fference, ®@T across a distance, L, as sh
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sample is placed in a vacuum chamber with a heat shield. The temperature and
electrical power data are wded using a NI LabVIEW software. When steatigte
is reached, the thermal conductivity of

law.

Temperature distribution measurement

The temperature distribution of the separators is characterizbeéaiyg the center

with a laser and measuring the resulting temperature distribution with an infrared
camera. A Coherent Highlight FAP 100 laser system, with a central wavelength of
810nm, is used to provide the heating and a FLIR Merlin MID IR camerseis o
measure the temperature distribution. The IR camera detects IR radiation at
wavelengths from 1 to 5.4 um, has a sensor resolution of 320 x 256 pixels, and is
connected to a computer via ThermaCAM Researcher software. The separators are
transparentn the IR spectrum, so a graphite coating is applied in order to make IR
measurements possible. The graphite coating is applied to the side of the sample with
no BN coating and the sample is placed with graphite coating oriented down on the
experimental apratus. The experimental apparatus is made of a low thermal
conductivity polymer to minimize any heat spreading in the fixture. The laser heating
is focused down to a 1 mm diameter spot at the center of the separators, resulting in a
temperature gradientitkh the highest temperature at the center and lower temperatures
at the periphery. Higher thermal conductivity material allows localized heating to
spread more readily; thus, for a given laser poweicBated separator shows a smaller

temperature rise thahat of the pristine separator.
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Electrochemical measurements

Repeating Li deposition/striping cycles are conducted on an Arbin BT2000 system
using 2032type coin cells with Cu foil as the working electrode and Li metal as the
counter/reference electro8e4 LiPF6, ethylene carbonate (EC) and diethyl carbonate
(DEC) in battery grade were purchased from BASF Battery Materials. 1.0 M LiPF6 in
EC/DEC (volume ratio 1:1) solution is employed as the electrolyte without any
additives. The Li deposition capacisyset to be 1.0 mAh/chand the cubff potential

for striping process is set to be 1.0 V. For morphology observation, after the initial Li
deposition, the Cu electrodes were washed with EC/DEC and dried in the antechamber

of the glove box prior to SEM alnacterization.

3.4.5 Conclusion

As demonstrated by Xu and Zhang, a homogeneous electrical atmosphere is very
important for uniform Li deposition/ striping. By incorporating BN coating on
commercially available separator with poor thermal conductivitygliysless than 0.2
W/mK), a homogeneous thermal atmosphere will be created for uniform Li

deposition/striping61, 62].

An effective approach for improving the cycling stability of Li metal anode via a facile
coating of commercial separator with a thermally conductive BN nanosheets was

presentedWhen a deposition capacity of 1.0 mAh/cis applied in Li/Cu systems
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with common organic carbonate electrolyte (l4AR EC-DEC), the Coulombic
efficiency can be maintained at 92% after 100 cycles at 0.5 ntAlied88% after 100
cycles at 1.0 mA/cmusing BNcoated separator, while the Coulombic efficiency
decays rapidly using a pristine separator at the same conditions. Considering that Li
metal anodes are very promising for higiergydensity batteries, the concept of using

a thermally conductiveeparator can shed light on further research.

3.5 BN based Composite Extreme High Temperature System

| nHigh Temperature Thermal Management with Boron Nitride Nanosheets a p e r
published at Nanoscale 20163]. L. H. and Y. W. designed the experiments; Y. W.,
L.X., H.X., Z.Y., W.L., and Y.Y. performed the egpments, P.J. and R.Y. performed
thermal conductivity measurement; Y.W., L.X., Z.Y., P.J., and L.H. analyzed the data;
Y.W., P.J., J.D., and L.H. prepared the manuscript draft while all authors contributed

to editing the manuscrip?..W., L.X. and Z.Y. catributed equally to this work.

The rapid development of high power density devices leads to extreme high
temperature devices, which require more efficient heat dissipation as well as
performance reliability under such high temperature working conditi@esently,
two-dimensional layered materials have attracted significant interest due to their
superior thermal conductivity, ease of production and chemical stability. Among them,
hexagonal boron nitride {BN) is electrically insulating, making it a pragmg thermal

management material to be used in rgeneration electronics, where extreme high
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temperature cannot be avoided. In this work, we demonstrated thdMriHin film
composed of layeby-layer laminated BN nanosheets can effectively enharice

lateral heat dissipation on the substrate. We found that by using tved&dd glass
instead of bare glass as the substrate, the highest operating temperature of a reduced
graphene oxide (RGO) based deviceameoul d
input power, the operating temperature of the RGO devitteBN-glass substrates
effectively decreased, prolonging the {#gpan of such devices. The remarkable
performance improvement using the BN coating originates from its anisotropic thermal
corductivity: a high inplane thermal conductivity of 14 W/mK for spreading and a low
crossplane thermal conductivity of 0.4 W/mK to avoid a hot spot right underneath the
device. Our results provide an effective approach to improve the heat dissipation in

extreme high temperature devices.

3.5.1 Motivation

With the scaling down of device dimensions of integrated circuits and high power
electronics, extreme high temperature device has become one of the most critical
challenges in device performance and reliability even witiall power input at the
magnitude of ~ W. If the temperature exceeds the normal operating range, the
performance of the device will be degraded and the device may even fail. Therefore,
heat spreading ability of the substrate hosting the devices becomed. dritedneat
spreading capability of a material directly depends on its thermal conductivity. At room
temperature the thermal conductivities of materials most commonly uskhin

temperatureelectronics ranges from 0\M/mK for polymers to ~2000//mK for
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synthetic diamond. Ren#ly, two-dimensional materialssuch as graphene and
hexagonal boron nitride {BN) have attracted significant attention due to their
remarkable thermal conductivity, making them promising as thermal management
materials. The inplane thermal conductivity of singlayer graphene at room
temperature is in a range of 208000W/mK, which is the highest among the known
materials. Even under various engineering configurations, the thermal conductivity of
few-layer graphene is still macbetter than the commonly used materials, sagh
copper and silicon, which havleus attracted a lot of interests. However, graphene is
electrically conductive, and it cannot be used as the thermal management material

directly beneath the devices.

Although RBN has a hexagonal honeycomb lattice structure similar to graphene, it is
electrically insulating with a large band gap of 5.8 eV. The calculatpthire thermal
conductivity for RBN can reach 2000//mK. The bulk RBN is reported to have an-in
plane thermal conductivity of as high as 380mK at room temperaturghich is close

to that of copper. The iplane thermal conductivity of fevayer kBN nano$eets is

in a range of 10B60 W/mKat room temperature approaching that reported for bulk
h-BN. In contrast, the room temperature crptane thermal conductivity of bulk-h

BN is around 5.2W/mK, indicating the highly anisotropic thermal conductivity
properties of FBBN. The reason underlying such low cross plane thermal conductivity
may due to phonoscattering induced by numerous layer interfaces within the bulk h
BN. Furthermore, ¥BN has many additional advantages such as high thermditgtab

(10001 C i n ai rGinvaguum) dnd dhémical and oxidation resistance. These
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desired features makthe hBN one of the most promising thermal management
materials for nexgenerationextreme high temperaturelectronics applications.
However, the industrially relevant application of mass produeBdl manosheets, as
well as the thermal conductivity daminated FBN thin films, have been rarely

explored.

