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NOTATIONS
a [] data fitting coefficient
A [m?] surface area
AN [-] constant of the Lewis and Nielsen model
& [-] aspect ratio
Ash [-] constant of the Steinhart-Hart equation
b [] data fitting coefficient
b, [-] Rabinowitsch correction coefficient
Bev [-] first constant of the Cheng-Vachon equation
Bin [-] constant of the Lewis and Nielsen model
BsH [-] constant of the Steinhart-Hart equation
C [J/K] heat capacity
C [-] constant in the Agari and Uno model
C1 [-] minimum of the sigmoid function
C, [-] constant in the Agari and Uno model
C [-] range of the sigmoid function
Cc [-] chain formation and orientation factor
Cev [-] second constant of the Cheng-Vachon equation
C [-] correction factor for the filler
Cn [-] correction factor for the matrix
Co [J/kgK] specific isobaric heat capacity
Csh [-] constant of the Steinhart-Hart equation
D [-] calibration constant
d [mm] diameter
Dp [mm] diameter of the piston
dT K] temperature difference
dx [m] displacement
E [GPa] tensile modulus
F [N] force
g [] data fitting coefficient
h [] data fitting coefficient
K [-] Rate constant of Avrami model
L [m] thickness of the specimen
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I [mm] phonon mean free path

L. [VWW/K?] Lorentz-number

Lm [m] average thickness of specimens

m [kg] mass

me [kq] mass of the composite

My [kq] mass of the filler

Mp, [kq] mass of the matrix

MVR [cm®/10 min] Melt Volume Rate

n [] Avrami exponent

Ng [-] Bagley correction coefficient

p [bar] pressure

P [W] electrical power

q [W/m?] heat flux density

Q [W] heat flow

Q [J] heat, generated at infinite time

Q [J] heat, generated at a given time

Q [m?/s] volumetric flow rate

RD [] relative density

RDg [-] relative density at zero pressure

RD [-] relative density at infinite pressure

Rs [K/W] thermal contact resistance

S [mW] gradient of the temperature-logarithmic tifaaction
T K] temperature

t [S] time

tio [S] the half time to reach the maximum temperature
T14 K] temperatures extrapolated to the surface
Te [°C] temperature of isothermal crystallization
Te K] ejection temperature

Ty [°C] glass transition temperature

Tmi-ma K] measured temperatures

Tme [K] melt temperature

Tmo [K] mold temperature

Tms K] temperature of the mold surface
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HCC

HS-

HS+

[s]
[K]
[m/s]
[K/s]
[%]

[J/g]
[J/g]
[J/d]
[Pa]
[KI

[m?/s]
[1/K]
[1/K]
[1/s]

[1/s]

[Pa s]

[Pa s]

[W/mK]
[W/mK]
[W/mK]
[W/mK]
[W/mK]
[W/mK]

[W/mK]
[W/mK]
[W/mK]
[W/mK]
[W/mK]
[W/mK]
[W/mK]

periodic time
temperature of the polymer surface
velocity of phonons

cooling rate
degree of crystallinity

interconnectivity of the conducting phase
enthalpy of cold crystallization

enthalpy of the fully crystalline polymer
enthalpy of melting

pressure difference

average temperature difference

thermal diffusivity
thermal expansion
thermal expansion of oriented polymer

apparent shear rate
corrected shear rate

real viscosity

apparent viscosity
thermal conductivity

effective thermal conductivity at infiniteressure
effective thermal conductivity of the filte

effective thermal conductivity of the madr
thermal conductivity in the direction ofientation
thermal conductivity perpendicular to theesrtation

measured thermal conductivity
thermal conductivity of the composite
thermal conductivity of the filler

lower Hashin-Shtrikman bound
upper Hashin-Shtrikman bound
thermal conductivity of the matrix

thermal conductivity of oriented polymer
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a
f
m

particle

max

thermal conductivity of reference
density

apparent density

density of the filler
density of the matrix
density of a single particle
tensile strength

electrical conductivity
apparent shear tension
corrected shear tension
percolation threshold

filler volume oncentration

maximum packing volume fraction of the filler

matrix volume concentration

theoretically possible filler volume fraction
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ABS
AFM
Al,O3
AIN
Au
BaSQ
BeO
BN
CBT
CNT
Cu
CVvD
DSC
EG
EVA
Fe;04
FEM
GF
GO
HDPE
cPP
ICM
LDPE
LLDPE
MDSC
Mg3(SisO10(0OH)y)
NaOH
NTC
PA6
Pb
PCB
PCM

ABBREVIATIONS

Acrylnitril-Butadien-Styrene terpolymer
Atomic Force Microscope
Aluminium Oxide

Aluminium Nitride

Gold

Barium Sulfate

Beryllium Oxide

Boron Nitride

Cyclic Butylene Terephthalate oligomer
Carbon Nanotube

Copper

Chemical Vapor Deposition
Differential Scanning Calorimetry
Expanded Graphite
Ethylene-Vinyl Acetate copolymer
Iron Oxide (Magnetite)

Finite Element Modeling

Glass Fiber

Graphite Oxide

High-Density Polyethylene
Polypropylene copolymer
Injection-Compression Molding
Low-Density Polyethylene

Linear Low-Density Polyethylene
Modulated Differential Scanning Calorimetry
Talc

Sodium Hydroxide

Negative Temperature Coefficient
Polyamide 6

Lead

Printed Circuit Board

Phase Change Materials




Andras SUPLICZ

Pd

PLA
PMMA
PP

PS

PVC
SEM

Si

SiC

Sn
SrFg2019
SWCNT
TC

TEM
TGA
TiO;
UHMWPE
Zn0O

Palladium

Polylactic Acid

Poly(Methyl Methacrylate)
Polypropylene

Polystyrene

Poly(Vinyl Chloride)

Scanning Electron Microscope
Silicon

Silicon Carbide

Tin

Strontium Ferrite

Single-Walled Carbon Nanotube
Thermal Conductivity
Transmission Electron Microscope
Thermogravimetric Analysis
Titanium Dioxide
Ultra-High-Molecular-Weight Polyethylene
Zinc Oxide
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1. Introduction

Polymers are popular engineering materials becatigbeir relatively low density,
low cost, good chemical resistance, low thermaldoativity and ease of processability
compared to other materials. In the last few desdldere has been an increasing demand for
polymer-based structural materials to replace onpgiete metallic parts. So far the goal of
researches has been to improve the mechanicalriegpef synthetic polymers to approach
the strength of steel. The basis of these develoneas the application of fiber-like
reinforcements. On the other hand, metals do niyt lnewe better mechanical performances
but also have higher thermal conductivity than pwys. There is a great demand for
structural materials which are good thermal conmhscbut also good electrical insulators.
Such materials are required in electronics, whedeat dissipation is vitally important to
extend the lifespan of the devices, while electiicsulation is essential to eliminate the short
circuit failures and other errors [1-4].

In the past few years developments in technologse hrasulted in smaller devices
with higher performance (sensors, controlling ynitsnsformers, amplifiers, integrated
circuits and so on). As a result of this developtriezat dissipation in electronics, especially
microelectronics, has an ever-increasing importamzsides heat dissipation has a great
influence on lifespan. It is well-known that theliability of devices is exponentially
dependent on their operating temperature, therefboremall increase in the operating
temperature (about 10-15°C) can halve their lifasgaenerally, metallic parts are used as
heat sinks to dissipate heat, but metal parts eagi@r, often more costly and more difficult to
process than plastic parts. Polymers normally hgpoad insulating properties, but thermally
conductive polymer composites are receiving mokraore attention in the industry. These
special materials have a potential in the coolifgetectric and mechatronic devices.
Conventionally, the cooling of mechatronic partsd@ane with extruded or cast metal heat
sinks. To guarantee the electric insulation betwberelectric circuit and the heat sink, a heat
conductive plastic film is applied as a barrier.wéwver, these polymer films make the
assembly process complicated and decrease thaeeffjic of heat transport. Thus the
effectiveness of the metal heat sink also decre#@seordingly, by eliminating the polymer
barrier, thermally conductive and electrically il®ing polymer composites can be

innovative new materials in device developmenthaligh in electronic packaging injection
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moldable thermally conductive polymers are con&idea novelty but more and more
engineers apply them as an alternative solution][4-

It is well-known that polymer materials are gooerthal insulators as their thermal
conductivity varies between 0.1 and 0.5 W/mK. Tuadally, conductive polymer
composites are obtained by the dispersion of cdnaudillers in an insulating polymer
matrix. These fillers are mainly graphite, carbdack and carbon fibers, ceramic or metal
particles. If the dielectric behavior of the comip®ss an important requirement, thermally
conductive but electrically non-conductive partickhould be applied. Ceramic fillers, such
as boron nitride, aluminum oxide, aluminum nitridéica, talc and many others can be used
in such cases. The fillers can significantly influe the thermal behavior of polymers.
Furthermore, thermal properties depend on sevéhnar dactors: filler concentration, the ratio
between the properties of the components, the sieeshape and the orientation of the filler
particles, the manufacturing process and fillerfirainteractions. To obtain composite
materials with the appropriate thermal conductivhiygh filler content is usually required,
although this will increase processing difficultiédthough flow properties is reduced in this
case, thermal conductivity is increased signifiganwhich leads to more rapid cooling of the
part and thus a reduction of polymer molding cyotees [1, 2, 5, 8, 9].

The main goal of this dissertation is to developvngolymer-based composite
materials of high thermal conductivity. A furthenportant aspect is good electrical insulation
behavior so that they can be used directly asrelgict packaging without a thermal barrier
material. It is important to extend the use of &esaterials so that they can replace
conventionally used ceramic and metal cooling ymitsose production is costly compared to
the production of polymer composites. On the oftard, the modeling and prediction of the
thermal conductivity of these special materialsnmgortant to tailor their properties to the
needs of users. To do this, several problems labe solved. One of these problems is that
highly filled polymer composites have to be proeesswith conventional industrial
processing machines (injection molding machinerueldr etc.). A further important task is to
map the thermal and mechanical properties of theposites and their dependency on the
properties of the fillers. Furthermore, it is imfaont to know the exact properties of the raw
materials so that more precise parameters candzbtasdevelop the mathematical model to
predict the thermal conductivity of composites. @&chieve this, not only conventional
mechanical, thermal and morphological examinatiorese performed but self developed

measurement devices and methods were applied.
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2. Literature overview

In this chapter the literature of thermally condwetcomposites are overviewed. At
first, the terms and measurement methods of theomadluctivity are discussed, then the
thermal conductivity of polymers and polymer comess are introduced. Finally the
mathematical and simulation models for thermal cwtigity estimation of polymer

composites are overviewed.

2.1. Generalities on thermal conductivity

In this chapter the basics of the thermal conductind the measurement techniques

are presented.

2.1.1. Terms of thermal conduction

Heat conduction is a form of energy transfer, whies energy flows from particles
with high temperature to particles with low tempera. It means that there is an interaction
between the particles, but their movement can éeoted and is disorganized. Heat flows in
the direction of temperature decrease. According~tairier's law (Equation (1)), in a
homogenous substance heat flow is proportionalh& temperature difference across the
thickness and the heat transfer area, but it isrgaly proportional to the thickness which is
normal to the direction of the heat flow (Figure This is an empirical law, which is based on
observation:

Q:_/xAxai (l)

where Q [W] is the heat flow,A [m?] is the heat transfer area[W/mK] is the thermal

conductivity coefficient andT/dx[K/m] is the temperature gradient [10, 11].

<L>

qx

—)edx

Figure 1. The interpretation of Fourier's law [12]
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The thermal conductivity coefficient (Equation (2)) Fourier's law is a physical
property of the substance and shows the abilith@imaterial to conduct heat:

-_ 9
_'d_l! (2)

dx
where g [W/m? is the heat flux density (the proportion of theahflux and its area). The

value of this coefficient depends on the structofehe material and its thermodynamic
conditions. The calculation and measurement ofntaéiconductivity are difficult processes
[10-12].

The mechanism of heat transfer significantly dgfar different materials. In gases the
energy is transferred primarily by the diffusive ttoa of the molecules and their collisions.
In dielectric solids and liquids heat is conducbsdthe thermal vibration of the atoms and
molecules. According to Einstein’s assumption,dhds each atom is considered an oscillator
in harmonic motion. Each atom has the same ampliaudl the interaction between them is
negligible. In this case each atom can be regaadezh elementary oscillator. Deby extended
this theory and considered the interactions of llasicins. This led to the theory of the
phonon. The phonon is an elementary vibrationatgnéhat arises from oscillating atoms
within a crystal. The crystal lattice is the mediumiich contains the energy packets.
According to this theory, thermal conductivity dae expressed in the form of Equation (3):

/ =;c ut | (3)

where C [J/K] is the phonon heat capacity for a unit vofC = r >c,), u [m/s] is the

velocity of the phonon and[m] is the mean free path of the phonon. The nfeam path is
the distance that a particle travels between cotiss Generally, phonon velocity is equal to
the velocity of sound [10, 11, 13, 14].

In ideal, perfect crystals there would be no phoscattering which would result in infinite
thermal conductivity. In fact, the structure of yrolers is far from the perfect crystals, even in
the semicrystalline thermoplastics. Hence the pelgntontain defects, which cause phonon
scattering. Hence the thermal conductivity of padymis very low. At temperatures near
absolute zero, thermal conductivity is very low. the temperature increases, the mean free
path increases and thermal conductivity also irs@gand reaches its maximum. A further
increase in temperature results in anharmonic atmibration, which leads to a decrease in

phonon mean free path and consequently a decredsermal conductivity [13, 15].
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In metals heat is conducted primarily by mobilectlens and secondly by the
phonons. This phenomenon guarantees that metaés d@od thermal conductivity. In pure
metals the conduction by electrons is dominantmpure metals or in disordered alloys the
phonon contribution can be comparable with thetede@ contribution [16]. Metals that have
good electrical conductivity also have good thermmahductivity. At a given temperature
thermal conductivity is proportional to electricalbnductivity. This relation can be
characterized by the Wiedmann-Franz law (Equatdh (

Lo w (4)
S

where [W/mK] is the thermal conductivity coefficiente [WM] is the electrical conductivity,
T [K] is the temperature and, is the Lorentz number, whose theoretical value
(2.44-16 [WWI/K?]) is independent of the temperature and is theesfamall metals in which

free electrons cause the primary energy transter]l, 17].
2.1.2. Measuring techniques

Guarded hot plate method

The standardized guarded hot plate method [18,id%ne of the most common
measurement methods of thermal conductivity foremals of low thermal conductivity
( <1 W/mK). This method is used mainly for constrantmaterials and thermal insulators of
buildings. The measurement results are precisegén@t room temperature the uncertainty is
about 2%, but at higher temperatures it can beehnjgibout 5-10% [20].

The calculation of thermal conductivity is basedFmurier’s law (1). The following
parameters are needed for the calculation: sarhjkniess; the heat flux through the sample;
the area perpendicular to the heat flux; and theezature difference between the two sides
of the specimen. The temperature difference cageberated with an electrical heating unit,
thus the heat flux can be calculated from the atadtpower (the product of the voltage and
the current). The temperatures are usually regdtewrith thermocouples in a thermal
stationary condition. From these data thermal cotidty can be easily calculated [20].

There are two commonly used measurement methods. i©nthe “two-specimen
apparatus” (Figure 2/a), where two specimens are goueach side of a heating unit
symmetrically. To minimize heat loss on the sidks, hot plate is surrounded by a separated
guard with an independent heating unit. The sec@nidtion is the “one-specimen apparatus”

(Figure 2/b). In this case only one cold plate and specimen are required. These units are
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replaced by a second heating unit as a back gtiawg, the heat will be oriented in the
direction of the sample [20].

— 1 Cooling unit C —1Cooling unit
P "] 1st specimen % % "] Specimen
CJC——— 1 Heating unit COC————— 1 Heating unit
V- % 7 2nd specimen C » Heat flow meter
— ) Cooling unit L | Guard plate

a) b)

Figure 2. Concept of the two-specimen (a) and on@ecimen (b) hot plate apparatus [20]

After measurement thermal conductivity can be dated with Equation (5) for the one-
specimen apparatus and Equation (6) for the twohsyen apparatus:
P_ L

[ =—x—— (5)
AT,-T,

/:E Lm/2’ (6)
A DTm

whereP [W] is the electrical power [m?] is the area of the specimdn[m] is the thickness,
Ln [m] is the average thickness of the two specim&nfK] and T; [K] are the temperature of
the hot and cold side of the specimen aifig [K] is the temperature difference between the
hot and cold side in the two-specimen apparatugh Wie changing of temperatuie,
thermal conductivity at different temperatures dan calculated. The disadvantage of the
method is that it is rather time-consuming, thustakes a long time to measure the
temperature dependency of thermal conductivity.[20]

Hot wire method

The theory of the hot-wire method was invented888.by Schleirmacher but it was
first used in practice in 1949. With this methodh\der Held and van Drunen measured the
thermal conductivity of liquids [21]. Nowadays & mainly used with thermal insulators. The
method is based on measuring the temperature eliiéerwhich is generated in the specimen
by a linear heat source. It is assumed that thé dmace generates permanent and uniform
heat. Thermal conductivity can be calculated frév@ temperature change in a known time
period. With this method materials whose thermaldumtivity is under 2 W/mK can be
investigated, but with some special modificatiomss tupper limit can be extended to
25 W/mK. From the measured values thermal condiygtican be calculated with

Equation (7):
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_Q ) Q o

o T,-T, 4pS]

where Q [W] is the heat flow (electric power); and t, [s] are given times during
measurementl; and T, [K] are the measured temperatured,;adndt, respectively ands
[mK] is the gradient of the linear section in tlemperature-logarithmic time function. The
general layout of the apparatus is shown in Figur&ccording to standards [22, 23], the size
of the specimen is 230x114x76 mm. Measurement regjuwo specimens and the place for
the thermocouples and the heating wire should behmad on one of them. It is essential to
make good thermal contact between the samplestentidating unit. Measurement should
start in an isothermal condition. The disadvantafy¢he method is that large samples are
necessary. The advantage is that the boundaryteammican be kept easily and it can be used

at higher temperatures too [20, 24].

Reference temperature

[ ]
L1
Sample Thermo-
] couple

Amplifier

Voltmeter

Hot wire

Furnace

Auxiliary circuit

[ ]
[ |

Microcomputer
Power
supply

Ammeter

Figure 3. Concept of the hot wire apparatus [24]

Flash method

The flash method [25, 26] is used to determinetiiemal diffusivity of different
materials. The basic idea of the measurement metlasddeveloped by Parket al. [27] in
1961. During measurement one side of a flat anal shimple is heated with a heat pulse,
while on the other side temperature is registered &unction of time (Figure 4). Thermal

diffusivity can be calculated with the Parker equaiEquation (8)):
a= 138"—2, (8)
t1/2
where [m?s] is thermal diffusivityL [m] is sample thickness artg,[s] is the half time to
reach the maximum temperature. Thermal conductoaty be calculated with the following
equation (Equation (9)):

I =axrx,, (9)
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where [W/mK] is the thermal conductivity, [m?%/s] is the thermal diffusivity, [kg/m’] is
the density and, [J/kg-K] is the isobar specific heat of the sani@i.

h 4

Computer

IR ;
radiation 4 vy y»

— .

