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Abstract

The aim of this work is to determine the heat transfer in
semicrystalline and amorphous polymers. The method is
based on ASTM 5334 using a double needle sensor. The
thermal diffusivity will be determined due to its
reliability in the used technique. The polymers studied
were polycarbonate, polypropylene and
polyoxymethylene. The obtained results indicated that the
semicrystalline polymers transferred the heat flow better
than the amorphous polymers. This was because of the
vibrations of the phonons were more efficient in semi-
crystalline lattice, especially for polymers which had few
attached side functional groups. Other important factors
contributing to improved heat transfer were the amount
of material around the sensor and the orientation of the
flow when the polymer is flowing during extrusion
process. This fact contributed to the directionality of the
heat pulse through the polymer matrix. Eventually, the
method was efficient and robust, and increased the
knowledge of polymers in this line of research.
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1. Introduction

Nowadays there is a major interest in the field of heat
transfer  devices among scientific  researchers,
manufacturers and developers. Applications include air-
conditioning, refrigeration, general power systems, heat
exchangers, power conversion devices, electronics for
instance. The use of metal materials, such as steel or
aluminum, in constructing heat-exchanging appliances is
usually connected with operating limitations. That is why
researchers started looking for alternative materials, one
of which are polymers. Even though polymers are
characterized by low thermal conductivity, they offer
substantial number of advantages instead. Primarily,
using polymers may decrease cost, volume and weight of
the device. Other useful properties include flexibility,
resistance to fouling and corrosion and the ease with
which they can be tailored to application needs [1].
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Enhancing thermal conductivity of polymers has been a
huge challenge for a certain time which is why robust
understanding of mechanism of heat transfer in polymers
is desired.

Heat transfer takes place when thermal energy is
exchanged between two physical objects. Thermal energy
can be defined as a sum of kinetic energy of atomic
motions and potential energy of distortion of interatomic
bonds [2]. Heat is transferred from high to low
temperature areas of the material and can occur in three
different modes: conduction, convection and radiation.
Conduction is a result of interactions between electrons,
vibrating atoms and molecules. Transferring heat by
conduction requires direct contact and occurs in all
phases of matter. Convection takes place when a mass of
liquid or gas is transported due to density differences or
under the influence of external force. Heat transfer by
radiation takes place when the body (solid or fluid) is
emitting electromagnetic waves as a consequence of its
temperature [3] [4]. The main focus on this research is
put on heat transfer in solid state polymers by means of
conduction.

Ability of the material to conduct heat can be described
by thermal conductivity A, which is a coefficient in the
Fourier’s law. The unit of thermal conductivity is W-m’
1 -1
K.

OX
Where q is the heat flux i.e. the amount of thermal energy
transferred through a unit of area per unit of time, A is the
thermal conductivity in W-m™.K™, and T/ox the thermal
gradient.

Thermal conductivity is temperature dependent. Other
factors that may influence thermal conductivity include
pressure, chemical phase, thermal anisotropy, density,
magnetic field, morphology, orientation, additives,
impurities, moisture [5] [6].
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A physical property that characterizes unsteady state heat
conduction is called thermal diffusivity a. It describes the
ability of a material to transmit a thermal disturbance [7].
In other words, it describes how quickly the heat is
propagated in the material during temperature change.
Thermal diffusivity is simply related to thermal
conductivity by Equation 2. The unit of thermal
diffusivity is mm?s™,

()

Where « is the thermal diffusivity, p is the density of the
specimen, and C, is the specific heat capacity i.e. the
amount of energy needed to increase the temperture of 1
one kg of mass by 1 °K.

Heat is transferred by electrons and phonons (waves of
lattice displacement). Since polymers are non-metallic
substances with no free electrons the heat transfer occurs
mainly due to lattice vibrations [2]. Debye described the
relationship between thermal conductivity and lattice
oscillations by Equation 3 [8].

A=KpC,vi 3)

Where K is a dimesionless constant around 0.33, v is the
transfer speed for elastic oscillations i.e. the sound speed
within the mass material, and | is the free lenght of elastic
oscillations i.e. the atomic distance for amorphous
thermoplastic region.

According to Equation 3, factors that influence thermal
conductivity of a polymer are type and strength of the
bonds located in the direction of heat transfer.

The goal of this study was to observe the influence of
chemical structure and morphology of different polymers
on heat transfer, as well as to determine how the
dimensions of the sample influence the thermal
diffusivity value of the polymer. This would provide
better understanding of heat transfer mechanisms inside
polymers.

2. Methodology

Samples required to carry out the research work were two
semi-crystalline polymers and one amorphous polymer as
follow;

Polycarbonate
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Polycarbonate (PC) is a transparent, thermoplastic
polymer. It can be characterized with high stiffness and
high impact-resistance. Polycarbonate is amorphous
under normal processing conditions. The literature value
of thermal conductivity at 23°C falls into range from 0.19
to 0.22 W-m™-K™ and thermal diffusivity at 25°C equals
0.14 mmz2-s™ [9].