In this work, we demonstrate that aiBN thin film that is composed of laydy-layer

laminated FBN nanosheets can significantly enhance the lateral heat spreading of the
substrate and increase tbperating temperature of a device on the subsfaate

extreme high temperature applicatioMdass production of -BN nanosheets was

achieved by sonicatieassisted liquigphase exfoltion of RBN bulk flakes. he h

BN thin film was coated on a cover gfaly the spraycoating techniquesing a weH

dispersed ink of #BN nanosheets. Two identical electronic devices based on the

reduced graphene oxide (RGO) were fabricated, one on bare cover glass (Glass) and
another on an-BN thin film coated cover glagBN/Glass), for comparison. A current

was passed through the RGO device, generating heat that was dissipated into the
substrate. For the RGO device on Glass, the highgese r at i ng t em@er atur e
followed by the melting/cracking of the glass. Hoe RGO device on BN/Glass, no

obvious damage was observed &thoper at i ng t € rapé¢he highasr e of 7
opeat i ng t emper atQfolleved by the medting oflthe @lass. At the

same operating temperature, the temperature distributiditepof BN/Glass is wider

than that of Glass; at equal input power to the devices, the maximum local temperature

of the RGO device on BN/Glass is lower than that of the RGO device on Glass. The
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unique features of the high-piane themal conductivity ofl4 W/mK for spreading
and low crosglane therral conductivity of 0.4 W/mKto avoid local heat
accumulatiorof h-BN thin film enable the improved thermal management performance

and overall reliabilityof BN/Glass.

3.5.2 Preparation and Characterization®BN Thin Film

When manufacturing integrated circuits and high power devices, a substrate is needed
not only to host the devices but also to spread the heat generated by the devices, which
is vital for the thermal management of electronic devices. In gereyat can spread
laterally along the surface of the substrate and verticalltisubstrate, as shown in
Figure3-17 (a) When the substrate has a low thermal conductivity (such as glass), hot
spots where the local temperature is much higher tterothhe surrounding area, are

produced, causing performance degradation and even failure of the devices.

The hBN is thermally conductive and electrically insulating, making it an ideal
substrate. However, largeale preparation of single crystaBN is difficult and
expensive, and the formedBN substrate is incompatiiwith industrial fabrication.
An h-BN thin film coated ora substrate, as shownkigure b, could greatly enhance
the lateral heat spreading and reduce the occurrence @idtsds the substrat&igure

30c shows a schematic of theBN thin film comprising thousands of layby-layer
laminated FBN nanosheets. The BN thin film is expected to have a high-ptane
thermal conductivity because of the intrinsically higiplane hermal conductivity of

the kBN nanosheets; meanwhile, theBN thin film is also expected to have a low
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crossplane thermal conductivity because of the layered structure of 4BN h
nanosheets bonded by weak van der Waals force. The low-plemes thermia
conductivity of the FBN thin film can further prevent local overheating of the substrate

directly underneath the device.

(b)

Advantages of h-BN:
-high in-plane TC (k)
-low cross-plane TC (k)

Figure3-17 Schematic of BNcoated Glass
Schematidemonstrating th&/orking Principle of an kBN Thin Film as an
Effective ThermalManagemeniiaterial. Schematic of ldeatGeneratingDevice on
(a) A BareGlassSubstrate and on (lAn h-BN Thin Film CoatedGlassSubstrate(c)
Schematic of an-BN Thin Film ComprisingLayerby-layerLaminated hBN

Nanosheet

The BN nanosheets were produced by sonicasissisted liquiephase exfoliation of
bulk h-BN flakes in powder (left panel iigure3-18 (a). Excess BN powder flakes
at an initial concentration of 3 mg/mL were put in isopropyl alcohol (IPA) and

sonicated for 10 hours, and then a centrifugation procedure (3000 rpm, 15min) was
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performed, yielding a white, dilute, and saturated suspensiBh (ink) dispersed with
h-BN nanosheets (right panel kigure 3-18 (a). Figure 3-18 (b) shows a scanning
electron microscopy (SEM) image of individuaBWN powder flakes, which have an
average | ateral di mension of 8Sidh,tleiulkand
h-BN flakes are exfoliated into small pieces and becomuBiNtanosheetd-igure

31c shows a transmission electron microscopy (TEM) image of a singél h
nanosheet. The-BN nanosheets have an average
thicknes of 20 nm. The BN thin film was produced by the spragating technique

45 using an ink of dispersedBN nanosheetd-igure 3-18 (d) shows a schematic of
the spraycoating setup. The-BN ink was vaporized by a spray gun usingds a
carrier gas. Aftethe IPA vapor containing-BN nanosheets reached the-peated
cover glass, the IPA had evaporated and #BNhnanosheets adhered to the cover
glass to form the coatedBN thin film. The thickness of the-BN thin film can be
controlled by adjustinghie spraycoating time and/or the concentration of th8N

ink. Figure3-18 (e)shows an optical image of the cover glass partially coated with the
h-BN thin film (~300 nm thickness). TheBN thin film is white, and the region of the
cover glass coveredylthe BN thin film becomes less transpareRigure 3-18 (f)
shows a togview SEM image of the4BN thin film, where the BN nanosheets are
randomly oriented in the plane and stacked together to form a laminatet)yagger

structure.
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Figure3-18 Preparation of BNcoated Glass and Morphology Characterization
ThePreparation an€haracterization of 8N Nanosheets andBN Thin Film. (a)
Sonicationassisted.iquid-phase=xfoliation of Bulk h-BN PowderFlakes toProduce
h-BN Nanosheetsyielding aWhite, Dilute Saturated &spension (BN ink). (b)
SEM Image of théndividual kBN PowderFlakes.(c) TEM Image of &ingle hBN
Nanosheet. The-BN Nanosheets bve anAverageLateralDi mensi on o f
Thickness of 20 nn{d) Schematic of 8pray-coatingSetup toproducethe BN
Thin Film on theCoverGlass.(e) Opticallmage of theCover GlassPartially Covered
with the RBN Thin Film (~300 nm).(f) Top-view SEMImage of theSurface of the
h-BN Thin Film. The hBN Nanosheets A RandomlyOrientedin the Plane and

StackedTogether td=orm theLaminated_ayerby-layer Structure
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3.5.3Improved Thermal Management witiBiN Thin Film Coated Substrate

To demonstrate the thermal management capabilities of -BN thin film, two

identical devices based on a reduced graphene oxide (RGO) thin film were fabricated,

one on Glass and another on BN/Glass, for compariBiguare 3-19 (a) shows an

optical imageof the electronic device, where source and drain electrodes are made of

silver paste. First, a graphene oxide (GO) thin film (50 nm) was prepared on each
substrate by using the same spcagting technique with a GO dispersion prepared by

an improved Hummedés met hod. The insulating GO t hi
reduced at 300 C i n vcantainingnfundtianal greupsp ve t he
leading to a conductive reduced graphene oxide (RGO) thin film. The RGO device is

used herein as an example of highvpodevices due to its high operating temperature.

