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Abstract

The lattice thermal conductivity of a semicrystalline polymer was studied at low temperatu-
res by calculating the total lattice thermal conductivities of four samples of polyethylene with dif-
ferent degrees of crystallinity between 0.43 and 0.81 and temperatures between 0.4 and 20 K.
The contributions of the crystalline and noncrystalline natures and their percentage contributions
were taken into account. The predicted lattice thermal conductivity of polyethylene was in fairly
good quantitative agreement with the experimental value, and showed a strong crystallinity de-
pendence, with a distinctive cross-over point at about 2 K.
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Introduction

Many experimental and theoretical studies [1-12] have been conducted to in-
vestigate the thermal conductivities of amorphous and semicrystalline poly-
mers. It is well known that the thermal conductivities of amorphous materials,
whether organic or inorganic, display similar temperature dependences [13]. In
the temperature region below 0.5 K, the lattice thermal conductivity of a non-
crystalline polymer is approximately proportional to T2, As the temperature in-
creases, this conductivity increases more slowly, and between S and 15 K, it
becomes almost independent of temperature (plateau region). The lattice ther-
mal conductivity again increases at high temperatures and becomes propor-
tional to the specific heat at about 60 K. The plateau region has not been
observed in the measurement of the lattice thermal conductivities of semicrys-
talline polymers, and the temperature dependence of the lattice thermal conduc-
tivity is wastly different from that for amorphous polymers. At the same time,
the temperature dependence of the lattice thermal conductivity of a semicrys-
talline polymer is also different from that of the crystalline polymer. Below
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20 K, it is observed that the lattice thermal conductivity exhibits 7and T ? tem-
perature dependences, as well as a strong dependence upon the degree of crys-
tallinity.

In their attempts to analyze the experimental data on the lattice thermal con-
ductivity of a polymer, some of the earlier workers [1, 2] assigned a two-dimen-
sional frequency distribution function for phonon frequencies less than the
critical frequency o. and a three-dimensional frequency distribution for fre-
quencies greater than o.. Choy and co-workers [9, 10] assumed that the semi-
crystalline polymer is composed of crystalline lamellae embedded in an
amorphous matrix. It has been found [14-17] that at very low temperatures the
temperature dependence of the lattice thermal conductivity of a semicrystalline
material is similar to that of a polymer. In a semicrystalline polymer, phonons
are scattered by a combination of two processes. The first is the scattering of
phonons by the internal boundaries, which is characterized by a frequency-in-
dependent mean free path, while the second is due to the structure scattering,
which can be studied by the density fluctuation model as proposed by Klemens
[18] and by Walton [19]. According to Assfalg [20], the scattering relaxation
rate can be expressed as the sum of two relaxation rates, arising from the amor-
phous phase and spherulites in the polymer. Considering the crystalline and
noncrystalline natures of a semicrystalline polymer, Dubey and co-workers
[21-23] expressed the total lattice thermal conductivity as the sum of two parts.
The first is attributed to the noncrystalline structure, which can be estimated by
using the density fluctuation model proposed by Walton [19], while the second
is related to the crystalline structure and can be calculated in the frame of the
Callaway theory [24].

The present investigation comes as a continuation of the earlier studies. Its
objective is the study of the lattice thermal conductivities of four samples of
polyethylene in the temperature range 0.4-20 K. This material was selected as
the subject of this work due to its crystallinity, which can be changed over a
wide range (0.43 to 0.81) where relevant data are available. Thus, one can have
a number of samples of polyethylene with different degrees of crystallinity
without change in the chemical composition. The study was performed by esti-
mating the contributions of the crystalline (Kc) and noncrystalline (Kx) natures
separately. The effects of the degree of crystallinity on the contributions of the
crystalline and noncrystalline natures are likewise reported in the present study.
The relative importance of each type of contribution was also studied by calcu-
lating its percentage contribution to the total lattice thermal conductivity.
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Expression for the lattice thermal conductivity

