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ABSTRACT: Thermal conductivity of high-density polyethylene was measured by the 
steady-flow method at temperatures from 4.2 to 20°K. Results were analysed assuming 
two scattering processes of phonons: grain boundary scattering with a mean free path 
AG which is independent of phonon wave number k and intragrain scattering with a 
mean free path An = A/ak2• It was found that AG = 0.48 µ and Aja = 0.51 x 1010 cm-1 

for the as-received sample, and both increase with annealing. The radius of spherulite 
which was kept constant with annealing ranged 5 to 10 µ. AG is attributed to the ex­
tension of lamellar crystallite in the ab-plane. An is assigned to intralamellar sub­
boundaries. According to results in literature, the ratio of thermal conductivity K to 
specific heat C is almost constant from I to 3°K, where the grain boundary scattering 
is predominant. Since at I °K the contribution of two-dimensional lattice waves (Lamb 
waves in lamellae) is more appreciable than three-dimensional ones, the above result 
implies that AG is the same for the two types of waves, which is consistent with our 
conclusion for Ao. 
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Thermal conductivity of insulator crystals is 
limited by various scattering processes of lattice 
waves or phonons. At high temperatures the 
anharmonicity of lattice vibrations is responsible 
for the phonon-phonon interaction process 
(umklapp process). 1 Since, at these tempera­
tures, phonon density is proportional to absolute 
temperature T and the scattering probability is 
inversely proportional to phonon density, the 
mean free path arising from the umklapp process 
is inversely proportional to T. Therefore, at 
high temperatures where specific heat is consid­
ered to be constant in accordance with Dulong­
Petit's law, thermal conductivity increases with 
decreasing temperature in inverse proportion to 
T. 

At lower temperatures, however, where the 
umklapp process is not appreciable, the effect 
of scattering processes of phonons by various 
structural defects in the material becomes pre­
dominant. Thus the conductivity has a maximum 
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at an intermediate temperature and then ap­
proaches zero when T goes to absolute zero. 
Temperature dependence of the conductivity in 
the low-temperature range reflects the nature of 
defects. In the case of polycrystals, the defects 
include grain boundaries and other smaller 
defects in crystallites. Study of thermal con­
ductivity at low-temperatures, therefore, will be 
useful for understanding the nature of defects. 

Thermal conductivity of crystalline polymers 
at low temperatures was investigated for poly­
ethylene, nylon, and polytetrafluoroethylene by 
Reese and Tucker, 2 and for polyethylene and 
nylon by Kolouch and Brown. 3 These authors 
analysed results by use of procedures by Chang 
and Jones,4 who assumed the conductivity to 
be limited by scattering of phonons by two 
kinds of defects, the grain boundaries and the 
two-dimensional defects in crystallites. 

Reese and Tucker2 estimated the size of the 
defects from thermal conductivity but the entity 
of the defects is still open to question. The 
purpose of the present study is to clarify the 
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nature of the defects from thermal conductivity 
in three kinds of high-density polyethylene 
prepared by succesive annealing. 

EXPERIMENTAL 

Measurement of thermal conductivity was 
carried out in the temperature range from 4.2 
to 20°K by the steady flow method.3· 5 Figure I 
shows the schematic diagram of the apparatus. 

The sample was machined into a circular rod 
10 mm in diameter and 100 mm in length. The 
top of the sample was screwed into a copper 
block and a small block of copper with a heater 
winding was attached to the bottom of the 
sample. The sample with the copper blocks 
was surrounded with an inner brass shield. The 
inner shield was further covered by an outer 
brass shield, to which the inner shield was fixed 
with stainless-steel pipes of high thermal re­
sistance. Both shields were evacuated to 10-5 
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Figure 1. Schematic diagram of measuring system. 
Pl to P5 represent leads to the potentiometer, TC-I 
and TC-2 thermocouples, RI and R2 standard 
resistors. 
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mmHg to avoid heat transfer through conduction 
and convection. The outer shield was surrounded 
with · liquid helium and the temperature was 
kept at 4.2°K. Heat radiation from the sample 
was shielded by the inner jacket which was 
nearly the same temperature as the sample. 

Temperature-control of the sample was carried 
out with a 200 D-heater of constantan wire 
wound on the upper copper block. The tem­
perature of the copper block was detected with 
a Cu-constantan thermocouple (TC-2). The 
output from the TC-2 was fed to the control 
circuit6 ' 7 through which the heater current was 
controlled automatically. 

A carbon resistor (49 n, 1/8 W) was used for 
temperature measurement of the specimen. It 
was calibrated at three temperatures: 7 ,s liquid 
nitrogen temperature (77°K); liquid helium 
temperature (4.2°K), and it-point of He which 
was obtained by lowering pressure. 

