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Development of injection moldable, thermally coniile polymer compaosites

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 mechanicalregpef synthetic polymers to approach
the strength of steel. The basis of these develomneas 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 eleckiicsulation is essential to eliminate the short
circuit failures and other errors.

In the past few years developments in technologse hrasulted in smaller devices
with higher performance (sensors, controlling uynitensformers, amplifiers, integrated
circuits and so on). As a result of this developtriezat dissipation in electronics, especially
microelectronics, has an ever-increasing importaBmsides, heat dissipation has a great
influence on lifespan. Generally, metallic parte ased as heat sinks to dissipate heat, but
metal parts are heavier, often more costly and rddfieult to process than plastic parts. In
the last years thermally conductive polymer comjessare receiving more and more attention
in the industry. These special materials have ami@t in the cooling of electric and
mechatronic devices. Hence thermally conductive ahectrically insulating polymer
composites can be innovative new materials in ¢eg@velopment.

It is well-known that polymer materials are gooeérthal 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 inflae the thermal behavior of polymers. To
obtain composite materials with the appropriateria conductivity, high filler content is
usually required, although this will increase pissiag difficulties. Although flow properties
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is reduced in this case, thermal conductivity isréased significantly, which leads to more
rapid cooling of the part and thus a reductionafmer molding cycle times.

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 é&esaterials so that they can replace
conventionally used ceramic and metal cooling yumtsose production is costly compared to
the production of polymer composites. On the otfeerd, the modeling and prediction of the
thermal conductivity of these special materialsmportant to tailor their properties to the

needs of users.
2. Summary of the literature, objectives of the disseation

The aim of the literature survey was to show thsspmlities of application and
development of thermally conductive polymers. A¢ 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 fillers. The three main pgoaf fillers (metallic, ceramic and
carbon-based fillers) were also analyzed. It was abncluded that fillers can significantly
influence the flow properties of polymers.

The thermal conductivity of polymers can be modifien 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 dlswe higher thermal conductivity. The
orientation of the polymer chains can improve catigity as well, but the material will be
anisotropic. Thermal conductivity increases in tlirection 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 silers, which was proved by many
researchers. Metallic and carbon-based fillerstaebest for this purpose, but the composite
will also be an electrical conductor. As the go#ltlis research is to produce dielectric
polymer composites of high thermal conductivityedé fillers can be applied up to the
percolation threshold. In contrast, ceramic filleeve better properties, such as good thermal

conductivity, low density and good electrical iregulg properties.
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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 theséadstwork on different principles. To
analyze the effect of different processing methadd processing parameters is essential to
understand their effect on filler distribution withthe matrix. Hence the segregation effect
could not be neglected. Segregation can be thrthegthickness (shell-core effect) and along
the flow length. Segregation can decrease the thleconductivity of the part and cause
inhomogeneity regarding the thermal and mechapicglerties.

In most articles the authors only used a singlerftb produce conductive compounds.
Generally these fillers were copper, carbon blgciphite, carbon nanotubes, silicon-dioxide,
talc, aluminum-nitride and boron nitride. Only avfarticles investigated polymer composites
with a hybrid filler system So far | have not fouady articles applying only dielectric fillers
to utilize the advantages of the hybrid effect ew different fillers.

It is important that the thermal conductivity oflpmer composites should be tailored
to requirements. Although numerous empirical, sempirical and theoretical models have
been developed for the prediction of the thermaldemtivity of two- or multiphase polymer
composites, its reliable and precise predictiofi sémains a challenge. The theoretical
models often underestimate the results and carséeg around up to 30 vol% filler content.
The semi-empirical models give better correlatiathwhe 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 conducpoéymer composites with a thermoplastic
matrix were prepared with internal mixing and coegsion molding, or simply a low
viscosity thermosetting matrix was used. Thesertiegctes are too slow for mass production
and can compromise design freedom. On top of timdy, 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 fowmdthe thermal properties 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 the following objectives of this PhD

dissertation:

1. The development and investigation of a novel thédgnt@nductive polymer, which is
an electrical insulator.

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

3. The development of a polymer composite with a diele hybrid filler system to
enhance effective thermal conductivity with the saamount of filler.

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

5. The improvement of processability of highly fillpdlymers.
The development of a model to predict the thernoaildactivity of composites as a

function of filler concentration.