Empirically, it is known from ultrasonic {25] and light scattering [26, 27]
experiments that phonons propagate in amorphous materials at frequencies up
to ©;=4-10'" Hz, and hence contribute to the thermal resistivity of the material
by interacting with the crystal boundaries. Thermal phonons in this frequency
range correspond to temperatures ~).4 K. Considering the contributions of
crystalline and noncrystalline natures, the total lattice thermal conductivity of a
semicrystalline polymer can be given as

K=Ky +Kc (1)

Density fluctuations have previously been considered by Klemens [18], who
gave a phenomenological treatment yielding a phonon mean free path propor-
tional to ¢, where g is the phonon wave vector. This treatment holds true when
the wavelength is much smaller than the correlation length L, while in the op-
posite limit the mean free path is constant. Ziman [28] suggested that the cor-
rect formula would contain both cases. Later, Walton [19] supposed that the
amorphous structure has a certain fraction P of its volume empty, this fraction
P giving rise to phonon scattering. According to Walton [19] the expression for
the mean free path becomes:

1 P 4 b 2)
l (q)~4 " _Pq+Aoq V., for gV’ <1
17q) = B,V for gVi> 1 3)

where P is the fraction of empty spaces, which depends on the thermal history
of the sample, 4, and B, are constants, and V, is the critical volume. The first
term on the right-hand side of Eq. (2) represents the scattering of phonons by
empty spaces, while the second term corresponds to the Rayleigh scattering
[29].

As mentioned earlier, the phonons with a frequency range 0 < ® < ©; can
interact with the crystal boundaries and the empty spaces, while the phonons
with frequency range ©; < ® < o, (plateau frequency corresponding to plateau
temperature) can interact with empty spaces only. The phonons having a fre-
quency range o, < ® < 0p (Debye frequency) can not interact with either the
crystal boundaries or the empty spaces. Following the earlier work of Dubey
[22, 23] and using (2) and (3), the combined scattering relaxation rates corre-
sponding to the three different frequency ranges can be given by:
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G =G +oxT+Bx*T* for 0<o <o 4
Cew = oxT + Bx*T* for ©1 <® < Op 5)
Cat =P for o <© < op (6)

where Cs' is the boundary scattering relaxation rate [30], o, B and P’ are con-
stants and can be calculated with the help of (2) and (3) as:

-1 P Ky : @)
*T 41 P
B AV, (&}4 ®)
VR
B’ = buV % )

where v is the phonon velocity. If the combined scattering relaxation rates and
their respective frequency ranges are considered and the Dubey integral is used,
the lattice thermal conductivity of the noncrystalline nature of a semicrystalline
polymer can be expressed as:

Kn = Kgg + Kpm + Kap (10)
T/T T,/ T 8,/T (1)
Kn=c| [Copd(x) dx + [ConJ (@) dx + [CarJ(x) dx
0 T/T T,/T

where c=(Kp/2nv)(Ks/R)’, J(x)=x"¢*(€"*~1)?, Ti=hw/Kp, Tr=Fio,/Kp and Op is
the Debye temperature. At low temperatures, the contribution Kap is negligibly
small as compared with the other types of contribution.

When the Callaway [24] expression for the lattice thermal conductivity is
used, the contribution K¢ due to the crystalline nature of a semicrystalline poly-
mer can be given by:

8T (12)
Ke=c (G + Git + Gl + Gl ) ) x

T/T

where ‘CGiis, 'Gy' and G’ are the dislocation [31], point defect [31] and pho-
non—phonon [32] scattering relaxation rates, respectively. The expressions used
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for these scattering relaxation rates are given by Cii =a0, Gy'=4e* and
G =Bo’T?, where g, A and B are the scattering strengths of the respective
processes.

Thus, the total lattice thermal conductivity of a semicrystalline polymer at
low temperature can be written as:

T T/T
K=c [tf(‘cn* Uy oxT + BT () dx + j (oxT + B*TH " J(x) dx +
0 T/T
6/T
+J(‘CB“ +Gx + Dx* + b)) J(x) dx (13)
TJT

where G=a(KpT/H), D=A(KsT/F)* and b=B(Ks/)*T".

