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Abstract: This study presents measurements of the thermal conductivity as a function of temperature for different polymers: poly(methyl methacrylate) (PMMA), polystyrene (PS) and polyethylene (PE). The effects of varying the polymer
structure, sample thickness and degree of crystallinity on the thermal conductivity are reported. The thermal conductivity
increases with temperature for amorphous and semicrystalline polymers with crystallinity less than 50%, and decreases
with temperature for semicrystalline polymers with crystallinity larger than 50%. Moreover, the thermal conductivity of
the crystalline polymer is found to be larger than that of the amorphous polymer at the same temperature. The contact
resistance of PMMA and PE could be calculated from the sample thickness dependence of the thermal resistance.
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Introduction

exceptional optical clarity. These materials are widely used in
adhesives, lens, neon signs, automotive signal light, paper
coatings, etc. However, just like most polymers, they are thermal insulation materials, which limits their applications. In
order to maximize their performance, polymers are increasingly required in situations that challenge the thresholds of
their thermal capabilities. It is therefore important to study the
thermal properties of these materials under a wide range of
conditions relevant to industrial processing and use.
Heat conduction in polymers is mediated mainly by the elastic wave of phonons only as the result of the molecular vibration of the lattice, where there are no free electrons.6 Thermal
conductivity of polymers can be described by Debye and Eiermann model7-10 as:

Nowadays, polymeric materials play a crucial role in our
daily life. They are widely used in various fields, including
aeronautics and astronautics devices, thermal insulators, integrated circuit, environmental protection and biomedical science.1-4 The importance of polymers has become much more
emphasized as its applications are numerous and varied. Poly
(methyl methacrylate) (PMMA), polystyrene (PS) and polyethylene (PE) have several applications in different fields
including aerospace, automotive, electronics, packaging and
medical applications.5 They have several desirable properties,
including high strength, excellent dimensional stability, and
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where, K is the thermal conductivity, Cv is the heat capacity at
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constant volume,  is the density, v is the propagation speed of
the phonons through the lattice (sound velocity) and  is the
mean free path of phonon. Under steady-state conditions when
the temperature is constant, the thermal conductivity can be
calculated using the relation10-12:
q
T
------ = –KA  -------
 L
t

(2)

where q/t is the heat flow rate, A is the sample cross section
area, T is the temperature difference between the specimen
faces, and L is the specimen thickness. The thermal diffusivity D can be calculated from the thermal conductivity
using the relation7:
K
D = --------Cp

(3)

where Cp is the specific heat at constant volume. To calculate
the thermal diffusivity as a function of temperature we assume
that the density is independent of temperature, and we calculate the specific heat as a function of temperature from the
eq.12:
o

(4)

o

(5)

Cps  T  = Cps  25 C  1 + 0.003 T – 25 
Cpl  T  = Cpl  25 C  1 + 0.0012  T – 25  

The subscript s refers to the solid phase and l to the liquid
phase. For PS, PMMA and PE (with 100% crystallinity), we
have used eq. (4) to calculate the specific heat as a function of
temperature. Eq. (5) was used to calculate the specific heat for
PE (with 0% crystallinity).12-14 To determine Cp(T) as a function of percent crystallinity for PE we made extrapolation of
both Cp  T  and Cp  T , as the limits of 100% and 0% cryss

l

tallinity, respectively.12,15 The values of the specific heat used
in our calculations are: for PS Cps(25 oC) = 1.250 J/goC, for
PMMA Cps(25 oC) = 1.576 J/goC, and for PE Cps(25 oC)
= 1.632 J/goC and Cpl(25 oC) = 2.193 J/goC. The enthalpy value
of 290 J/g of 100% crystalline PE is used.
In this paper, our study aims to investigate the effects of
varying the polymer structure, sample thickness and degree of
crystallinity on the thermal conductivity. The calculated values
of specific heat for the studied samples are listed in Table 1.