A constant heat flux was supplied to the 
sample from the lower block by use of heater 
winding of 40 n, and the resultant temperature 
gradient along the sample was measured with 
a thermocouple of Cu-Au: Co alloy (TC-1). 
The two junctions of TC-1 were embedded into 
the sample to the depth of 3 mm and with a 
separation of 60 mm. 

All the leads were thermally anchored to the 
upper copper block and drawn out through the 
steel pipes, by which the air inside the two 
shields was evacuated. These leads consisted 
of enamel-coated copper wire of 0.06 mm¢ except 
for a constantan wire of 0.2 mm¢ for the TC-2. 

The thermal conductivity was calculated using 
the well known expression for the one-dimen­
sional heat flow, 

· ( LlT) Q = KS --;::-Ll .. ( 1 ) 

where Q is the heat flux into the sample, K the 
thermal conductivity, S the cross-sectional area 
of the sample, and LlT/ Llx the temperature gradi­
ent in the sample. The temperature difference 
between the two junctions was as small as 
about 2% of the temperature of the sample. 

The measuring procedures were as follows. 
The two shields were first evacuated and then 
filled with helium gas at a pressure of ca. 200 
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Table I. Samples of polyethylene and results 

d 
Sample (density at 

30°C, g/cm3) 

A (as-received) 0.9642 
B (A annealed at 115°c for 8 hr) 0.9662 
C (B annealed at l28°C for 6 hr) 0.9686 

mmHg. After preliminary cooling with liquid 
nitrogen, liquid helium was introduced into the 
inner glass dewar and the system was left for 
two hours or less till thermal equilibrium was 
reached. Then the lower heater block was 
heated by a regulated de power supply, and 
after the steady state was established, the tem­
perature gradient in the sample was measured 
with a potentiometer. The temperature of the 
sample was then raised by heating the upper 
block, and after the new equilibrium was estab­
lished, the next measurement was made. The 
interval between successive measurements was 
about two hours. 
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Figmre 2. Heat flow plotted against temperature 
for three samples of polyethylene obtained by 
differential scannmg calorimeter with scan speed 
8 deg/min. Symbols are the same as in Table I. 
Weight of sample, 14.1, 13.8, and 13. 3 mg for A 
to C, respectively. 
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Xe u 
( crystallinity, 

%) 
(sound velocity, 

105 cm/sec) 

75 2.15 
80 2.20 
82 2.23 

Ac, f' 

0.48 
1.4 
2.0 

A/a, 
1010 cm-1 

0.51 
0.71 
0.75 

The sample used was high-density polyethylene 
(Hizex 2200). Conditions of heat-treatment of 
the sample are listed in Table I. Effect of the 
heat-treatment was examined by thermal analysis 
with a differential scanning calorimeter. As is 
shown in Figure 2, the peak of the melting 
curve appears at about 133, 136 and 136°C for 
samples A, B, and C, respectively. The shape 
of the peak becomes sharp in the same order. 
The density, which was measured with a density­
gradient tube of benzene-carbon tetrachloride 
mixture at 30°C, increased with annealing as 
shown in Table I. The diameter of spherulite, 
however, was found almost unchanged with 
annealing, ranging from 5 to 10 microns, as 
revealed by observation with the polarizing 
microscope. 

RESULTS AND DISCUSSION 

Figure 3 shows the thermal conductivity as a 
function of temperature for three samples. The 
thermal conductivity increases with increasing 
temperature for each sample, and when compared 
at a definite temperature, the conductivity in­
creases with annealing. 

The thermal conductivity K of insulator 
crystals at low temperatures originates from 
lattice waves or phonons scattered by various 
defects. It follows therefore, 

K = -- E(x)u;lg dw I ~= 

3 0 

( 2) 

where E is the Einstein function with the argu­
ment x = hw/kBT, g the frequency distribution 
function of phonons, ;l the mean free path of 
phonons, and u the velocity of phonons or the 
sound velocity. The scattering processes at low 
temperatures are assumed, following Chang and 
Jones, 4 to consist of two mechanisms: one the 
grain-boundary scattering, Aa, and the other the 
scattering by intragrain two-dimensional defects, 
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Figure 3. Thermal conductivity of polyethylene 
plotted against temperature. Symbols are the same 
as in Table I. 
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( 3) 

AG is assumed to be independent of w and T 

but An is a function of w or phonon wave­
number k as 

A 
An =--2 

ak 
( 4) 

The above expression is obtained by Klemens1 •9 

for two-dimensional defects of infinite extension 
lined parallel with a constant interval of r Aa, 
where r is a constant close to unity, Aa dimen­
sionless constant and a the lattice constant. 