3. Materials and methods

3.1. Materials

In my research composites were prepared with teeotidifferent matrices and fillers.
The names, manufacturers and abbreviations (usedyinresearch) of the applied materials
are presented in Table 1 and Table 2. Talc, borida and graphite have plate like shape
which show anisotropic behaviors. The titanium diexhas spherical shape. The matrices
can be processed directly, only polyamide 6 anglladtic acid need to be dried at 80°C for 4
hours.

The melt flow of the polypropylene homopolymer matras enhanced with CBT 100
cyclic butylene terephthalate oligomer (CBT) (CgsliEurope GmbH (Germany)). Cyclic
butylene terephthalate is the cyclic form of polgene terephthalate (PBT). For the surface
treatment of boron nitride silane coupling agentswased. The Geniosil GF 56
vinyltriethoxysilane coupling agent was purchaseanf Wacker Chemie AG (Germany). For
the thermal conductivity measurements to decrdaséhermal contact resistance between the
samples and the measurement unit, ceramic powidksst thermal interface silicone grease

was applied. The conductive grease was purchasedTrSilox Kft., (Hungary).
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Name Trade name Manufacturer Abbrgwatlon'ln
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. PAG6
. . Shenzhen eSUN
Polylactic acid PLA AI-1001 Industrial Co.. Ltd. PLA

Table 1. Matrix polymers used in the dissertation

Manufacturer Particle size | Abbreviation in
HElLS UAECS S /distributor (D50) the dissertation
Talc Powder 325 mes
Talc coating grade QualChem Zrt. 24.4m talc
Boron nitride HeBoFil 482 Henze BNP GmbH 3ein BN
L L Titanium dioxide ;
Titanium dioxide KTR 600 QualChem Zrt. n.a. TiO
Graphite Timrex C-Therm 011 Timcal Ltd. n.a. Graphite
(soft granules)

Table 2. Fillers used in the dissertation

3.2. Processing methods

Compounding methods

The components of the composites were compoundidtwo different methods. In
the first case the composites were prepared wBhaender 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 therialatwere compounded with a Labtech
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 \ligse technologies to have the same
thermal history. The proper amounts of matrix aniérf materials were calculated with
Equation (1):

m, —m —
¢m@m+1,mm m,-m, (1)

@ Lo,

wherem,, my andmy, [g] are the mass of the composite, the filler #mel matrix materialys

m; =

andgm [vol%)] are the volume fraction of the filler anldet matrix material, and finally and
pm [g/cn?] are the density of the filler and the matrix rmite
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The preparation of samples

From the compounds 2 mm thick plate-like sampleseva®mpression molded and
injection molded. Compression molding was performétl a Collin Teach-Line Platen Press
200E machine at 230°C for 15 minutes. The injectiaided samples were produced with an
Arburg Allrounder Advance 370S 700-290 machine. mfan technological parameters can
be seen in Table 3.

Parameter Unit PP/cPP PAG6 PLA
Volume [cr] 49 49 49
Injection rate [criYs] 50 50 50
. 80% of 80% of 80% of
Holding [bar] L L o
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; 180 228; 220; 215; 210 210; 195; 190; 185; 180
Mold temperature [°C] 50 50 50

Table 3. Injection molding 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 clampingetbthe melt to fill completely the cavity

and acts as holding pressure. The injection-corsmesnolded samples were produced with

an Arburg Allrounder Advance 370S 700-290 injectioalding machine. The main molding

parameters can be seen in Table 4.

Parameter Unit Value
Injected volume [cr] 56
Injection rate [criYs] 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 morphabgvestigation 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.
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Mechanical tests

Tensile testing

The tensile tests were carried out according to theommendation of the
ISO 527-1:2012 standard with a Zwick Z020 universating 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 test® \performed at room temperature
(25°C). From the force-displacement curves the ilernstrength § [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.

Charpy impact testing

The Charpy tests were carried out according to teeommendation of the
ISO 179-2:1997 standard with a Ceast Resil Impaltaior machine. For the tests unnotched
specimens with a 2x6 mm cross-section were useld avid0 mm span distance. The tests
were performed at room temperature with a 2 J penduFrom the absorbed energy the
Charpy impact strengthady [kJ/nf]) could be calculated. The impact properties were

determined from ten measurements in each case.
Thermal analysis

Thermal conductivity

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

In this research angle-specimen hot plate apparatus was developed where the heat
flows in a single direction between the hot platel ahe cold plate through the specimen.
Figure 1/a shows the main components of the dedigreasurement system. The main task is
to maintain the temperature difference betweercthe and the hot plates. The calculation of
thermal conductivity is based on Fourier’s law

A further thermal conductivity meter,lmear heat flow apparatus was designed and
built (Figure 1/b), based on the comparative lamgjital heat flow method. In this method the
unknown sample is compressed between the knowrerefe samples and a heat flux passes
through the measurement unit as a temperatureaeliie is created between the two sides of
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the unit. The thermal conductivities of the samalal the reference sample are inversely
proportional to their thermal gradients.

