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ABSTRACT: The effective thermal conductivity (�e) and
effective thermal diffusivity (�e) of oil-palm-fiber-reinforced
treated composites were measured simultaneously with the
transient plane source technique from 50 to 110°C. The fibers
of the composites were treated with sodium hydroxide al-
kali, silanol, and acetic acid. The experimental results for the
different treated composites showed that there were varia-
tions in �e and �e over this temperature range. However, the
maximum values of �e and �e were observed at 90°C, in the
vicinity of the glass-transition temperatures of these com-
posites. An effort was also made to predict the temperature
dependence of �e and �e through the development of an

empirical model. The theoretically predicted values of �e
and �e for these composites were in excellent agreement
with the experimental results over the entire range of inves-
tigated temperatures. Sudden increases in �e and �e in the
glass-transition region of these composites were indicative
of the fact that the crosslinking density decreased and was at
a minimum at the temperature at which �e and �e showed
their maxima. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 89:
3458–3463, 2003
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INTRODUCTION

Studies of the thermal transport properties of poly-
meric materials are important because of the crucial
role played by these properties in both processing
stages and product uses.1 The matrix resins for com-
posites are used in structural applications2 and are
widely used as industrial materials because of their
good heat resistance, electrical insulation, dimensional
stability, and flame and chemical resistance.3–8 Several
reports9–12 have indicated that the incorporation of
natural fibers into thermoset matrices improves the
mechanical and thermal transport properties of the
composites remarkably. The incorporation of oil palm
empty fruit bunch (OPEFB) fibers into a phenolform-
aldehyde (PF) matrix improves the tensile strength,
elongation at break, brittle nature, and buckling char-
acteristics considerably.

The chemical treatment of fibers in composites usu-
ally changes their physical properties and makes their
chemical structure more thermally stable than that of
untreated fibers. The thermal conductivity and ther-
mal diffusivity depend on the density, molecular

weight, orientation, and other structural features of
the materials.13

In the last 3 decades, many efforts have been made
toward the measurement of the thermal transport
properties of liquids,14,15 loose granular materials,16,17

nonconducting composite materials,18,19 composite
building materials,20 conducting materials,21 and
semiconducting chalcogenide glass.22 Fiber-reinforced
PF composites show glass transitions above room tem-
perature. This temperature is important from the
viewpoint of their structural changes and, therefore,
their use in commercial and scientific applications.

So far, very few efforts have been made to study the
effective thermal conductivity (�e) and effective ther-
mal diffusivity (�e) over a range of temperatures cov-
ering the glass-transition region.23 Such studies offer
an opportunity to investigate the effects of structural
changes and chemical treatments of composites on �e

and �e. The thermal conductivity and thermal diffu-
sivity of composites treated with alkali, silanol, and
acetic acid with a 40 wt % fiber loading have already
been studied at room temperature.24

In this work, the variations of �e and �e with the
temperature in these composites were studied exper-
imentally from 50 to 110°C, a range covering the glass-
transition region. An empirical model for the temper-
ature dependence of �e and �e of these composites was
also developed by means of a least-squares parabola
fit to the experimental results. The transient plane
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source (TPS) method25 was used for the simultaneous
measurement of these properties.

TPS THEORY

The TPS technique has proven to be a precise and
convenient method for measuring the thermal trans-
port properties of electrically insulating materials. The
TPS method consists of an electrically conducting pat-
tern (Fig. 1) in the form of a bifilar spiral, which also
serves as a sensor of the temperature increase in the
sample. In Figure 1, K-4521 is the design number of
the sensor; K stands for kapton. The sensor is sand-
wiched between thin insulating layers of kapton. If the
conductive pattern is in the Y–Z plane of a coordinate
system, the rise in the temperature at a point Y–Z at
time t due to an output power per unit of area Q is
given by25

�T�y,z,�� �
1

4�3/2a� �
0

� d�

�2 �
A

dy� dz�

Q�y�z�t �
�2a2

� � exp� � �y � y��2 � �z � z��2

4�2a2 � (1)

where �(t � t�) is equal to �2a2, 	 is equal to a2/�, and
� is equal to (t/	)1/2. a is the radius of the hot disc,
which provides a measurement of the overall size of
the resistive pattern, and 	 is known as the character-
istic time. � is a constant variable, � is the thermal
conductivity (W/m K), and � is the thermal diffusivity
(m2/s). The temperature increase �T(y,z,�), due to the
flow of current through the sensor, gives rise to a
change in the electrical resistance �R(t):

