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ABSTRACT: The hot-wire parallel technique standardized for determining the thermal
conductivity of ceramic materials was employed in the determination of the thermal
properties of polymers. For these materials, additional care must be taken considering
the low melting point of polymers, when compared with that for ceramic materials.
Samples can be prepared either in the shape of bricks or in the shape of half-cylinders.
The thermal conductivity and the specific heat were simultaneously determined from
the same experimental thermal transient, and the thermal diffusivity is derived from
these properties. Five different polymers with different structures at room temperature
were selected, and measurements were carried out from room temperature to approx-
imately the maximum service operating temperature. A nonlinear least-squares fitting
method was employed in the calculations, so that all the experimental points obtained
are considered in the thermal properties’ calculations. The apparatus used in this work
is fully automatic. The reproducibility is very good with respect to the thermal conduc-
tivity, even with a defective experimental arrangement with respect to the theoretical
model. However, deviations from the theoretical model have a severe influence on the
specific heat values and, consequently, on the thermal diffusivity. Experimental results
were compared with those available in the literature, showing the applicability of this
technique for the determination of thermal properties of polymers. © 2002 Wiley Period-
icals, Inc. J Appl Polym Sci 85: 1779-1786, 2002
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INTRODUCTION

Thermal conductivity, thermal diffusivity, and
specific heat are the three most important physi-
cal properties of a material that are needed for

Correspondence to: W. N. dos Santos (dwns@power.
ufscar.br).

Contract grant sponsor: FAPESP; contract grant number:
01/04639-9.

Contract grant sponsor: CNPq; Contract grant numbers:
300186/89-4 RN; 301452/91-1.
Journal of Applied Polymer Science, Vol. 85, 1779-1786 (2002)
© 2002 Wiley Periodicals, Inc.

heat-transfer calculations. The equation relating
these properties is given by

k
a=-— @)
pc,

where « is the thermal diffusivity (m?%s); %, the
thermal conductivity (W m ™~ k™1); p, the bulk den-
sity (kg/m?); and ¢,, the specific heat (J kg k).

Thermal conductivity assumes a critical role in
the performance of materials in many applica-
tions. Low thermal conductivity values are re-
quired when the purpose is to minimize heat ex-

1779



1780 DOS SANTOS AND GREGORIO

changes. On the other hand, when heat transfer
from one site to another is desirable, materials
with higher thermal conductivities must be cho-
sen. So, reliable thermal conductivity values are
essential in a selection of a material to get the
best performance in a specific application.

Thermal conductivity is the property that de-
termines the working temperature levels of a ma-
terial, and it is an important parameter in prob-
lems involving steady-state heat transfer. How-
ever, it is one of the physical quantities whose
measurement is very difficult and it requires high
precision in the determination of the parameters
involved in its calculations.

The specific heat (heat capacity per unit mass)
is also a critical property in many applications. It
is a thermodynamic quantity that is relatively
simple to be determined for small and homoge-
neous samples. However, for heterogeneous ma-
terials having different phases, where the quan-
tity to be measured is the specific heat of the bulk
of the body, including all present phases, it is
almost impossible to prepare a small and repre-
sentative sample, so that the measurement of this
property must become particularly troublesome.

Thermal diffusivity is a measure of rapidity of
the heat propagation through a material. It is an
important property in all problems involving non-
steady-state heat conduction.

As for ceramic materials, reliable thermal prop-
erty values are essential for polymers, both in
steady and non-steady-state situations. A typical
example of a non-steady-state problem, common in
polymer engineering, is the extrusion process. Since
through this process the polymer experiences a
complicated thermal history, knowledge of the ther-
mal properties of the polymer is crucial in the de-
scription and analysis of the entire extrusion pro-
cess.! In steady-state situations, the thermal con-
ductivity is essential for a suitable application like
insulators.