Furnace

IR
camera

Figure 4. Measurement theory of the Flash method B

The advantage of the method is that only a smaip$ais required (diameter: 12 mm,
thickness: 1-2 mm). Furthermore, measurement @kgs a short time (only a few seconds)
and the temperature range can be very wide. Tha disadvantage is that the equipment is
more expensive than transient measurement units fandgorous and inhomogeneous

materials further special methods are needed tthgetorrect material properties [20, 27].

Modulated Differential Scanning Calorimetry (MDSC)

This method was developed by Marcus and Blaine32Q, It is based on a modulated
differential scanning calorimetric measurement (MD$Figure 5), which can be performed
on a conventional DSC machine without any modifarat The measurement range is
between 0.1-1.5 W/mK. MDSC is the patent [32] of IPAtruments, where the test specimen
is exposed to a linear heating method which hasi@ersmposed sinusoidal oscillation

(temperature modulation), resulting in a cyclictiv@aprofile.
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Figure 5. Concept of the DSC measurement cell [30]
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In contrast to steady state methods, modulatedfloeaestablishes a dynamic equilibrium in

the test specimen. It means that the measuremémémhal conductivity can be performed by
applying a cyclic temperature program to only oitle ®f the test specimen. First, calibration
has to be performed on a known reference: the measunt of specific heat on a thin sample
and apparent specific heat measurement on a thitpls. After the measurements thermal
conductivity can be calculated with Equation (16) & sample of general shape and with

Equation (11) for a cylindrical sample:

2xp xC?
[y=—P% (10)
C, *r xA >¢p
8xL >xC?
lo=——F (11)
cp><m>d X,

where [W/mK] is the thermal conductivityG [mJ/K] is the apparent heat capacity[J/gK]
is the specific heat, [g/cn] is the densityA [mm?] is the cross sectioh, [mm] is the length,
m[mg] is the masg] [mm] is the diameter of the sample dpdis] is the periodic time. To get

the correct results, a calibration constant hdsetapplied (Equation (12)):

D=Jl/,¥,)-1,, (12)
where  [W/mK] is the thermal conductivity of the referenc, [W/mK] is the measured
thermal conductivity an@® [W/mK] is the calibration constant. The value fris typically
0.014 W/mK for a 6.35 mm diameter sample. Usingdiad, the thermal conductivity of the
sample can be calculated with Equation (13):

/- /,-2XD+4/ - 4xD ¥/,

2

(13)

2.2. Literature survey on thermal conductivity of polymers

The thermal conductivity of the polymers dependsramy factors, such as chemical
composition, bond strength, side group moleculaighte structure type, molecular density
distribution, structural defects, processing patanse temperature, and several other

parameters [1, 33]. In this chapter the effectthe$e factors are presented.

2.2.1. The effect of temperature

The thermal conductivity of a polymer depends entémperature (Figure 6). In the

case of amorphous polymers temperature dependandeecdivided into three groups, which
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are based on the interchain interactions. The fswhen there is a well-defined thermal
conductivity maximum near the glass transition teragure (Figure 6/a/l.). This is typical in
polymers that contain strong bonds, heavier chegm&nts and long branches (such as PVC).
In the second group there is a wide plateau neaglidiss transition temperature with only a
small increase or decrease (Figure 6/a/ll.). Somerphous polystyrenes show this behavior.
In the third group thermal conductivity changes @iinearly as a function of temperature,
but at the glass transition temperature the gradieanges (Figure 6/a/lll.). It is typical for
polymers which have weak interchain interactiomghter chain segments, and short and
fewer branch chains (such as ABS). In the case eofi-srystalline polymers, thermal
conductivity reaches its maximum value at about KQ@&igure 6/b), which is shifted toward

higher conductivities and lower temperatures wirgstallinity is increased [34, 35].

A
A
|

Figure 6. Temperature dependent thermal conductivig: a, amorphous polymers; b, semi-crystalline
polymers [36]

2.2.2. The effect of molecular weight

The effect of molecular weight on thermal condutfiwas investigated first by
Ueberreiteret al. [37], on different polystyrenes having differentlecular weights. It was
shown that in the whole temperature range the higlh@ecular weight polymer has higher
thermal conductivity. The explanation was that ggerould be transmitted more easily along
the molecules and chains, than between them. USiigg theory Hansen and Ho [38]
developed a model, which shows that thermal comdtyctincreases proportionally to the
square root of the weight averaged molecular wesghbw molecular weights and become
independent of the molecular weight at high molacwieights. Polystyrene was used to
prove the theory. It was also pointed out thatlihear extent of the molecules also has an
effect on thermal conductivity. It means that ifireear and a branched homolog polymer of
equal molecular weight are considered, the linedyrper always have the higher thermal
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conductivity. It was also shown that molecular virtigas a remarkable effect on the thermal
conductivity of the polyethylene melt, but in soéithte it has no effect.

Polymers are often mixed with low molecular weigiasticizers, which change
thermal and mechanical properties. Several reseexchave shown that plasticizers can

decrease thermal conductivity [39, 40].
2.2.3. The effect of morphology

Molecular orientation

During stretching the polymer, its molecules andich are oriented, which can result
in an anisotropic structure. This structural angey can be shown by the anisotropy in
macroscale properties. Orientation causes anisottbermal conductivity, which should also
not be neglected. Much research has been carrteshaihe thermal conductivity of stretched
polymers [41-48] which investigated conductivity tine direction of the orientation, and
perpendicular to the orientation. Different changese shown in different polymers, but in
all cases conductivity increased in the directioh tbe orientation, and decreased
perpendicular to the stretch. On the basis of phisnomenon, a model was developed that
describes the relationship between the anisotritgomal conductivity of polymers and the
thermal conductivity of unoriented polymers (Eqaat{14)):

i+£:§, (14)
/ /. 1

where [W/mK] is the thermal conductivity of the unoriedt polymer, [W/mK] is the
thermal conductivity of the polymer parallel to theentation and [W/mK] is the thermal

conductivity of the polymer perpendicular to théentation. The correctness of the equation
was proved for several amorphous polymers. A furtetationship was developed between
the thermal conductivity and thermal expansion olfymers (Equation (15)), and it was

proved for some materials (Figure 7):

12 0go o2, (15)
/ b

o
where o, [W/mK] are the thermal conductivity of orienteddannoriented polymers and,
[1/K] are the thermal expansion of oriented andriamted polymers. Hansen and Ho [38]
also developed a model (Equation (16)) which caled the effect of orientation on thermal

conductivity.
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Figure 7. The relationship between thermal conductity and thermal expansion [43]

To investigate the effect of orientation, Shextal. [49] produced high-quality ultra-
drawn polyethylene nanofibers with a diameter o580 nm and a length of 10 mm. The
fibers were drawn from UHMWPE gel with a sharp tsteg tip (diameter: 100 nm) and a
tipless atomic force microscope. After drying, fifeers were mechanically stretched. The

molecular orientation during the manufacturing lod fiber and the TEM image of the final

fiber can be seen in Figure 8.

500nm

a) b) <)

Figure 8. Polyethylene chains and fibers: a, a motlef the polyethylene; b, the oriented microfiber nodel;
¢, the TEM image of the nanofiber [49]

A measurement unit was developed to evaluate tHezomaluctivity. One end of the
polymer fiber was fixed to the tipless AFM cantiégevand the other end was attached to a
micro-thermocouple, which is mounted on the tipadfteel needle. The amount of heat was
adjusted through the needle. If the power of tlsedand the temperature are varied and the
geometrical sizes are known, thermal conductivay be easily calculated. If the stretch is
increased, the thermal conductivity of the nandfiaéso increases and can reach up to

104 W/mK.
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Crystallinity

In contrast to amorphous polymers, semicrystalpoé/mers have a more ordered
structure, which results in higher thermal condutti Due to the denser structure, there is
smaller resistance to intermolecular heat tranafel to the phonon diffusion. It means that
thermal conductivity also depends on the crystaction of polymers. The thermal
conductivity of polymers is typically 0.1-0.5 W/mKmorphous materials are in the lower
range (PMMA~0.21; PS~0.14; PVC~0.19 W/mK) and seysialline polymers are in the
upper range (LDPE~0.3; PA6~0.25; HDPE~0.44 W/mK)crstallinity increases, thermal
conductivity also increases [1, 33]. In the Apperitiiere are listed the thermal conductivities
of some polymers (Chapter 9, Table 13).

Processing induced morphology
The properties of composite materials are deterdhimainly by their macrostructure
(form, size, concentration, dispersion and orieomat of the reinforcement). The
macrostructure can be modified with the correctiahoof filler type and processing
parameters. In injection molded particle filledyukr products the distribution of particles is
inhomogeneous in the cross-section and also alemdlaw path. This phenomenon is called
the segregation of fillers and reinforcements. @a8on is also typical for fillers and
reinforcements. During the mold filling phase, tleenforcements orient themselves in the
direction of melt flow as a result of the high sheste. Hence the particles are parallel to the
direction of flow in a thin shell layer but in tlwere they are generally perpendicular to this
direction. This structure can be influenced witfeation molding technological parameters,
and the geometry of the cavity and gating systedr5®]. Segregation has been analyzed by
many researchers (Hegler and Mennig [50, 51], Papaisiou and Ogadhoh [53, 54] and
Kovacs [55]) and the followings were stated:
— The concentration of filler and reinforcement irases in the direction of
the core. In the direction of melt flow transvernsdlomogeneity decreases.
— Filler concentration gradually increases away ftbegate, it reaches the
nominal values at about half the length of flow.
— At alow length/diameter ratio (aspect ratio), wdlger particle sizes and at
higher filler concentration segregation is moremnsge.
— At a greater flow length the distribution of thiiefis and reinforcements in

the polymer matrix will be more inhomogeneous.
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Amesdderet al. [56] investigated the direction dependent there@bductivity of
30 vol% graphite filled PA6. The samples were peatlwith injection molding. The thermal
conductivity of the composite was 1.8 W/mK throutfte thickness, 6.8 W/mK in the
direction of the flow and 4.4 W/mK in the crosswvildirection. It shows that orientation has a
significant influence on thermal conductivity.

Michaeli and Pfefferkorn [57] investigated the sggtion-induced properties of filled
polymers through electrical conductivity. As thi®perty is in close connection with thermal
conductivity, the effect should be the same. Thb@s used copper fiber and a low melting
point alloy as filler and reinforcement. They showthat electrical conductivity increased

when the thickness of the sample was increased@milictivity depends less on flow length
Figure 9.
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Figure 9. The electrical conductivity as a functiorof sample thickness and flow path [57]

The properties of the composites depend not onlthercomposition of the material but on
technological parameters as well. It was proved shaace conductivity remains nearly the
same independently of value of the processing patienst On the contrary, through-thickness
conductivity is significantly influenced by the rheind mold temperature and the injection
rate. With longer filling time (lower injection @t the sheared zone can be decreased, hence
conductivity can be increased. By changing the ogsdyg of the matrix material electrical
conductivity can also be influenced. The higher viezosity of the matrix material is, the
more oriented the fillers are. Furthermore, theagrethe difference between the temperature
of the melt and the mold is, the higher the origotain the layers near to the surface is.
Michaeli and Pfefferkorn [57] analyzed the effe€tirgection molding parameters on
the properties of highly filled composites. Frone timolding tests it could be concluded that
high metal content significantly influenced the alogical properties of the matrix. At low
filler concentration the flow pattern during th#ifig phase is parabolic. At high filler content

the flow shows a different pattern (Figure 10), ethcan be explained by the high shear and

24



Development of injection moldable, thermally coniile polymer compaosites

increased viscosity. Besides this, the reasonhigr iehavior is not only the enhanced melt
viscosity of the composite, but also the high theEroconductivity of the material which can
cause a local premature freeze-off. Hence the aable flow length would be shorter using
conventional technologies. It was also shown witep&ral mold that the flow length of

conductive composites can be increased by incrgasold temperature.

PAB + 52 wt% OPAG _
Cu fibers + 52 wi% Cu fibers

+ 33 wt% tin/zinc alloy
Figure 10. Comparison of mold filling of different materials [57]

unfilled PAB

o’
Zoﬁm'

Amesdderet al. [56] also investigated the flow pattern of condeetcomposites. They
pointed out that if a higher flow rate is used dgrinjection molding, the filling will be more
even. They also stated that this effect can beechby the local premature freeze-off of

composites.
2.2.4. Effect of the second component

Gases

The general name of two-component polymer-basedematt where the first
component is the polymer matrix and the second compt is gas is polymer foams. The
geometry of the foam cells may be closed or opgrencell foams are generally soft and
flexible and are used for seating, bedding, acoalsinsulation and many other purposes.
Closed-cell foams are generally rigid, and suitalole thermal insulation. The matrix of
plastic foams is usually polyurethane, polystyrgmayolefin or PVC. Plastic foams can be
produced in a very wide range of density from 0.@0&7 to the neat polymer’s density.
Foaming can be carried out by mechanical, chemicaphysical means. The thermal
conductivity of the foam is determined by four fast heat conduction through the solid
component, conduction through the gas componentemion through the cell and radiation
through the cell walls and the voids. The thernmaiduictivity of foams is influenced by many

factors: density, cell size, moisture content, tygfegas in the cells and many others.
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Generally, the thermal conductivity of plastic faamhich are used for thermal insulation is
under 0.05 W/mK [58, 59].

Liquids

There are two ways to fill liquid in a polymer matrThe first is when a low melting
point alloy is added to the polymer. In this cake filler is in liquid state only during
processing. The second method is phase-changeia®(@&®CM). PCMs are used for passive
heat storage and temperature control through tkerption of large amounts of energy as
latent heat at a constant phase transition temperaParaffin waxes belong to the most
promising PCMs [60-62].

Solids

Conductive polymer composites are most commonlgiobtl by mixing conductive
fillers into an insulating polymer matrix. Thesdelis are mainly carbon fibers or graphite,
carbon black, ceramic or metal particles. The meakthermal properties of a type of particle
depend on several factors, such as purity, crystalcture, particle size and also the
measurement method. Fibers and flakes display #@votaopic behavior as their thermal
conductivity is much higher along their main axisparallel to the surface of the plate, than
perpendicular to these directions. It is also evidbat if filler content is increased, thermal
conductivity also increases, although the flow#&pibf the polymer melt decreases. Thus
processing methods set a limit to filler conterd #me achievable thermal conductivity [8, 9].
In the Appendix there are listed the thermal cotigities of some typical filler (Chapter 9,
Table 13 and Table 14).

2.2.5. Solid fillers for enhanced thermal conductivity

Carbon-based fillers

The best-known carbon-based fillers are graphégyan fiber and carbon black. They
combine good thermal conductivity and low densi@yaphite is usually used as conductive
filler because of its superior thermal conductivity200-400 W/mK), low price and good
dispersability. Carbon black is the aggregate @phite microcrystals. Its particle size is
about 10-500 nm and has quite a large surface(aBa50 ni/g). Carbon black is good for
electrical conductivity enhancement rather thamntfa conductivity enhancement [1].

Graphene is the structural base of graphite, cartamotubes (CNT) and fullerenes

(Figure 11). Graphene is a single-atom thick layegraphite with hexagonally structured
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atoms [63]. It was discovered in 1940 but it wat/an 2004 that it was produced by Geim
and his colleagues [64, 65]. This material has rsdveuperior properties. Its electrical
conductivity is 7200 S/m, and it shows very higherthal conductivity (as high as
5300 W/mK). Graphene is also the strongest majatsatensile modulus is about 1 TPa and
its tensile strength is about 130 GPa. These supgroperties make it an ideal reinforcement
in polymer composites. In the last few years sdvaesthods have been developed to produce
graphene. These can be divided in four main grolips. first group contains the various
chemical methods, such as the CVD process (Cheriapbr Deposition) and epitaxial
growth. Epitaxial growth means the growing of aittayer on the surface of a crystal so that
the layer has the same structure as the underlgmygtal. The second group is the
micromechanical exfoliation of graphite. With tinethod Kun and co-workers also prepared
graphene [66, 67]. The third group is epitaxialvgitoon electrically insulating substrates like
silicon carbide. Finally, graphene can be produe#d chemical processes, like the chemical
reduction of graphite oxide (GO), liquid-phase d&afon of graphite in organic solvents and
the thermal reduction of graphite oxide [66-69].

Figure 11. The structure of graphene (a), graphitéb), a carbon nanotube (c) and a fullerene (d) [68]

In the last few years the application of graphearoparticles and carbon nanotubes
has received much attention and thus generated possibilities for the development of
polymer composites. The new composites developed significantly enhanced properties
even when only a small amount of nanofiller is udddny researches are carried out on
graphene or carbon nanotube-filled polymers. In tmcsses epoxy [70], poly(methyl
methacrylate) [71, 72], polypropylene [73], highndiy polyethylene [74] and polyamide
[75] were used as matrix material. The biggesidiiffy in the preparation of the composite is
to produce the even distribution of the filler imletmatrix. In the last few decades several
technigues have been developed for the homogenkspsrsion of nanoparticles, such as in-
situ polymerization [1, 68, 69], solution mixing, [@8, 69, 76-78] and melt mixing [1, 68, 69,
79].
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Xie et al. made an overview on the possibilities of dispagysENTs in polymer
matrices. It was stated that the key issue is tamece the thermal conductivity of polymer
composites is to control aggregation in polymeriatmoes to obtain an interconnecting
network suitable for heat transfer. To achieve garidispersion, the particles are isolated
from each other, which lead to low thermal condureti

Carbon-based nanoparticles, such as graphene and l@Me excellent thermal
properties, hence these fillers are often combinddcrease the thermal conductivity and the
thermal stability of molded parts, and also deadheir shrinkage. CNT has almost the same
thermal conductivity as graphene, but graphene shlower interface thermal resistance
thanks to its two-dimensional geometry. Thus graphis more efficient in the modification
of material properties than CNT. Nanoparticles vatlarge specific surface area increase the
extent of interfacial area between the polymer padicles in the nanocomposites, which
results in inefficient heat transfer. Interfacibetmal resistance between polymer and CNT
was determined in the order of 1®°K/W. The source of interface thermal resistancelman
the scattering of phonons on the contact surfdoe,imperfect physical contact between
particle and matrix or the different thermal expansoefficients of matrix and particles [69,
81-83].

Metal fillers

With metal fillers both the thermal conductivitycaalectric conductivity of composite
materials can be improved. Metals have high densitys adding a high amount of fillers to
the polymer significantly increases the densitytleé composite. This way the biggest
advantage of polymers, their lightness, disappe&®. the enhancement of thermal
conductivity aluminum, silver, copper, brass andkei powder are usually used in the
literature. The thermal conductivity of metal-fdlgoolymer composites largely depends on
filler content, the TC, size and shape of therland their dispersion in the matrix.