�R�t� � 
R0 �T��� (2)

where R0 is the resistance of the TPS element before
the transient recording has been initiated, 
 is the
temperature coefficient of resistance (TCR), and �T(�)
is the properly calculated mean value of the time-
dependent temperature increase of the TPS element.
During the transient event, �T(�) can be considered to
be a function of time only, whereas, in general, it
depends on such parameters as the output power in
the TPS element, the design parameters25 of the resis-

tive pattern, and the thermal conductivity and thermal
diffusivity of its surroundings. �T(�) is calculated by
the averaging of the increases in the temperature of
the TPS element over the sampling time because the
concentric ring sources in the TPS element have dif-
ferent radii and are placed at different temperatures
during the transient recording

It is possible to write down an exact solution25 for
the hot disc if it is assumed that the disc contains a
number m of concentric rings as sources. From the ring
source solution, we immediately get

�T��� �
P0

�3/2a�
Ds��� (3)

where
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� �
0

� d�
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m

k exp
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4�2m2 L0� lk
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where P0 is the total output power, L0 is the modified
Bessel function, and l and k are the dimensions of the
resistive pattern. For the recording of the potential
difference variations, which normally are a few milli-
volts during the transient recording, a simple bridge
arrangement, as shown in Figure 2, is used. If we
assume that the resistance increase will cause a poten-
tial difference variation �U(t), measured by the volt-
meter in the bridge [see Fig. 3 for the �U(t) curve], the
analysis of the bridge indicates that

�E�t� �
Rs

Rs � R0
I0�R�t� �

Rs

�Rs � R0�

I0
R0P0

�3/2a�
Ds���

(5)

where

�E�t� � �U�t��1 � C�U�t���1 (6)

Figure 1 Schematic diagram of the TPS sensor.

Figure 2 Schematic diagram of the electrical circuit used
for the simultaneous measurement of the thermal conduc-
tivity, thermal diffusivity, and specific heat per unit of vol-
ume.
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and

C �
1

RsI0�1 �

Rp


�Rs � R0� � Rp
� (7)

The definitions of the various resistances are found
in Figure 2. Rp is the lead resistance, and Rs is a
standard resistance with a current rating that is much
higher than I0, which is the initial heating current
through the arm of the bridge containing the TPS
element. 
 is the ratio of the resistances in the two ratio
arms of the bridge circuit and is taken to be 100 in this
case.

EXPERIMENTAL

The resole type of PF resin was supplied by West
Coast Polymers Pvt., Ltd. (Kannur, India). The solid
content of the resin was 50 	 1%, and caustic soda was
used as the catalyst during manufacturing. OPEFBs
were obtained from Oil India, Ltd. (Kottayam, India).
The OPEFBs were subjected to a retting process, the
pithy material was removed, and the fibers were
dried. Then, the fibers were cut into fibers 40 mm long,
and a randomly oriented mat was prepared. The com-
posites were fabricated by hand lay-up followed by
compression molding at 100°C for about 30 min. The
volume fraction of the oil palm fibers was 40 wt %.
The density of the untreated and treated composites
was approximately equal to 1.09 g/cm3.

Different chemical treatments of the fibers

Alkali treatment

The fibers were dipped into a 5% sodium hydroxide
solution for about 48 h. Then fibers were washed
separately with water containing a few drops of acetic
acid and fresh water and were dried. The OHO
groups of the fibers reacted with NaOH as follows:

Fiber–OH 
 NaOH ¡ FiberOOONa
 
 H2O

Acetic acid treatment

The fibers were treated in glacial acetic acid for 1 h and
then further treated with acetic anhydride containing
concentrated H2SO4 as a catalyst for 5 min. The fibers
were then washed with water and dried. The reaction
took place as follows:

Fiber–OH 
 CH3COOHO¡
�CH3CO�2O

�Conc. H2SO4

FiberOOO

O
	
COCH3
 H2SO4

This reaction was expected to take place at the free
OHO groups available on cellulose molecules. There
was no significant weight change in the fibers on
acetylation. The fibers became more hydrophobic after
treatment.

Silanol treatment

The fibers were dipped into a 1% silane solution in a
water/ethanol mixture (40:60) for about 3 h. The pH of
the solution was maintained at 3.5–4.0. The fibers
were then washed and dried. The mechanism of bond-
ing between the surface and the silane could be ex-
plained as follows.