Substitution of eq 3 and 4 to 2 leads to 

kB2T A c= x4e" 
K = 611:2 It --;i JO ( e" - 1 )2 

dx 

X 2 (A)( 1 )( /tu ) 2 

X + ----;; AG kBT 

( 5) 

in which, according to Debye, g is assumed to 
be proportional to w2 • Since the temperature 
is much lower than the Debye temperature, the 
upper limit of the integral in eq 5 may be taken 
as infinity. 
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Two parameters in eq 5, AG and A/a, can be 
determined to obtain the best fit to the observed 
temperature dependence of K. The detailed 
process of curve fitting has been described by 
Chang and Jones. 4 Sound velocity u used in 
this process was calculated from low-temperature 
heat-capacity of polyethylene by Tucker and 
Reese, 10 assuming the Debye expression, 

C = 211:2kB 4 (!'_)3 
5/i,3 u ( 6 ) 

Results are listed in Table I. The value of 
AG increases with annealing but is much smaller 
than the average diameter of spherulites which 
was kept constant with annealing. This indicates 
that the origin of AG is not the spherulite 
boundary. 

The treatment of spherulitic polyethylene with 
fuming nitric acid indicates that lamellar crystal­
lites have an extension of 1 micron or less in 
a- and b-axes. 11 Moreover, twisting of lamella 
often exists along the radial direction of a 
spherulite with a period of about 1 micron. 12 

These results suggest that the boundary of 
lamellae along a- and b-axes may be the scatterer 
which determines AG. Since the sound velocity 
along c-axis is much higher than those along 
a- and b-axes, and only low-frequency phonons 
are excited at low temperatures, the wavelength 
of phonons propagating along c-axis is much 
larger than the lamella thickness. The surface 
of lamellae .may be, therefore, ineffective for 
scattering of phonons. 

As can be seen in Table I, A/a has the value 
of 1010 cm-1 in the order of magnitude, and 
increases with annealing. In the case of poly­
ethylene, a~ 3 A (the distance between nearest 
neighbor chains) and hence Aa 103A from the 
observed value of A/a. This would mean the 
defect responsible for An may be intra-lamellar 
sub-boundaries produced by the accumulation 
of dislocations. 13 - 16 As is well known, as-grown 
polyethylene crystals include numerous disloca­
tions. Screw dislocations run mostly in [110] 
planes16 and edge dislocations parallel to c-axis, 17 

and as a result sub-boundaries form in the 
crystal. When the crystal is annealed, diffusion 
of molecules along chain direction occurs ac­
companying thickening of lamella. Dislocations 
will move in the course of annealing to mini-
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mize the elastic energy and consequently the 
interval of sub-boundaries may increase. 

SPECIFIC HEAT AND THERMAL 
CONDUCTIVITY AT EXTREMELY 

LOW TEMPERATURES 

The specific heat of polyethylene at extremely 
low temperatures below 1 °K shows the deviation 
from Debye's T3-law. According to the data 
by Reese and Tucker,2 the deviation is enhanced 
with increasing crystallinity. The deviation 
results from the two-dimensional vibration of 
lamellar crystals which gives the specific heat 
proportional to T2 • 

Recent study of polyethylene below 1 °K by 
Giles and Terry18 revealed the thermal conduc­
tivity also deviates from the T3-law and ap­
proaches the T 2-law with lowering temperature, 
indicating two-dimensional waves are effective 
to thermal conductivity. 

Taking into account both three-dimensional 
and two-dimensional waves, it follows, 

K = ¼u3A3C3 + ¼u2A2C2 , C = C3 + C2 , ( 7) 
where K is the thermal conductivity, C the 
specific heat and suffices 3 and 2 represent three­
dimensional and two-dimensional waves, respec­
tively. From the values2 •10 •18 for polyethylene 
of the same crystallinity, K/C obtained is almost 
independent of temperature. K/C was calculated 
as 0.5 cm2/sec at 1 °K where C2 is comparable 
with C3 and 0.4 cm2 /sec at 3 ° K where C2 « C3 • 

This implies that u2A2 is roughly equal to usAs. 
From the elastic modulus of polyethylene crys­
tals, the velocity of two-dimensional vibration 
(Lamb waves) 19 was calculated to be 0.8 times 
that of bulk longitudinal waves. Therefore, we 
can conclude A2 c:::: As. 

Since the two-dimensional waves in lamellae 
may be scattered by the boundary of lamella 
extension, that is, A2= AG, the above conclusion 
is consistent with the conclusion As= AG described 
in the last section. 
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