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FOREWORD

This report is the second of a series on the thermal conductivi-
ties of materials of scientific and engineering interest. The values

selected are based on thorough study and critical evaluation of pub-
lished investigations. In a critical survey such as this one, much
depends on the judgment of the surveyors. The care that the authors
of the present survey have exercised may be judged from the comments
they have made on the individual papers examined. Their comments on
the more important papers are in the text of the report. In addition,

they have made many brief comments on less important papers; these
comments are given as annotations, immediately following the listing
cILo the paper in the references.
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ABSTRACT

The published literature on the thermal conductivity of poly-
styrene has been assembled and the results critically evaluated.

Best values of thermal conductivity as a function of temperature
have been selected. These are presented in both graphical and

tabular formi the tables cover the range 240 to 5400 K and a few
of the plotted points lie outside this range. An attempt was made

to consult all work that could significantly affect the choice of
best values. Published papers were located with the aid of

Chemical Abstracts, Physics Abstracts, the Thermophysical Proper-
ties Retrieval Guide, and some otlier general sources. In addition,
relevant references in the papers themselves were foUowed up
until a substantially "closed system" had been generated, as shown
by the fact that no new references were being turned up.
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Introduction

% Ordinary polystyrene is a transparent, noncrystalline, synthetic,
thermoplastic material formed by polymerizing styrene (C6 H5 .CH=CH 2 ). It
is marketed under its own name and also under various trade names. Among
these are Iylene, Lustrex, and Styron (all U. S.); and Trolitul (German).
The trade name is sometimes used for a polystyrene modified by a small
amount of additive such as rubber. Code numbers following the names are
often -sed to distinguish the various types of polystyrene. Greater
uniformity is to be expected in commercial samples of polystyrene than
of many other plastics, because fillers and plasticizers are not often
used in polystyrene (24, 25).

The present study does not include expanded (foamed) polystyrene,
nor isotactic polystyrene. Expanded polystyrene is formed by the action
of gas bubbles generated within the polystyrene while it is liquid. It
is an excellent thermal insulator, widely used, but its thermal conduc-
tivity is a function of many factors which will not be discussed here.
In isotactic polystyrene the phenyl groups, which are attached to every
second carbon atom in the molecular chain, are oriented in a regular
pattern; whereas in ordinary atactic polys Iyrene they are random. There
appear to be no measurements of the thermal conductivity of isotactic
specimens.

Polystyrene is slightly denser than water. Of the workers whose
data are plotted in Fig. 1, three gave the densities of their samples;
the values ranged from 1.032 to 1.06 g cm- 3 . Fox and Flory (26) give
an equation for the specific volume of polystyrene, from which the
density at 250C is found to be 1.054 g cm.. Since purified samples
were used, this value is probably as reliable as amy now available.

The molecular weight of a polystyrene sample has an important in-
fluence on its pioperties. In a table (27) published in 19143, the
molecular-weight range of polystyrene for plate castings is given as
250,000 to 400,000; for injection molding, 120,000 to laO,000; and
for coatings, 80,000 to 120,000. Modern products may have somewhat
lower molecular weights, especially materials for injection molding.
The degree of polymerization is found by dividing the molecular
weight by 104.144., the molecular weight of a single styrene molecule.

All plastics and rubber-like materials have a glass-transition
temperature (also called a second-order transition temperature), below
which they are relatively hard and above which they are more soft and
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rubber-like. Tne changes associated "'1th the glass transition do not

take place sharply, but are spread over a narrow temperature range.

Mar~y cf the properties of a polymer show some change at the glass

transition. The thermal-conductivity curve of polystyrene shows a

change in slope at the glass transition, but; the effect is less

pronounced than it is in some other high polymers.

The glass-transition temperature of polystyrene depends on its

molecular weight. Many equations have been proposed to describe this

dependence. That of Fox and Flory (28), relating the glass tempera-

ture T to the number-average molecular weight Mn is: T ("K) x 373 -

1.0 x lO5 /Mn. It gives, for very high molecular weights (Mn >> 105),

T = 3730K (100lC).

The ordinary (weight-average) molecular weight of commercial

samples of polystyrene is above 105, but the number-average is not.

This difference is principally due to the presence of monomer, which

lowers Mn strongly but has only a minor influence on the weight-average

molecular weight. According to Wood (29), commercial samples may con-

tain from 1 to 3 percent of monomer, and may have glass temperatures

ranging from 950 to 750C. Freedom from monomer is to be expected only

in specially-purified samples, or possibly in some commercial samples

specially made for use at the highest practical temperatures. The

presence of low-molecular-weight impurities or additives in poly-

styrene may be expected to have an effect similar to that of monomer

in lowering the glass temperature.

Molecular orientation is known to affect the properties of poly-

mers. Orientation is i.-aduced when the material is stretched or

caused to flow while hot enough to be somewhat softened. The long

axes of the polymer chains tend to line up in the direction of

stretch. Density is increased by the orientation. Thermal expan-

sion is decreased in the direction of stretch, and increased in the

perpendicular direction. Thermal conductivity k is increased in the

direction of stretch and decreased in the perpendicular direction.

That is, heat flows more readily along the polymer chains than from

one chain to another. For a sample of polystyrene oriented in one

direction only, Hellwege, Hennig, and Knappe (13) found at 25 0C an

increase of 6 percent in the direction of orientation and a decrease

of 5 percent in the perpendicular direction, relative to k of the

unstretched polymer. This is a smaller effect than that shown by

the other high polymers so far reported on. Pasquino and Pilisworth

(1) measured unoriented and biaxially-oriented polystyrene. In

the oriented sample, heat flow was perpendicular to the plane of

orientation, and at 280C, k was 4 percent less than that of the
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unoriented sample. The difference in k of the two samples decreased
somewhat with rising temperature. Kargin, Slonimskii, and Lipatov (30)

found no dependence of k on direction in a stretched sheet; but their
method, which involved the observation of major and minor diameters of

regions of melted wax, may not have been sensitive enough to show

differences of the order of only a few percent.

