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1 Introduction

The present report on the state of the art with regard to materials for increasing thermal
conductivity of plastics was compiled within the framework of the PolyMetal project in
the Intereg V-A Slovenia-Austria 2014-2020 funding line and serves as a basis for
decision-making on the most promising procedure for the prototypes to be procéssed in

the project in order to achieve the project objective.

In technical applications, metallic surfaces, handles, coverings etc..are perceived as
"more valuable" than comparable parts made of plastic. This is mainly‘due to the optical
and haptic properties of the different materials. The so<alled%"cool-touch effect”,
achievable by the use of metals as opposed to plastics, playsya ‘central role in this. The
decisive difference between the two materials lies inthe“heat conductivities of metals
and plastics. As shown in Table 1, the thermal conduetivity of metals is 100 to 1000

times greater, depending on the material used,thanthat of polymeric materials.

Table 1: Comparison of the thermal conductivities ofimetals [1] and plastics [2].

Metal Thermal conductivity | Plastic Thermal
(WmKH) conductivity
(Wm-K-1)
Steel approx.11,.-.60 LDPE 0.33
Lead 34-35 HDPE 0.45-0.52
Iron 68-80 PP 0.14
Chrome 87-91 PS 0.04-0.14
Aluminum 221-247 PC 0.19
Gold 292-316 PA 66 0.26
Titan 15-22 PET 0.29
Silver 414-493 PMMA 0.15-0.25

Another criterion that makes metal surfaces appear more high-quality is the typical
gloss. However, this is a sensory impression created by a number of optical

phenomena such as refraction, diffraction and reflection and is therefore difficult to
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measure. Various approaches for this have been proposed and are being studied at
PCCL, but there are no comparative numerical values for the gloss of different materials
to be found in the relevant literature that would permit a direct comparison. This is due,
inter alia, to the fact that these effects do not depend solely on the materials used, but
also, to a considerable extent, on the surface condition and surface geometry of the

component in question.

There are several reasons why efforts are being made to replace metals with plastics in
numerous applications. On the one hand, the injection moulding process,as well as
other production methods used in plastics processing enable a ecomparatively cost-
effective, fast and design-flexible production of components. As a rule, little or no post-
processing will be required for parts that are produced bysmeans of the injection
moulding process. Furthermore, the substitution of metal parts by plastics permits both

a reduction of weight and cost savings.
In order to be able to obtain metal-like properties in the case of plastic components, the

polymers used must be enhanced using-additives. The choice of additives will depend

on the exact requirement profile identifiedsfor the application and may vary widely.
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2 Methods of increasing the thermal conductivity of

thermoplastics

To increase the thermal conductivity of plastics, thermally conductive additives must be
added in a compounding step. There are many different materials to choose fram. A
selection of such materials may be found in Table 2. The thermal conductivities of
metals, which, in powdered form, may also be used as fillers for plastics,. ate” shown in
Table 1.

Table 2: Thermal conductivity of plastic additives [2]

Thermal.conductivity

Filler (WK
Silicon oxide (SiO2) 15-16
Silica (crystalline silicic acid) 3
Aluminum oxide (Al202) 38-42
Beryllium oxide (BeO)* 300
Zinc oxide (ZnO) 60
Boron nitride (BN) 29 - 300
Silicon carbide (SiC) 85
Diamond 2000

* Highly toxic

The various fillers differ greatly in their thermal conductivity and also with regard to their
other properties,isuch as particle shape and size [3, 4], processability, potential dangers
(beryllium oxidey very fine powders, etc.), possible electrical conductivity and of course
their price. For example, diamond has excellent thermal conductivity, but the use of
diamond powder as an additive in plastics processing is out of the question for

economic reasons.