Experimental
Sheet samples of PE (4, 5, 10 mm thick), PS (5 mm thick)
and PMMA (4, 5 and 10 mm thick) were used. Each sample
was cut as a square with 30 cm side length. In order to change
the degree of crystallinity of the PE samples, three samples
were heated up to 180 oC for 2 h after inserting each one in a
square stainless steel mold with 30 cm side length. The first
sample was cooled at 3 oC/min rate, the second at 1 oC/min rate
and the third sample at 0.5 oC/min rate, and then the degree of
crystallinity was measured for the three samples using differential scanning calorimeter (DSC).16 DSC analysis have
shown that the original sample of PE (before heating) has a
degree of crystallinity of 14% (more amorphous). The degree
of crystallinity is found to increase with decreasing the cooling
rate. The degree of the crystallinity for the three PE samples
(after heating and cooling process) is found to be 22%, 46%,
and 61% for a cooling rate of 3, 1, and 0.5 oC/min, respectively.
The measurements of the thermal conductivity have carried
out using a computerized thermal conductivity apparatus (Figure 1). This apparatus measures the thermal conductivity using
heat flowmeter steady-state method.17 The specimen was sandwiched between two rubber sheets to remove the air gaps, and

Table 1. Calculated Specific Heat at Different Temperatures
for PS, PMMA and PE Samples (Xc = % crystallinity)
Cp (J/g°C)

T
(°C)

PS

PMMA

20

1.23

1.55

2.10

2.05

1.92

1.83

30

1.27

1.60

2.13

2.08

1.95

1.87

40

1.31

1.65

2.16

2.12

1.99

1.91

50

1.34

1.69

2.19

2.15

2.03

1.95

60

1.38

1.74

2.22

2.18

2.06

1.99

65

1.40

1.77

2.23

2.19

2.08

2.01

PE
PE
PE
PE
(Xc = 14) (Xc = 22) (Xc = 46) (Xc = 61)
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Figure 1. Block diagram of the thermal conductivity apparatus.
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then it was placed between a hot plate and the heat flowmeter
which is attached to a cold plate. The hot and cold plates are
maintained at constant temperatures, the temperature of the
two plates was measured using surface thermocouples. The
apparatus is surrounded by insulating jacket to minimize the
heat loss.

Results and Discussion
Polymer Structure Dependence. Thermal conductivity of
PS, PMMA, and PE was measured at different temperatures:
20, 30, 40, 50, 60, and 65 oC. Figure 2 shows the temperature
dependence of the thermal conductivity and thermal diffusivity
of a 5 mm thick sample from each polymer. The thermal conductivity increases with temperature for the three polymers.
For PS and PMMA (amorphous polymers) this increase is due
to the increase in the specific heat with temperature in agreement with eq. (4). For PE (semicrystalline, 14% crystallinity),
the increase in the thermal conductivity is due to larger percent
of the amorphous content than the crystalline content in this
sample, thus it behaves similar to amorphous polymers.18 The
figure also shows that the thermal conductivity of PMMA is

Figure 2. Temperature dependence of (a) the thermal conductivity;
(b) the thermal diffusivity of 5 mm thick samples of PS, PMMA and
PE (Xc = 14%).
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larger than that of PS, which is expected for amorphous polymers because the specific heat of PMMA is larger than that of
PS.12 The thermal conductivity of PE is larger than that of the
other two polymers because the PE is a semicrystalline polymer characterized by a more ordered structure, which in general yields less phonon boundary scattering and larger phonon
mean free path, and thus higher thermal conductivity.19,20 The
thermal diffusivity increases with temperature for the three
polymers. Similar results have been reported recently on different polymeric materials.21,22 This could be explained through
eq. (3), where the thermal conductivity increases with temperature, the volume density is almost temperature independent and the specific heat increases with temperature. Since the
increase in the thermal conductivity is larger than the increase
in the specific heat, the thermal diffusivity increases with temperature.
Specimen Thickness Dependence. In principle, thermal
conductivity should be independent of specimen thickness or
geometry. However, the measured thermal conductivity
increases with increasing the specimen thickness for both
amorphous and semicrystalline polymers as shown in Figure 3.
This observation suggests a heat resistive interface (between
the sample faces and the hot or cold plates) related to contact

Figure 3. Temperature dependence of the thermal conductivity of
(a) PMMA; (b) PE (Xc = 14%) for different specimen thickness.
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Figure 5. Temperature dependence of the thermal conductivity of
PE samples with different degrees of crystallinity. The cooling rate
for each sample is written beside the degree of the crystallinity.