When the RGO device is in operation, current passes through the RGO thin film.
According to the Joulebds | aw, heat gener at
can be expressed dsgure3-19 (b)shows an optical image of the RGO device at an
operating temperature of ~650 C, where the
temperature. The RGO device on Glass suddenly fails at an operating temperature of

~ 7 0 OFigur€ 2c shows an optical imag# the failed RGO device on Glass, where

the RGO device is broken. The Glass underneath the RGO thin film melted and cracked

near the RGO thin film. This is consistent with the fact that glass usually melts at a
temperature of >60 0acks i@ Glasg indecates the existeneerofc e o f
hot spots in the regions of Glass underneath the RGO device. Because of the breakdown

of the Glass substrat e, the RGO device f ai
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The power was applied to the RGO device using a Keithley 2400 Soeteekt a
constant current mode. The operating temperature of the RGO device was measured by
a fibercoupled spectrometer (Ocean Optics. Inc), which records the emission

spectrum. The spectrum was fitted to Planck's law of Hbedky radiation:

I,(/,T):Z;]—Sz%where l (3, T) is the, maaawonded ante
e/kBT_l

the Planck constant, speed of light in a vacuum, Boltzmann constant, wavelength, and
absolute temperature, respectively. The me

law.

The RGO device on BN/Glass was tested in the sameRigyre 3-19 (d)shows an
optical i mage of the RGO device on BN/ GI as
30 minutes, where no obvious damage was observed. These results indicate that the
BN/Glass sbstrate can support the power device stably, with normal operation at ~700

C. As the input power continuously increases, the RGO device on BN/Glass reaches

an operating temperatur e Figuse3-IOi(ggshowsaar 1000
optical imag of the failed RGO device on BN/Glass, where the glass underneath the

h-BN thin film melted. The melted region extends out farther than that of Glass shown

in Figure3-19 (c) indicating the effect of the high-plane thermal conductivity of the

h-BN thin film. Figure 3-19 (f) shows that the highest operating temperature of the

RGO device on BN/ Glass increases by 300 C
Glass. The improved performance is attributed to the higiaine and low crosglane

thermal condctivities of the BN thin film. The high iaplane thermal conductivity is
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helpful for spreading the heat away from the device, while the low-ptass thermal
conductivity reduces the heat loading to the glass substrate underneath the RGO device,

togeher preventing the crack and melting of the glass.

Heat'RGO t0'700°C W Heat RGO to 1000 °C
on BN/Glass on BN/Glass__ * Glass BN/Glass

Figure3-19 Thermal Properties Characterization of Bbated Glas
Comparison of th&@hermalManagemen®Performances of Glass and BN/Glass using
an RGOThin Film BasedDevice.(a) AnOptical Image of the RGM@evice on Glass.
(b) An Optical Image of the RGM@eviceHe at e d t ¢c) An©dical Image.of
theFailed RGODevice on Glass aftéle at i ng t o Glass®@ulistrateC. The
underneath the RGDevicels Melt andCracked.(d) An Optical Image of the RGO
Device on BN/Glass aftéde at i n g Ctaod Holdin@f@r 30 minutesie) An

Optical Image of the RG@evice on BN/Glass afté¢de at i ng t o 1000
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underneatltlassls Melted and th&lelting RegionExtends to &reaterAreathan
the Glasssample.(f) Comparison of thélighestOperatingTemperatures for RGO

Devices on Glass and BN/Glass

To directly compare the heat dissipation performance of the Glass and the BN/Glass
substrates, thermographsm captured by lHR T450sc infrared camera&or the
temperature distribution profile measurement usingnfraredcamera, both the RGO

devices and the infrared camera were placed in @yjorAgas glove box to avoid

infrared absorption of glass if the iafed camera is placed outside the glove bhoe.

RGO devices on Glass and BN/Glass are used as local heat sbigues.38a shows

the temperature distributions on Glass and BN/Glass while keeping a maximum
temperature of ~450 VvicEs. The tempéraureadistnbutierr f or
profile of Glass is narrower than that of the BN/Glass, indicating more effective heat
spreading in BN/Glass. Furthermore, the local temperatures of the RGO devices on
Glass and BN/Glass at the equal input power were misasured by the infrared

camera, as shown Figure3-20 (b) With lower input power, no obvious maximum
temperature difference was observed for the RGO devices on Glass and BN/Glass; both

of them exhibit | ocal ma X i muheinputgoowpreéor at ur e
the RGO devices increases, the maximum local temperature of the RGO device on
BN/Glass is always lower than that of the RGO device on Glass. For example, with an
input power of 2.5 W to the RGO devices, the maximum local temperaturesREO

devices on Gl ass and BN/ Gl ass are 649. 3
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heat dispassion performance of the substrate could be effectively improved by coating

an kBN thin film.

(2)500 ——RGO on BN/Glass (b) 650F 0
8500 | ——RGO on Glass 6600

2. o : . .
© 400} o 550} .

5 5 .

*@ 300} = 500+ ..

— I | |
8900 g 450r et
[ L ]

= £ 400| * "« RGOonBNGlass
o 0 ]

100 [ 150 (o = RGO on Glass

20 30 40 50 80 1.0 15 20 25
Pixel Power (W)

Figure3-20 Temperature Contour Comparison between Pure Glass armb&tiNd
Glass
Comparison offemperature @adientDistribution andPower Dependent
Temperature for the RGDevices on Glass and BN/Glass. a) Temperdueslient

Distribution Profiles of the RGewvices on Glass and BN/Glagg¢hile KeepingA

MaximumLocalTe mper at ur e olemperdiuséradient of BNIGlasss

Wider Compared talhat of Glass. b) Relationship betwdeaputPower and
MaximumLocal Temperatures of the RGDeviceson Glass and BNBlass. At the
SamelnputPower, theMaximumLocal Temperature of the RGDevice on

BN/Glassls Lower ThanThat of the RGMevice on Glass
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3.5.4In-Plane and Cros®lane Thermal Conductivities of BN Thin Film

The improved thermal performance of the BN/Glass benefits from higitamne
thermal conductivity and low crogdane thermal conductivity of theBN thin film.

A time-domain thermoreflectance (TDTR) with a variable laser spot size approach was
used to masure both the #plane and the crogdane thermal conductivities of the h

BN thin film. A schematic of our TDTR setup is showrFigure3-22 (a) The thermal
conductivity of the FBN film was measured by tim@omain thermoreflectance
(TDTR) at room temerature. In this method, a Ti:sapphire laser generates a train of
femtosecond laser pulses at a repetition rate of 81 MHz with a wavelength centered at
785 nm. The laser output is split into a hghergy pump beam and a le@mergy probe

beam using a polmed beam splitter. The pump beam is further modulated at a
frequency between 0.5 to 10 MHz using an eleoptic modulator (EOM) and then
directed onto the sample to induce a small heating event. The probe beam is delayed
temporally with respect to theump via a 60amm-long mechanical delay stage and

then directed onto the sample to interrogate the surface temperature change as a
function of the delay time. The measured data were compared to a thermal model
calculation, from which we extracted the unkmowhermal conductivities of the

substrate.