Lattice thermal conductivity of polyethylene

Kolouch and Brown [4] measured the thermal conductivities of four samples
with crystallinities in the range from 0.43 to 0.81 between 1.2 and 20 K. Scott
et al. [2] also measured the thermal conductivity of polyethylene in the tem-
perature range 0.15-4 K and attempted to explain their results in the frame of
two- and three-dimensional approaches. Dubey [11] set out to explain the data
of Scott et al. by considering the presence of both core and strain field disloca-
tions in the crystalline structure. Saleh et al. [21, 23] analysed the above mea-
surements by estimating the contributions of crystalline and noncrystalline
structures.

By adjustment of the strengths of the different scattering processes (Table 1),
the total lattice thermal conductivities of the four samples of polyethylene at the
different degrees of crystallinity X=0.43, 0.56, 0.71 and 0.81 were calculated
between 0.4 and 20 K by estimating the separate contributions of Ky and Kc
with the help of (13). Results obtained are shown in Fig. 1. The experimental
data on the lattice thermal conductivity of polyethylene are taken from the re-
port of Kolouch and Brown [4]. The variation in the total lattice thermal con-
ductivity with the degree of crystallinity X at a constant temperature is likewise
illustrated in Fig. 2.

The variations in Ky and K¢ with temperature for different values of crystal-
linity X are shown in Figs 3 and 5, while the variations in Knx and K¢ with the
degree of crystallinity X at a constant temperature are reported in Figs 4 and 6.
The effects of the degree of crystallinity X on the contributions of noncrystalline
and crystalline structures were also studied by calculating the separate percent-
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Table 1 Values of parameters used for theoretical curves

X=0.43 X=0.56 X=0.71 X=0.81
/K 0.4 0.4 0.4 0.4
/K 10 10 10 10
8/K 135 135 135 135
v/ 10° em-s™ 1.98 2.01 2.17 2.26
a/10° s K 0.8 0.85 0.85 0.9
B/10" sk 2.8 3.0 3.5 4.0
a 0.115 0.08 0.045 0.02
-40 3
A/107"s 0.77 0.75 0.3 0.08
cy'/10° 57 1.0 1.0 1.0 1.0
B/ 1072 K> 1.0 1.0 1.0 1.0
162
3
107
’a -
@
-
€ ¢
S>10 +
<
x
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g1 10
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Fig. 1 Lattice thermal conductivity of four samples of polyethylene. Solid lines are the calcu-
lated values. A, W, ¢ and x are the observed values corresponding to samples having
different degrees of crystallinity, X=0.43, 0.56, 0.71, 0.81 respectively
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Results and discussion

In Fig. 1, the predicted and available observed lattice thermal conductivities
of four samples of polyethylene are depicted against temperature. For tempera-
tures above 2 K, a marked accord may be observed between the theoretical val-
ues and the available experimental data. It can also be seen that in this range of
temperatures the lattice thermal conductivity of polyethylene increases with in-
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Fig. 2 Variation of the lattice thermal conductivity of polyethylene with the degree of crystal-
linity X at

age contributions %Kn (% Kse+ %Kem) and % Kc for each sample. The results
obtained are listed in Table 2.
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Fig. 3 The contribution to the lattice thermal conductivity due to noncrystalline structure for
the different values of degree of crystallinity X

creasing degree of crystallinity, but this effect diminishes near 2 K, while an op-
posite trend can be seen in the range T < 2 K with a crossover near 2 K. How-
ever, close examination of the points observed for the samples considered in
Fig. 1 reveals the existence of a crossover especially for the samples with de-
grees of crystallinity X=0.43 and 0.71. The increase in the lattice thermal con-
ductivity with increasing degree of crystallinity can be accounted for by the
reflection of the higher average conductivity of the crystalline structure.