4/10

Polymer Competence Center Leoben GmbH Tel: +43 3842 42962-0 Firmenbuch: LG Leoben Steiermarkische Sparkasse
e 12, A-8700 Lecben Fax: +43 12 42962-6 FN 223698y IBAN AT41 2 5000 4032 7439

office@pccl.at UID-Nr. ATU 54829208 BIC  STSPAT2GXXX




L £ nterreg
]

SLOVENIJA - AVSTRIJA

[Po lyM etal] . @ SLOWENIEN - OSTERREICH

Polymer Competence Center Leoben

The particle shape of the various additives has a huge impact, as shown by the
example of platelet-shaped boron nitride (the most important supplier of which is 3M
Technical Chemicals, Kempten, Germany). The thermal properties of compounds
containing such particles are highly anisotropic since they depend on particle
orientation within the component. Conductivity through the component (normal to
particle orientation) is significantly lower than that in the direction of particle orientation.
Particle size and filler content also exert considerable influence on subseguent
component properties, but at the same time also influence processability*and-thus the
possibility of producing homogeneous compounds. In high coneentrations, small
particles and especially nanoparticles tend to form agglomerations;, As a result, they
lose the advantage of their large specific surface area and“produece compounds with
erratic properties. Furthermore, due to a possible development of dust in the dosing
system (dust explosion) and possible health hazards» to”the machine operator (by
inhalation), the processing of nanoparticles may, not“be entirely safe [5]. A similar

hazard potential is also associated with very fine‘'metal powders.

If, as is frequently necessary e.g. in connection with electrical applications, electrically
insulating materials offering an increasedthermal conductivity are required, the range of
selection of relevant additives is reduced to mineral fillers or metal oxides. However, the
thermal conductivity of suchsmaterials, with the exception of boron nitride, which, at
around 80 € / kg, is very expensive, usually falls within a medium range if the materials
are pure. It must be remembered, though, that in a compound, these filler particles will
be surrounded by.the, thermally insulating polymer matrix, which means that the values
of the pure fillers:ean never be achieved in a compound. A realistic point of reference
would be about10% of the conductivity of the filler in cases where there is a high filler
conient, By increasing the filler content and obtaining microstructures (thermally
conductive paths, see Figure 1) in the compound, it is possible to increase thermal

conductivity.
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Figure 1: Schematic representation of a compound with the same filler content, ifferent

microstructures. [2]

An increase in the proportion of the filler used, however, will not ffect the thermal
conductivity of the compound, but will also have a serioussimpact“on the mechanical
properties of the material. As clearly shown in Figure 2, t gnpound’s elongation at
fracture decreases dramatically as the filler content_i es. This means that the

e of such material will break

material becomes very brittle and that a compon
even at low mechanical stresses. Materials remely high filler content are also
difficult to process and tend to form un d rough surfaces, which then require
elaborate polishing in a subsequent_st ake them visually appealing. In addition,
highly filled plastics (depending o filler) cause heavy wear on the machines and

tools used during their processing.
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Figure 2.: Impact of filler content on the properties of the compound. [6]

As the blue line in this figure shows, electricaliCenductivity will, up to a certain point -
the so-called percolation point -, remain ata‘ew level if the filler content remains low. In
this way, electrically conductive additiveS can be used to increase thermal conductivity

at low levels of filler content, without rendering the material electrically conductive.

When producing compounds atmed at increasing the thermal conductivity of polymers,
therefore, a compromise must always be achieved between the thermal, mechanical,
optical and electrical, properties and the raw material costs and processability. In doing
so, it will be necessaryjfirst of all, to take a look at the proposed application and the
given framework eonditions and/or the amount of heat to be transported. If a component
is to be used, in a stationary device within a room and the heat is released into the
environment,only through free convection, thermal conductivities above approx. 5 Wm-
1K will 'not be advisable since it will be impossible to dissipate the heat without
additional cooling.

The best results with thermally conductive, electrically insulating plastic compounds will
be achieved using boron nitride. Since this is very expensive compared to the base
polymer, its use will, in many cases, be prevented by economic considerations.
Alternatively, some suppliers, such as Quarzwerke Frechen (Germany), offer aluminum
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oxide and zinc oxide based fillers which, according to the manufacturer, offer thermal
conductivities within the range of 14 to 30 WmK! [7]. For better processability and an
improved connection between the filler and the plastic, these fillers are offered with
different coatings (epoxy, amino, metacylsilane). In PA6, a thermal conductivity of 2.3
Wm1K? or 1.3 Wm?K? (depending on the direction of the measurement) can be

achieved with a maximum filler content of 75% of Silatherm 1360.