CHs T
Fo O B4,
CH3 n

Fig. 1 Chemical structure of polycarbonate

Polypropylene
Polypropylene (PP) is a thermoplastic polymer with a
regular and flexible structure  which  favors

crystallization. Most of commercial polypropylene have
intermediate degree of crystallinity. The literature value
of thermal conductivity at 23°C falls into range from 0.10
to 0.22 W-m™.K™ [10] and thermal diffusivity at 25°C
equals 0.096 mmz2-s™ [11].

CH—CH,
n

Fig. 2 Chemical structure of polypropylene

Polyoxymethylene

Polyoxymethylene or polyacetal (POM) is a rigid, hard,
thermoplastic polymer. The white color of the material
comes from high level of crystallinity. The literature
value of thermal conductivity at 23°C falls into range
from 0.22 to 0.24 W-m™-K™* for homopolymer, and 0.23-
0.3 W-m™.K™* for copolymer [12]. Thermal diffusivity
equals 0.18 mmz2-s™ [13].
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Fig. 3 Chemical structure of polyoxymethylene

The methodology used in this research was based on
ASTM D5334. American’s standard D5334 is applicable
for all type of specimens, yet this test method is suitable
only for isotropic materials, usually [14]. In order to
obtain a reliable thermal dataset, a simple laboratory
methodology needs to be adapted and depicted,
according to existing standards and owing to neither the
manufacturer nor the standard present whatever
methodology to investigate on polymers. Also, since
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physicists, chemists, engineers and other current users are
demanding these kinds of data for their different
applications. The present work describes the first step
towards the development of a laboratory procedure to
obtain reliable, accurate and rapid thermal properties
dataset in polymers, taking into account the current
accepted standard [15] is based on.

The measurements were taken using dual-needle sensor,
and measurements were collected through reader-logger.
The dimensions of the sensor are; 1.3 mm diameter, 3 cm
long and 6 mm spacing between the two needles. SH-1
thermal sensor measures the three thermal properties by
employing the dual needle heat pulse method (DNHP).
Although three thermal properties could be measured,
only thermal diffusivity will be assessed beacuse of
reliability of the method.

For each type of polymer 8 samples with different
dimensions were measured (Table 1). Data was collected
with two different heat flow directions, these depended
on sensor orientation, which was in regard to the
direction of polymer flow during extrusion, i.e.
perpendicular to the direction of polymer flow during
extrusion and parallel to the direction of polymer flow
during extrusion (Figure 4).

P
— A

Fig. 4 Samples set up, heat flow measurement
and sensor location. Arrosws indicate the
polymer flow direction. A = perpendicular; B
= parallel.

All measurements were carried out at room temperature,
around 25°C. Five measurements were taken for each
sample. The read time was set for 2 minutes and the
interval between successive measurements was 45
minutes. The reader logger was used in high power mode
to gather all the data. Two different dual-needle sensors
were used to take measurements, thus the sensors
reliability and accuracy were verified as well.

Table 1 Sampling design for the three polymers used. PC=
polycarbonate; PP= polypropylene, and POM=
Polyoxymethylene
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perpendicular parallel
Diamete Diamete
Sample  Height r Height r
(mm)
25 25
35 15 15 50
PC 10 10
40 51 40 51
25 25
35 15 15 50
PP 10 10
40 51 40 51
25 25
35 15 15 50
POM 10 10
40 51 40 51
3. Results
Both thermal conductivity and thermal diffusivity

showed tendency to decrease with decreasing height
(heat flow parallel to the direction of polymer flow
during extrusion) or diameter (heat flow perpendicular to
the direction of polymer flow during extrusion) of the
sample. Samples with the smallest diameter or the
smallest height exhibit major drop in both values of
thermal diffusivity. The reason of this behavior is
probably due to the heat escaping from polymer samples.
The amount of ambient material around the sensors is too
small which allows the heat to escape easily outside
polymeric sample. ASTM 5334 and manufacturer guide
are not clear about the quantity of material in terms of
polymer materials which must be allowed parallel to the
sensor in all directions because the sensor emits heat
pulses, otherwise the error will occur.

For the direction of heat flow perpendicular (Figure 5)
the values of thermal diffusivity for the samples with
dimensions; 35 mm high, 25 mm diameter and 40 mm
high, 51 mm diameter were similar but the smaller (35
mm high, 25 mm diameter) showed slightly higher
values. The difference might be owing to different initial
temperatures prior to thermal measurements. POM
samples with above-mentioned dimensions exhibited the
biggest difference in thermal diffusivity. The initial
temperatures of both samples were practically the same
so the possible explanation might be the use of different
Sensors.
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Fig. 5 Relationship between thermal diffusivity and diameter

samples on polymer flow perpendicular direction.