To prepare the samples for TDTR measurements, we first depositechartbizck Al
film on a smooth glass slide, followed by a-g S¥thick h-BN film spray coated on
the Al film. We then performed the purmpobeexperiments from the glass side. The

5-¢ mthick h-BN film could be considered as bulk in our TDTR measurements, as the
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thermal penetration depth irBN in the crosglane direction, which is defined as
d, = Jk. /p fC , with f the modulationrequency and C the volumetric heat capacity,

is only in the range of 90 400 nm in our experiments, much shorter than the film
thickness. The 10@m-thick Al film serves as a transducer for the TDTR experiments.
By depositing the transducer film on a srioglass slide instead of directly on the
rough RBN film, we can achieve a smooth surface for the transducer that enables
specular reflection of the probe beam, which is critical for TDTR measureriidets.
TDTR signal is predominantly sensitive to thesgplane thermal conductivity when
using a large laser spot size for the measurement, where the heat flow is mainly one
dimensional along the crogdane direction. On the other hand, the TDTR signal is
sensitive to both the crogdane and the uplane tlermal conductivities when using a
tightly focused laser spot for the measurement, where the heat flow becomes three
dimensional. Thus, both the crgslene and the Hplane thermal conductivities of the
h-BN thin film can be determined by conducting twdssef measurements using
different laser spot size&ifure3-22 (b). As shown inFigure3-22 (c) the inplane

and crossplane thermal conductivities of theBN thin film are fitted to bek, =14 °5
W/mK andk, =0.4 °0.15 W/mK, respectively. The uplane thermal conductivity of

the BN thin film is much higher compared to the thermal conductivity of bare glass,
which isk =1.3 °0.2 W/mK, while the crosplane thermal conductivity of the BN

thin film is lower than bare glass. The-plane thermal conductivity of-BN film is
much smaller than that of single piece of few lay&Nnanosheets, and can be further

improved by increasing the lateral size @8N nanosheets laminated in th@N film.
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The thickerh-BN film thickness better benefits the thermal management performance,

as evidenced by a simulation showrrigure3-21.

(@) 0.3 um BN thickness

(b) 1 um BN thickness 260
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Figure3-21 Effect of BN Coating Thickness on Maximum Temperature on Substrate
(a-b) Temperatur®istribution onA BN/glassComposite under thBamelLocalHeat
Source for (a) 0.3m BN Thickness and (b) Ip BN Thickness. (¢) ThMaximum
Temperature of th&lassSubstrate underneath tamelLocalHeatAs A Function

of the BNThicknes
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Figure3-22 BN Optical and Thermal Properties Characterization
AnisotropicThermalConductivity of the RBN Thin Film. (a) A Schematic of the
ExperimentalSdup (TDTR) and th&ampleGeometry forThermalConductivity
Measurements of theBN Thin Film. (b) TDTR ExperimentaData on the 8N

Thin Film (symbols) along with thé&ittings fromA ThermalModel (solid, red lines)
and 30%Bounds on thé&itted Values of theCrossplane (dash, blue lines) atite In-

plane (dastdot, green linesfhermalConductivities MeasuredJsing Different
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LaserSpot Sizes.(c) Comparison of thin-plane andCrossplaneThermal

Conductivities of the 8N Thin Film andThat of theGlass.

3.55 Experimental Section

Operation of the RGO device on Glass and BN/Glass

The power was applied to the RGO device using a Keithley 2400 SourceMeter at a
constant current mode. The operating temperature of the RGO device was measured by

a fibercoupled spectrometer (Ocean Optidec.), which records the emission

spectrum. The spectrum was fitted to Planck's law of Hbacks/ radiation (Equation

24), where |1 (383, T) is the measured intensi
speed of light in a vacuum, Boltzmann constaaty@length, and absolute temperature,

respectively. The measured spectrum fits well with the Planck's law.

2hc@ 1
Il(l’T):TT (24)
e/kBT _ 1

Temperatur®istribution Measurement by th@fraredCamera

For the temperature distribution profile measurement using an infrared camera, both

the RGO devices and the infrared camera were placed in an Ar glove box to avoid
infrared absorption of glassttie infrared camera is placed outside the glove box. The

FLIR T450sc infrared camera has a spectral range betwéeh3.5 e m wi t h a r eso

of 320 x 240 pixels.
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ThermalConductivityMeasurements

The thermal conductivity of the -BN film was measured byime-domain
thermoreflectance (TDTR) at room temperature. In this method, a Ti:sapphire laser
generates a train of femtosecond laser pulses at a repetition rate of 81 MHz with a
wavelength centered at 785 nm. The laser output is split into a&higlgy pmp beam

and a lowenergy probe beam using a polarized beam splitter. The pump beam is further
modulated at a frequency between 0.5 to 10 MHz using an etgaitomodulator

(EOM) and then directed onto the sample to induce a small heating event. The probe
beam is delayed temporally with respect to the pump via a 60@omgmechanical

delay stage and then directed onto the sample to interrogate the surface temperature
change as a function of the delay time. The measured data were compared to a thermal
modé calculation, from which we extracted the unknown thermal conductivities of the

substrate.

To prepare the samples for TDTR measurements, we first deposited a-t0igkAl

film on a smooth glass slide, followed byD&-¢ nthick h-BN film spray coated o

the Al film. We then performed the puiirobe experiments from the glass side. The
5 etmek BN film could be considered as bulk in our TDTR measurements, as the
thermal penetration depth irBN in the crossplane direction, which is defined in
Equaton 25, with f the modulation frequency and C the volumetric heat capacity, is
only in the range of QG100 nm in our experiments, much shorter than the film
thickness. The 100 mitiick Al film serves as a transducer for the TDTR experiments.

By depositingthe transducer film on a smooth glass slide instead of directly on the
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rough RBN film, we can achieve a smooth surface for the transducer that enables

specular reflection of the probe beam, which is critical for TDTR measurements.

d, =k /pfC (25)

3.5.6 Conclusion

We demonstrated that a coated BN thin film effectively improves the thermal
management capability of the substr&emparing the operation of RGO devices on

BN/Glass and Glass, the operating temperature of the RGO device on BN/Glass is
much lower than that of the RGO device on Glass at the same input power, and the
maximum operating temperature of the RGO device o@Bés is increased from

700 C (for RGO device on Glass) to 1000

BN/Glass is due to the high-plane =14 °5W/mK) and the low crosplane (

k. =0.4 °0.1£ W/mK) thermal conductivities dhe BN thin film, which leads to fast

heat dispassion along the BN surface and helps to block the heat transfer to the substrate
directly underneath the device. This work not only provides an effective approach to
resolving heat dispassion issues in indégd circuits and high power density devices,

but is also helpful for other thermal management applications.