Boudenneet al. [84] investigated the effect of particle size opper implemented into
a polypropylene matrix. The composites were prepéne melt mixing and the samples by
compression molding. Besides the size effect, fipebieat, electrical conductivity and
crystallinity as a function of filler content wemevestigated. The particle size of the powder
was 30 (Cy) and 200 m (Cu,). It was highlighted that smaller particles resdlin higher
heat transport ability of the composite (Figure.12)
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Figure 12. Thermal conductivity of polypropylene asa function of copper powder volume fraction
(particle size: Cui=30 m; Cup=200 m) [84]

Molefi et al. [85] also investigated the effect of particle sinethe case of copper
powder-filled low-density polyethylene. The averggsticle size of the copper powder was
50 nm in one case and 3& in other case. The samples were also preparedettymixing
and compression molding. It was concluded thattléconductivity increased as Cu content
was increased, but there was little difference betwthe thermal conductivities of micro- and
nanoparticle-filled composites.

Kumlutas and Tavman [86] prepared tin powder-filléd=64 W/mK) HDPE
( =0.55 W/mK) composites by dry mixing and compressioolding. Thermal conductivity
was measured with the hot-wire method at diffetemperatures (Figure 13). It was found
that in accordance with the literature, above tlhesgy transition temperature of HDPE
(~-110°C) the thermal conductivity of compositescigased when the temperature was
increased. It was also concluded that when 16 viniP4vas filled into the HDPE matrix,

thermal conductivity increased to 1.1 W/mK, which 101% higher than that of unfilled
HDPE.
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Figure 13. Thermal conductivity of HDPE filled with tin particles as a function of temperature [86]
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Dey and Tripathi [87] investigated the thermal aaectdsity of silicon particulate-
reinforced high-density polyethylene compositesta20 vol% filler content. The particle
size of silicon powder was 5-10 um and its thermahductivity was 140 W/mK. The
components of the composite were first dry mixe@&nthcompression molded. The
measurements showed that the effective thermalumivity for HDPE containing 20 vol%
silicon becomes double (0.85 W/mK) that of unfilld®PE (0.36 W/mK) (Figure 14). It was
also concluded that the thermal conductivity of HD® composites only show a marginal

decrease between room temperature and 80°C.
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Figure 14. The effective thermal conductivity of HIPE/Si composites as a function of Si content [87]

Several researchers have investigated low meltogtpalloys used as fillers for
polymer composites. During polymer processing ¢(tgg molding, extrusion) the alloy
melts and remains in the liquid phase until thelioggphase. Therefore the processability of
highly filled composites can be improved by the sgtha@hange of the alloys. On the other
hand, the shape and size of liquid metal can Heented with the flow properties of the
matrix and the processing parameters.

Low melting point alloy powders are generally proed with an automated
ultrasonication process [88]. Bormasergtal. [89] developed a new method to produce low
melting metal micropowder in three steps. In thst fstage the alloy and polymer matrix was
mixed in an extruder, then pelletized. Secondiymfithe granulates a thin film was extruded,
and finally, the matrix was dissolved. It was shothiat the shape of the particles can be
influenced by the viscosity of the polymer matrix.

Michaeli and Pfefferkorn [57] introduced a novellypoer-metal hybrid material to
further increase the thermal and electrical condiigtof conventionally used conductive

polymers, while at the same time improving theiogassability. The novel composite
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contained 15 m% (56 vol%) polyamide 6, 33 m% timezalloy (melting point: 199°C) and
52 m% copper fiber (length: 0,65 mm; diameter: 8%). It was shown that the copper fiber
and the low melting point alloy form a three-dimiensl network in the injection molded
part. Thanks to the fine dispersion of the alloyl dhe good adhesion between it and the
copper fiber, several contact points are develoddek authors only measured electrical
conductivity, the thermal conductivity of the hydbrcomposite was not examined. Electrical
conductivity was three orders of magnitude highkemwa low melting metal alloy and copper
fiber were used together than when only copper filses used [90].
Zhanget al. [91] investigated the rheological properties dbw melting alloy-filled

(70 m% tin, 30 vol% lead) polystyrene. The meltpaint of the alloy was 183-188°C, and its
particle size was 11m. The flowability of the material was investigatedth a capillary
rheometer. The composite showed a pseudoplastiavimelr and its viscosity obeyed the
power law similarly to other filled polymers. Thethors showed that below the melting point
of the alloy the relative viscosity of the compeditst decreases to a minimum value as alloy
concentration is increased, then increases as abogentration is further increased. The
critical volume fraction where relative viscositiads to increase is equal to the percolation
threshold of the composite (Figure 15/a). On theeohand, above the melting point of the
alloy the viscosity of the composite decreasedoasentration was increased (Figure 15/b).
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Figure 15. The viscosity of tin-lead alloy-filled plystyrene as a function of filler content
at 175°C (a) and 190°C (b) [91]

Mrozek et al. [92] investigated the processability of polystygefilled with nickel
powder and a low melting metal (58 m% bismuth, 42 tm). At 30 vol% nickel content the
material was an unprocessable paste with largecaitent. It was concluded that in order to
increase filler content, a low melting metal allogeds to be used. In later experiments 20-

60 vol% alloy and 10 vol% nickel was filled in theatrix. The nickel particles improved and
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maintained the homogeneous dispersion of the alloyhe absence of nickel powder the
eutectic alloy can coalesce into large dropletsiciwvinesults in decreased conductivity. The
authors measured only the electrical conductivitycomposites. This statement was not

proved for the thermal conductivity.

Ceramic fillers

Ceramics have good thermal conductivity, while ls# same time they are good
electric insulators. As a result, they are the Ipeaterials for heat dissipation in the electric
industry. In the literature the most investigatedamic fillers are beryllium oxide (BeO),
aluminum nitride (AIN), silicon carbide (SiC), alimam oxide (AbOs), talc and boron nitride
(BN). The achievable thermal conductivity is infhieed mainly by filler concentration,
particle size and shape, dispersion and surfaa&nent.
Leeet al.[93] investigated how the efficiency of solar sethn be enhanced by increasing the
thermal conductivity of the EVA (ethylene-vinylaastt) layer. A comprehensive study was
performed with many different types of filler, suels aluminum oxide, magnesium oxide,
zinc oxide, silicon carbide, boron nitride and ainom nitride. The fillers were surface
treated with 1 m% silane. The samples were prephgedwro-roll mill and compression
molding. The thermal conductivity (Figure 16) anldoathe electrical resistivity of the
composites were measured. The highest thermal ctimiy, 2.85 W/mK was obtained with
60 vol% SiC. With 60 vol% ZnO and BN thermal contikity was lower, 2.26 and 2.08
W/mK respectively, but the composites filled withese fillers showed better electrical

insulation.
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Figure 16. Thermal conductivity of the EVA composiées [93]

Ishida and Rimdusit [94] prepared a thermally carisle polymer composite by using
a polibenzoxazine matrix and boron nitride as {225 m). The bisphenol-A-metilamin
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based polibenzoxazine has very low viscosity, whmsproves the wetting and dispersion of
the filler particles. The monomer and the BN wast filry mixed at room temperature then the
specimens were compression molded. In this wayra lwgh, 78.5 vol% filler content was
achieved. Thermal conductivity was 32.5 W/mK.

Kemalogluet al. [95] investigated the effect of micro and nano BN the thermal,
mechanical and morphological properties of siliqobber. 0, 10, 30 and 50 m% filled
composites were prepared with an extruder, themd13amm thick samples were compression
molded. It was concluded that when BN was addd¢tdanatrix, tensile strength decreased in
all cases, which means that the interfacial intesadetween silicone and BN is poor. It was
also stated that larger particle sizes resultedarse mechanical properties. A similar effect
can be seen in the case of elongation at break.tdi&le modulus increased with BN
content, and nano-sized BN has a more pronounéect.e®n the other hand, particle size has
the opposite effect on thermal conductivity, andiais found that the aspect ratio of the filler
Is critical in achieving high thermal conductivity¢hen 50 m% micro sized BN was added to
silicone rubber, the thermal conductivity was mibran 2 W/mK.

Zhou [96] prepared thermally conductive linear Idensity polyethylene (LLDPE)
composite with aluminum nitride (particle size: @-1m; TC: 170 W/mK) as filler. The
composite was made on a two-roll mill up to 70 méerf content and the samples were
prepared with compression molding. Zhou also pexpatitanate-coated AIN powder.
According to Guet al.[97] the titanate creates a monomolecular layetherinterface of AIN
and LLDPE. One end of the titanate coupling ageaken a strong chemical bond with the
free protons on the AIN surface, and the van dealgvéorce links the other end of the
coupling agent to the LLDP chains. The DSC measantsnshowed that as the AIN content
was increased, the crystallinity of the composgerdased. According to Lugt al [98], the
main reason is that LLDPE has relatively high alfstity and has no bigger amorphous
phase where the crystals could be placed. Henlmavdiller content the AIN particles are in
the interlaminar layers, which blocks further caystvolution. At higher filler content there is
a change in crystal evolution. Thermogravimetry lgsia (TGA) showed that there is a
significant increase in the thermal stability of RPE with increasing AIN concentration. The
explanation can be the higher heat capacity an@ligtethermal conductivity, which cause an
improved heat absorption ability. In this mannerDRE chains start to degrade at higher
temperatures. According to thermal conductivity smeaments, at 70 m% (~40 vol%) AIN
and titanate modified AIN concentration the therrmoahductivity of the composites is 1.25

and 1.39 W/mK, respectively. The temperature depeocel of thermal conductivity was also
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investigated between 25 and 120°C. It was fountlifiancreasing the temperature, thermal
conductivity decreases, which is caused by theerphnsion. As a consequence of thermal
expansion the distance between the AIN particleken_.LDPE matrix starts to increase.

Weidenfelleret al. [99] concluded that by the addition of metal anide fillers to
polymer matrices, the thermal conductivity and heapacity of polymers can be varied
systematically. The polypropylene-based composaenptes with various fillers were
prepared with injection molding. Magnetite §Pg), barite (BaS(Q), talc (Mg(SisO10(0OH)y)),
copper, strontium ferrite (Sr£®.9) and glass fiber were used as fillers between @ an
50 vol% concentration. The thermal conductivitytbé prepared compounds is shown in
Figure 17/a. Surprisingly, the thermal conductiatytalc-filled polypropylene is significantly
higher than that of copper-filled PP although ti af copper (~400 W/mK) is much higher
than the TC of talc (~10 W/mK). At 30 vol% the timal conductivity of PP/talc material was
2.5 W/mK, two times higher than that of the PP/@mposite. This can be explained with the
high interconnectivity of the talc particles.
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Figure 17. Thermal conductivity of PP-based compotgs with different fillers (a)
and the interconnectivity of the particles at 30 vi84 filler concentration (b) [99]

The interconnectivity X)) was also calculated based on the work of Schilind Partzsch

[100]. The lower (*%) and upper bound ") of thermal conductivity was derived from the
Hashin—Shtrikman model (Equation (17)-(19)):

/HS—:/ 2/m+/f'2jf(/m'/f)
m2/m+/f_jf(/m_/f)
s 2y it Yl - 1)

=/ , (m>1), 18
f2/f+/m_/m(/f-/m) (m f) ( )

 (m< ), (17)
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_ /0_ /HS—

int — .
JHSY _JHs

(19)

In the equations,, and ¢ are the thermal conductivity of the matrix andefs$, and ¢ and
are the filler and matrix concentration by voluriie results are shown in Figure 17/b. It can
be clearly seen that talc and glass fiber formlbst interconnected network through the
matrix.

Droval et al. [101] investigated the properties of BN, talc, mioum nitride and
aluminum oxide filled polystyrene conductive compes The fillers were investigated with
scanning electron microscope (SEM) and it was foilmad the BN and talc particles have a
plate-like shape, while AIN and AD; particles have a spherical shape. Boron nitride wa
found to be the most effective filler offering aogbcompromise between high intrinsic
thermal conductivity, a high shape factor and hagimnectivity. The DSC measurements
showed that the glass transition temperature adét®eases as filler fraction is increased. BN
had the most pronounced, at 10 vol%dEcreased by 15°C. In the case of other filleis th
decrease was less than 8°C. The results of thexomaluctivity measurements are presented
in Figure 18. It can be clearly seen that the tlrmonductivity of the PS/BN composite is

about twice as high as that of the other compasites
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Figure 18. The thermal conductivity of polystyrenebased composites as a function of filler concentrian
[101]
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2.3. Modeling methods on thermal conductivity

In this chapter the most important basic and adsdmoodels used for the prediction
of thermal conductivity of composites are introdiicBesides the mathematical models, some
authors presented Finite Element Modeling methadedtimate the conductivity of the

composites as a function of filler concentration.

2.3.1. Numerical methods

To keep the price of polymer composites as lowassiple, it is important that their
properties can be tailored to needs. Hence it gomant that the composite can be designed
using the proper type and ratio of the matrix atdr§ [87]. However, not only mechanical,
but also thermal properties, such as thermal cdndycshould be predictable. The thermal
conductivity of composite materials is influenced Beveral factors, such as filler
concentration, particle size and shape, filler @ispn and distribution in the matrix, the
thermal conductivity of the components, the contaetween the particles and the contact
surface resistance between the matrix and the fille87]. Although numerous empirical,
semi-empirical and theoretical models have beereldped for the prediction of thermal
conductivity of two- or multiphase polymer compesitits reliable and precise prediction still
remains a challenge. The three basic models areutbeof mixtures (parallel model), the
inverse rule of mixtures (series model) and thamgdac mean model. In the rule of mixtures
(Equation (20)) it is assumed that the componeatgribute to the thermal conductivity of
the composite proportionally. It generally ovenesties the experimental values and provides
an upper bound for conductivity. This model assuthesexistence of a percolation network
of the filler in the matrix and perfect contactween the filler particles. On the other hand,
the inverse rule of mixtures (Equation (21)) asssrtieat there is no contact between the
particles, thus it underestimates the experimewdhles and provides a lower bound for

conductivity:
/c:/fjf+/nx/m’ (20)
le [ [,

where . is the thermal conductivity of the compositg,and ; are the thermal conductivity
of the matrix and the filler, and: is the filler fraction. The geometric mean model

(Equation (22)) is an empirical method for the peadn of the thermal conductivity of
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composites. It provides better results than the ofilmixtures and inverse rule of mixtures [1,
102, 103].
lo=1 0. (22)
Besides these basic models, many advanced modetshieen developed. The most
important theoretical equations are the Maxwell4J1Bruggeman [102], Cheng-Vachon
[105], Hamilton-Crosser [106] and Meredith-Tobid®T] model. Maxwell (Equation (23))
supposed that spherical filler particles are rangaistributed in the matrix and there is no
interaction between them. This model describeshteemal conductivity of composites with a
low volume fraction of fillers well, but as fillecontent is increased, the particles start to
develop interactions between each other and formdwttive chains [102, 104, 108, 109].
iy J2X o+l v 2 X - )]
¢ " [2X/m+/f_jf>(/f-/m)] .

(23)

Bruggeman developed another theoretical model. iflyndicit relation (Equation (24)) also
supposes that the spherical, non-interacting pestiare homogeneously dispersed in the
continuous matrix [87, 102, 108, 109].

_ - 1A 1)
RS
Cheng and Vachon [105] developed another theotetnzalel (Equation (25) and

(26)) for two-phase composite materials. This egmatissumes that the discontinuous phase

1-/4

(24)

has a parabolic distribution in the continuous mRaifrhe parabolic distribution constani(
andC,,) were introduced and related to the volume fraxctibthe filler [102, 105, 110, 111].
1 _ 1
Ve JColl =T )X o +BL (- 1)
an i m T Bell i - 10) +By 12%/Co(ln- /1) 1-8,
Byl - 1) - By 12X [Co(/ - 1) /oy

37
B, = 7 , C,,= -4x i . (26)
2 3% .

On the other hand, there are numerous empirical ssamdi-empirical models that

(25)

contain experimental factors for thermal condutgivand for the volume fraction of the
components. Agari and Uno [112] and Lewis and NielgL13] developed such models, for
example. These models also show good correlatidm tivé experiments up to 30 vol% filler
content. Only the Lewis-Nielsen model gives betfierabove 30 vol%, thanks to the

introduction of the maximum volume fraction of itk in the equation [1, 102].
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The Agari and Uno [112] model is based on the gdization of series and parallel
conduction models. It assumes that the particles fonductive chains through the matrix.
Accordingly, the thermal conductivity of two-phasemposites can be written according to
Equation (27):

log/. =/ xC,¥og/, +(1-j,)Hog(C, % ..), (27)
where ¢, and p are the thermal conductivity of the composite, filter and the matrix, ¢
is the filler volume fraction an€;, C, are experimental constants; is dedicated to the
effect of filler particles on the secondary struetof the polymer matrix (crystallinity, crystal
size) andC, shows the conductive chain formation ability of fharticles. Lewis and Nielsen
[114] reported a semi-empirical model, which wasealieped on the basis of the Halpin-Tsai
[115] equation. In this model the effect of parichape, the orientation of the particles and
the packing of the fillers are included (Equati@8)and (29)):

1+ A\Bw
/=1 A .LN/f , (28)
1- By
(/¢17,)-1 1-j . .
= Yy =1+ —1m , 29
LN ( 11)+ Ay Y /m2 % (29)

where ¢, and p are the thermal conductivity of the composite, filtker and the matrix, ¢

is the filler volume fractionA_y is a constant that depends on the shape andatre@nbdf the
particles and n,is the maximum packing fraction of the filler. Thalwes ofA_y and ., were
determined for several filler types and orientatma can be found in tables. As an example,
for spherical particlesj y =1.5 and ,=0.637 and for randomly packed irregularly shaped
particlesA y =3 and ,~=0.637.

From the literature survey it is obvious that theaa prediction of thermal
conductivity for highly filled composites still pes difficulties. The theoretical models often
underestimate the results and can be used onlyp 30 wol% filler content [108, 109, 111,
116, 117]. The semi-empirical models give betteredation with the experiments, but they
need more experimental parameters.