For the direction of heat flow parallel (Figure 6) the
values of thermal diffusivity for the samples with
dimensions; 25 mm high, 50 mm diameter and 40 mm
high, 51 mm diameter were similar as well. Heat transfer
behavior on the whole of the samples was exactly equal,
i.e. increasing the value when the diameter increased.

Comparing values of thermal diffusivity for the samples
with biggest dimensions in different directions of heat
flow, observe that generally values are very similar but in
the direction parallel to the direction of polymer flow
during extrusion, values of thermal diffusivity are few
higher. The increased values may be attributed to the fact
that during extrusion polymer chains are partially aligned
in the direction of polymer flow because of the tensile
stress which is created during forcing polymer through a
nozzle [16]. The orientation of polymer chains increases
heat diffusivity in the direction of polymer flow during
extrusion because longer phonon mean free paths are
provided parallel to the direction of chain alignment.
Strong covalent bonds along polymer chains transport
heat more effectively than physical interactions (as van
der Waals force for instance) perpendicular to the
backbone.
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Fig. 6 Relationship between thermal diffusivity and diameter
samples on polymer flow parallel direction.

Comparing different polymer samples, the highest values
of diffusivity were obtained for POM samples and the
lowest for PC samples. Probably the most important
factor which influences heat transport is degree of
crystallinity. Both values of thermal conductivity and
diffusivity increase with increasing degree of
crystallinity. Disorder and lack of regularity increases the
effectiveness of phonon scattering in heat transfer
mechanism and thus decreases heat conductivity. PC is
amorphous and has a high-disorder structure which leads
to lower thermal conductivity and diffusivity than
obtained for highly-crystalline POM. PP usually has
intermediate degree of crystallinity which is why its
values of thermal diffusivity are in between of those
measured for PC and POM. Another factor that may
influence heat transport mechanism in examined samples
is the size of side groups attached to polymer backbone.
The bigger the size of bulky groups, the bigger the
disorder and thus decreased thermal diffusivity. For
instance, methyl (CH3) groups attached to polypropylene
main chain increase the disorder and decrease thermal
diffusivity compared to POM backbone with no side
groups.

However, obtained values of thermal diffusivity for all
polymers by ASTM D5334 differ from the values found
in literature and these are much higher. The reason
maight be the use of different method to evaluate thermal
properties on polymers. Furthermore, the morphology of
the samples used in literature was not defined, and this
could be a crucial point on these values.
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Moreover, crystallinity have a great impact on heat
conduction. Thermal properties, specially thermal
diffusivity depends on the degree of crystallinity.
Amorphous polymers with high-disorder have lower
thermal diffusivity than crystalline ones because disorder
and lack of regularity increases the effectiveness of
phonon scattering [13].

Strong covalent bonds that build polymer chains
transport heat more effectively than physical interactions
between chains, such as the van der Waals force. Thus,
thermal conductivity is higher along the polymer
backbone than perpendicular to it [17].

Consequently, orientation of polymer chains caused for
example by stretching of the material increases heat
conductivity in the direction of chain alignment. Thermal
conductivity is higher parallel to stretching (orientation)
direction than perpendicular to it [17]. More extended
chain morphology results in higher thermal conductivity
because it provides longer phonon mean free paths [18].
Defects in polymer structure such as chain ends,
entanglements, random orientation, voids and impurities
act as stress concentration points and phonon scattering
centers [19]. Rod-like polymers that are characterized
with great stiffness of polymer chains exhibit increase in
thermal conductivity due to tendency for crystallization
and therefore chain orientation [20] [21].

Other factors that can influence the order of polymer
structure and thus heat conductivity are amount and size
of side groups. The bigger the size of bulky groups
attached to polymeric chain, the bigger the disorder and
thus decreased the thermal diffusivity. The same rule
applies to the amount of the side groups. Increasing
number of different groups placed along polymer chain
as well as branching reduces regularity of the structure
and decreases the quantity of heat transferred [22].

4, Conclusions

In summary, both chemical structure and morphology of
the sample have had a great impact on thermal properties.
Probably, the most decisive factor has been a degree of
crystallinity of the sample. High degrees of crystallinity
lead to high values of thermal diffusivity.

Moreover, dimensions of the sample have had
significantly influence on thermal properties. The amount
of ambient material around the sensor can not be too
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small, otherwise the error can occur and the measured
values might be distorted. The value of thermal
diffusivity o have a tendency to decrease with decreasing
diameter or height of the sample. Samples with the
smallest diameter or height have exhibited major drop in
values of thermal diffusivity due to heat escaping outside
the sample.

Process of extrusion orientated polymer chains in the
direction of polymer flow and therefore heat diffusivity
was increased in the direction of chain alignment, i.e.
parallel to direction of polymer flow during extrusion.

Dual thermal needle probe test used in this study has
been a fast and efficient method to obtain values of
thermal diffusivity of polymeric materials. Although, the
study of thermal properties of different polymeric
samples with different dimensions enabled greater
understanding of heat transfer mechanism in polymers,
yet still a further deal of research should be done to fully
understand this aspect of polymer science.
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