HOT-WIRE PARALLEL TECHNIQUE

The hot-wire parallel technique is an absolute,
non-steady-state and direct method, and, there-
fore, it makes the use of standards unnecessary.
The hot-wire method was described by Schieirma-
cher in 1888, 2 and its first practical application
was reported in 1949 by Van der Held and Van
Drunen, ® in the determination of the thermal
conductivity of liquids. However, it was Haupin *
who, in 1960, first used this method to measure

the thermal conductivity of ceramic materials.
Nowadays, the hot-wire method is considered as
an effective and accurate means of determining
the thermal conductivity of ceramic materials.
However, it is not possible to use this method for
electrical conductor materials, unless some pro-
cess of electric insulation between the hot wire
and the sample is developed. It is a very suitable
technique for the purpose of this work since it is
possible to measure thermal conductivities at
room temperature, which is impossible when us-
ing calorimetric methods. In addition, with the
hot-wire technique, the concept of “mean temper-
ature” between hot and cold faces of a sample on
thermal conductivity calculations is eliminated,
since the measurement is carried out at a fixed
temperature. The temperature gradient across
the sample is very low, and this is another virtue
of this technique, since an ideal method for mea-
suring thermal conductivity would be one capable
of measuring this property across a zero-temper-
ature gradient throughout the sample.

In the mathematical formulation of the
method, the hot wire is assumed to be an ideal
infinitely thin and long heat source which is in an
infinite surrounding material whose thermal con-
ductivity is to be determined. This assumption
implies that the temperature transient that is
picked up by the thermocouple joint, at the mea-
suring point, during the experiment cannot be
altered by the fact that the actual sample has
finite dimensions. These considerations mean
some restrictions in the applicability of the hot-
wire technique in terms of possible sample sizes
and thermal conductivity allowable ranges.

Applying a constant electric current through
the wire, a constant amount of heat per unit time
and unit length is released by the wire and prop-
agates throughout the material. This propagation
of heat throughout an infinite medium generates
a transient field of temperatures, which is loga-
rithmically dependent on the time. In practice,
the theoretical infinite linear source is ap-
proached by a thin electric resistance and the
infinite solid is replaced by a finite sample. The
difference between the actual and the theoretical
time—temperature curves, when one of the possi-
ble variations (hot-wire standard technique) is
used, is shown in Figure 1. Nonlinearity in the
early part of the real curve is caused by contact
resistance between the wire and the sample and
the heat capacity of the wire, and the departure
from linearity in later part of the curve is due to
the finite sample size. The intermediate region of
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Figure 1 Theoretical and actual temperature-time
curve.

the curve, where real and theoretical plots have
the same behavior, defines the time limits to be
considered in any measurement. To get accurate
and consistent results, some theoretical aspects
must be considered®.

1. The heating wire must approximate as
closely as possible the theoretical line
source.

2. The duration of the test must be limited,
since a finite-size sample cannot affect the
measured temperature. The maximum mea-
suring time, ¢, .., must be within the inter-
mediate region of the temperature—time
curve.

3. The early part of the curve must be ne-
glected in calculations to ensure that the
contact resistance is not affecting the mea-
surement. So, the correct choice of ¢,;,,, the
minimum time considered in calculations, is
very important.

4. The contact between both samples and wire
must be as best as possible since the theo-
retical model assumes the hot wire as a line
source in a surrounding material without
any interface between the samples.

Four variations of the hot-wire method are
known®: the hot-wire standard technique, hot-
wire resistance technique, two thermocouple
techniques, and the hot-wire parallel technique.
The theoretical model is the same, and the basic
difference among these variations lies in the tem-
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perature measurement procedure. Two pieces are
required whatever is the variation to be used.

In 1996, de Carvalho et al.” employed the hot-
wire standard technique in the determination of
the thermal conductivity of four commercial poly-
mers at room temperature. In the present work,
the variation employed is known as the hot-wire
parallel technique. The great advantage of this
variation compared with the standard technique
is that, in this case, the thermal conductivity, the
specific heat, and the thermal diffusivity are si-
multaneously determined from the same experi-
mental thermal transient.

With the hot-wire parallel technique, it is pos-
sible to measure thermal conductivities up to 25
W m !k 18 Samples may be prepared either in
the shape of rectangular parallelepipeds or half-
cylinders. In the case of the choice of half-cylin-
der-shaped samples, the radius and height of the
cylinder should correspond to the height and
length of the parallelepiped. The minimum di-
mensions required for the samples, to fulfil the
theoretical model requirements, depend on the
thermal diffusivity of the material to be tested.
For ceramic materials, this technique was stan-
dardized for samples in the shape of bricks with
the dimensions of (230 X 114 X 64) mm. The
effect of the finite sample size reported by Cintra
and Santos ? in 2000 for ceramics is also valid for
polymer materials, and the errors involved, due to
the sample finite dimensions, can be estimated.