Kumlutas and Tavman [86] compared the thermal caindtyc of HDPE/tin
composites to the results from some mathematicaletso They found that all the models
used are in good agreement with the measured vatuew filler content, except the Cheng-
Vachon model. At higher filler fractions (>10 vol%je particles form conductive chains and
the gradient of the curves start to increase mapally. This range can be described with the

Cheng-Vachon and Agari-Uno models (Figure 19).
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Figure 19. Experimental and theoretical thermal coductivity of HDPE/tin composites [86]

Droval et al. [101] analyzed the thermal conductivity of moreareic-filled (BN,
Al,Os, AIN, talc) PS composites and compared it to thedigted values from theoretical,
empirical and semi-empirical models. They stated the Cheng-Vachon, Lewis-Nielsen and
Agari-Uno model have a good correlation with th@exxments and the Maxwell model can
be used only at low filler fractions (Figure 20).
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Figure 20. Measured and modeled thermal conductiwt of PS/BN composites [101]

The authors also calculated the interconnectivityfiicient of the fillers (Equation 19) in the
composites based on the work of Weidenfetfeal.[99]. They found that in a PS matrix talc
particles have the best interconnectivity, BN anglD4 have the same effect, and AIN has the
worse interconnectivity factor (Figure 21).
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Figure 21. The interconnectivity factor of the fillers in a PS matrix [101]

Dey and Tripathi [87] used several mathematical ef®mdo predict the filler
concentration dependent thermal conductivity of HIB? composites between 0 and 20
vol% Si fractions. The Agari-Uno and Lewis-Nielsemdels seem to correlate best with the
experiments. The experimental and modeled resualts 2 seen in Figure 22/a and the

calculation error of the models in Figure 22/b.
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Figure 22. Experimental and modeled thermal condudtity of HDPE/Si composites (a) and the calculation
error of the Agari and Lewis models (b) [87]

It is well-known that nanoparticles easily form wetks even in low concentration,
which can be proved by the electrical conductivaimh above the percolation threshold.
Although there is no rapid increase in thermal emtigtity at this threshold, the percolation
model is generally used to predict the thermal cotidity of carbon nanotube-filled
polymers. Foygelet al [118] estimated the parameters of a percolatioodeh with
simulations. This Percolation model is presentelddoation (30).

t/ (ar )

/(/f;ar):/tD.f'/p(ar)] ’ (30)
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where is thermal conductivity, ; is a factor that takes into consideration the rtizr
conductivity of nanotubes and their contacts wahblreother, ; [vol%] is filler concentration,

p [VoI%] is the percolation threshold; is the aspect ratio of fillers artdis a factor that
characterizes the conductive chain. The value igfbetween 64 and 137 W/mK according to
the experiments. Haggenmuellet al. [119] investigated the percolation model on
HDPE/SWCNT nanocomposites. It was stated that tbecgbation model has a good
correlation with the experiments up to 20 vol% (Feg22).
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Figure 23. Comparison of the experimental values (s) and percolation model (line) for HDPE/SWCNT
nanocomposites [119]

2.3.2. Finite element modeling method

In addition to the mathematical models, numerousist exist on the finite element
modeling (FEM) of composites and the calculatiorih&ir effective thermal and mechanical
properties. In cases when a problem cannot be da@walytically, FEM and simulation can
be effective methods. A considerable obstacle ¢oube of this method can be complicated
material arrangement, proper mesh generation amgutational cost [120].

Kumlutas and Tavman [86] numerically modeled therrial conductivity of polymer
composites. The models of particle-filled compasiéee cubes in a cube and spheres in a
cube lattice array (Figure 24). The ANSYS finiteraent program was used for the
calculations. The results were compared to theraxpatal results of tin particle (0-16 vol%)
filed HDPE. It was found that up to 10 vol% tinetmumerical model estimated thermal

conductivity well. Above 10 vol% the model undenesttes the experiments.
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a) b)

Figure 24. Sphere in cube (a) and cube in cube (t)ree-dimensional finite element models for ANSYS
simulations [86]

Mortazaviet al [121] investigated and numerically simulated tinermal conductivity of an
expanded graphite-filled (EG) polylactic acid (PLé&gmposite. In the simulation model the
filler particles are randomly distributed in the tnba (Figure 25). The analyses were carried
out with the ABAQUS simulation software. It was falithat the simulation results are in
good agreement with the experiment, although fitlentent was varied only between 0 and
6.75 wt%.

a) b)
Figure 25. 3D model (a) and meshed model (b) of & R/EG composite [121]

Li et al [122] developed a three-dimensional computationatiel using the finite
element method based on continuum mechanics. \Wétiptoposed model they evaluated the
thermal behavior of randomly distributed SWCNT/mdgfin and SWCNT/epoxy
composites. The 3D model was generated with a anogteveloped in-house, and the 3D
tetrahedral elements were generated with the ANSof8vare (Figure 26). To reduce the
computational costs, some simplifications were midgrding the shape, aspect ratio and
properties of SWCNTs. The authors analyzed thectsffef interfacial thermal resistance,
volume fraction, thermal conductivity and the diaeneof SWCNTs on the thermal
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conductivity of the composite. It was found tha¢ ttmodel can be applied up to 10 vol%.
Above 10 vol% the error of prediction can be expdai with the simplification of the model
and with the agglomeration of particles.

a) b)

Figure 26. Model for three-dimensional randomly disributed SWCNT in a polymer matrix (a) and the
discretized model with tetrahedral elements (b) [12]

Nayaket al [123] constructed a three-dimensional spheresilve lattice array model
to simulate the structure of epoxy/pinewood dushposite materials for filler concentrations
between 6 to 36 vol%. In the model the thermal cetidity of composites were numerically
analyzed with ANSYS and compared to experimentdllesaand to other theoretical and
experimental models. It was concluded that the Flslysis is more accurate than the rule of
mixture or the Maxwell model.
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2.4. Summary of the literature, objectives of the dissdation

The aim of the literature survey was to show thespmlities of application and
development of thermally conductive polymers. Ag theginning the theory and physics of
thermal conductivity and its measurement method® weviewed. Next, methods to improve
thermal conductivity were surveyed, such as thecefdf molecular orientation, crystallinity,
processing methods and additives. According tolitbeature, the best method is the use of
fillers. Hence the three main groups of fillers {aikéc, ceramic and carbon-based fillers)
were analyzed. It was also concluded that fillees significantly influence the flow
properties of polymers. Moreover, a segregationatf€an develop during the production of
the parts, which can influence the thermal and raeicial properties of the composites.

The thermal conductivity of polymers can be modifiem many ways. If the
crystallinity of the polymers is increased, therroahductivity also increases. This statement
can prove that fact that amorphous polymers hawerddhermal conductivity than semi-
crystalline polymers. Research shows that the mdecweight also has a significant
influence; polymers with higher molecular mass diswe higher thermal conductivity. The
orientation of the polymer chains can improve canigity as well, but the material will be
anisotropic. Thermal conductivity increases in ¢ivection of the orientation and decreases
perpendicular to that. These methods only havegatstffect on thermal conductivity. The
best results can be obtained with the use of sfhllers, which was proved by many
researchers. Metallic and carbon-based fillersta@ebest for this purpose, but the composite
will also be an electrical conductor. As the goéltlus research is to produce dielectric
polymer composites of high thermal conductivityedé fillers can be applied up to the
percolation threshold. In contrast, ceramic fillaes/e better properties, such as good thermal
conductivity, low density and good electrical iregirig properties.

In the literature, many different results can banfd for the same type of fillers or
matrices. These differences can be attributed éadtfierent measuring methods or different
processing methods. Many different measuring teghes exist, such as the hot plate, hot-
wire, laser flash methods and others, and thesénadstwork on different principles.
Accordingly, the results may be different but th#edent measurement principles cannot
explain the huge deviations. To analyze the effd#cdifferent processing methods and
processing parameters is essential to understaddtiect on filler distribution within the

matrix. Hence the segregation effect could not égletted. Segregation can be through the
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thickness (shell-core effect) and along the flomgkh. Segregation can decrease the thermal
conductivity of the part and cause inhomogeneityarding the thermal and mechanical
properties. Therefore this effect should be inged&d.

In most articles the authors only used a singlerfto produce conductive compounds.
Generally these fillers were copper, carbon blgcaphite, carbon nanotubes, silicon dioxide,
talc, aluminum nitride and boron nitride. Only avfarticles investigated polymer composites
with a hybrid filler system. In these papers asteme of the fillers is an electrical conductor,
such as carbon black or graphite. So far | havdmotd any articles applying only dielectric
fillers to utilize the advantages of the hybrideetf between different fillers.

It is important that the thermal conductivity oflpmer composites should be tailored
to requirements. As was shown earlier, the thercoalductivity of composite materials is
influenced by several factors, which should be aketo account. Although numerous
empirical, semi-empirical and theoretical modelsenheen developed for the prediction of
the thermal conductivity of two- or multiphase polr composites, its reliable and precise
prediction still remains a challenge. From theréitare survey it is obvious that the exact
prediction of thermal conductivity for highly fike composites still poses difficulties. The
theoretical models often underestimate the resuitscan be used only up to 30 vol% filler
content. The semi-empirical models give better elation with the experiments, but they
need more experimental parameters.

Improving thermal conductivity with solid fillersao cause difficulties in material
processing. The viscosity of the polymer increadesstically as filler concentration is
increased. Generally, in the literature conducpedymer composites with a thermoplastic
matrix were prepared with internal mixing and coegsion molding, or simply a low
viscosity thermosetting matrix was used. Thesertiggtes are too slow for mass production
and can compromise design freedom. On top of tmy, a few articles were published on the
injection molding of thermally conductive polymertherefore this is a new area to
investigate.

Also, only a few articles can be found on the tharproperties of highly filled
polymers and so there is not much information oa itifluence of fillers on the glass

transition temperature and the crystallinity ofrthally conductive polymers.
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Based on the literature survey, | have set out tfalowing objectives of this PhD

dissertation:

1.

The development and investigation of a novel théyntanductive polymer, which is
an electrical insulator.

The investigation of the effects of different paeders (matrix, filler, processing
technology, etc.) on the effective thermal conduigtiof polymer composites.

The development of a polymer composite with a diele hybrid filler system to

enhance effective thermal conductivity with the saamount of filler.

The investigation of the thermal properties andstalinity of conductive polymers,
influenced by the injection molding process.

The improvement of processability of highly fillpdlymers.

The development of a model to predict the thernoaldactivity of composites as a

function of filler concentration.
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3. Materials and methods

In this chapter the selected materials, their sicgg methods and the testing methods

are introduced.

3.1. Materials

In my research composites were prepared with teeotidifferent matrices and fillers.
The names, manufacturers and abbreviations (usetyinesearch) of the applied materials
are presented in Table 1 and Table 2. Talc, boroiue and graphite have plate like shape
which show anisotropic behaviors (Figure 27/a, h, The titanium dioxide has spherical
shape (Figure 27/c). The matrices can be procedisectly, only polyamide 6 and polylactic
acid need to be dried at 80°C for 4 hours.

Name Trade name Manufacturer AbbrgV|at|on_|n
the dissertation
Polypropylene . Tisza Chemical Group
homopolymer Tipplen H 145 F Public Limited Company| PP
Polypropylene . Tisza Chemical Group
copolymer Tipplen K 693 Public Limited Company| cPP
Polyamide 6 Schulamid 6 MV 13 A. Schulman, Inc. PA6
. . Shenzhen eSUN
Polylactic acid PLA AI-1001 Industrial Co.. Ltd. PLA

Table 1. Matrix polymers used in the experiments

Name T Manufacturer Particle size | Abbreviation in
/distributor (D50) the dissertation
Talc Talc Powder 325 mesn QualChem Zrt. 24.4m talc
coating grade
Boron nitride HeBoFil 482 Henze BNP GmbH 3-5n BN
o L Titanium dioxide :
Titanium dioxide KTR 600 QualChem Zrt. n.a. Ti©
. . . n.a. .
Graphite Timrex C-Therm 011 Timcal Ltd. (soft granules) Graphite

Table 2. Fillers used in the experiments

The melt flow of the polypropylene homopolymer matwas enhanced with CBT 100
cyclic butylene terephthalate oligomer (CBT). ThBTCwas purchased from Cyclics Europe
GmbH (Germany). Cyclic butylene terephthalate i® tbyclic form of polybutylene
terephthalate (PBT), which can enhance the melt fi@rformance of the matrix material,
while at the same time it does not influence meaproperties. In addition, CBT 100 can

improve filler dispersion during the process.
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Figure 27. Scanning electron microscopic picturesfaalc (a), boron nitride (b), titanium dioxide (c) and
graphite powder (d)

For the surface treatment of boron nitride silameipting agent was used. The
Geniosil GF 56 vinyltriethoxysilane coupling agevds purchased from Wacker Chemie AG
(Germany). The surface treatment method is detail€&hapter 5.1.4.

For the thermal conductivity measurements to deerd¢lae thermal contact resistance
between the samples and the measurement unit, icemowder filled thermal interface
silicone grease was applied. The conductive greeas purchased from T-Silox Kift.,

(Hungary).

3.2. Processing methods

Compounding methods

The components of the composites were compoundiédtwo different methods. In
the first case the composites were prepared wiehahender Plastograph internal mixer. The
components were mixed at 230°C for 20 minutesratational speed of 25 1/min to achieve

the desired homogeneity. In the second case theriadatwere compounded with a Labtech
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Scientific LTE 26-44 twin screw extruder (L/D ratis 44; D=26 mm) at 230°C (zone
temperatures from 230°C to 210°C) at a rotatiopakd of 30 1/min. Not only the composites
but the unfilled matrices were also processed whigse technologies to have the same
thermal history. The proper amounts of matrix ailiérf materials were calculated with
Equation (31) and (32):

m=_ M (31)
Ji¥
m,=m, - m, (32)

wherem,, my andmy, [g] are the mass of the composite, the filler #mel matrix material, ¢
and n, [vol%] are the volume fraction of the filler anldet matrix material, and finally and

= [g/cn] are the density of the filler and the matrix nmite

The preparation of samples

From the compounds 2 mm thick plate-like samplesewsmmpression molded and
injection molded. Compression molding was performéll a Collin Teach-Line Platen Press
200E machine at 230°C for 15 minutes, where averagding speed was 15°C/min The
injection molded samples were produced with an AgbAllrounder Advance 370S 700-290
machine. The main technological parameters carede s Table 3.

Parameter Unit PP/cPP PA6 PLA
Volume [cm] 49 49 49
Injection rate [criYs] 50 50 50
. 80% of 80% of 80% of
Holding [bar] L L S
injection pressure injection pressure injection pressure
Clamping force [kN] 700 700 700
Residual cooling time [s] 10 15 20
Zone temperatures [°C] 200; 195; 190; 185; 180 226; 220; 215; 210 210; 195; 190; 185; 180
Mold temperature [°C] 50 50 50

Table 3. Injection mold

ing parameters

Injection-compression molding technology was algpli@ad to produce samples.

During the process first the polymer melt was itgdcinto the partially open mold. In the
second step the mold was closed. This clampingeéfbthe melt to fill completely the cavity
and acts as holding pressure (Figure 28). The tinjecompression molded samples were
produced with an Arburg Allrounder Advance 370S-200 injection molding machine. The

main molding parameters can be seen in Table 4.
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Injection stage | Compression stage
Compression
stroke Part

KON e

Figure 28. Scheme of injection-compression molding24]

Parameter Unit Value
Injected volume [cr 56
Injection rate [crYs] 50
Compression stroke [mm] 15
Compression force [kN] 700
Compression speed [mm/s] 25
Residual cooling time [s] 10
Zone temperatures [°C] 200; 195; 190; 185; 180
Mold temperature [°C] 50

Table 4. Injection molding parameters
3.3. Testing methods

The samples for thermal, mechanical and morphadbgnvestigation were cut from
the 2 mm thick plates with a water jet cutter maehiOn these specimens mechanical,
thermal and morphological analyses were perforriée. details of the testing methods are

presented in this section.

Mechanical tests

Tensile testing

The tensile tests were carried out according to theommendation of the
ISO 527-1:2012 standard [125] with a Zwick Z020wemsal testing machine. The type of the
standard specimen was 5A (length: 75 mm, width: M, rthickness: 2 mm, grips length:
50 mm). The testing speed was 2 mm/min. The teste \performed at room temperature
(25°C). From the force-displacement curves the ileernstrength ( [MPa]) and tensile
modulus E [MPa]) of the samples were calculated. The terstilength was determined from
the maximum developed force. The tensile modulus walculated between 0.0005 and
0.0025 strain. The tensile properties were detexthirom five measurements in each case.
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Charpy impact testing

The Charpy tests were carried out according to teeommendation of the
ISO 179-2:1997 standard [126] with a Ceast Respdator Junior machine. For the tests
unnotched specimens with a 2x6 mm cross-sectioe weed with a 40 mm span distance.
The tests were performed at room temperature with Japendulum. From the absorbed
energy the Charpy impact strengt([kJ/nT]) could be calculated. The impact properties

were determined from ten measurements in each case.

Thermal analysis

Thermal conductivity

The thermal conductivity of the composite samples wmeasured with two different
methods: the hot plate (applied for the measuresnienChapter 5.1-5.3) and the linear heat
flow method (applied for the measurements in Chap#). Apparatuses were developed for

the measurements; they are presented in Chapter 4.

DSC analysis

A DSC Q2000 (TA Instruments) differential scanngaorimeter was used to analyze
the specific heat, crystallization temperature antallinity of the samples. 3-5 mg samples
were cut off from the center of the injection maldplates and placed into pans. The
measurements consisted of three phases: heat@@bt& from 25°C, cooling back to 25°C
and heating to 225°C again. The first heating isdu® measure the effect of the injection
molding process, as in the next two phases cryatalsreated and melted during a controlled
process (at a heating and cooling rate of 10°C/miime degree of crystallinityXj was
determined from the exothermic and the endothepeaaks with Equation (33), which takes
into account the filler fraction of the compoun@Tl:

= Mo e, (33)
DH x(1- /)

where Hp is the enthalpy of melting,Hc is the enthalpy of cold crystallizationHs is the
melting enthalpy of a theoretically fully crystalé polymer and is the mass fraction of the
filler. For the calculations the H; is 165 J/g [128] and 93 J/g [129] at the case of

polypropylene homopolymer and polylactic acid respely.
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Microscopy
The fracture surface of the samples was analyzéd avdeol JSM 6380LA Scanning
Electron Microscope. The samples were first coatétd an Au/Pd alloy with a Jeol JFC-

1200 fine coater apparatus to avoid electric cimgrgi

Segregation investigation
To determine filler distribution in the injectionatlded samples, they were cut into 16
identical parts, as can be seen in Figure 29. Nbgtdensity of the samples was measured

based on Archimedes' principle.

Figure 29. Sample preparation for the investigatiorof segregation

Knowing the density of the matrix, the filler antlet composite, the filler and matrix
concentration can be calculated according to theattons (34) and (35):

j.o="e" "m0, (34)
rf_rm
J/ »=100-/ (35)

Flow properties

Melt volume rate measurements

To characterize the flow properties of the materitie melt volume rate (MVR) was
determined according to the 1ISO 1133-1:2013 [18&jdard at 230°C, with a load of 2.16 kg
using CEAST Modular Melt Flow (7027.000) apparatimseach case 6 measurements were
performed. The measurement procedure consists ef folowing steps: 60 seconds
preheating; compacting with 375 N to the positiédrv® mm; compacting with the standard

(2.16 kg) weight; and performing a measuremenfaB® and 20 mm.
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Viscosity measurement

The viscosity of the CBT modified polypropylene waseasured with an Instron
capillary rheometer, installed on a Zwick Z050 tentesting machine. Measurements were
made at four different temperatures: 190, 200, 288 240°C, with three capillaries of
different length (Table 5) and at seven differatsshead speeds: 5, 10, 20, 50, 100, 200 and
500 mm/min. The details of the calculations andezdions are presented in Chapter 5.3.