A new option in the field of thermally conductive plastic additives is provided by, bi- and
trimodally distributed aluminum oxides (Al2Os) obtainable from Glpe«GmbH (Kehl,
Germany). These materials are produced by a calcination prog¢ess~0f "aluminum
hydroxide. According to the manufacturer, the grain shape is designed so as to ensure
that the wear during processing is minimal; the bi- and trimodal, particle size distribution
will, on the one hand, enable high filler content levels and, ©n the other hand, give rise
to isotropic properties. In PA6 compounds, heat conduativities of 8.3 Wm1K-1 can be
achieved with maximum filler content levels @f.65, vol% in Gupotim WP-02 (trimodal

mixture).

To optimise the costs while ensuring the’best'possible thermal conductivity, some users
opt for a hybrid filler made of boronsnitride and other mineral fillers. With a suitable
formulation (mixing ratio, particle sizes, coatings, etc.), it is possible, in this way, to
produce comparatively cheaper materials with satisfactory thermal and mechanical

properties.

Since the implementation «of such tailor-made compounds with hybrid fillers is very
demanding and _involves complex material analyses and process and formulation
optimisations,, it may be expedient to resort to commercially available, thermally
modified “polymers. Different material manufacturers and compounders such as
Lehmann» and Voss, Sabic, Polyone, Ensinger or Lati Industria Termoplastici offer a
wides range of thermally conductive materials using different carrier polymers.
Depending on the base polymer and filler type and quantity, the manufacturers promise
thermal conductivities of up to 10 WmK and in some cases even more. These data
should, however, be viewed with caution, since there are different systems for

measuring thermal conductivity (Hot Disk, Guarded Heat Flow Meter, Laser Flash),
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which may sometimes produce significantly different results as regards thermal
conductivity. This is partly due to the fact that some measuring systems take radial and
axial heat conduction into account, while others only measure heat conduction through
the test specimen. In addition, as already mentioned, particle distribution and
orientation within the sample have a significant impact on thermal conductivity. This
must be taken into account when producing injection-moulded parts, since differentiller
orientations may occur, depending on component geometry, tool design and alse.on the
process conditions. These effects, as already mentioned, and as documeénted in
numerous scientific papers, such as those by Grundler et al. [8],\impact thermal
conductivity in the component. This means that thermal conductivitywalues, as given in

material data sheets, are not directly transferable to a component.

9/10

Firmenbuch: LG
FN 22369¢
UID-Nr. ATU 54829,

Leoben Steiermarkische Sparkasse




- SLOVENIJA - AVSTRIJA

L) SLOWENIEN - OSTERREIC
’— Evropska unija | Evropski sklad za regionalni razvoj
Europaische Union | Europaischer Fonds fur regionale Entwickiung

Polymer Competence Center Leoben

L o« interreg H
e

3 Literature

1. ASM International Materials Properties Database Comitee (2002): Thermal

Properties of Metals: ASM Material Data Series, Materials Park, OH

2. Xingyi Huang, Pingkai Jiang, Toshikatsu Tanaka (2011): A Review of dielectric
Polymer Composites with high thermal conductivity. IEEE Electrical Insulation
Magazine 27 (4): 8-16

3. Weber Erik H. (2001): Development and Modelling of Thermally Conductive
Polymer/Carbon Composites. Dissertation, Michigan Technieal Wniversity

4. Zhao Y., Zhai Z., Drummer D. (2018): Thermal Conduetivity“of Aluminiosilicate-
and Aluminium Oxide-Filled Thermosets for Injectioh;'Molding: Effect of Filler
Content, Filler Size and Filler Geometry.” Polymers 10(4). DOI:
10.3399/Polym10040457

5. Ministerium fir Arbeit und Soziales .Baden-Wirttemberg (2006): Nanopartikel:

Anwendung und mogliche Risiken
6. Ehrenstein G.W. (2010): Polymer-Werkstoffe. Hanser, Miinchen

7. HPF The Mineral Engineers (2017): Silatherm: Innovative warmeleitende

Flllstoffkonzepte, Frechen (D)

8. Grundler M., Derieth T., Heinzel A.: Polymer compounds with high themal
conductivitys, Proceedings PPS 2015, Graz

10/10

etence Center Leoben GmbH Tel: +43 3842 42962-0 Firmenbuch: LG Leoben Steiermarkische Sparkasse
> 12, A-8700 Lecben Fax 12 42962-6 FN 223698y

office@pccl.at UID-Nr. ATU 54829208