3.6 Summary
In this chapter, the hexagonal boron nitride nanosheetintroducedas highly
thermally conductive filler into different base maaés to enhancethe composite

overall effective thermgderformance for electronic systeriisie BNNSs large lateral
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flakes inside the composite can form a continuous network for better heat dissipation
from the local hot spoiCompared to other thermallyonductive materials, such as

graphene, CNTs, unique electrical insulating properties of BNN®se their

promising potential to be used in electronic systems as thermal management material.

The thermal conductivity measurement, DSC and IR tests of &btbmaterials are
performedor material thermal properties characterizatf®averal different electronic
system applications that incorporating BNNSs are discussed, ait@ekperimertally
validatedt he benefits of BNNSs in improving
reliability by alleviating overheating thermal issugébe sharp contrast between BN
incorporatedmaterials and pristine base material further indicates the crucial role of
BN in thethermal management system in electronicsapglyingadditives has been
proved to be an effective way to tail material properties based on different application

requirements.
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Chapter 4Material Propertied/lodification with External Magnetic

Field

4.1 Introduction

In previous chapterwe have engineerethaterial propertiesising nanostructured
material boron nitride teenhanceoverall device/ system level performance and
reliability. Here another commonly used approachmiodify material properties by

introducingexternal magnetic field, will be discussed.

Magneticfield applications arevery commonin daily life, such asnagnetic field
generated bglectrical current insidegansformes, hard disk read/ write functiamsing
giant magnetoresistive (GR) material hospital magneticasonancemage (MRI),
superconducting magnetic fieloh particle accelerator applicatiof4-66]. For some
systemscertain active components need toidmated/shielded from magnetic field
for better performancehigher reliability and dataintegrity. For instancescertain
measuring sensors needs to béaisal from magnetic field to ensure reliable readings,
computeharddisk requiresninimumexposure tastrongmagnetic field to protect data
integrity from magnetidrreversibledamageetc[67]. However, on the other sidegrf
certain magnetic responsivenaterials, such as magnetoresistance materials and
magnetocaloric materials, tle&istence of external magnetic fieddthe foundatiorfior
their desired properties,offering new applicationpotentials. Therefore, how the
magnetic field will affectmaterial propertigshowto apply magnetidield in favor of
better performancdjigherreliability and how to understand the underlying working
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principles still remains to bé&urther unveiled. h this section the detaileddesign/
optimization of magnetic field distribution, thermal management performance
evaluation, construction of magneticfield wire housing assempland effect of
magnetic fieldon material properties will be discussed.
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Figure4-1 Magnetic Field Shielding

B-ma p pt ®istgnce of 0.1 nirom Secondary @ll. (a) Without

Shielding. (b) With Magneticl8elding[67]
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4.2 Magnetic Field Distribution Design and Optimization

Toinvestigate the effect of mgaetic field ormaterial propertiesa magnetic field needs
to benumerically optimizedor desired distributioandexperimentally constructddr
distributioncharacterizationApart from magnetic field generated by superconducting
material at extremely lowemperaturesggenerally below 100 K) and permanent
magnetnumerougesearchers have been focusingoptimizing the currentcarrying
patternof magnetic fielddue to its versatilityand ease manufacturabilitfhe most
commonly used approach is to embedrentcarry elemenfollowed by designed
pattern on a straight cylinder tube surface. Based on theoraetitaématicalculation

for a desired magnetic field distributiamsing target field approactthe current
carryingpatterncan be obtainedRecentlyemerging technique using boundary element
method (BEM) allows to design currecdrrying pattern on complex surfaddss].
While et alpresented an analytic inverse method for theoretical désigmadient coil
system by precisely locate currararrying coil windings on predetermined straight
cylinder surfacg69]. Vaughanet al reported a high magnetic field benchmark of 9.4
T using a 65 cm diameter bore magnet with an asymmetric gradient coil and shim set.
In their approach, a 45 cm diameter hollow cylindrical twaes used as the housing

for currentcarrying element7Q].

With the concept of the slanted surfaeorporation tacylindrical shape 3D modelof
the magneticfield wire housingwas built in Solidworks 2016. The maximum
dimension ofX layer is54 cmin diameterincluding slanted surfacénd the total X

layer height is around 39 cm as shown in FigliBe The copper wire will be embedded
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into outer surface of the magnetield wire housing parffollowed by precisely
calculated patterrSimilar to X layer pattern design, Y layer pattern is shown below as

well. Currentcarrying element of layer follows the solenoid pattern

X Layer

Y Layer

Z Layer

Figure4-2 X, Y and Z Layer CurrenCarrying Pattern and Overall Assembly Model
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To manufacture magnetic fielthousing with such complicated currewsarrying
elementpatterncan be extremely challenging for conventional machining techniques
for example comper numerical control (CNC), especiallgr patterns on slanted
surface. The sparse availability and long learning curve for such sophisticated
machineryoperationalso posedimitations in its implementation Fortunately, the
emerginginnovative additivemanufacturing 3D printing offerperfectsolution for
such complicated geometry. Therefore, 3D printing technique will be applied for

magnetidield wire housing construction.

Magnetic Field Distribution Numerical Simulation

Once the currentarrying pattern for X, Y and Z layer imalized using target field
approach a numerical simulation on magnetic field distribution was performed in
ANSYS Electronic Desktop MaxweN18.1 finite element software. The current
carrying elenent was set tAWG 12/10copper alloy to mimic the actual application
condition The excitations,i.e. currentinput valuesto copper wires, wasaried to
evaluate the overall magnetic field distribution and strength information. Due to the
currentcarrying elementgeometry complexity,one continuous currentarrying
element path was simplified to discrete patterns for a closed loop magnetic field
simulation.Figure4-3 shows X, Y and Z Layer magnetic field spatiatdbution at

100 Amp Excitation.
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Figure4-3 X, Y and Z Layer Magnetic Field Spatial Distributieih100 Amp

Excitation

200.00

[ Mag 8 :
Setup1 : LastAdaptive
|current="1A" negcurrent="-1A"
— Mag_B

Setup1 : LastAdaptive
|cumrent="10A" negcurment="-10A"

150.00

— Mag_B
Setup1 : LastAdaptive
|current="S0A" negcurment="-50A"
— Mag_B

Setup1 : LastAdaptive

J |current="100A" negcurment="-1004"
100.00 T2
Setupi : LastAdaptive
cument="200A" negcurrent="-200A"
— Mag_B
Setup1 : LastAdaptive
current="300A" negcurment="-300A"

50.00

Mag_B [gauss]

0.0 . ; ; —
.00 100.00 200.00 300.00 400.00
Distance [mm]

Figure4-4 CenterlineLinearity Evaluation of Z Layer Magnetic Field Distributiain

Various Excitation Conditions

From the magnetic field distributiolmom Figure4-3, it can be easily seen that a
symmetrich but t er f | ydodhsrhogepeity symmethdistributionhas ben
achieved. Witlcarefully calculate@xcitationinput, the overall magnetic field strength
can bemodifiedto satisfyeach application requirement. The middle-moagnetic field
region offers magnetic field shieldiedfect The highest magnetic fieldrehgth occurs
near the currentarrying element, whiclagrees well withthe Biot-Savart Law. The
detailedmathematic explation can be found in Equation §2 With such magnetic
field designfor X, Y and Z layer within the magnetic field domain, each odioate
corresponds to a unique magnetic figkector which offersultimate versatility for
exploration of the magnetic field.
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By =" AL (26)
e |
Another important parametdsesides linearityalong centerlinein evaluating the
magnetic field is its magnetic field strength. Stronger magnetic field enatues
versatile application exploration Figure 4-4 shows the centerline magnetic field
distribution. The maximum magnetic field strength increases proportionally with

higher excitation, thus the distribution curve yields steeper slope.