Sizes of the capillaries
Nr. Diameter Length
[mm] [mm]
1 1.23 24.45
2 1.20 49.17
3 1.20 73.55

Table 5. Sizes of the capillaries used for the vigsity measurements
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4. Development of heat conductometers

To measure the thermal conductivity of the comgosémples, two different thermal
conductometers were developed, a hot plate angearliheat flow apparatus. In this section
the basic theory and layout of these units arecpitesl.

4.1. Hot plate apparatus

In this research a single-specimen hot plate apparas developed. In contrast to the
conventional two-specimen apparatus, heat flowa single direction between the hot plate
and the cold plate through the specimen. Furthezmiorthis arrangement a cold plate, a hot
plate and a specimen can be omitted, thus the apsais simpler. Figure 30 shows the main

components of the designed measurement system.

Thermistor Heating wire

Copper plate
Specimen

Peltier cell
Heat sink

Figure 30. Main components of the hot plate apparais

The main task is to maintain the temperature difiee between the cold and the hot plates.
The thermal conductivity of the applied copper @dats ~380 W/mK, which is two orders of
magnitude higher than that of the samples, thus tieat resistance does not generate a
significant error. The cold plate of the apparau@s cooled by four 40x40 mm sized Peltier
cells, which facilitated keeping the temperaturghw plate more precisely. The upper plate
was heated by a heating wire, where the generagatl iB equal to the electrical energy
flowing through the wire (with losses ignored). pvide uniform heating of the hot plate,
the heating wire was meander-shaped. The heatianesés between the components was
decreased with thermally conductive tape (3M 880%)e temperature was measured with
two built-in NTC thermistors (Epcos B57045K) insideth the heated and the cooled plate.
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The resistance-temperature calibration for the NR€rmistors was performed with the
Steinhart-Hart equation (Equation (36)) [131]:

£ = A+ B IN(R) + Coy (MR, (36)

whereR [ ] is the resistance of the thermistors at givenpematured [K], and Asy, Bsy and

Csy are the Steinhart-Hart constants. Table 6 cont#iesvalues of the Steinhart-Hart
constants obtained by calibration. The whole measant system was controlled with a
programmed microcontroller (ATMEGAG64). The schemife tlee thermal conductometer

control system can be seen in Figure 31.

Thermistor no. A B C
1 2.569-10 7.035.10 1.838-1¢
2 2.378:10 6.785-10 1.180-1¢
3 1.847-1G 8.564-10 9.509-10
4 1.693:1G 1.239-1¢ 6.663-10

Table 6. Steinhart-Hart constants of the thermistos

Cold plate Hot plate USB
temperature temperature connection
regulation regulation toPC

Temperature
measurement
Microcontroller

ATX, PSU A
control

Figure 31. Scheme of the thermal conductometer caml system

To reduce heat loss, the apparatus was thermadlylated with polystyrene foam, whose
thermal conductivity is ~ 0.04 W/mK. To decrease tiiiermal resistance between the samples
and the hot plate apparatus, thermal interfaceosi® grease was applied. To control the input
parameters for the measurement, such as heatingrpthe temperature of the cold plate and
the size of the specimen, a computer program watewr Using the input and output
parameters the program can also calculate therovaductivity. Finally the apparatus was
calibrated with samples of known conductivity.
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4.2. Linear heat flow apparatus

A further thermal conductivity meter was designedd abuilt, based on the
Comparative Longitudinal Heat Flow method [132, 133 this method the unknown sample
iIs compressed between the known reference samptksaaeat flux passes through the
measurement unit as a temperature difference &extdetween the two sides of the unit. The
thermal conductivities of the sample and the refegesample are inversely proportional to
their thermal gradients. The apparatus developeduf& 32) contains two C10 steel
(55 W/mK) cylinders with a diameter of 30 mm; andeagth of 30 mm. A specimen of a
diameter of 30 mm and a thickness of 10 mm is pldsstween the steel cylinders. On the
contact surface thermal grease was applied to deergeat resistance. 3 thermocouples were
inserted in each cylinder to detect temperature: ®mm below the top, one in the middle
and one 3 mm above the bottom, (1T ¢/Figure 32). The temperatures were registered with
an Ahlborn Almemo 8990-6-V5 data acquisition modulgh a resolution of 0.1°C. The
apparatus was clamped and the temperature difiererantained with a hot press (Collin
Teach-Line Platen Press 200E), and the assembiedam insulated with polyurethane foam
to minimize heat loss. When the steady state ishexh the temperature slope is linear along
the reference sample and the specimen thicknesc8uemperatures {AT4/Figure 32) can

be calculated by extrapolation from the measuretp&zatures.

Sensor positions
Ref. 2

Sample

Ref. 1.

-

1
Heat flow { T, T, T T,

3
Temperature

Figure 32. Longitudinal heat flow measurement unitand its measurement principle

As the thermal conductivity of steel and the terapee difference between the
surfaces are known, the heat flux of the hot arld smles can be calculated with Fourier’s
law. From the average of the heat fluxes the theoomaductivity coefficient of the sample

( ¢) can be calculated with Equation (37):
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S B (37)

where | is the thermal conductivity ardl is the cross-section of the reference steel cglind

X Is the distance between the sensofg, is the temperature differences measured by the
sensors,A: and x; are the cross-section and the thickness of thepleamand T. is the
temperature drop on the sample. The temperatuferelice between the hot and cold sides
was 30°C. The cold side was 50°C and the hot side 80°C, meaning that the average
temperature was 65°C. This big difference in terapge was necessary to achieve a more
precise result, because the thermal conductivithefreference sample is significantly higher
than the thermal conductivity of the sample.

The linearity of the temperature slope in the stefdrences was also tested with three
temperature sensors in each one. The results @RBJrprove that the two slopes are almost
linear. As the figures show, the graph of the linegression is close to the measured points
and the coefficients of determination’Rare very high (~0.99). Furthermore, the slopes of
the fitted curves are close to each other (0.210aR8) thus the temperature slopes are nearly
parallel, and there is a minimal heat loss on fstesn.

75 75
— y=0.25x + 64.31 — y=0.25x + 63.94 %I
£ 70 - R2=0.99 _—-< P 70 - R2=0.99 _ &
o - o —
% - e 0 2nd ref. 5 - er 0 2nd ref.
= -
S 65 p- O 1stref. S 65 e Olstref.
o o
€ o g - e
-
= 60 - —_ - = 60 - - (s
- T y=0.21x + 55.87 o y=0.21x + 57.0
C R2=0.99 R2=0.99
o | [ S . |
0 10 20 30 0 10 20 30
Distance [mm] Distance [mm]
a) b)

Figure 33. Linearity and the slope difference of te temperatures in the references
(a, without conductive grease; b, with conductive rgase)

With the new instrument the thermal conductivityC{Tof four different samples were
measured and compared to the results of the ht& plathod (Figure 34). The methods show

nearly the same results, the values are withirsthedard deviation of the measurements. On
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the other hand, the two-sample t-test also shoas rtteans of the two measurements are

equal, if a statistical significance of 0.05 is kb

2.5 - OLinearHeat Flow apparatus
B Hot Plate apparatus

N
o
1

=
&
1

W/mK]
5

H
H

Thermal conductivity

o
o1
1

0.0 T T T 1
PP+20talc PP+30talc PP+40talc PP+30BN

Figure 34. Comparison of the results of thermal coductivity methods
(Linear heat flow unit with steel references and tk hot plate method)
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5. Results and discussions
In this chapter the results of my researches @reduced and discussed.

5.1. Properties of thermally conductive polymer composkgs

A number of parameters have a significant influencethe thermal conductivity
coefficient of polymer compounds, including fillenaterial, filler volume fraction, the
thermal conductivity of the filler and the polymeraterial etc. These parameters should be

investigated further to determine their exact @ftecthermal conductivity.

5.1.1. The effect of the matrix

Firstly the effect of the matrix material on thefroanductivity was investigated. Two
different polypropylenes, a polyamide 6 and a it acid were filled with the same type
of talc. The compounds were prepared with extrusind the samples were produces with
injection molding technology. As Figure 35 showdje t thermal conductivities of
polypropylene homopolymer and polypropylene copayrare 0.25 W/mK and 0.32 W/mK
respectively, while the thermal conductivity of ylaktic acid and polyamide is 0.31 W/mK
and 0.39 W/mK, respectively. The differences betwelee coefficients measured as a
function of talc content remain nearly the same tapthe investigated 30 vol%. The
differences are caused by the differences in teenthl conductivity of the matrices and the
different adhesion between the filler and polymfecordingly, when the different matrices
are compounded with 30 vol% talc, the thermal catidities are 0.59 W/mK when a
polypropylene homopolymer is used, 0.64 W/mK whegpobypropylene copolymer is used,
0.79 W/mK when a PLA matrix is used and 0.86 W/mikew a PAG6 is used.

— 1.0 1 O— PA6
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Q
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Figure 35. The thermal conductivity of different méarices as a function of filler content
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5.1.2. The effect of fillers

Secondly, the effect of filler material and filleontent on the thermal conductivity of
the polymer matrix was investigated on injectionlaed samples. The matrix material was
polypropylene homopolymer and it was compoundedh walc, boron nitride and titanium
dioxide. The filler content was varied between @ &0 vol%. Figure 36 shows the effect of
the different fillers on the thermal conductivity the PP compounds. As it was expected,
thermal conductivity increases with filler conterRure polypropylene has a thermal
conductivity of 0.25 W/mK. The thermal conductivity the compounds rises slowly at low
filler volume fractions because the ceramic pagticlare dispersed evenly in the
polypropylene matrix and there is only little or muteraction between them. There are
significant differences between the thermal congiigs of the compounds at high filler
loading. The thermal conductivity coefficient ofetikomposites filled with BN rises rapidly
but that of the samples filled with talc and titami dioxide rises slowly. With 30 vol% filler,
the thermal conductivity coefficient of the compduis 0.6 W/mK with talc and almost
double that amount, 1.14 W/mK with boron nitrideheT thermal conductivity of the

compound containing 30 vol% BN is more than fomes higher than that of the pure PP.
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Figure 36. Thermal conductivity of PP homopolymer a a function of filler type and concentration

To characterize the changes in the mechanical pgrep®f the compounds, quasistatic
and dynamic tests were performed. The resultsetdhsile test (as a quasistatic test) can be
seen in Figure 37 and Figure 38. In comparisorméounfilled polypropylene, particle filled
compounds have significantly smaller tensile sttenghis might be due to the fact that there
is poor adhesion between the fillers and matrixah be improved with surface treatment of

the fillers.
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Figure 37. Tensile strength of PP homopolymer-baseztbmposites as a function of filler type and
concentration

The tensile modulus shows a reverse tendency @&ig8). When fillers were added to
the polypropylene, the modulus increased. While dihélled H145 F PP has a tensile
modulus of 2.1 GPa, the composites have a significhigher (4-6 GPa) tensile modulus. It
means that the particles as a filler raise thénstss of the compound.
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Figure 38. Tensile modulus of PP homopolymer-basembmposites as a function of filler type and
concentration

As the typical loads of polymer parts have dynaafmaracteristics, Charpy tests were
performed. The results are shown in Figure 39.ashe seen, the unfilled polypropylene has
an impact strength of 72 kJmWhen 10 vol% talc is added to the matrix, a digant drop
can be observed, as the impact strength decreaseeetthird of the impact strength of the
unfilled polypropylene. As filler content is inceal, impact strength shows a decreasing
tendency. This drop is much more remarkable thandtiop in tensile strength. At 30 vol%

filler content all the materials have the same iotsérength, which is only 8 kfm
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Figure 39. Tensile modulus of PP homopolymer-basembmposites as a function of filler type and
concentration

5.1.3. The effect of the processing method

Compression molding vs. injection molding

When the thermal conductivity of injection moldetdacompression molded samples
are compared, it can be seen that compression thaddenples have higher thermal
conductivity (Figure 40). Using a polypropylene hagrolymer matrix, and boron nitride and
talc as filler, the thermal conductivity of injeati molded samples are 16-39% and 30-39%
lower than that of compression molded samples wWBh30 vol% filler concentration.
Furthermore, it can be seen that as filler conegiotn increases, the difference increases too.
There is also a difference in the thermal conductié unfilled polypropylene. While the
injection molded sample has a conductivity coeéinti of 0.25 W/mK, the compression
molded sample has a conductivity coefficient of60V¥/mK. This can be explained by the
difference in crystallinity and molecular chain eariation. When fillers are added to the
matrix, the differences in thermal conductivityliease as a function of filler content. Next to
the effect of the crystallinity and the molecul&am orientation of the matrix, the shell-core
effect of the fillers may have also a significamfiuence on thermal conductivity — there is an
insulating polymer layer on the surface of thedtin molded samples. This effect is caused
by the segregation effect when the polymer fills tavity. On the other hand, this difference
could also be caused by the orientation of therfilarticles, as the thermal conductivity of
the particles has an anisotropic nature. Platedika fibrous particles show different thermal
properties in different directions. In compressimolded samples the filler particles have
random orientations, while in the injection moldsimples the orientation is determined by

the melt flow. This way injection molded parts ha®wer thermal conductivity coefficient.
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Figure 40. Thermal conductivity of talc (a) and boon nitride (b) filled composites prepared with
compression molding and injection molding

This phenomenon was proved by SEM analysis. Figlirghows the SEM micrographs of the
fracture surface of shell and core layers of a 2 mhmmok injection molded BN filled
polypropylene sample. In the shell layer highlyeated particles can be observed, which is
caused by the flow and high shear rate during ilhegf of the cavity. On the other hand,
unoriented particles can be observed in the cole Tore layer is very thin, about
200-300 m thick. One of the reasons may be the high theomadluctivity of the composite;
hence the frozen layer is thick and rapidly growslevthe cavity is being filled.

EME-PT

Figure 41. SEM micrographs of an injection molded @ vol% BN filled PP sample
(a, shell layer; b, core layer)

Figure 42 shows the SEM images of the shell and tyrers of a 2 mm thick compression
molded BN filled polypropylene sample. In contrasthe injection molded specimens, both

in the shell and in the core layer a random oriemtaof BN particles can be observed.
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Therefore more particles are oriented in the thhetigckness direction, and higher thermal
conductivity can be achieved. In the injection nealdsamples the highly oriented shell

decreases the achievable through-thickness thewnductivity.

Figure 42. SEM micrographs of a compression moldetlO vol% BN filled PP sample
(a, shell layer; b, core layer)

A further comparison was performed between the @amging methods: extrusion
and internal mixing. It was found that compoundmgthods have no significant effect on
thermal conductivity. On the other hand, extrusemore productive, therefore it is a better
technology to use when filler content is relativielw (under 50 vol%).

Injection-compression molding

In the previous experiments it was pointed out thatprocessing method influences
the orientation of the filler particles, hence tiehievable effective thermal conductivity of
composites. The injection-compression molding (IGX)s applied, which is the combination
of the injection molding and compression moldingyug it could result in higher thermal
conductivity. The thermal conductivity of the infem-compression molded samples was
compared to the previously presented results floenather processing methods. Figure 43
shows that the specimens produced by the newlyiegpphethod have about 20% higher
thermal conductivity at 20 and 30 vol% BN concetidrathan the injection molded samples,
but still have lower TC than compression molded @as This method can provide a good
solution to increase the achievable TC, and keepyble time as low as possible.
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Figure 43. Thermal conductivity of injection-compression molded PP/BN composites

The fracture surface of the ICM samples was andlyziéh SEM. The rate of the shell
and core layers and the filler orientation was oke# In the shell the particles are
perpendicular to the direction of heat flow andha core the particles are near parallel to the
heat flow. Because of the anisotropic nature ofBNeparticles, the higher the core/shell rate
in the sample, the higher its effective TC is. Fegg4#4 shows that the injection molded
samples have very thin core layer and the injeetimmpression molded ones have thicker
core, more than 600m.

BME-PT

a)

Figure 44. SEM micrographs of injection molded (apnd injection-compression molded (b)
30 vol% BN filled PP samples

In the shell of ICM samples more unoriented sestican be observed which can
further increase the TC (Figure 45/a). Furthernairthe end of the flow path, which is filled
during the compression phase of ICM technology, BN particles are oriented nearly
parallel to the through-thickness direction andyowéry thin shell layer can be observed
(Figure 45/b). Hence the particles have ideal d¢aiggon regarding to the heat dissipation, but
it results in different TC at the gate and at the ef the flow path.
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a)

b)

Figure 45. SEM micrographs of injection-compressionmolded 30 vol% BN filled PP samples:
oriented and unoriented parts of shell layer (a) ad filler orientation at the end of the flow path (b

Segregation of fillers

To analyze the filler distribution along the flowatp in injection molded samples, the

segregation of the talc and boron nitride was nreaksat different filler concentrations. As

the results show (Figure 46), actual filler concatndn is in good agreement with nominal

concentration, and there is no significant segregatf talc and BN particles along the flow

path. It means that thermal conductivity and coneatly the mechanical properties are

uniform along the flow length.
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Figure 46. Talc (a) and boron nitride (b) concentréion along the flow path in the polypropylene matrk

Static and dynamic mixers for injection molding

Different mixing elements (static and dynamic m&}ewere also tested to show their

efficiency concerning homogenous mixing and thermahductivity enhancement during
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injection molding. First of all a 30 vol% filler otent masterbatch was prepared with a twin
screw extruder, then injection molded samples vmeaele with 5, 10 and 20 vol% BN and

also with talc by dilution with polypropylene. Tw22 mm inner diameter Stamixco static
mixers were used with 5 (SM5) and 8 (SM8) mixingneénts. The dynamic mixer was used
with two different parameter setups. The first muas performed at a low screw rotation
speed (15 1/min) and low back pressure (20 bar) (DMand the second run at higher
rotation speed (35 1/min) and higher back pres@dar) (DM_2). Reference samples were
also injection molded without mixing elements (SMBigure 47 shows the effect of different
mixers on the thermal conductivity of BN and taltell polypropylene. It can be stated that
changing the number of static mixing elements cause significant change in thermal

conductivity. On the other hand, the use of dynammixers results in only a minor

enhancement of thermal conductivity. The increadess than 0.1 W/mK in the case of talc-
filled and less than 0.17 W/mK in the case of BIedi composites. Hence it can be stated
that neither static nor dynamic mixers have a réatae effect on thermal conductivity and

the homogeneous distribution of aggregates.
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Figure 47. Effect of different mixing elements onliermal conductivity of talc (a) and boron nitride (b)
filled polypropylene composites (SM=static mixer; M=dynamic mixer)

To further analyze the effect of mixing elementsecimanical tests were also
performed. As Figure 48 and Figure 49 show, theeeaso no significant differences in
mechanical properties between the composites pdparth a different number of static
mixing elements. On the other hand, dynamic mixah@ low screw rotation speed and low
back pressure caused a decrease in both tensitgygtrand tensile modulus. The difference is

minor compared to the other setups, but it can nie@nthe aggregates are not broken up and
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homogenized properly, which leads to impaired meiah properties and an increase in
thermal conductivity.
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Figure 48. Tensile strength of BN (a) and talc (bijlled PP composites injection molded with differem
mixing elements (SM=static mixer; DM=dynamic mixer)
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Figure 49. Tensile modulus of BN (a) and talc (b)lfed PP composites injection molded with different
mixing elements (SM=static mixer; DM=dynamic mixer)

5.1.4. Surface modification

The most effective way to improve the thermal cantiity of composites is
increasing filler concentration. This method insesmthe apparent viscosity of the material
and it could cause problems during processing.asartreatment could be an alternative
method to improve the thermal conductivity of themposites at given filler content. The
surface of BN is very inert and it leads to podeifacial adhesion between the particles and
the polymer. It is well-known that a coupling ageah improve the phase interfacial bonding

strength between filler and matrix, which enhand¢ksrmal conductivity as well as
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mechanical properties. Thus a good contact betwezphases is critical to the efficiency of
heat flow. Thermal conductivity is very sensitive interface defects because the thermal
contact resistance between the filler and mataxiseto a phonon-scattering effect.