Heating wire

Thermistor

— Copper plate
Specimen

Peltier cell
Heat sink

Figure 1. Hot plate (a) and linear heat flow (b) masurement unit

DSC analysis
A DSC Q2000 (TA Instruments) differential scanngajorimeter was used to analyze
the specific heat, crystallization temperature arygtallinity 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: heat225f@ from 25°C, cooling back to 25°C
and heating to 225°C again. The first heating sdu® 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 crystallinityX] was
determined from the exothermic and the endothepeaks with Equation (2), which takes
into account the filler fraction of the compound:
_AH,_ -AH
CAH, L-¢)
where4H, is the enthalpy of meltingfH.. is the enthalpy of cold crystallizationH; is the

)

melting enthalpy of a theoretically fully crystalé polymer an@ is the mass fraction of the

filler.

Micraoscopy
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 cimargi

10
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Segregation investigation

To determine filler distribution in the injectionalded samples, they were cut into 16
identical parts. Next, the density of the sampless wneasured based on Archimedes'
principle. Knowing the density of the matrix, thikef and the composite, the filler and matrix

concentration can be calculated according to theatons (3):

$, == "Pm oo, g =100-4, 3)

lof - ,Om
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 stahdb230°C, with a load of 2.16 kg using
CEAST Modular Melt Flow (7027.000) apparatus. Incleacase 6 measurements were
performed. The measurement procedure consists ®f fdlowing steps: 60 seconds
preheating; compacting with 375 N to the positiédrv® mm; compacting with the standard

(2.16 kg) weight; and performing a measuremenfaB9 and 20 mm.

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, 286 240°C, with three capillaries of
different length (Table 5) and at seven differemtsshead speeds: 5, 10, 20, 50, 100, 200 and
500 mm/min.

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

11
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4. Theses

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

Thesis l/a

| proved that there is a significant difference westn the effective thermal
conductivity of injection molded and compressionlded polymer composites containing
plate-like fillers. The differences in the oriemv&t of the particles lead to decreased thermal
conductivity in injection molded parts. This statsrth was confirmed by measurements of
boron nitride and talc filled polypropylene homopukr. The thermal conductivity of
injection molded samples were 16-39% and 30-39%etdan that of compression molded

samples in the 10-30 vol% filler concentration @ft+3, 7, 10].

Thesis1/b

| showed that the injection-compression molded @0v81% boron nitride filled
polypropylene homopolymer samples have 20-23% highleough plane thermal
conductivity than that of the injection molded séesp 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 sagsplks only 300-40Qm thick, the core of
the injection-compression molded samples is higiin@n 600um. As the particles in the core
layer are near parallel to the heat flow direcfihmough thickness direction), the thickness of
the core has a great effect on the achievable taféethermal conductivity. My statements

were proved with scanning electron microscopy dwedmal 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 improvementeatial conductivity was 4-30%.

12
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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 twkeirfd 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 achiewéll 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 [3, 8, 11, 12].

Thesis3/b

| confirmed that the hybrid effect of boron nitridewder and talc does not only affect
thermal conductivity but viscosity and quasistainti 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 [8, 12, 13].

Thesis4

| proved that a filler concentration upper limitiss 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 aldduand 20 vol%, respectively [4, 5].

Thesis5/a

| worked out new measurement methods to deternhieexthievable maximum filler
concentration in composites and the effective tla¢anductivity 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, - RD,

whereRDy [-] is the relative density without compressi®&i).,, [-] is the relative density at
infinite pressurep [bar] is the pressure on the sample andndb [-] are the data fitting

13
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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:

wherel’, [W/mK] is the thermal conductivity at infinite surep [bar] is the pressure on

the sampleg andh [-] are data fitting parameters.

Thesis5/b
| worked out a mathematical model to predict therriial conductivity of polymer

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

A=A, Eﬁl—(;’j ]M; Eﬁfj (0<¢<4,.),

wherel. [W/mK] is the thermal conductivity of the compasit™,, and1’s [W/mK] are the
effective thermal conductivities of the matrix ahe filler, p andgmax [vol%]are filler content
and maximum achievable filler content, a@d[-] 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 graphiteefll composites with a polypropylene
homopolymer matrix, where fact@was 1.4 in all cases.

14
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