Selection of the Values

It was decided to prepare the tables to apply to an unoriented

commercial polystyrene having its glass transition at abcut 3580 K
(85 0C); this temperature corresponds to a monomer content of one

percent or so, which is typical of many commercial samples. The

accepted curve of thermal conductivity covers the range 240* to 540*K
(-330 to 267*C) and is shown by the heavy line in Fig. 1. From 240* K

to Tg the curve rises; from Tg to about 4000 K the thermal conductivity

is constant; and from 4000K upward the curve rises again.

To derive the accepted values, all of the available data were

first plotted on a large-scale graph; the more important of these data
are shown in Fig. 1. A master curve was then drawn, which after study
and revisions was accepted. Table 1 was prepared by reading values

from the accepted curve; these values were differenced and smoothed,
and then checked against the master curve. Table 2 was derived from
Table 1.

As shown in Fig. 1, the selected values follow closely the

results of Pasquino and Pilswortb (1), Knappe (2), and Shoulberg (3).
The acce ted curve agrees well in slope with the data of Kline (4)

and Underwood and McTaggart (5). The agreement of Holzm'dller and
M.finx (6), Kirichenko (7), Hager (8), and Williams and Cleereman (9)
w•ith the accepted curve is fair to poor, and the agreement of

Cherkasova (10), and Holzmiiller and Lorenz (11) is definitely poor.
The data of Deberreiter and Nens (12) lie fairly close to the
selected curve; however, no great significance should be attached
to this fact, for the sample used had a very low molecular weight

(3370). The results are included to show the pronounced peak at
3450K (72°C). These authors associate the peak with the gluss
transition; its location is, in fact; correctly predicted by the
equation for Tg given earlier.

Hager's (8) data extendl to much lower temperatures than ttose

of anyone else, and it would bt: normal to give great weight to his
low-temperature points. However, when the k-curves of other

amorphous polymers, such as poly(methy! methacrylate) and natural
rubber, are examined (31), we find that they show much smaller

3
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| percentage drops in k with temperature than Hager's data. Since
theoretical considerations also predict a relatively small tempera-

ture-dependence of k in amorphous materials as compared with

crystalline materials, we have been unwilling to use Hager's lowest

points as the basis for accepted values, and have stopped the master

curve at 2400K.

The selected values above 400K are almost entirely based on the

work of Shoulberg (3). Both Shoulberg and Kirichenko (7) reported

thermal diffusivity (a) rather than k-values. The plotted k-values

were computed from their data as explained later. Shoulberg worked

in a range where polystyrene softens and special techniques are

necessary. This fact, and the uncertainties introduced by calcu-

lating k from ax, necessarily reduce the probable accuracy of his

results; the data do, however, join smoothly with the accepted
values at lower temperatures.

The calculation of thermal conductivities from thermal diffusivi-

Sties is based on the equation k = C p cp, where p is density and c
p

is specific heat at constant pressure. We have computed densities

from the specific-volume data of Fox and Flory (26), using the

equation v - 0.00025 t (*C) + 0.943 below the glass temerature;
v a 0.00055 t (OC) + 0.913 between the glass temperature and 1600C
(433C); and v = 0.000715 t (OC) + 0.887 at and above 1600C.
Specific heats were taken from the tabuleted data of Brickwedde as

reported by Stull (32) up to the limit of the table (40o*K). At

hieer temperatures a linear extrapolation of this table,, cp
(cal g-i deg- 1 ) z 0.00112 T (°K) + 0.0185 was used, after comparing

the extrapolation with the curve of Stull as reported by Williams
and Cleereman (9).

Further information bearing on the accuracy of the plotted

data is given in the annotations to the references. In addition to

the papers represented in Fig. l, there are a number of others that
contain k-data for polystyrene. These papers are" listed in the second

group of references. They are also annotated, and it is usually clear

from the annotation why the results were not plotted in Fig. 1. Some

sets of data have been omitted because we believe they contain large

experimental errors. In other cases the work may have been quite ;

accurate, but only a single value has been reported. Such isolated

"values have been omitted to avoid crowding in the figure, but were

given some weight when the selected values were chosen.

Reliability of the Tables

Variations in the thermal-conductivity values reported for poly-
styrene by different investigators are larger than the apparent

6
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uniformity of commercial material-would suggest. Among the possible
causes of these variations are the existence of orientation intro-
duced during manufacture; and differences in glass-transition tempera-
ture caused principally by unpolymerized styrene. The thermal history

of the sample may possibly have some effect on k. The experience of
Pasquino and Pilsworth indicates that shrinkage and warping of poly-
styrene may occur near and above the glass transition. This warping
can easily cause errors in measurements, even when there is actually

no change in k.

The tabulated values of k are believed to be correct within t 6
percent from room temperature to 393'K (120'C). Outside this range
the uncertainty increases: at 240@K, the lower limit of Table 1, it

is probably I 4.0 percent; and at 5iO K, the upper limit o1 Table 1,
it is probably ± 12 percent.

Data for Conversion of Units

T (OR) = T 4 0K) x 1.8.

T (OK) = t ( 0c) + 2T3.15.

T (OR) - t (*F) + 459.67
Watt cm Or 1cM" 2 = cal cm *K- cm2 sec -1 x 4.1840.

Btu in. OR;1ftn2hr1 a cal cm K-Icm-2 sec-1 x 2902.9.

Btu ft OR" 1 ft-2hr-I = ,al cm *K- cm se x 241.91.
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