Between two equal specimens, the heating
wire and the thermocouple are placed in two par-
allel ground grooves. The depth of the grooves is
approximately the same as that of the wire diam-
eters to be embedded. The recommended distance
r between the hot wire and the thermocouple is
from 15 to 17 mm. The comparison junction is
kept elsewhere at a fixed temperature, and that is
the reference temperature. By applying a con-
stant electric current throughout the wire and
recording the temperature increase at the mea-
suring point M, located at a distance r of the hot
wire, the thermal conductivity is calculated ac-
cording the following equation®:

’ 2
. —q — pe,r
k=421 Ei( 4kt ) 2)

where £ is the thermal conductivity of the mate-
rial (W m™! k™1); ¢/, the linear power density
(W m); p, the material bulk density (kg/m?); Cps
the specific heat of the material (J/kg~ ! K™ 1); the
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Figure 2 Schematic of hot-wire parallel equipment.

distance between the hot wire and the thermocou-
ple (m); ¢, the elapsed time after the beginning of
the heat release (s); T(¢), the temperature in-
crease registered by the thermocouple related to
the initial reference temperature (K); and
—E,(—x), the exponential integral function.

This variation of the hot-wire method was
standardized in 1978 by DIN-51046 Standard-—
Part 2, for ceramic materials.'®!! The thermal
conductivity is determined for several pairs of
selected ¢ and 2¢ times, using eq. (2) and the
several values obtained are then averaged. In our
work, a different procedure was adopted. The cal-
culations, starting from the recorded temperature
transient in the sample, are carried out using a
nonlinear least-squares fitting method.'> Both
the thermal conductivity and the specific heat in
eq. (2) are fitted to obtain the best possible ap-
proximation between the thermal transient ex-
perimentally registered and that one predicted by
the theoretical model. In this case, these two ther-
mal properties, thermal conductivity and specific
heat, are simultaneously determined from the
same experimental transient. So, with knowledge
of the density, thermal diffusivity is then calcu-
lated using eq. (1). Therefore, by using the same
apparatus, it is possible to determine these three
thermal properties in the same experiment.

The schematic diagram of the apparatus used
in this work, as shown in Figure 2, is fully auto-
matic, and the transient of the temperature de-

tected by the thermocouple is recorded and pro-
cessed by a computer via an analog-to-digital con-
verter using a software specially written for this
purpose.

SAMPLE PREPARATION

In this work, specimens of commercial polymers
in the shape of a rectangular parallelepiped with
dimensions 230 X 80 X 30 mm were cut from
large polymer plates. The parallel ground grooves
were made with the aid of the hot wire itself by
applying a suitable electric current, melting the
polymer and providing a perfect contact between
the wire and the sample. The measuring point Mp
was kept between 15 and 16 mm in all samples.
The sample arrangement is shown in Figure 3.
With the purpose to minimize electronic noise and
eliminate fluctuations of the amplifier caused by
very low input voltages, the reference joint was
kept at 0°C. This procedure is recommended,
since low linear power density is applied through
the wire to avoid any meltdown regions and deg-
radation inside the sample, having in mind the
low melting point of polymers when compared
with ceramic materials. To ensure good contact
between the samples, they were pressed one
against the other with the use of stainless-steel
rings.
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Figure 3 Parallel hot-wire technique. Experimental
set-up.

Five different samples were prepared using dif-
ferent classes of polymers. Details of the samples
are given in Table I.

RESULTS AND DISCUSSION

Measurements were carried out from room temper-
ature to approximately the maximum service tem-
perature. A typical temperature transient regis-
tered is shown in Figure 4 (sample PMMA—25°C).
The thermal conductivity and specific heat were
obtained from the temperature transient for the
corresponding sample using a nonlinear least-
squares fitting method, and the thermal diffusivity
was derived with the aid of eq. (1).