Choy and Greige [33] assumed that the difference in elastic properties be-
tween the crystalline and amorphous regions gives rise to a thermal boundary
resistance. As the temperature decreases, the boundary resistance increases, so
that near a certain temperature, the contribution of the thermal boundary resis-
tance predominates over any increase in conductivity due to the presence of the
crystalline region, consequently leading to the crossover in the thermal conduc-
tivity curves. The crystalline material has a higher average conductivity than the
amorphous material, so that at high temperature, where the boundary resistance
is negligible, the net conductivity of a polymer increases as the degree of crys-
tallinity increases.

A better illustration is provided by the data on polyethylene terephthalate
(PET) [33], which clearly demonstrate two opposite trends. At low tempera-
tures, the percentage contribution %Ky is greater than % Kc (Table 2). This in-
dicates the effect of the presence of the available scattering processes in the
noncrystalline part, which involve boundary scattering and empty space scatter-
ing. At the same time, %Kgym is much larger than % Kpg, which shows that the
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low-temperature lattice thermal resistivity of the noncrystalline structure is
mainly due to the scattering of phonons by the empty spaces.

Saleh and Dubey [34] showed that below 1 K, the lattice thermal conductiv-
ity of polyethylene is almost independent of the boundary scattering relaxation
rate. They also demonstrated [22] that at low temperature the lattice thermal
conductivity of polyethylene decreases with increasing P (fraction of empty
space), which reflects the effectiveness of empty space scattering. Table 1 re-
veals that the value of P increases as the degree of crystallinity increases. This
means that at low temperature there is an increasing degree of crystallinity, in-
creasing P, and hence decreasing lattice thermal conductivity. The crossover
behaviour can therefore be interpreted at low temperatures, as a result of the
predominance of the influence of the value of P over any increase in thermal
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Fig. 4 Variation of the contribution Kx with the degree of crystallinity X at constant tempera-
ture
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Fig. § The contribution to the lattice thermal conductivity due to crystailine structure for the
different values of degree of crystallinity

conductivity that comes from the degree of crystallinity. From Table 2, it can
also be seen that %K decreases with increasing temperature and degree of
crystallinity, while % K¢ exhibits an increasing nature in the temperature range
of this study. Below a certain temperature (which varies according to the degree
of crystallinity), %Ky predominates over %Kc, while the reverse holds above
that temperature. Table 2 shows a zero contribution due to Kc at very low tem-
peratures. In fact, it is not zero, but the value is so small that it can be consid-
ered zero.

Figure 2 illustrates that the lattice thermal conductivity below 2 K decreases
as the degree of crystallinity X increases, whereas above this temperature it dis-
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plays an increasing tendency with increasing degree of crystallinity. From
Figs 3 and 4, it can be said that Ky shows an increasing tendency with increas-
ing temperature, while it decreases with increasing degree of crystallinity. Just
below 4 K, it can be seen that for each degree of crystallinity the contribution
Kx changes rapidly downward, while above this temperature it shows a very
slow variation with temperature. It is very clear that the natures of the Ky vs. T
curves are similar for all the samples considered. Figures 5 and 6 demonstrate
that the contribution K¢ increases with increasing T and increasing degree of
crystallinity X, and the natures of K¢ vs. X are very similar at each temperature
in the range of study.
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Fig. 6 Variation of the contribution K¢ with the degree of crystallinity X at constant tempera-
ture
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Zusammenfassung — Die Gitterwirmeleitfahigkeit eines semikristallinen Polymers wurde bei
niedrigen Temperaturen iiber die Berechnung der gesamten Gitterwirmeleitfahigkeit von vier
Proben aus Polyethylen mit verschiedenem Kristallinitdtsgrad zwischen 0,43 und 0,81 und bei
Temperaturen zwischen 0,4 und 20 K untersucht. Dabei wurde der Beitrag des kristallinen und
nichtkristallinen Natur und ihr prozentueller Beitrag beriicksichtigt. Die vorausgesagte Gitter-
wirmeleitfahigkeit von Polyethylen stand in guter quantitativer Ubereinstimmung mit dem ex-
perimentellen Wert, und zeigt eine starke Kristallinititsabhingigkeit mit einem auffilligen
Cross-over bei etwa 2 K.

J. Thermal Anal., 42, 1994



