trapping layer ranging in depth from 0.7 ym to 2.2 ym
from the surface. The presence of near surface traps have
also been reported in Teflon FEP by Seggern'® from his
t.s.c. experiments in electron bombardment and corona
charged samples. The spatial depth of near surface
trapping centres as reported by them are in the range of
0.5 ym to 1.8 ym from the surface. Our results are in close
agreement with the reported ones. This method is now
being used to study the effect of surface treatment on the
spatial depth of traps in grafted FEP and positive results
have been obtained which will be communicated in the
near future.
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Introduction

Study of transport properties of polymers is important
from two view points. It provides an insight into the
structure of the polymer and it helps to predict product
performance during specific applications. A review of the
literature reveals that the effects of such parameters as
molecular weight, molecular weight distribution, crystal-
linity and orientation have been studied in great detail
and empirical correlations have been established.
Although thermal properties of polymers play an impor-
tant role in polymer processing, in studying structure—
property relationships and choosing materials for specific
applications, thermal transport is still not clearly
understood.

Theories of mechanism of heat transfer in polymers
have not been well developed compared with the theories
of mechanism of heat transfer in gases and liquids,
primarily due to the lack of reliable data, which in itself
has been attributed to difficulties involved in the experi-
mentation. A qualitative description of the temperature
dependence of thermal conductivity of polymers over a
wide range has been given by Hands'.

In view of the lack of experimental data and difficulties
involved in accurate measurements, approximations are
often used. A number of correlations associating such
structural variables as molecular weight of the polymer,
crystallinity, orientation etc. with the thermal conduc-
tivity have been proposed? ™ *. Thus Luba et al.” proposed
empirical correlations for thermal conductivity of amor-
phous polymers in the temperature ranges above and
below T, as well as for semicrystalline polymers above and

*  NCL Communication No. 2658

0032-3861/81,/070867- 03802.00
©1981 1PC Business Press

below T,. The thermal conductivity of amorphous poly-
mers at 173K was correlated with the refractive index of
the polymers. It is not clear as to whether the same
relationship would be valid at other temperatures as well,
since the authors themselves have stressed the need to
establish the correlation at temperatures other than 173K.

Search for a new correlation

Attempts to explain the temperature dependence of the
thermal conductivity of polymers on theoretical con-
siderations have not been successful. Uberreiter and
Nens® assumed that thermal energy is transferred along
the length of the polymer chain and the transverse waves
set up above the glass transition temperature tend to
dampen the process of transfer, resulting in decreased
conductivity above the glass transition temperature. The
concept is analogous to that proposed by Eucken’ to
explain the temperature dependence of the thermal con-
ductivity of low molecular weight amorphous materials.
According to Eucken’ such a material can be looked upon
as a quasi-lattice structure. Thermal conduction in such a
structure takes place as a result of excited coupled
intermolecular and intramolecular vibrations of the
quasi-lattice structure. An increase in the temperature
when the structure is much below its T, results in an
increase in population density of these interactions result-
ing in an increase in thermal conductivity. However, an
increase in temperature also leads to an increase in the free
volume which disrupts the lattice and the propagation of
the vibrations. The net result of the two opposing effects is
a decrease in the thermal conductivity. With a further
increase in temperature, the population density of excited
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coupled vibrations continues to increase whereas a fur-
ther disruption of the network is not possible. As a result,
thermal conductivity increases with temperature above
T,. Eiermann® considered the amorphous polymer as a
network of resistances in which the primary valence forces
offered a negligible resistance to transfer of thermal energy
in comparison with that offered by the secondary valence
forces.

Sheldon and Lane” considered thermal conduction in
polymers as a result of molecule to molecule transfer of
energy by either translational, rotational and/or vib-
rational modes. These processes are diffusional in nature.
Thus, with an increase in temperature, density of the
polymers decreases whereas the segmental mobility in-
creases. The observed temperature dependence of thermal
conductivity would therefore depend upon the relative
magnitudes of the two factors. Similar views were ex-
pressed in subsequent studies on thermal conductivity of
melts'®!!. The theories are suggestive of the fact that
segmental motion might play an important role in
thermal conduction in polymers.

Segmental motion in polymers governs a large number
of polymer properties such as modulus, viscosity, diffu-
sivity etc. The role of segmental motion on transport
properties will depend upon two parameters viz. the
available free volume and the ease of rotation around the
carbon-carbon bond. Frisch and Rogers!? speculated
that mass, momentum and energy transport in polymers
should be affected by free volume in an identical manner.
Although the importance of free volume was noted, the
data were correlated in terms of the critical temperature.
Thus plots of A/, vs T/T. were found to have a
maximum at T, This was explained on the basis of
Eucken’s theory of quasi-lattice model of amorphous
polymers. The critical temperature T, was defined as:

T..
Tc = Tmalx<iIt ) (1)
Tmax polyethylene

where T, denotes the temperature at which thermal
conductivity reaches a maximum and 7, denotes the
critical temperature of polyethylene of infinite molecular
weight. It is difficult to visualize free volume in polymers
at the critical temperature. Furthermore, it would seem
more appropriate to correlate the thermal conductivity,
which is governed by free volume in terms of free volume

Table 1 Thermal conductivity of polymers above T,

at the glass transition temperature, as has been done in
the past to correlate viscosity and diffusivity data. To our
knowledge no previous efforts have been made to cor-
relate the thermal conductivity of polymers within the
framework of the WLF equation. We shall now examine
the possibility of establishing such a correlation.