4.3 Magnetid-ield Wire HousingCooling Numerical Simulation

It is well known for conventional currertarryingelementfor example copper wires,

the magnetic field B has linear relationship wighectrical current, while the
Ohmic/Jouleheating is proportional to the square of curiarthe circuit In the cases
wherea few hundred amperes aeqjuired insufficient thermal management system
can bebottleneckof entire designcompromising system overall performanceecent
studies, many of the researchers are limited to relative low current, for example less
than 60Amp limited bythe overheating issue in the system. Hanelteal proposed a

30 Ampcurrent through the wire patterns with foreeatercooling of copper tube next

to the magnetic wire housing layer with epoxy as insuldéigerin betweer{68].

To provide uniform cooling performance for the curreatrying element, theumber
of cooling channelsand coolant distribution nedd be optimizedUniform coolant

distribution among all the coolg channels is the key tbomogeneousooling
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performance. For malistributed coolant, the channels without sufficient coolant flow
rate may not able to remedyerheating crisiswhich compromiseshe performance

of entire systemOnepractical way to ensure evenly coolant distribution imtoease
pressure difference ratio between cooling channel and distribution header. If the
pressure drop idistribution header is negligible compared to thataanling channels

the flow will experience no impedance the header, leading to a uniform distribution

4.3.1 CoolantFlow DistributionOptimization

It is important to ensure that the coolant enters each chaneebighflow rate to
maintain the maximum temperatubelow safety threshd. In that case, the flow
distribution from the header to eadamdividual channel becomesery important.
Without proper design of the coolanstlibution header, the coolawill rush intothe
channelnear the header inlet and outlethN& for thosecooling channeldocatingfar
away from the distribution inlet and outlet, insufficient flow will cause poor cooling

performance, whickeads tdocal overheatingisk.

Distribution headerdesignfor uniform coolantdistributionhas been optimized he
schematic of flow distribution modeling is showrHgure4-5, where the blue domain
indicates the coolant flow domain in the header and cooling channelduéhand red
marks thelocation ofinlet and outlein distribution header. In order to coame the
effect of different header dimensions on overall flow distribution, the simulation was

performed iNANSYS ICEPAK modulewith the Duratherm 450 o#és coolantThe
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volumetric flow rate, pressure drop and velocity distribution in @atikidual chamel

were compared and analyzieg parametrizing flow distribution header thickness

Distribution Header Inlet

S\

Cooling Channels

/

(7 SN S LR 7=

¥
| : !
|
|
[
|

N 11| | 0 W Y AN R WP o =

Distribution Header Outlet

Figure4-5 Schematic oflow DistributionHeader andCooling Channels

(Orangecolor: copper wire, blue color: cooling channel

The Figured-6 shows the pressure contouraafolant distribution wittb mm and 50

mm header. From theesult it can be seen that tf® mmheader provides enough
spacefor the flow to be well distributegdrior to entering each channélor the 50 mm
header, ot only overall pressure drop is lower compared to the thinner header, but also
the pressuralistribution of each channel is more uniforfigure 4-7 presents the
velocity vector plot offlow distribution in coolant channels fodifferent header

thickness. For the 5 mm headkasign the inlet is close to certain cooling channels,
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which resultsn more coolant flows through those chann@élseflow velocityin such
channelss obviouslyhigher tharthat in other channels. However, for 50 mm header

case before the coolant enters the cooling channel, the inlet flow is already well spread
in the thick he adoticegblediffarencd torecoaligtcharmielsk e a
locationrespect tahe distributimn header inlet and outlet. Thaeldsevenly distributed

flow in the cooling channels.

5 mm Header 50 mm Header

Pressure [N/m2]
-: 6000.00
—— 5250.00

4500.00

3750.00

3000.00

2250.00 ‘

1500.00

750.000
0.000000 ‘

Figure4-6 Pressure Distribution Contour of the Cooling Channel with Different

HeaderThickness
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Figure4-7 Velocity Vector of the Cooling Channel with Different Header Thicknes

From the velocity distributiom Figure4-7, it is conclude that withthickerchannels,

not only theoverall pressure drop will be deeased, butlso the flow ismore evenly
distributed whichensursthe cooling performance in each cooling channel. However,
too thick distribution header will consume more coolant, whictotvery economical
efficient. Therefore the thickness of thkeader needs to be optimized to find out the
appropriate minimum thickness facceptablalistribution of coolant. In the Figuré

8, flow rate in each channekslistedfor 3 cases with 5 mm, 30 mm and 50 mm header
thickness. The 30 mm thick headeisdected as final header thickndss acceptable

pressure drop and flow rate distribution
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Figure4-8 Flow Rate in Each Cooling Channel with Different HeadeicKness

4.3.2 DetailedMagneticField Wire HousindlThermal ManagemeimumericalSimulation

Thewhole magnetidield wire housingassemblywith cooling channels can be split to
unit geometry due to the circular symmetric pattérhis gives us the chance to

evaluatedetailedthermal management capability feachindividual channels.

Figure 4-9 shows the schematic of copper wires embedded inside Rhpri@ted
magnetic field wire housingith cooling channelsFor copper wiresnside cooling
channel the coolant exchangéeat with copper wires. For thegions whereopper

wire embedded inside the magnetield wire housing without cooling channels,
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portion ofjoule heais conducted through the copper wire to the coolant in the cooling
channel.The remaining heais accumilated around copper wires, causindoaal
temperaturerise. Therefore the detailedthermal evaluation is performed on both
cooling channels araon-cooled regionsFor simplicity, the copper wire is fully
embedded in the grooves rectangular shapevheeas, inactual test scenariahe
copper wire is round shape and a small portion of copper wire sigfasg&le the fluid

domain.

I Magnetic wire housing (plastic)
I Copper wire

\ Cooling channel
X [ . Coolant inlet, outlet

Figure4-9 Schematic ofJnit GeometryThermalModeling
(Dark green: plastic magnetfield wire housing by 3D printing, yellow: copper wires

embedded inside the magnetic wii@using; blue: cooling channel)

In ANSYS model, for each cooling channel, there are 80 copper,tabagsponding

to 20 loops in each quaaitt,embedded inside the plastic magnéetd wire housing.