Three different surface treatment methods wereieghpin boron nitride powder based
on the works of Xu and Chung [134], Zhet al. [135] and Kimet al. [136]. The three
methods were the followings:

1! method (M1):a silane/distilled water solution was preparechvdt4 m% silane
concentration with reference to the amount of BMstFBN was added to the solution and
stirred at room temperature for 30 minutes, thanest at 80°C for 1 hour. The mixture was
dried out at 90°C in a drying chamber for 4 hours.

2" method (M2):2.4 m% silane (with reference to the amount of B added to
the 95/5 m% distilled water/ethanol solution adpdsto pH 4.5 with diluted hydrochloric
acid. Boron nitride powder was added to the sotuamd stirred at room temperature for
30 minutes, then stirred at 80°C for 1 hour. Thetare was dried out at 90°C in a drying
chamber for 4 hours.

3 method (M3):boron nitride powder was treated with a 5M NaOl ¢2/100 ml)
solution for 5 hours at 80°C, and then the powdas wnsed and washed three times with
distilled water to reach the neutral pH. Next thane treatment was performed according to
the 29 method.

BN particles have a plate-like shape. Its basalgia molecularly smooth and has no
surface functional groups available for chemicahding. On the other hand, its edge planes
have hydroxyl and amino functional groups. Thesectional groups allow the BN to
chemically bond with other molecules. This is tleason why in the third method it was
treated with a NaOH solution, to attach more hydtexons onto the surfaces.

PP based composites were prepared from untreatetharsurface treated BN powder
with an internal mixer at 30 vol% filler content.hd samples were produced with
compression molding. For reference samples unfilBdwas used. The thermal conductivity
of the composites (Figure 50) was determined withhot plate apparatus. PP has a thermal
conductivity of 0.36 W/mK and the thermal conduityivof PP filled with untreated BN is
1.92 W/mK, which is a 433% increase. The resultsisthat the best method of the three is
the third surface treatment method; with it a th@roonductivity of more than 2.5 W/mK can

be achieved. It presents close to 700% increas@axad to neat PP.
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Figure 50. Thermal conductivity of the 30 vol% BN flled compounds with different surface treatments
(UT=untreated; M1-M3=1%' method—3" method)

The mechanical properties of the composites wese ahalyzed. According to the
results (Figure 51), it can be stated that thedilbolypropylene has higher stiffness than the
unfilled PP. All surface treatment methods incredaseechanical properties, both tensile
strength and modulus. The best mechanical properéie be obtained with thé' and the ¥
method. It also proves that the silane couplingnagecreased the interfacial adhesion
between the PP and the BN.
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Figure 51. Tensile strength (a) and tensile modulu®) of the 30 vol% BN filled compounds with diffeent
surface treatments
(UT=untreated; M1-M3=1%' method—3" method)

Table 7 lists the DSC results. The calculated atysity shows that silane surface
treatment does not modify the crystallinity of ttemposites. The untreated PP/BN composite
has a crystal fraction of 64.7% and after surfacalifrcation, the matrices have a 63-64%
crystal fraction. When these results are compacedhé crystallinity of neat PP, a 5%

increment can be observed in all cases, which shibwsnucleating efficiency of BN.
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Furthermore, a shift can be observed in melting andgtallization temperature. Melting
temperature decreased by 4°C due to the incredsadhal conductivity. Crystallization
temperature increased about by 10°C, which alseegrthe nucleating efficiency of the filler.

These results are also presented in the Appendiagter 9, Figure 89 and Figure 90).

i terlr\1/|§<latr|2?u re Crystallization temperature En;ﬂ;lgz e Crystallinity
[°C] [°C] [J/g] [%]

PP 162.95 123.56 96.49 58.48
PP+BN (UT) 159.12 133.36 53.38 64.70
PP+BN (M1) 158.37 134.01 52.03 63.07
PP+BN (M2) 159.44 138.30 52.16 63.22
PP+BN (M3) 156.30 130.72 52.72 63.90

Table 7. DSC measurement results of the PP/BN compads
(UT=untreated; M1-M3=1%' method—3" method)

5.1.5. The hybridization of fillers

To show the hybrid effect between boron nitride &ald, further measurements were
performed. In this case the thermal conductivitghsée compression molded specimens was
measured. Table 8 contains the notation of the caimgbs and specimens. The specimens had
a thermal interface material between them, whiafuced thermal resistance (Figure 52).
First the thermal conductivity of hybrid materialgre determined (H1 and H2), using three
specimens joined together in each measurement.n8kgcothe thermal conductivity of
materials with a single filler was determined (campds A and B). Thirdly, the conductivity
of the specimens joined together (Figure 52) wasrdened. A system made up of specimens
filled with a single filler was also tested, firgtith specimen arrangement AAB then with
ABB. Total filler content was 30 vol% in each cas®l the boron nitride and talc content was
the same as in the case of the hybrid material ohlyt specimens with a single filler were

used for the measurement of thermal conductivity.

Sign Compound
A H145 F PP + 30 vol% talc
B H145 F PP + 30 vol% BN
H1 H145 F PP + 20 vol% talc + 10 vol% BN (hybrid)
H2 H145 F PP + 10 vol% talc + 20 vol% BN (hybrid)

Table 8. Notation of the single and hybrid composits
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Figure 52. Arrangements for thermal conductivity measurements (a and b are compounds with 30 vol%
single filler; ¢ is a compound with 30 vol% hybridfiller)

As Figure 53 shows, in the case of specimens auntpia single filler, a linear
relationship can be observed between the thernmauzivity of boron nitride and talc filled
specimens. Thus thermal conductivity can be ea&silgulated as a function of filler content.
If talc and boron nitride are hybridized, a higtiegrmal conductivity can be achieved and the
relationship between the fillers becomes nonlinAarwas mentioned, this positive synergetic
effect can be explained with the different partsiee of BN and talc and the fragmentation of
talc particles. In the compound the talc parti¢temed the main thermally conductive path in
the compound, while the smaller BN particles esdabkd more contact between the larger

particles to obtain higher thermal conductivity.

Figure 53. Comparison of the effect of single andytorid BN/Talc fillers on thermal conductivity of
compression molded samples

Next, the thermal conductivity of the injection metl and the compression molded
samples were compared to each other, which shoheceffect of the sample preparation
methods on hybrid filled composite materials. Tame compound was used for both sample
preparation methods, thus filler content was thmesaBefore compression molding the

samples, the granules were milled to avoid airstrdpring the process. The measurement
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results can be seen in Figure 54. At each measutgnoint the thermal conductivity of the
compression molded samples was about 60% highertitiad of the injection molded ones. It
proves that the skin-core effect has great infleemt thermal conductivity. The skin layer has

lower filler content, thus it behaves as an isatatayer, which decreases heat transfer.

Figure 54. Comparison of the effect of molding proess on BN/Talc hybrid filled H145 F PP

To characterize the changes in mechanical progedfieche compounds, quasistatic
and dynamic tests were performed. The resultsetdhsile test (as a quasistatic test) can be
seen in Figure 55 and Figure 56. Compared to edfilpolypropylene, particle-filled
compounds have significantly lower tensile strengthe tensile strength of unfilled PP
(31.9 MPa) decreased by 6-10 MPa when 30 vol% filies added.

26 7

T 7T

=

= 24 g

s T .7

2 [~

o s

ﬁ - //”

S R

2 b I

[

= 20 : : :
PP:70 PP:70 PP:70 PP:70
BN: O BN: 10 BN: 20 BN: 30
talc: 30 talc: 20 talc: 10 talc: O

Filler composition [vol%]

Figure 55. The tensile strength of the compounds

The tensile modulus shows a reverse tendency &ig6). When fillers are added to
the polypropylene, the modulus increased signifigatWhile the unfilled PP has a tensile
modulus of 2.1 GPa, the PP/10 vol% BN 20 vol% talmpound has a tensile modulus three

times higher (6 GPa). It means that the partickeseaforcement increase the stiffness of the

73



Andras SUPLICZ

compound. It was also found that BN has a betiafaecing effect than talc. Filling 30 vol%
talc into the matrix increased the modulus by 2EBaGWhen the same amount of BN was
used, the modulus increased by 3.7 GPa. With hybllets a higher modulus can be

achieved. It means that a synergetic effect ekistween talc and BN.
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Figure 56. Tensile modulus of the compounds

As the typical loads of polymer parts have dynacharacteristics, Charpy impact
tests were also performed. The results of the imeasants can be seen in Figure 57. The
unfilled polypropylene has an impact strength okdzrf. When 30 vol% talc is added to the
matrix, a significant drop can be observed, as oghpaength lowered to one-tenth of that of
unfilled polypropylene. This drop is far more rekedle than the drop in tensile strength. The
most brittle of the compounds is polypropylene agmnihg 20 vol% BN and 10 vol% talc. Its
impact strength is only 3.6 kJ?nThe results show that in contrast to tensile mejthybrid
materials have a negative synergetic behavior ecamggimpact strength.
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Figure 57. Impact strength of single filled and hybd materials
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With the Melt Volume Rate (MVR) measurement the poomds can be characterized
regarding the processability. The MVR values of shegle and hybrid filled compounds is
shown on Figure 58. The melt volume rate of thdlledf polypropylene is 44 ciL0 min.
Filling 30 vol% talc into the matrix, the MVR dease to 11.8 cil0 min and at the case of
30 vol% boron-nitride this value is only 2.5 ¥&0 min. Boron-nitride and talc as hybrid
filler has a negative hybrid effect to the viscpsithe compound, containing 20 vol% BN and
10 vol% talc has lower MVR value (1.65 90 min) than that of the 30 vol% boron-nitride
filled PP.
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Figure 58. Melt volume rate of single filled and hirid materials

5.2. Crystallinity of conductive polymer composites

Many papers have investigated the influence dadrfitfaction on thermal conductivity
and mechanical properties, but few of them haven@xed crystallinity, thermal parameters,
cooling behavior and their relationship. One of thest important physical parameters of
semi-crystalline polymers is their degree of criyistity, as it determines their mechanical
properties. The modulus of elasticity, yield stressl impact resistance increase gradually
with crystallinity. Crystallinity and crystalline onphology are critical parameters during
injection molding because they are strongly infleesh by processing conditions, including
molding temperature, cooling rate, holding time aethperature. There is a correlation
between cooling rate and crystallinity. The degoéecrystallinity is proportional to the
cooling rate, and it can be determined by DSC nreasents. Furthermore, the fillers added
to increase thermal conductivity can work as aeative nucleating agent. Thus they can
increase the number of crystal nuclei. In this ¢thiathe effects of different ceramic fillers on

the cooling rate and thermal properties of polyplepe-based compounds are examined.
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5.2.1. Method of calculation

The temperature distribution in the specimen caddseribed with the heat diffusion
equation (Equation (38)) [10]. This differentialuagion was solved numerically with a finite
difference equation (explicit difference method)q@&tion (39)). This numerical method
describes the cooling process in the substancg asone-dimension model without an inner

heat source [137].

LI R+ 4 (38)
a 1t /
T(x,t+Dt)- T(xt) 4 J(X+Dx, 1) +T(x- Dxt) - 2T (x,t) (39)
Dt Dx? ’

whereT is the temperature; andt indicate the position and timex and t are the distance
and time step in the calculation, ands the thermal diffusivity. Thermal diffusivity vga
calculated as the proportion of thermal condugtiand the product of density and specific
heat capacity (Equation (40)). Using temperatuggeddent values in the equations, more

accurate results can be achieved.

_ /(M
a(T) —Tp(_l_),

(40)
where is densityg, is specific heat capacity ands thermal conductivity.

In an actual process the polymer shrinks and wdgpsg cooling, therefore thermal
contact resistancdR() varies during the cycle. Several studies havengxad thermal contact
resistance between the polymer and the metal syriaavhich the mean value of resistance
is 510% m’K/W [138, 139]. Contact resistance induces a teatpee difference between the
polymer (T,9 and the surface of the mold,{). Equation (41) gives the temperature field

which is the input data of the explicit differenoethod.

Tos( =Rq(t) + T (41)
The heat flux §) was calculated from the temperature drop)(in the substance between two
discrete points (X) (Equation (42)), according to Fourier’s law. Thisat also flows through
the air gap between the surface of the mold angdhgmer.

=/ L
Qv =/ % (42)

The cooling rate of the sample was calculated ftoentemperature field, which was obtained
from the explicit difference method. The derivatminthe time-temperature curves at discrete
distances from the surface gives the cooling ra¢e, as a function of time and distance

(Equation (43)).
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T (x.1)
. (43)

The cooling time required to reach the ejection perature was determined with three

VC00| (X’ t) =

different methods: simulation; the explicit difface method and an empirical formula
(Equation (44)) [140]. The simulations were perfechwith the Moldflow injection molding

simulation software.

2 -
t =5 un A4 Tie™ Tino ’ (44)

pa p T,
wheres is the thickness of the samplg,e is the melt temperaturd,,, is the temperature of

the mold andl, is the ejection temperature.

5.2.2. Cooling rate in the sample

The three stages of specific heat measurement-¢be&heat) are plotted in Table 9.
Only unfilled PP shows a significant differencevibe¢n the first and the second heating,
which is about 500 J/kgK. In the case of the fillethterials there is no considerable
difference between the two measurements. In theRRahe first heating phase refers to the
injection molding process, and the second heatinghe behavior caused by controlled
cooling. In the filled PP this effect is not sigo#nt as there are no changes in the fillers at
this low temperature range, therefore the higkerfitontent leads the process. On the other
hand, there are significant differences betweenvtllaes measured in the heating and the
cooling phase. The specific heat measured duriegcttoling phase has to be used for

calculations, as Equation (39) describes a coghogess.

. Specific heat [J/kgK] (25-225°C)
Material 1st heating cooling 2nd heating
H145 F 1460-1930 2030-3140 1950-2630
H145 F + 30 vol% talc 1390-2030 1550-2000 1440-1920
H145 F + 30 vol% BN 1390-2030 1500-2150 1380-2060
H145 F + 30 vol% TiQ 1960-2045 1660-2350 1780-1960

Table 9. Specific heat of the compounds

The cooling gradients were determined as a funatiotiie time and positions across
the thickness using the explicit difference methodaccordance with the injection molding
tests, a melt temperature of 200°C and a mold testye of 40°C were used in the
calculations. Specific heat and, as a result, &atled heat diffusivity varied as a function of

temperature. The temperature was uniform throughioet whole specimen at the initial
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calculation step, then it started to cool down@8Cl The cooling gradients (Figure 59) show
that unfilled PP has the lowest cooling rate. WB@rvol% of filler is used, cooling time can
be shortened significantly. The maximum ejectiangerature of polypropylene is about 100-
110°C. It means that if the temperature is lowdyelbw this value, the polymeric parts are
hard enough to be removed from the mold without @ayage [141]. With 30 vol% of T{O
the cooling time to reach ejection temperature egszd by 35%, with talc it decreased by
50% and in the case of BN by more than 70%.

The time to reach ejection temperature in the esession is shown in Figure 60.
From the cooling gradients the cooling rates camrdleulated. Figure 61 shows the average
cooling rate of the material between the injectiemperature (200°C) and the ejection
temperature (100°C) as a function of position atbe thickness. On the surface a very high
cooling rate can be observed, but it decreasedlyaowards the center. In the middle of the
PP sample the average cooling rate is 22.6°C/sh \B vol% of talc the cooling rate is
45.8°C/s, with TiQ it is 57.1°C/s and with BN it increases to 75°CTéiese significant
differences in the cooling rates can be explainégd the differences in thermal conductivity
(Figure 62). Moreover, there is a strong linearrgation between the cooling rate and

thermal conductivity.

Figure 59. Cooling gradients of the samples
(a, PP; b, PP + 30 vol% talc; c, PP + 30 vol% Tig d, PP + 30 vol% BN)

78



Development of injection moldable, thermally coniile polymer compaosites

8 -
c
=l
Smo — e
g o PP+talc
=}
S B 4 PP+TIO?
g PP+BN
S8 g 2
o 8
£
|_ 0 T T T 1
-1.0 -0.5 0.0 0.5 1.0

Distance from the midplane [mm]
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Figure 61. The average cooling rate between the &jtion and ejection temperatures
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Figure 62. The relationship between the cooling ratand the thermal conductivity of the compounds

The explicit difference method was compared to rotbeoling time calculation
methods (empirical calculation and Moldflow simwda). The explicit difference method
shows good agreement with the Moldflow simulatiogspecially in higher thermal
conductivity ranges (Figure 63). The empirical noetlgives a lower estimation of the real
processes, because this equation uses an avesg®liiffusivity value and approximates

the gradient with a logarithmical curve.
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Figure 63. The time to reach ejection temperaturenithe compounds calculated with three different
methods

5.2.3. Crystallinity

The thermal characterization of the compounds veafopned with a DSC apparatus.
The compounds had crystallization peaks. As Figadeand Table 10 show, there is a
remarkable shift in the crystallization peaks. Tiiggest difference is about 13°C when
30 vol% of BN is used. It means that the crystals be created at a higher temperature, and

the polymer material has a longer time for crystation.
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Figure 64. Shift of the crystallization peaks as &unction of the different fillers

1st heating cooling 2nd heating
Material Tmp Hm Tep H. T Hm
[°C] [J/g] [*C] [J/d] [°C] [J/g]
H145 F 164.9 92.0 121.4 103.4 161.6 103.8
H145 F + 30 vol% talc 163.9 105.0 132.2 109.6 164.5 109.1
H145 F + 30 vol% BN 162.6 86.8 136.5 107.1 163.5 106.8
H145 F + 30 vol% TiQ 160.4 102.0 123.8 116.7 159.1 115.4

Table 10. Melting and crystallization characteristts of the compounds
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In the DSC measurements, the thermal history ohthaterials was erased during the
first heating, then the crystals were created astlentt under controlled circumstances with a
slow cooling and heating rate. This method is wideded when a small amount of filler is
added to the polymer matrix. This way the effecttlogé fillers on crystallinity can be
compared. On the other hand, in a real process asi@ghjection molding, the cooling rate is
more than 15°C/s, thus the polymers have lessfimerystallization. The higher the cooling
rate, the lower crystallinity will be. Process-imgd crystallinity can be obtained from the
first heating scan of DSC measurements.