WLF equation for thermal conductivity of polymers
The shift factor a;in the WLF equation is defined as:

T,
a.—=T10Po

2
™=y Tp (2)

where » denotes viscosity, and p denotes density. In

. o Tp . .
general the vertical shift ?{ is negligible, and we have
oro

_n(T)
ar—m) (3)

we therefore defined the shift factor for thermal con-
ductivity as:

AT)
ar—m) 4)
and write
WA _—C(T-T) "

T TCH(T-T)

For the present discussion we identify three temperature
ranges pertaining to: Thermal conductivity (1) of molten
polymers, (2) in the glass transition region and (3) below
the glass transition temperature.

Reliable and reasonably extensive data are available in
region (1) and region (3). However, only limited data are
available in the intermediate region (2). Therefore we shall
first examine the data in regions (1) and (3).

Data from literature were analysed to test the validity of
equation 5. A wide range of polymers were investigated
over the temperature range of 100K to 600K. In total
about 60 data points were examined. The systems in-
vestigated have been summarised in Tables [ and 2.

Polymer Temperature range C Csy Remark Reference

Polystyrene 473-573K 2.1299 1445 Increase with Fuller and Fricke
temperature (1971)

Nylon-6 490-570K 2.2192 776.06 " "

Nylon-6,10 460—-570K 1.6051 413.24 " "

Table 2 Thermal conductivity of polymers up to Ty

Polymer Temperature range Cy Cy Remark Reference

Polyvinyichloride 150-353K 0.3711 657.5 Increase with Eiermann (1961)
temperature

Polymethy!methacrylate 120-373K 0.0785 334.89 ‘ Eiermann (1965)

Polycarbonate 120—-420K 0.3560 467.00 " Eiermann (1965)

Polyethyleneterephthaiate 120—-340K 0.8674 417.60 ” Eiermann (1965)

Polystyrene 273-353K 0.3875 426.6 " Pasquino (1964)
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Thermal conductivity of molten polymers

Figure 1 shows a typical WLF type plot for the
polymers summarised in Table /. Appropriate values of
thermal conductivity at the glass transition temperature
were obtained by extrapolating the relevant data to the
glass transition temperature. The shift factor was defined
as the ratio of thermal conductivities at the two tempera-
tures. It is clear from the figure that an excellent fit results
in the range investigated. This clearly demonstrates that
segmental motion plays an important role in the thermal
transport.
Thermal  conductivity  below  the transition
I(’ﬂ‘lp(’l‘(ll ure

Although the principle of reduced variables is strictly
applicable in zones in which contributions to viscoelastic
properties of polymers involve the same friction coef-
ficient, the W LF equation, in a more restricted sense, has
been applied to semicrystalline polymers'*-'* and for
polymers below the glass transition temperature!>.

Based on similar considerations, we applied the WLF
equation to correlate thermal conductivity of polymers
below glass transition temperature'®” '8, However, in the
present case 7T, itself was used as the reference tempera-
ture. Plots shown in Figure 2 indicate that a good fit is
observed in this region also.

gluss

Thermal conductivity in the glass transition region

Conflicting trends have been reported in the literature
regarding the temperature dependence of thermal con-
ductivity in the transition region. Thermal conductivity of
polytrichlorofluoroethylene'® increased with tempera-
ture whereas that of natural rubber2°, polyvinyl chloride®,
and polyethylene?! decreased with temperature. It must
be noted here that these polymers are semicrystalline in
nature. The thermal conductivity of these polymers has
two contributary factors (1) from the crystalline fraction
and (2) from the amorphous fraction. The observed
temperature dependence of the thermal conductivity
would therefore depend on temperature dependence of
the thermal conductivity of the two fractions. Analysis of
temperature dependence of the thermal conductivity of
polyethylene?! shows that the thermal conductivity of the
crystalline fraction decreases while that of the amorphous
fraction increases. This analysis further substantiates our
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Figure 1 Thermal conductivities of polymer melts: Polystyrene {O),

Nylon-6, (&), Nylon-6,10, (V); {Data from reference 10)
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Figure 2 Thermal conductivities of polymers below transition
temperature: Polyvinylchloride, (O); Polymethylmethacrylate, (2);
Polycarbonate, (V); Polyethyleneterephthalate, (O); (Data from
references 20, 21)

hypothesis that segmental motion plays an important role
in the mechanism of thermal transport in amorphous
polymers.

As in the case of the WLF correlation for other
transport properties, it should be possible to correlate the
constants C, and C, with the micro-characteristics of the

system. Thus, C, :27.303)‘;, and C, =£~gf where f, denotes
the free volume at the glass transition temperature, o,
denotes the coefficient of thermal expansion of free
volume above the glass transition temperature and B is a
parameter in the Doolittle equation which is close to
unity. We did not attempt this since the available data
were insufficient for any such correlation. However, the
success of the WLF correlation demonstrated that this
communication should hopefully pave the way for build-
ing sounder and predictive correlations and also develop-
ing additional theoretical frameworks where the role of
segmental motion in thermal transport can be more
clearly understood.
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