The wetting area ratiag. ratio of cooling channel area to entire surface is around 50%.
The currentnput and coolant flow rate are parametrized to evaluate cooling capacity
for different caes.
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4.4 ExperimentalConstructionof Magnetic Field Wire Housingssembly

The innovative 30FDM printing techniquénas beerhosen taonstructhe magnetic

field wire housingwith predetermined curremmiarrying pattern. Due to the versatility

of 3D printing technology, slanted surface and complicated pattgeneasily
incorporatedn the main body desigior optimal magnetic field distributioBased on
previousnumerical simulation result, it is promising to generate a strong magnetic field
with excellent linearity distribution and such system can be sufficiently cooled down
using external direct cooling approach. The Duratherm 450 Heat Transfer Oil is
selectedas coolant due to its outstanding properties, such as large dielectric constant,
high heat capacity, W viscosity etc Therefore,the experimentakxploration of
magnetic field wire housingith detailed construction process and data analysis will

bedisaussed

4.4.1Magnetic Field Wire Housindssembh\Bystem Overview

The detailed magnetic wire housing digital pictures foiY>XandZ layer are shown in
Figure4-10. The gey region on left side of ¥ayer is JBWeld epoxy, whiclserves as

binder betweeropper wireandthe grooveJB-Weld epoxy als@revens anypossible

Line X spray coatingo blockembeddeaooling channelPrior tofinal epoxy potting
procesdor the whole assembl\BJB epoxy was applied to ddyers asdouble safe
protectionmeasurdo preventpotting epoxy penetration to the cooling channélse

AWG 10 copper wire in Z layer was embedded in fiberglass grodue, tothe
extraordinary temperature resistance and mechanical properties of G10 fiberglass, there

is no cooling foreasemanufacturability However a 3D printed slanted surface was
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attached to one side of Z layer to ensure the center point of all three layers are

overlapping.

The external direct cooling approach benefits from low thecmadluctiorresistance,
large contat area between heat source and coolant, however, it also poses challenges

for coolantleakage freeonstructiorduringassemblyprocess.

Figure4-10 Digital Photo of X, Yand Z layer Copper WirRattern

(X and Ylayer is coated with Maveld epoxyand Line X coatiny
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In order to ensure the leaffefree from the cooling channefo outside assembly
multiple generations o$ealing trials have been performead testedintil the results
were satisfactory. Pndous trials includesrolling numerouslayers of epoxy or
wrapping several layers of fiberglass sheet on the outer surface of the mégliketic
wire housingand potting epoxy at both sides of magnéld wire housing assemhly

The nine generations of magnetic wire housing assembly with different sealing

approacheare shown irFigure4-11.

Figure4-11 Multiple Generations of Magnetic Wire Housing Assemisith

Different SealingApproactes
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After 3D printing, copper wire snapping, Line X coating, overall layers assembling and
epoxypotting processes finaloverlook of the assemblg presented ifrigure4-12.
Thelarge copper tube above and below the assembly act as external fioowticst
header. ltcollectsthe coolant from the pump, based on the magnetic field layer
operation conditions, the coolant can &asily directedinto operational layer for
cooling purposes with the assist of ball valve. Multiple thermocouples weresnhaert
different locationsbetween the layers prior to potting process to monitor the
temperature inside the assembly for precaution purpfs$es.~10 gallon of potting
epoxy, the whole X, Y and Z layarerebondednternally with very strong mechanical
properties due to the high strength of potting epoxy and G10 fiberglass tube as outer
shell. At the same time, the low viscosity potting epoxy covers the entire housing
surfaces, which provides great protection agfagoolant leakage. Then, the whole

assembly is perfectly sealed and ready to be connected to the cooling subsystem.
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Figure4-12 Digital Picture of Final Magnetic Field Wire Housiagier Epoxy Potting

The entiresystem is composed oéntrifugalgearpump, pressure gauge, relief valve,
flow meter, thermocouples, differential pressure gauge, madiedticwire housing
assemblydebrisfilter, heat exchangechilled water,power supplyand oil reservoir.

The schematic and actual digital picture are shoviigare4-13andFigure4-14. The

debris filter is used as protection to trap any possible small partictggt@nteing

gear pump. The relief valvesbypasgs the coolant from systeronce the overall
pressure is aboveet threshold for safetyeasons The pressure drop across the
magnetic field wire housingassemblyare accurately measured with differential
pressure gauge dnone absolute pressure gauge. The pressure difference and

temperature readings can be obtained from pressure gauge, differential pressure gauge
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and thermocouples before and after the coolant exchange heat with the copper wires

inside magnetidield wire housing.

Pressure Pressure Heat
Gauge Gauge Exchanger

Chilled

Water
Relief

Valve

= -
. Pressure B
e Power
Supply

Figure4-13 Schematic oFinal MagneticField Wire Housing System Assembly

Magnetic wire housing

Pump Pump Debris Filter  Qil Reservoir Thermocouple
Controller

Pressure
Relief Valve

Pressure
Gauge

Flow Meter

Heat Exchanger DP Gauge Assembly Power Supply

Figure4-14 Digital Picture of Final MagnetiEield Wire Housing System Assembly
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4 4.2 ExperimentaResultand DataAnalysis

Now the magnetic field distribution and thermal management tests have been
performed on full scale magnetic wire housing assembly. As mentioned in Bigure
14, thermocouples were used to monitor the temperature between layers instead of IR
camera. Théemperaturereadingdor X and Y layer ardisted in theTable5-6. From
temperatureesult it can be noted that the cool@xperiences temperature rise after in
contact with heatedopper wire, which indicates effective heat transfer between
coolant anatopper wire Theincrement otemperature reading of thermocouple placed
between X and Y layesuggestsherewassomeportionof thermal energy propagating
from X layer to Y layer.Therefore, the overheating issue can be remedied by both
convective coolig by circulating coolant and conduction dissipation through potting
epoxy.The numerical simulation modetsbuilt to investigate the copper wire surface
temperature and temperature distribution within the magrigtid wire housing

assembly.
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| I Temperature [C]
37.0000

X Layer —— 34.3750
I_ — 31.7500
—+ 291250
| "l —— 265000
\ ——+ 238750
Y Layer — z1.2500
18.6250
l 16.0000
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50.0000
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Y Layer i .: 12.5000
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) 0.0900000
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0.0562500
0.0450000
0.0337500
= I
0.000000

Figure4-15 Numerical Thermal Simulation of X and Y layer Under Working
Conditions

(X: 40 Amp, Y: 43 Amp)

When the copper wire temperature increases, it exhibits typical metal conductor
behaviorof electrical resimnceincrement As a result, at constant voltage settings, the

current reading of power supply experiencedlight drop (Table 57). In order to
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prevent oveipressurize the entire magnefiield wire housing assembly, the pressure
relief valve at the exiof the pump outlet was set 80 PS] Once the pump outlet
pressure exceeds the pressure relief valve threshold, it will automatically bypass the
coolant from the assembly. The relative low flow rate inside the cooling channel results
in a small pressurdifference between assembly inlet and outlet. Due to the relative
large range of differerdl pressure gauge, the data listed below comes from numerical
simulation based on experimentldw rate. One thing to note is due to the porous
structure of 3D printed housing for X and Y layer, it is very likely to have coolant in
the entire magnetifield wire housing main body besides the cooling channels. That
feature provides larger heat ted@r areabetween coolant and copper wifdthough

the porous structure of 3D printed part posigmificantflow resistance to coolant,
leading to insufficient flow within the main body compared to cooling channels, the
direct contact and heat exchang#veen cooper wire and coolant still providesne

coolingeffect
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Table4-1 ExperimentalCooling Result of Magnetic Wire Housing Assembly for X