The results of the crystallinity measurements &@avs in Figure 65. It can be seen
that the degree of crystallinity increased with #uglition of fillers when the heating and
cooling rate was 10°C/min (the second heating dm first cooling). Titanium dioxide
increased the crystallinity of PP from 63% to 71Bdl or talc only increased it to 65-66%.
Among the three filler types, the best nucleatiggerd is the BN, because the PP/BN
composite shows the highest crystallization tentpega Injection molding-induced
crystallinity was determined from the first heatpigase. It is noticeable that crystallinity is 5-
15% lower than after recrystallization. With 30%oboron nitride crystallinity is only 64.2%,
which is lower than in the case of unfilled polypytene (68.1%). This drop can be explained
by the higher thermal conductivity of the compasitéhile the unfilled polypropylene cooled
slowly in the mold after injection, the 30 vol% bar nitride filler increased thermal
conductivity and also the cooling rate. Due to higher cooling rate, lower crystallinity can
be obtained. It means that the nucleating effecthef boron nitride was not enough to
compensate for the effect of thermal conductivity.

@ Crystallinity in the first heating

75 OCrystallinity in the second heating

70 A
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50 -
45 A

Crystallinity [%]

40 - —
PP PPsalc  PP+BN  PP+TiO2

Figure 65. Crystallinity of the compounds in the fist and second heating phase

The crystallinity of talc and BN filled compoundske investigated as a function of

filler content and the thermal conductivity of thmomposite. Up to 30 vol% talc
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( =0.58 W/mK) crystallinity increased monotonoushhieh shows a good nucleating agent
behavior. On the other hand, when boron nitridadded to the PP matrix, first crystallinity
increases, then above a threshold it decreases liiithi value is 10 vol%, where the thermal
conductivity of the compound is 0.55 W/mK. Above Udl% BN fraction, the high thermal
conductivity results in faster cooling during injen molding, thus crystallinity decreases
(Figure 66).
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50 . . . . . 1stheating

0.2 0.4 0.6 0.8 1.0 1.2
Thermal conductivity [W/mK]

Figure 66. The crystallinity of PP compounds as aufiction of talc (0, 10, 20 and 30 vol%)
and BN (0, 4.4, 12.1, 20 and 30 vol%) content

To prove this phenomenon, further investigation wagormed with polylactic acid
(PLA) matrix composites. PLA has low crystallinigyen at a very low cooling rate (without
using nucleating agents). During processing, when dooling rate is much higher, the
material can remain amorphous. Nucleating ageikts tdlc or boron nitride can enhance the
crystalline ratio of PLA significantly, and the et of the thermal conductivity of the
compounds can be analyzed and compared.

According to the measurements on the injection eobshmples, the unfilled PLA has

a thermal conductivity of 0.31 W/mK (Figure 67).
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Figure 67. The thermal conductivity of talc and BNfilled injection molded PLA samples
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When a filler was added to the matrix, TC changgdiicantly. With 30 vol% BN, thermal
conductivity increased by 365% (1.44 W/mK) and wa vol% talc it increased by 155%
(0.79 W/mK).

As Figure 68 shows talc-filled PLA has a well-datered crystallization peak. The
curves indicate that talc is a good nucleating agpecause there is no cold crystallization
during the second heating phase. With BN as filkercrystallization peak is much lower and
in the second heating phase cold crystallizationlsa observed. This phenomenon can have
two main reasons. First, BN is not as good a ntidgaagent as talc; second, its thermal
conductivity is much higher than that of talc, whimcreases the cooling rate inside the

sample during the measurement.

. —— PLA+20v0I% tal . —— PLA+20v0I% tal
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Temperature [°C] Temperature [°C]
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Figure 68. DSC measurements of 20 vol% talc and Bfilled compounds at a heating/cooling rate of
10°C/min (a, 1st cooling; b, 1st heating)

The crystallinity of talc and BN filled PLA was iastigated as a function of filler

content (Figure 69).
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Figure 69. The crystallinity of PLA compounds as dunction of talc (0, 10, 20 and 30 vol%)
and BN (0, 10, 20, and 30 vol%) content
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Up to 30 vol% talc (=0.79 W/mK) crystallinity increased monotonouslyhigh shows a
good nucleating agent behavior. On the other hahén boron nitride is added to PLA, first
the crystalline ratio increases then after a trolekht decreases. This limit value is 20 vol%,
where the thermal conductivity of the compound.B20/N/mK. Above 20 vol% BN fraction,
the high thermal conductivity results in faster laugp during injection molding, thus
crystallinity decreases. This phenomenon was atgected previously in the case of the PP

matrix.

5.2.4. Isothermal crystallization

The isothermal crystallization of an unfilled potgpylene homopolymer and its
compounds with boron nitride was analyzed. Thehmahal crystallization kinetics of a
material at a constant temperature can be deschipeglvaluating its degree of crystalline
conversion as a function of time. Relative crystél at different crystallization times (X(t))
can be calculated with Equation 45 [142]:

(dH /diet
X() =2 =0 ,
(/e

0

(45)

whereQ; is the heat generated at titp&) is the heat generated at infinite time, and di¥/dt

the rate of heat production. In order to understémal evolution of crystallinity during
isothermal crystallization, the Avrami model waplagd to analyze isothermal crystallization
kinetics (Equation 46):

X(t)=1- e™*, (46)
wheren is the Avrami exponents. The valuerodiepends on the mechanism of nucleation and
the form of crystal growth, whil& is a rate constant dedicated to nucleation andityro
Exponent n consists of two terms, one from nuab@a(D or 1) and one from crystallization
(1, 2 or 3) (Table 11). If the number of nucleicenstant in time (athermal nucleation),
gives the dimension of crystal growth directly. @@ other hand, if the number of nuclei
increases in time during crystallization (thermatleation),n is equal to the dimension of
growth+1 [143].
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n Crystal geometry | Nucleation type
3+1 sphere thermal
3+0 sphere athermal
2+1 disc thermal
2+0 disc athermal
1+1 rod thermal
1+0 rod athermal

Table 11. Definition of the Avrami exponentn [142, 144]

Using the logarithmic form of the Avrami equatiofeqgiation 47.) and fitting the
experimental data, the valuesrodndK can be determined from the slope and intercetiteof
plots oflog[-In(1-X(t))] versudog t
log[- In(1- X(t))] =logK +n:logt. 47

The isothermal crystallization in the melt of the &d its compounds was analyzed at
four different temperature3{ 130, 135, 140 and 145°C) with a DSC apparatus.Semples
were heated up to 200°C at 25°C/min and kept abrstant temperature for 5 minutes to
eliminate its thermal history. Then it was rapidiyoled down (50°C/min) to the previously
determined temperatures and maintained there fonidQtes. The exothermic curves of heat
flow were recorded as a function of time. Figuresi@ws the isotherm crystallization curves
of the H145F PP/5 vol% BN compound at four differeemperatures. Further results are
presented in the Appendix (Chapter 9, Figure 91).
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Figure 70. Isotherm crystallization of polypropylere homopolymer + 5 vol% BN at different
crystallization temperature

It was observed that when the crystallization terafpee is increased, the exothermal
peak becomes broader, which implies that the diigstion rate is reduced. Thus, the
induction time of the exotherm increases. Furtheentioe position of the crystallization peaks
of boron nitride filled PP appeared earlier thaattbf unfilled PP. The relative amount of
crystallization of PP/5 vol% BN compound has bedotted in Figure 71 for different
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crystallization temperatures. It was calculatednfrime exotherms of the DSC measurements.

Further results are presented in the Appendix (@n&) Figure 92).
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Figure 71. Relative crystallinity of the polypropykene homopolymer + 5 vol% BN as a function of timeta
different temperatures

Half-time of crystallization tgs) is defined as the time at which the extent of
crystallization is 50%. It can be read convenieifittyn the relative crystallinity—time curves,
and is also regarded as a very important cryséaitin kinetic parameter. Usuallystis
employed to characterize the rate of crystallizatioectly. The greater the value g§is, the
lower the rate of crystallization is. As Figure 8Bows, the crystallization rate can be

increased significantly by adding boron nitridgtie PP matrix.
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Figure 72. Half time of crystallization of the polyropylene homopolymer and its compounds as a funcn
of crystallization temperature

For example at 140°C, crystallization is 5 timestéa when 5 vol% BN is added to the PP,
and 30 times faster when 30 vol% BN is filled ithe matrix. It shows that BN is an effective

nucleating agent.
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Finally, the Avrami constants were determined lottpig the experimental data in the
log[-In(1-X(t))] versuslog t diagram (Figure 73). (Further results are preskente the
Appendix, in Chapter 9 on Figure 98.)andK can be determined from its equation by data

fitting. The constants and half time of crystaltina values are plotted in Table 12.
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Figure 73. Avrami plots of lod-In(1-X(t))] versuslog tfor isothermal crystallization of the polypropylene
homopolymer + 5 vol% BN at different crystallization temperatures

T, Compound n k tos T, Compound n k tos
PP 2.7 141 0.7 PP 2.7 000 135
PP+5BN 1.8 5.25 03 PP+5BN 2.1 0.11 2.4

1%0 PP+10BN | 1.6  7.94 02 10‘(‘:0 PP+10BN | 1.9 028 16
PP+20BN | 16 1096 0.2 PP+20BN | 1.8 1.41 0.7
PP+30BN | 16 1514 0.1 PP+30BN | 1.6 257 05
PP 28 0.02 36 PP i i i
PP+5BN 1.9 1.02 0.8 PP+5BN 2.2 0.01 7.3

1(,?&5 PP+10BN | 1.8 214 05 10‘(‘:5 PP+10BN | 2.1 0.03 5.1
PP+20BN | 1.7 5.89 0.3 PP+20BN | 2.0 0.18 2.1
PP+30BN | 16 7.76 0.2 PP+30BN | 1.8 0.41 1.3

Table 12. Avrami constants (n and k) and the halfitne of the crystallization of the compounds

As Table 12 shows, exponembf the unfilled PP is about 3, which indicatest ttee
growth of crystals in the melt is probably threesdnsional (spherulite), and the nucleation
process is athermal. According to the literatunethie presence of a heterogeneous nucleating
agent the crystallization is supposed to be athlefd¥b]. Accordingly, when the boron
nitride fraction is increased, the crystals will #isc-shaped. On the other hand, when the
crystallization temperature is increased, expomeatso increases, thus crystallization and
nucleation kinetic change with temperature.
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5.3. Improving processability of conductive polymer compsites

The processability of highly filled polymeric matds is a key issue in research and in
the industry as well. The fillers drastically dexse the flowability of the melt, thus energy
consumption increases and throughput decreasesdén to improve the processability of the
filled polypropylene, cyclic butylene terephthalategomer (CBT) was added to the matrix.

The effect of CBT 100 concentration

First, the effect of CBT content on the propertiéshe PP matrix was analyzed. 0.5,
1, 3 and 5vol% of CBT 100 was blended with PP itwan screw extruder then flat
80x80x2 mm samples were injection molded. As Figireshows, the tensile strength of neat
PP is about 30 MPa, and as CBT content is incredbBeck is only a minor effect, but the
results are within the standard deviation of measents. The same effect can be observed in
the tensile modulus (Figure 75). When CBT contsnincreased, the results are also within
the standard deviation of measurements. It canstablkshed that the CBT 100 additive has

only a minimal effect on tensile strength and tensiodulus.
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Figure 74. Tensile strength of PP/CBT compounds asfunction of CBT content
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Figure 75.Tensile modulus of PP/CBT blend as a fution of CBT content
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Thermal conductivity was also measured. The test® werformed with a hot plate
apparatus at 55°C. The result shows that the CHIitieel does not modify the thermal
conductivity of the polypropylene matrix (Figure)76-urther measurements need to be
carried out to study the effect of CBT on filleAsss CBT 100 is a good dispersion agent and
also a good wetting agent, it can develop bettatamd between the filler and the polymer,
thus reducing contact resistance and enhancinguctinity.
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Figure 76. Thermal conductivity of PP/CBT 100 blend

The results of the melt volume rate measuremenw ghat when the CBT fraction in
the blend is increased, MVR also increases (Figdjeln the 0-5 vol% range the relationship
between the CBT fraction and the MVR value is noedr. By adding 5 vol% CBT 100 to
the PP, MVR increased by more than 100%. Up tol8%w0OBT only a minor change can be

observed in the melt flow rate but above 3 vol¥#h@énges drastically.
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Figure 77. Melt Volume Rate of the PP/CBT blend aa function of CBT content
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Next, polypropylene/CBT/talc compounds were preppavegh extrusion to explore the
effect of a solid filler on the PP/CBT blend. Figut8 shows that the differences between the
MVR of PP/CBT blends decrease with increasing tdoicentration, as the interaction
between the solid particles are more and more prored. At 30 vol% talc the difference is

minor, only 5-10 crf10 min. Above 30 vol% talc CBT has no significaffect.
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Figure 78. Melt Volume Rate of PP/CBT/talc composés

Based on the experiments it can be stated thaCBIe 100 oligomer can improve the
flow properties of the matrix, while it has no siggant effect on mechanical properties. With
CBT 100 the flowability of filled polymers can aldme improved, up to a certain filler

content. Above this concentration the particledpkatinteraction blocks the flow of polymers

and in this case CBT has no significant effect.

The effect of shear rate
The viscosity of the CBT modified polypropylene hopolymer was measured with a

capillary rheometer. During the tests the develgdorces on the piston of the rheometer

were measured at given settings. The viscosityhef material was calculated with the

following formulas:

apparent shear rate [1/s]:

g, =2, (48)
PR
apparent shear stress [Pa]:
¢ = DP xR, ’ (49)
2L
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apparent viscosity [Ps]:

h, =—2, (50)

whereQ), is the volumetric flow rateR. andL. are the radius and length of the capillark,
stands for the pressure differen@.and P can be calculated from the measured forées (

the diameter of the pistoD{=9.525 mm) and the speed of the cross heag(eay:

Qv = Dp xvcrossheao’ (51)
F

P e . 52

(D2>p)/4 2

the Bagley correction formula was used to elimindte inlet pressure loss and the exit

pressure loss:

DP xR,

7oKL +R) 3)

At 3 selected capillaries the pressure differemepsesented as functions of thgR. ratio are
a linear graph. Thegncorrection coefficient can be calculated from &xés intercept of this
graph (Figure 79). The correction coefficient isoala function of the shear rate, thus

correction has to be calculated at each appareat shte value.
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Figure 79. The calculation of the g constants of the Bagley correction (PP+5 vol% CB@at 200°C)

As the flow rate profile in the capillaries is nmarabolic, the shear rate near the wall was

corrected with the Rabinowitsch correction:
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g, =20g, (54)
4
_dlin(g)
bl_dm(rf)' (55)

If the ¢, value calculated from the Bagley correction and #pparent shear rate are

displayed in a log-log plot, a linear graph will peduced. The gradient of this line gives the
value of the b correction coefficient used for the calculation tbé real shear rate. The

quotient oft ; and g, represents real viscosity irrespective of capiligegmetry:
h=—. (56)

Figure 80 shows the results of the viscosity measents at different temperatures.
When 1 vol% CBT was added to PP, there was nofgignt difference compared to neat PP.
At 5 vol% CBT content real viscosity decreased ifiggntly, but the difference decreases as
shear rate is increased. It shows that CBT is @ gtiding agent for PP when a low shear rate

processing method is used, such as extrusion.
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Figure 80. Viscosity curves of PP/CBT blend at 19@&), 200 (b), 220 (c) and 240°C (d)
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5.4. Modeling the thermal conductivity

The goal was to establish a mathematical model tzet predict the thermal
conductivity of composites up to the maximum achlde filler content. In the literature
various thermal conductivity values can be found ddferent fillers. To characterize the
thermal conductivity and maximum packing of thesiéers, a new methodology was

developed.
5.4.1. Development of a new method

A novel thermal conductivity model
A new model, based on the rule of mixtures, waseliged to predict the thermal
conductivity of particle-filled composites. The agbnship between the thermal conductivity
and the filler fraction of the composites is namekr, thus the rule of mixtures gives the upper
limit. The following assumptions were made:
— the filler content varies between 0 and the maxintii@oretically possible
filler fraction (' max),
— the thermal conductivity of the composite variesigen the TC of the
matrix and the bulk TC of the filler,
— the relationship between filler content and theromadductivity is non-
linear.
The rule of mixtures was modified according to #heassumptions, vyielding
Equation (57).
C C

[o=1¢x1- L wigx L 08/ £/ ), (57)

max max

where . is the thermal conductivity of the compositg, and s+ are the effective thermal
conductivities of the matrix and the filler, and ax are actual filler content and the
maximum achievable filler content, ar@ is a constant describing the conductive chain
formation capability and shape factor of the matefihe model and its dependence on factor
C are depicted in Figure 81. The dependence of thgixmand filler thermal conductivity

factor on exponert is plotted in Figure 82.
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Figure 81. Theory of the model for the calculatiorof the thermal conductivity of composites

‘mand , "¢ can be determined by direct measurements, or earaloulated from values in
the literature with Equation (58) and (59).
1L=C % ., (58)
/¢=C, %, (59)
where , and ¢ are the thermal conductivities of the matrix dimel filler from literature Cp,
describes the morphology change in the matrix @hlsethe cooling rate, the processing

technology and the nucleating efficiency of théefs. C; depends on the orientation of the

filler, the number of contacts between the parsielad the thermal contact resistance between

them.
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Figure 82. Interpretation of the factor for the thermal conductivity model

Maximum filler content
The maximum filler content was determined with thermal conductivity meter

presented in Chapter 4.2. The powders were filled iwooden frame and pressed with the
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steel reference cylinders. The displacement ofptiess plate was registered as a function of
compaction pressure. From the displacempBnti{e inner diameter of the framd) @nd the
mass of the measured fillem) apparent density {) was calculated (Equation (60)). The
Relative DensityRD) of the filler can be determined as a ratio ofdpearent density and the
real density of the filler (Equation (61)).

m

r.(p) :W' (60)
A X(p)
RD(p) = “‘,(p) - (61)

In the next stefrD was plotted as a function of compaction pressiwedetermine its
limit, a saturation curve was fitted to the meadygeints. This saturation curve is based on a
logistic (sigmoid) curve (Equation (62)). In theuatjonc; is the minimum and; is the range
of the sigmoid function. Relative density at zenal @nfinite pressure can be obtained with the
help of these constants, as shown in Equation §6d)(64). Combining Equation (62) with
Equation (63) and (64), we get Equation (65), thalfform of the saturation curve, wheae
and b [-] are data fitting parameters. By fitting theree to the measured values, the

parameters and the maximum of relative densitybeadetermined.