Figure 4. Variation of thermal resistance with specimen thickness
for (a) PMMA; (b) PE (Xc = 14%) samples.
Table 2. Contact Resistance of PMMA and PE at Different
Temperatures
T (°C)

Contact resistance (m2 oC/w) (10-2)
PMMA

PE

20

2.2

2.9

30

2.1

2.7

40

2.0

2.5

50

1.9

2.5

60

1.8

2.4

65

1.8

2.4

resistance. This contact resistance is essentially independent of
the specimen thickness.23,24
The measured total thermal resistance of PMMA and PE
polymers versus the sample thickness is shown in Figure 4. It
is shown that the total thermal resistance increases linearly
with the sample thickness. The total thermal resistance across
the sample (the measured resistance) can be considered to be
comprised of two parts, sample resistance (Rs) and contact
resistance (Rc).
L
Total resistance (R) = Rs + Rc = ---- + Rc
K
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where L is the sample thickness. This equation implies that a
plot of the measured thermal resistance versus sample thickness should yield a straight line with slope (1/K) and intercept
equals to the contact resistance.23,24 The calculated values of
the contact resistance for PMMA and PE polymers from the
intercepts of the lines in Figure 4 is listed in Table 2.
Degree of Crystallinty Dependence. The temperature
dependence of the thermal conductivity was measured for four
PE samples with different crystallinity (14, 22, 46, and 61%).
As displayed in Figure 5, the thermal conductivity increases
with increasing the degree of crystallinity. This is due to the
higher ordered-structure in the samples with higher crystallinity; a case yields less boundary scattering and thus higher
phonon mean free path.25,26 The results also show that the thermal conductivity for the first three samples (with crystallinity
14, 22 and 46%) increases with temperature, but for the fourth
one (61% crystallinity) it decreases with temperature. This is
because the amorphous content is larger than the crystalline
one in the first three samples, so they behave similar to the
amorphous polymers. In the fourth sample, the crystalline part
is larger than the amorphous one, thus it behaves like a crystalline polymer and its thermal conductivity decreases with
temperature.

Conclusions
The thermal conductivity of PMMA, PS and PE polymers
was studied as a function of temperature, degree of crystallinity and sample thickness. It was found that the thermal con-
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ductivity increases with temperature for amorphous and
semicrystalline polymers with crystallinity less than 50%, and
decreses with temperature for semicrystalline polymers with
crystallinity greater than 50%. Moreover, the thermal conductivity of the crystalline polymers was found to be larger
than that of the amorphous polymers. For semicrystalline polymers, the thermal conductivity increases by increasing the
degree of crystallinity, and increasing the sample thickness
leads to increasing the measured thermal conductivity due to
the existence of the contact resistance.
Acknowledgment: The authors thank the University of
Applied Science (Jordan), and the Jordanian Pharmaceutical
Manufacturing Company for their cooperation.

References
1. Zhi, C.; Bando, Y.; Tang, C.; Kuwahara, H.; Golberg, D.
Large‐Scale Fabrication of Boron Nitride Nanosheets and Their
Utilization in Polymeric Composites with Improved Thermal and
Mechanical Properties. Adv. Mater. 2009, 21, 2889-2893.
2. Shahil, K. M. F.; Balandin A. A. Graphene–Multilayer Graphene
Nanocomposites as Highly Efficient Thermal Interface Materials.
Nano Lett. 2012, 12, 861-867.
3. Nassar, M. A.; Abdelwahab, N. A.; Elhalawany, N. R.
Contributions of Polystyrene to the Mechanical Properties of
Blended Mixture of Old Newspaper and Wood Pulp. Carbohydr.
Polym. 2009, 76, 417-421.
4. Zhao, W.; Li, J.; Jin, K.; Liu, W.; Qiu, X.; Li, C. Fabrication of
Functional PLGA-based Electrospun Scaffolds and their
Applications in Biomedical Engineering. Mater. Sci. Eng. C.
2016, 59, 1181-1194.
5. Rehab, A.; Akelah, A.; Agag, T.; Betiha, M. Polymer–organoclay
Hybrids by Polymerization into montmorillonite‐vinyl Monomer
Interlayers. J. Appl. Polym. Sci. 2007, 106, 3502-3514.
6. Vankrevelen, D.; Hoftyzer, P. Properties of Polymers; Elsevier
Publishing Company: New York, 1972.
7. Debye, P. J. W.; Flory, P. J.; Blombergen, N.; Bitter, F. Lectures
in Material Science; W. A. Benjamin, Inc.: New York, 1963.
8. Eiermann, K. Thermal Conductivity of High Polymers. J. Polym.
Sci. C. 1964, 6, 157-165.
9. Tabor, D. G. Liquids and Solids and Other State of Matter; 3rd
edition, Cambridge University Press: Cambridge, 1991.
10. Bicerano, J. Prediction of Polymer Properties. Plastics
Engineering Series; Marcel Dekker Inc.: New York, 1993.
11. Abu-Isa, I. A. Thermal Properties of Automotive Polymers II
Thermal Conductivity Measurements; SAE Technical Papers
Series 2000, 1, 1320.
12. Berman, R. Thermal Conduction in Solids; Clarendon Press:
Oxford, 1979.