Layer(" pressure drop data is obtained via numesaoallation)

X Layer at 21 V Power Suppliyest Condition

Time (min) 0 3 5 10 15
T_inlet( C) 16.5 16.7 16.7 16.6 16.6
T_outlet( C) 16.7 17.9 17.9 18 18
T xz(C) 25.3 26.6 26.7 26.9 27.1
Txz( C) 23.9 23.6 23.6 23.7 23.7
T xy ( 25.2 25.3 25.3 25.3 25.3
Current (Anp) 43.1 42.6 42 41.48 41.44
Pressure Drop
98 98 98 98 98

(Pa)
Flow Rate

5.326 5.326 5.322 5.324 5.322
(GPM)
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Table4-2 ExperimentalCooling Result of Magnetic Wire Housidgsembly for Y

Layer(" pressure drop data is obtained via numerical simulation)

Y Layer at 21 V Power Suppliyest Condition

Time (min) 0 3 5 10 15
T_inlet (C) 14.8 155 15.7 16.1 16.1
T outlet (C) 14.9 16.7 17.2 17.3 17.3
T yo(C) 24.4 24.3 24 23.9 24
T yo (C) 24.6 24.4 24.3 24 23.7
T xy (C) 25.1 25.1 25 25 24.9
Current (Amp) | 48.24 47.61 46.34 46.14 46.08
Pressure Drop
98 98 98 98 98

(Pa)
Flow Rate

5.151 5.206 5.222 5.222 5.230
(GPM)
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Table4-3 Experimental Temperature Distribution Data in Z Layer (with cooling in X

layer)
Z Layer at 80 A Power Supply Test Condition
(with cooling in X layer)

Time (min) 0 0.5 1 3 6
T inlet (C) 24.5 26 27.2 30.3 32
T outlet (C) 24.6 26.2 27.3 30.5 32.6
T xz (C) 24.5 27.2 29.3 35.0 45.3
T _yo (C) 24.2 24.2 24.3 24.3 24.3
T xy (C) 24.4 24.4 24.5 24.6 24.6
Voltage (Vol) 17.48 18.2 18.5 19.1 19.25
Flow Rate

5.326 5.326 5.322 5.322 5.322
(GPM)

With the direct coolin@pproach, maximum temperature in X afithyer can be well
controlled. However since Z layer used G10 fiberglass for additional mechanical
supportand high temperature resistant benefitsre is no coolindesignedor Z layer.
Although both G10 fibergiss and potting epoxy can withstand very high temperature
up t o, tReOm@ximur@temperature within Z layer still needs to be investigated to
ensure safe operation. During Z layer operation, the coolant was directed to X layer to
provide possiblecooling for Z layer through potting epoxy and 3D printed part of X
layer. A transient thermal model was built in ANSYS Workbench V 18.1 to simulate

the temperature propagation behavior within Z layer. When Z layer was in operational
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mode, the current through qogr wire was 80 A with 19.25 V, which corresponding to

a total power input of 1540 W.

Temperature development profile is showrFigure 4-16. From the numerical result,

it can be seen with only natural convection as cooling source, the maximum
temperatee will approac212 C after 10 minutesThe temperature distribution is not
symmetric, which is caused by Z layer copper wire asymmsptial distribution.

Such asymmetrispatial distribution of Z layer copper wire pattern is specifically
designed to ensure the overlacehtermagnetic field among X, Y and Z layer within

the entire magnetic field domain. Without direct cooling approach for Z layer, it is
suggested to operate thgstem within 6 minute\lthough the circulating coolant in

X layer is forcedconvectivecooling, yet the low thermal conductivity of 3D printed
plastic and potting epoxy pose extensive thermal resistance, leadnegytiimited
cooling effect on Z layeiThe X layer cooling effect was parametrizedrigure 4-17.

Higher value of heat transfer coefficient indicates better cooling effect from Xdayer
higher coolant flow rateWith 20 W/nfK, the maximum temperature of Z layer is
lowered t0168 C. Higher convective heat transfer coefficient boundary conditions
corresponds to better cooling effect from X layer. From the result, it can be seen that
the maximum temperature is strongly dependent on cooling effect on Z layer outer
surfaces. The of cooling effeon Z layer outer surface can be maximized by applying
different approaches, such as reducing the potting epoxy layer thickepks;e
potting epoxy with thermally conductive epoxyand improve convective cooling

performance in X layer.
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Figure4-16 Transient Numerical Simulation of Temperature Distribution in Z Layer
(a) Overall Temperature Distributiob) Copper Wire Temperature Distributi@nith

cooling in X layer)

250 —+&— Minimum Temperature_ HTC=0 W/m2K
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Figure4-17 Numerical Simulation of Temperatuféme Relationship in Z Layewith

Different Convective Heat Transf@&erformancen X Layer
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Apart from thermal management capability of X, Y and Z layers in magradtiavire

housing assmbly, the magnetic field distribution data wamppedwith a VGM
magnetic field strength sensdihe VGM model magnetic field strength sensor from
AlphaLablinc hasa range from 0 to 799 Gauss in three directiding accuracy and
resolution are ‘2% and (01 Gauss, respectivelyn order to ensure accurate
measurement readings from magnetic field sensor, a sensor frame was 3D printed as
shown inFigure4-18. The relative position between each pointriedeterminecand

the total 63 points provide enough data to 3D construct the magnetic field plane. The
frame was placed at the center plane of the asseimbbenter plane magnetic field

distribution mapping

Figure4-18 Sensor Fram#or Magnetic Field Distribution Mapping
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From the X, Y and Z magnetic field distribution at highest current input possible for
each layer, the magnetic fieBlD contourat the center plangere presented iRigure

4-19. Compared to thenagnetic field distributiomnumerical simulation irMaxwell,

there isacceptableinconsistency.Figure 4-20-22 shows line to line comparison
between numerical and experimental refulteach layer, wherargest inconsistency
occursnearthe edge of the magtic field domain. For numerical simulation result,
magnetic field distribution near the edges is symmetrical and experience obvious
increment when the edge approaches the copper wires. However for experimental
results, the magnetic field distribution mehat region is not perfectly symmetrical.
Also the magnetic field strength exhibiteshly moderate increase near the copper
wires. The error band is 280%, 2030% and 1520% for X, Y and Z layer based on
linearity comparison between numerical agerimental data.That inconsistency

may beattributed tothe following reasong1) The error from magnetic field sensor.

(2) Therelative positioning for the sensor. (@)esimplification of geometry model in
numerical simulation itMaxwell. (4) Non-perfectcircular shape of X and Y layer in

experiment testing
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X Layer

Y Layer

Figure4-19X, Y and Z Lger Magnetic Field Distribution

(Smoothcontour: numerical simulation result, meshed contour: experimental result)
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Figure4-20 X Layer Magnetic Field Line Distribution Comparisbatween

Experimental DatandNumerical Simulatiorwith Error Barfrom 20-30%
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