RD,=c+—2, (0£ p£Y¥), 62
p =6t 2 OEPE¥) (62)
RDO:Cl"'&:M, (63)

2 rparticle
RD, =¢ +¢,, (64)
RD, =[2>RD, - RD¥]+2xw  (0£ pEY). (65)

The thermal conductivity of the filler

It is crucial to determine the exact bulk thermahductivity (TC) values of the fillers
for the modeling of the conductivity of the compgesimaterial. In the literature only
approximate values are available; the TC of filldepends to a great extent on their purity
and structure. Moreover, the bulk thermal condiustiof a filler and the thermal conductivity
of a single particle are very different, due to thermal contact resistance between the

particles. To determine the effective TC of théefil the press was heated up to 50 and 80°C
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and the temperatures were shown as a function aofipaoting pressure during the
measurement of maximum filler content. Thermal eotidity was calculated from Fourier’s
law as a function of pressure. A logistic curve &ipn (66)) was fitted to the measured

points to determine the theoretical maximum therooalductivity of the compacted fillers.

1_ e'gmh
Igp)=/¢ - (O£ p£¥), (66)
1+e™P
where ~ is the thermal conductivity at infinite pressup &ndg andh [-] are data fitting
parameters.

5.4.2. The verification of the new model

The new model and the methodology were verifiechwhiree types of fillers: talc,
boron nitride and graphite. Therefore, the applidgiof the model was proved for a wider

range of TC in the case of plate-like particles.

Maximum filler fraction

The maximum filler fractions (relative density lithof talc, boron nitride and graphite
were determined with the method developed (Fig® &o eliminate the uncertainties
originating from the compression and thermal exjpanef the reference steel cylinders, a
baseline was determined as a function of presquilettee measurements were compensated
with it. The measured values show saturation changtics as compaction pressure is
increased. At zero pressure the relative densifidalc, BN and graphite were 28.1%, 8.6%
and 6.8%, respectively. The relative density linfids each materialRD ) were determined
by data fitting. The fitted curves have good catieh with the measurements, the\Rlue is
over 0.94 in all cases. The relative density liroitsalc, boron nitride and graphite powder are
89.9%, 82.2% and 96.2%, respectively.
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Figure 83. Relative Density of talc, boron nitrideand graphite powders (the dots are the measured pas
and the dashed lines are the fitted functions)
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The effective thermal conductivity of fillers
During the compaction of powders the temperatufeth® reference cylinders were
also registered. After reaching the steady statalition, the thermal conductivities were

determined as a function of compacting pressuigu(gi84).
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Figure 84. Bulk thermal conductivity of the talc, oron nitride and graphite powders
(m=measured values, f=fitted values)

The effective thermal conductivities of the talgrdn nitride and graphite powder
were determined as 2.24 W/mK, 8.83 W/mK and 20.6/mk/respectively, based on the
fitted sigmoid curves. Although the thermal condutt of the powders at atmospheric
pressure is not zero, a simplification can be usedhich the initial points of the sigmoid
curves are forced into the origin. It was provedat the uncertainty in the thermal conductivity
of the fillers (” ) at infinite pressure (Equation (66)) is below 8#ten this simplification is

used.

The applicability of the model

For this analysis cylindrical samples were compogssiolded. The measured thermal
conductivity of the polypropylene matrix is 0.36 MK, which is higher than the 0.11 W/mK
[1] value found in the literature. The reason foe difference may be the difference in the
preparation of the samples and the measuremenbthdttence the correction constant of the
matrix is G,p=3.27. The measured thermal conductivities of tilkers also differ
considerably from the values in the literature. Toerection constants for the talc, boron
nitride and graphite are the following; £&=0.224, Ggn=0.035, Ggraphits=0.052.

In Figure 85 the measured thermal conductivitiestiie matrix, the composites and
the fillers are represented in a graph and a naati relationship can be observed between

thermal conductivity and filler volume fraction. Withe newly developed conductivity
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model, the thermal conductivity of the compositetenials can be described well as a
function of filler content; the correlation betwettie measurements and the model is higher
than 0.95. In the models for polypropylene filledhaplate-shaped graphite, boron nitride or
talc the chain and shape factors werel.4 in all cases. It proves that the shape ofitlees

determines the chain formation capability and cciribetween the particles.

25 1 ®  Graphite (m ”
Graphite (c) R“=0.95
> 20 - O  Boron-nitride (m)
= ——— Boror-nitride (c}
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Figure 85. Thermal conductivities of the compounds
(m=measured values, c=calculated values with the gposed model)

Comparison to other models

Figure 86 shows the measured thermal conductivifepolypropylene composites
filled with talc, boron nitride and graphite. Theeasured values were compared to theoretical
models developed by Maxwell, Bruggeman, Cheng aach@n, to the geometric mean model
and to our new model. In most cases, the theotaticalels underestimate the measured
values and as filler content increases, the diffege also increase. The models show a good
fit only in the case of talc up to 20 vol% and texwell model describes the change of
thermal conductivity as a function of talc contevell. The geometric mean model gives a
better estimation than the other models, but abébevol% it overestimates thermal
conductivity. Compared to the theoretical moddis, newly proposed model gives by far the

best fit to the measured values even above 40 wbfifters.
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6. Summary

The aim of my dissertation was the development ahdracterization of new
thermally conductive and electrically insulatingywoer composites. Polymers normally have
good insulating properties, but thermally conduetpolymer composites receive more and
more attention in industrial applications. The drito reduce the size of electronic
components has resulted in the generation of ailagount of heat in the same volume. This
has led researchers to develop new polymer congpasiterials which can dissipate more
heat. These kinds of polymer composites are udilimainly in electronics, where it is
important to both increase the power and decrdasesize of the components at the same
time. In some instruments, such as LED lamps @agmted memory chips, fast and efficient
heat dissipation is a key issue, because the gedeh@at can raise the temperature of the
device over its thermal stability limit. Over theitical temperature lifespan decreases
significantly or the instrument may be damaged.

As a firs step of the dissertation, two differehermal conductivity measurement
apparatus were built, calibrated and tested, toable to determine the exact thermal
conductivity of the materials (raw materials ananposites). The compression molded and
injection molded flat specimens were tested withhibt plate apparatus and the compression
molded cylindrical samples and the fillers weraddswith the linear heat flow system.

First of all | examined the main parameters whiaekieha significant influence on the
thermal conductivity of the composites. These npErameters are filler content, filler type,
the type of matrix material and processing methods. matrices polypropylene
homopolymer, polypropylene copolymer, polyamiden@ @olylactic acid were applied. As
fillers, boron nitride, talc and titanium dioxideeve used. It was concluded that filler type and
filler content have the greatest influence on treroonductivity. The different matrices only
modified the results by 0.1-0.3 W/mK.

It was also found that the processing method (cesgwon molding and injection
molding) also has a great influence on the restihge. main reason is that the fillers migrate
from the shell of the molded part toward the coteirdy the injection molding process.
Furthermore, in the shell anisotropic fillers argented in the direction of flow. This effect
should be considered during the design of the gradtthe design of melt flow direction. This
phenomenon does not develop during the compressiolding, where the fillers are

unoriented.
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One of the most important and most efficient preces methods in the plastic
industry are the injection molding and extrusiomt Bhese processing methods limit filler
content in the polymers due to the increase in mamitosity. Thus achievable thermal
conductivity is also limited. Several methods hawsen developed to increase thermal
conductivity limited by the processing method. Tinst solution is the use of hybrid fillers,
where the synergetic effect increases thermal acindity. One of my goals was to develop a
hybrid filler system using talc and boron nitridith the proper mixture of the components,
a significantly higher thermal conductivity was ested than that predicted by the rule of
mixtures. The second solution is the surface treatnof the particles. Several silane-based
surface treatment methods were developed for baoitide. The increment of thermal
conductivity was 5-30% depending on the methods)ewiscosity decreased. The third
solution is to decrease the viscosity of the mattiwas proved with viscosity measurements
that 0.5-5% cyclic butylene terephthalate oligonwan improve the flowability of the
composites significantly, while it has no effect mechanical properties. It can extend the
filler content range of processing methods, thusea@able thermal conductivity, too.

In my work several theoretical models for the pcadn of thermal conductivity were
investigated, and their weaknesses and limits waralyzed. These models were the
geometric mean, Maxwell, Bruggeman and Cheng-Vachodels. My research has shown
that there is a non-linear relationship betweerrntlaé conductivity and filler content. |
developed a semi-empirical mathematical model ftoerule of mixtures. The correctness of
the model was proved with various plate-shapeeér§ll which have significantly different
thermal conductivities (talc, boron nitride and mrie). It was found that the new model
predicts the thermal conductivity of composites engrecisely than conventionally used
theoretical models. To determine the input parareeitthe model, new methodologies were

developed and novel measurement systems (deveiopen laboratory) were used.

6.1. Applicability of the results

In my work several mono and hybrid-filled thermagtia based composites were
developed, which can be easily used in severalsimnidil applications to conduct heat from
devices. These composites are electrical insutatersce they can be applied in the electronic
industry as heat sinks. Thanks to the good sligingperties of the applied fillers, these
composites can be processed economically with cdrorel plastic processing machines

without damage to the equipment. The positive lyleffect on thermal conductivity found
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between talc and boron nitride can provide furthdvantageous properties. Talc can lower
the price of the composite, while at the same finmaproves thermal conductivity.

The applied maximum filler concentration is detered by the processing method.
With the introduced surface treatment method tleentlal conductivity of BN/PP composites
can be increased at a given filler concentratiornthe flow properties of the matrix can be
modified with CBT, therefore higher filler conceation can be used. The introduced
mathematical method and developed apparatusestitnaés the thermal conductivity of
composites can facilitate the designing and taitpof heat conductive plastic heat sinks.

The advantage and applicability of these mateaadspresented via a case study with
a cooling system for LED lamp (Light Emitted Diod&he parameters were calculated with
finite element simulation. In a conventional arramgnt (Figure 87) the LED chips are

soldered onto a printed circuit board (PCB).

a) b)

Figure 87. Comparison of the conventionally used aangement with conductive plastic heat sink (a)
and aluminum heat sink (b)

The board and the LEDs are joined together withdootive grease, as are the board
and the heat sink. In this simulation (SolidWorkd.@) 16 3528 LED diodes are placed on a
40x40 mm glass-reinforced PCBp{£s=0.25 W/mK). The power dissipation of each LED is
about 0.1 W. 3M TCG-2036 conductive grease is mitvben the elements. The thermal
conductivity of this grease is 2.7 W/mK, and itenhal contact resistance is 1.39°10
m?K/W. In one experiment the heat sink is made bgdtipn molding from the BN/talc filled
PP hybrid composite developed by usi.22 W/mK), and in the other experiment it is made
from an aluminum alloy €230 W/mK) with extrusion. In the calculation th&D side was
insulated as it would be under a glass bulb andsih& side was free. The ambient
temperature was set to 25°C, and the convectiofficeat between the heat sink and the

environment was set to 25 Wi (free convection). The result of the simulatidmows
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(Figure 87) that although the thermal conductiatythe aluminum heat sink is two orders of
magnitude higher than that of the conductive ptasthe temperature of the LED diodes is
only 10°C lower when the aluminum heat sink is ufeth when the conductive plastic heat
sink is used. It means that the low thermal condiigtPCB insulates the cooling system,
hence the cooling efficiency of the aluminum heak Ss very low. As the developed

thermally conductive plastic is an electrical irsgal, the LED chips can be directly mounted
onto the surface of the heat sink without genegatshort circuits. Accordingly, the

conductive plastic can function as heat sink an& RCthe same time. In the next simulation
this layout was compared to the conventionally usedngement with an aluminum cooling
unit. The results show that if the glass-reinfore&eB is omitted, the temperature of the LED

diodes can be lowered by 10°C compared to the cdioral arrangement (Figure 88).

a) b)

Figure 88. Comparison of the newly designed assemghkith conductive plastic heat sink (a) and the
conventionally used arrangement with aluminum heasink (b)

6.2. Further tasks

Although the applied talc and boron nitride hadadeplike shape, they decreased the
tensile strength of the composite, hence the sp@mare somewhat brittle. In the future it is
important to improve the impact properties of thesmposites. A possible solution can be
the application of ceramic fibers in addition t@ tberamic particles. The developed model
describes the relationship between filler conceioinaand the thermal conductivity of
composites well. Constar@ of this model could be determined for other p&tishapes
(sphere, fiber). The hybrid effect of the differdéiiers can be also included in the description
of the model. To apply the developed materialda dlectric industry as heat sink and PCB

at the same time, a method should be developebtiupe electric circuits on the surface.
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7. Theses

Based on the results of this PhD dissertationdlewing theses have been deduced:

Thesis 1/a

| proved that there is significant difference betwehe effective thermal conductivity
of injection molded and compression molded polyommposites containing plate-like fillers.
The differences in the orientation of the partidiesd to decreased thermal conductivity in
injection molded parts. This statement was conftirbg measurements of boron nitride and
talc filled polypropylene homopolymer. The thermadnductivity of injection molded
samples were 16-39% and 30-39% lower than thabmwipcession molded samples in the 10-
30 vol% filler concentration range [147-151].

Thesis 1/b

| showed that the injection-compression molded @0v81% boron nitride filled
polypropylene homopolymer samples have 20-23% higllrough plane thermal
conductivity than that of the injection molded séd@sp The difference can be originated from
the proportion of layers with different particleiemtation (core and shell layers). While the
core layer of the 2 mm thick injection molded saesplk only 300-400m thick, the core of
the injection-compression molded samples is higim@n 600 m. As the particles in the core
layer are near parallel to the heat flow direciibmough thickness direction), the thickness of
the core has a great effect on the achievable teféethermal conductivity. My statements

were proved with scanning electron microscopy dedmal conductivity measurements.

Thesis 2

| proved that the thermal conductivity of polyprégrye/boron nitride composites can
be improved with the surface modification of thedyonitride filler and the efficiency can be
further improved with sodium hydroxide pretreatmehthe filler and increasing the acidity
of the silane solution. With sodium hydroxide treaht more hydroxide ions can be attached
onto the surfaces of the boron nitride particlescfiemical bonding. By increasing the acidity
of the silane solution the hydrolysis can be pradotThis statement was proved with
measurements on compression molded 30 vol% bordndeni filled polypropylene

homopolymer composites, where the improvementearintial conductivity was 4-30%.
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Thesis 3/a

| proved that there is a positive hybrid effect thermal conductivity between the
fillers when the matrix is a polypropylene homopogr and the fillers are boron nitride and
talc. As a result, using a mixture of these twkeird leads to better thermal conductivity than
that predicted by the rule of mixtures. At 30 votétal filler concentration 30-33% higher
through plane thermal conductivity can be achiewéd the use of boron nitride and talc in
the ratio of 1:2 and 2:1 respectively. This effeah be attributed to the difference in particle
sizes of fillers [151-154].

Thesis 3/b

| confirmed that the hybrid effect of boron nitridewder and talc does not only affect
thermal conductivity but viscosity and quasistainei dynamic mechanical properties as well.
While the hybrid effect decreases flowability angpact strength, it increases tensile strength

and modulus, which can be attributed to the diffeparticle sizes [153-155].

Thesis 4

| proved that a filler concentration upper limitis in the case of boron nitride filled
thermally conductive composites with semi-crystalipolymer matrices. Above this filler
content the effect of fillers on crystallinity isimmal, the crystal fraction of the semi-
crystalline matrix starts to decrease. Because@eased thermal conductivity and intensive
cooling crystallinity decreases. | proved this esta¢nt for polypropylene homopolymer and
polylactic acid matrices with boron nitride andctéllers. With boron nitride the filler content

limit in the case of a PP and PLA matrix was aldduaind 20 vol%, respectively [156, 157].

Thesis 5/a

| worked out new measurement methods to deternhieexthievable maximum filler
concentration in composites and the effective tlauonductivity of fillers. To determine the
achievable filler concentration, powders were casped between two steel reference
cylinders and the relative density was determimethe function of the compacting pressure.
The maximum filler concentration was calculatednfréhe saturation curve fitted to the

measured values:

RD, - R
RD, =[2>XRD, - RQ]+2X°7_% ,(0£ pEY¥)
1+e™® ’

whereRDy [-] is the relative density without compressi®D) [-] is the relative density at

infinite pressurep [bar] is the pressure on the sample andndb [-] are the data fitting
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constants. The effective thermal conductivity ¢ tompacted filler was calculated from the
saturation curve fitted to the thermal conductestmeasured at different pressure:
-e -gp"
/€p) = /9 5. (0epe¥),
where ~ [W/mK] is the thermal conductivity at infinite sure,p [bar] is the pressure on

the sampleg andh [-] are data fitting parameters.

Thesis 5/b
| worked out a mathematical model to predict therrtial conductivity of polymer

composites in function of filler concentration. Tigationship is as follows:

E C . C
[o=1gx1- L 4igx St

max max

0L/ £/ ),

where . [W/mK] is the thermal conductivity of the compasit', and + [W/mK] are the
effective thermal conductivities of the matrix ahe filler, and mnax[vol%]are filler content
and maximum achievable filler content, aBd[-] is a constant describing the conductive
chain formation capability and shape factor of thaterial. The applicability of the model
was proved for boron nitride, talc and graphiteedil composites with a polypropylene
homopolymer matrix, where fact@was 1.4 in all cases.
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9. Appendices

Thermal
Polymeric material Abbreviation | conductivity
[W/mK]
Acrylonitrile butadiene styrene ABS 0.33
High density polyethylene HDPE 0.44
Low density polyethylene LDPE 0.3
Poly(butylene terephthalate) PBT 0.29
Poly(ethylene terephthalate) PET 0.15
Polyamide 6 PAG6 0.25
Polycarbonate PC 0.2
Polyetheretherketone PEEK 0.25
Polymethylmethacrylate PMMA 0.21
Polyphenylene sulfide PPS 0.3
Polypropylene PP 0.11
Polystyrene PS 0.14
Polysulfone PSU 0.22
Polytetrafluoroethylene PTFE 0.27
Polyvinyl chloride PVvC 0.19
Epoxy - 0.19

Table 13. Thermal conductivity of polymers [1]

Filler Thermal conductivity
[W/mK]
Aluminum 204
Aluminum nitride 200
Aluminum oxide 20-29
Beryllium oxide 260
Boron nitride 250-300 (in plane)
Carbon black 174
Carbon fiber (PAN based) (along th7eomain axis)
Carbon nanotubes (annZgOtcr):()e_ijgi(rjl axis)
Copper 483
Glass fiber 15
Graphite 100-400 (in plane)
Nickel 158
Talc 10.7 (in plane)
Titanium dioxide 8.5

Table 14. Thermal conductivity of typical fillers [1, 99, 146]
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Figure 89. Crystallization peaks of the PP/BN compands

Figure 90. Crystal melting peaks of the PP/BN compmds
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Figure 92. Relative crystallinity of polypropyleneboron nitride composites as a function of time at
different temperatures
(a, unfilled PP; b, PP+10 vol% BN; ¢, PP+20 vol% BINd, PP+30 vol% BN)
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Figure 93. Avrami plots oflog[-In(1-X(t))] versuslog t for isothermal crystallization of the
polypropylene/boron nitride composites at differentcrystallization temperatures
(a, unfilled PP; b, PP+10 vol% BN; ¢, PP+20 vol% BNd, PP+30 vol% BN)
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