Experimental results obtained are compared
with those ones found in the literature,31¢ and
they are shown in Table II(a, b). By analyzing the
results shown in Table II(a), it is possible to as-
sert that the hot-wire parallel technique is a suit-
able method for measuring the thermal proper-
ties of polymers, even any deviations that can be
found when the results are checked against the

Table I Sample Details

Polymer p (kg/m?®) T, (°C) T, (°C) T, (°C)
Nylon 66 11512 55 (ref.})  265P 110°
PP 906> —10 (ref.l) 170° 90P
PMMA 11862 105 (ref.}) — 70°
PVC rigid 1368* 80 (ref.}) — 70°
PU foam 322 — — 35b

p, density; T,, glass transition temperature; T,,, melting
point temperature; T, maximum service temperature.

2 Specimen density obtained by using the relation mass/
volume.

b Data furnished by individual manufacturers.
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Figure 4 Time-temperature transient for sample
PMMA-25°C.

values found in the literature. These discrepan-
cies perhaps may be associated to the degree of
crystallinity or the thermal history of the sample,
since these factors can affect the thermal proper-
ties of polymers. Table II(b) shows that the exper-
imental results obtained are in excellent agree-
ment with the data found in the literature and
obtained by the hot-wire standard technique, for
the same materials, except for the PMMA. How-
ever, for this material, the experimental results
obtained with the hot-wire parallel technique are
in excellent agreement with the data found in the
literature with deviations of only 2.30, 3.00, and
5.96% for the thermal conductivity, specific heat,
and thermal diffusivity, respectively.

With the purpose to check once more the tech-
nique proposed against independent results of the
thermal conductivity and thermal diffusivity, ob-
tained by independent methods, the angstréom
method'” was used to determine the thermal dif-
fusivity, and the hot-plate/cold-plate calorimetric
technique was chosen to measure the thermal
conductivity of Nylon 66, the specimen selected
for this comparison test. Measurements were car-
ried out around 100°C, and the results are shown
in Table III. A deviation of only 9% on the thermal
conductivity and 10% on the thermal diffusivity
was observed when three different techniques
were employed. The results obtained are again in
excellent agreement, showing the reliability of
the technique proposed. The regression analysis
procedure adopted in this work is a very useful
mathematical tool with which the simultaneous
determination of thermal conductivity, thermal
diffusivity, and specific heat was possible. This is
the great advantage of this technique. The quality
of the fitting may be demonstrated by checking
the correlation coefficient. All are greater than
0.998. For the perfect fitting, this coefficient
should be equal to 1.
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Table II Experimental Results and Comparisons and Hot-wire Parallel Technique Versus Hot-wire
Standard Technique”

(a) Experiment Results and Comparisons

Hot Wire .
Literature
Temperature k Cp « k Cp «
Polymer (°C) Wm 'K HJkg 'KH(X10"m%s) Wm 'K Jkg'KH (X107 m%s)
Nylon 66 25 0.3022 1783.66 1.4730 0.2400 (ref.*3) 1700.00 (ref.'®) 1.01 (ref.'®)
0.3000 (ref.'*) 1674.40 (ref.'®) 1.30 (ref.'®)
63 0.3065 1689.73 1.5770 0.2400 (ref.'®)
107 0.3191 2261.54 1.2270 — — —
PP 25 0.2321 1812.98 1.4550  0.2400 (ref.'®) 1925.56 (ref.'®) 0.6500 (ref.'®)
1925.56 (ref.'®)  0.9000 (ref.'®)
2100.00 (ref. 1)
100 0.2395 1910.34 1.3840 — — —
PMMA 25 0.1955 1422.41 1.1550 0.2000 (ref.'3) 1465.10 (ref.!®) 1.09 (ref.'®)
0.2100 (ref.'®) 1465.10 (ref.'®)
0.2000 (ref. 1) 1450.00 (ref. 1)
68 0.2010 1553.51 1.0870 — — —
PVC rigid 25 0.1858 997.70 1.3590 0.1600 (ref.'®) 1004.64 (ref.'®) 1.16 (ref.'®)
0.1300 837.20
to to
0.2900 (ref.'®) 1172.08 (ref.'")
0.2100 (ref. 1) 1100.00 (ref. ') 1.10 (ref.®)
69 0.1861 1378.15 0.9854 — — —
PU foam 25 0.0305 1447.79 6.5740  0.032 (ref.'®) — —
(b) Hot-wire Parallel Technique Versus Hot-wire Standard Technique”
Hot-wire Parallel Technique Hot-wire Standard Technique Deviation
Polymer k,(Wm™ K™ E(Wm 'K (%)
Nylon 66 0.3022 0.3000 0.73
PP 0.2321 0.2450 5.56
PMMA 0.1955 0.2300 17.65
PVC rigid 0.1858 0.2000 7.64

show the results obtained for PMMA and PP
when using three different values of the linear
power density.