285

13. Jastrazebski, Z. D. The Nature and Properties of Engineering
Materials; 3rd revised edition, John Wiley and Sons: New YorkLodon, 1987.
14. Young, R.; Lovell, P. Introduction to Polymers; 2rd edition,
Chapman and Hall: London, 1991.
15. Guinier, A.; Jullien, R. The Solid State from Superconductors to
Superalloys; Oxford University Press: Oxford, 1989.
16. Agrawal, R.; Saxena, N. S.; Mathew, G.; Thomas, S.; Sharma, K.
B. Effective Thermal Conductivity of Three‐Phase Styrene
Butadiene Bomposites. J. Appl. Polym. Sci. 2002, 76, 1799-1803.
17. Shim, H.; Seo, M.; Park, S. Thermal Conductivity and
Mechanical Properties of Various Cross-Section Types Carbon
Fiber-Reinforced Ccomposites. J. Mater. Sci. 2002, 37, 18811885.
18. Dashora, P.; Gupta, G. On the Temperature Dependence of the
Thermal Conductivity of Linear Amorphous Polymers. Polymer
1996, 37, 231-234.
19. Katsure, T.; Kamal, M.; Utracki, L. A. Electrical and Thermal
Properties of Polypropylene Filled With Steel Fibers. Adv. Polym.
Technol. 1985, 5, 193-202.
20. Hall, J.; Ceckler, W.; Thompson, E. Thermal Properties of Rigid
Polymers. I. Measurement of Thermal Conductivity and
Questions Concerning Contact Resistance, J. Appl. Polym. Sci.
1987, 33, 2029-2039.
21. dos Santos, W. N.; de Sousa, J. A.; Gregorio Jr., R. Thermal
Conductivity Behaviour of Polymers Around Glass Transition
and Crystalline Melting Temperatures. Polym. Test. 2013, 32,
987-994.
22. Bai, L.; Zhao, X.; Bao, R. Y.; Liu, Z. Y.; Yang, M. B.; Yang, W.
Effect of Temperature, Crystallinity and Molecular Chain
Orientation on the Thermal Conductivity of Polymers: A Case
Study of PLLA. J. Mater. Sci. 2018, 53, 10543-10553.
23. Sterzynski, T.; Linster, J. J. Thermal Diffusivity in Polymers
Oriented Uniaxially in the Solid and in the Molten State. Polym.
Eng. Sci. 1987, 27, 906-912.
24. Das, V. D.; Bahulayan, D. Thickness and Temperature Effects on
Thermoelectric Properties of Pb0.6Sn0.4Te Thin Films. J. Appl.
Phys. 1996, 80, 1633-1639.
25. Sombtsompop, N.; Wood, A. K. Measurement of Thermal
Conductivity of Polymers Using an Improved Lee's Disc
Aapparatus. Polym. Test. 1997, 16, 203-223.
26. Nyilas, A.; Rehme, R.; Wyrwich, C.; Springer, H.; Hinrichsen, G.
Thermal Diffusivity and Conductivity of Highly Filled Epoxies
as Cover Materials for Microelectronical Devices as Measured by
the Heat Pulse Technique, J. Mater. Sci. Lett. 1996, 15, 14571459.
Publisher’s Note The Polymer Society of Korea remains neutral with
regard to jurisdictional claims in published articles and institutional
affiliations.

Polym. Korea, Vol. 45, No. 2, 2021