According to these results, it is possible to con-
clude that those properties, as expected, are not

Influence of the Heat Flux

The thermal properties should not depend on the
linear power density applied on the hot wire. If
this phenomenon occurs, it can only be attributed
to disturbances in the method. Tables IV(a—c)

Table III Hot-wire Technique Versus Angstrom and Calorimetric Methods
for Nylon 66

k C, a
Wm K1 Jkg 'K (X 1077 m%s)
Hot wire 0.32 2261.54 1.227
Angstrom — — 1.353
Calorimetric 0.35 — —
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Table IV Influence of the Heat Flux on the Thermal Conductivity, on the Specific Heat, and

on the Thermal Diffusivity
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(a) Influence of the Heat Flux on the Thermal Conductivity®

Polymer Linear Power Density (W/m) k(Wm 'K Correlation Coefficient 5 (%)

PMMA 25.91 0.1955 0.99988 1.46
40.30 0.1973 0.99933 0.55
59.94 0.1984 0.99992 0.00

PP 25.78 0.2391 0.99897 1.92
40.30 0.2346 0.99982 0.00
58.25 0.2395 0.99948 2.09

(b) Influence of the Heat Flux on the Specific Heat”

Polymer Linear Power Density (W/m) Cp Jkg 'K Correlation Coefficient 5 (%)

PMMA 25.91 1422.41 0.99988 1.17
40.30 1405.65 0.99933 0.03
59.94 1406.01 0.99992 0.00

PP 25.78 1812.98 0.99897 2.72
40.30 1863.60 0.99982 0.00
58.25 1917.39 0.99948 2.89
(c¢) Influence of the Heat Flux on the Thermal Diffusivity®

Polymer Linear Power Density (W/m) a (X 1077 m?%/s) Correlation Coefficient 8 (%)

PMMA 25.91 1.1550 0.99988 2.61
40.30 1.1790 0.99933 0.59
59.94 1.1860 0.99992 0.00

PP 25.78 1.4550 0.99897 4.75
40.30 1.3890 0.99982 0.00
58.25 1.3790 0.99948 0.72

28 = abs(k,r — Rk, X 100, where k.. is the & value for the highest correlation coefficient and abs means absolute value.
b5 = abs(Cp,s — Cp)/Cp,o¢ X 100, where Cp, . is the Cp value for the highest correlation coefficient and abs means absolute

value.

¢ 8 = abs(ar — & ae X 100, where a,.is the « value for the highest correlation coefficient and abs means absolute value.

affected by the heat flux throughout the material.
However, it was observed that as a lower linear
power density is applied the noise level detected
in the thermal transient recorded is higher. So, it
is not convenient to work with a very low linear
power density.

Reproducibility

The reproducibility is very good since the aspects
concerning the theoretical model need to be followed
carefully. With respect to the thermal conductivity,
the reproducibility is still very good even with a
defective experimental arrangement with respect to

the theoretical model. However, deviations from the
theoretical model greatly influence the specific heat
values. With an intentional defective experimental
arrangement, concerning hot wire and thermocou-
ple embedding, a deviation of only 0.5% on the ther-
mal conductivity and 32% on the specific heat was
observed, when compared with the correct experi-
mental arrangement.

Measuring Time

The measuring time depends on the sample size
and its thermal diffusivity. Considering that a
minimum time interval [¢,;,, thax) 1S Tequired for
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the exact determination of the thermal conductiv-
ity and specific heat, as the thermal diffusivity
decreases, the minimum required sample thick-
ness also decreases, since ¢,,, depends on the
thermal diffusivity and sample thickness.
Smaller samples are always desirable, mainly
when they are prepared in the laboratory scale. In
this work, the sample size described previously
was kept the same in all experiments and the
time intervals considered in the calculations were
always from 480 to 1500 s. During the data ac-
quisition time interval, the temperature at the
surface of the sample was recorded with the pur-
pose to ensure that no heat exchange to the sur-
roundings occurred during the measuring time.
This should be a recommended procedure when it
is not possible to have any idea concerning the
materials thermal diffusivity.
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