The alkoxy silanol was able to form bonds with the
hydroxyl groups of the cellulose fiber. Silane reacted
with water to form silanol and alcohol. Silane further
reacted with the OHO group of the fiber surface. This
led to a chemical-bond formation between the fiber
and the silane. The silanol could, therefore, form pol-
ysiloxane structures by a reaction with the hydroxyl
groups of the fiber:

CH2CHSi (OC2H5)3 
 H2O
(tryethoxy vinyl silane) 3

CH2CHSi(OH)3 
 3C2H2OH
(silanol)

CH2CHSi (OH)3 
H2O 
 Fiber–OH 3

H2CHSi(OH)2O–Fiber 
 H2O

Arrangement

The measurements reported in this article were per-
formed with a TPS element of the type shown in
Figure 1. It was made of 10-�m-thick nickel foil with
an insulating layer made of 50-�m-thick kapton on
each side of the metal pattern. The evaluation of these
measurements was performed in the way outlined by
Gustafsson.25 In experiments with insulating layers of
such thickness, it is necessary to ignore the voltage

Figure 3 Potential difference �U versus time t.
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recorded during the first few seconds because of the
influence of the insulating layers. However, because of
the size of the heated area of the TPS element, the
characteristic time of such experiments is so long that
it is possible to ignore a few seconds of recorded
potential difference values and still get very good
results.

No influence could be recorded from the electrical
connections, which are shown in Figure 2. These con-
necting leads had the same thickness as the metal
pattern of the TPS element. Each TPS element had a
resistance at room temperature of about 5.36 � and a
TCR of around 4.6 � 10�3 K�1.

An important aspect of the design of any TPS ele-
ment is that as large a part of the hot area as possible
should be covered by the electrically conducting pat-
tern, as long as there is insulation between the differ-
ent parts of the pattern. This is particularly important
when insulating layers are covering the conduction
pattern and the surface(s) of the sample. It should be
noted that the temperature difference across the insu-
lating layer can, after a short initial transient, be con-
sidered constant.

The composites were in the form of squares (20 mm
� 20 mm � 3 mm), and the surfaces of the composites
were made smooth to ensure perfect thermal contact
between the samples and the heating elements, as the
TPS sensor was sandwiched between the two compos-
ites of the sample material in the sample holders, as
shown in Figure 4. The entire arrangement of the
sample holder with the composites was placed in an
electric furnace, which was maintained at a constant
temperature within 	 1°C. Several runs of the exper-
iments were performed at each recorded temperature
to ensure the reproducibility of the results. Also, for
thermal equilibrium to be attained, the composites
were maintained at a particular temperature for at
least 2 h before the experimental data were taken. The
change in the voltage was recorded with a digital
voltmeter, which was online to the personal computer.
The power output to the samples was adjusted accord-
ing to the nature of the sample material and was, in
most cases, in the range of 6 � 10�6 to 16 � 10�6

W/m.2

RESULTS AND DISCUSSION

The values of the thermal conductivity (�) and thermal
diffusivity (�) of PF were 0.348 W/m K and 0.167
mm2/s, respectively. The experimental values of �e

and �e of the untreated composites with 40% fiber
concentrations were 0.293 W/m K and 0.158 mm2/s,
respectively. The �e and �e values of the composites
treated with alkali, silanol, and acetic acid, measured
at 50, 80, 90, 100, and 110°C with the TPS method, are
plotted in Figures 5 and 6, respectively, together with
the experimental error data with error bars. The alkali-
treated composite had higher values of �e and �e than
the other composites. The alkali treatment of the fibers
increased the diameter as well as the number of pores
on the fiber surface. The increased pore diameter al-
lowed better interlocking with resins and contributed
to �e and �e more than that of the other treated com-
posites. The silane treatment of the fibers made the
fibers less hydrophilic and reduced the adhesion be-
tween the treated fibers and the hydrophilic phenolic
resin. The decrease in the pore diameter due to the
treatment weakened the interlocking with the resin,
and so �e and �e were less than those of the alkali-
treated composite. The reaction of the acetic acid with

Figure 4 Diagram of the sample holder with the TPS sen-
sor.

Figure 5 Temperature variation of the thermal conductiv-
ity of the composites: (�) treated with alkali, (Œ) treated
with silanol, (F) treated with acetic acid, and (–) theoretical.

Figure 6 Temperature variation of the thermal diffusivity
of the composites: (�) treated with alkali, (Œ) treated with
silanol, (F) treated with acetic acid, and (–) theoretical.
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the cellulosic OHO groups of the fibers removed the
waxy cuticle layer of the fiber surface and increased
the polarity of the oil palm fibers. The increase in the
polarity reduced the mean free path of the phonons,
and so �e and �e of this composite decreased.

Also, �e and �e were nonlinear functions of temper-
ature for each composite. A peak was observed at
about 90°C for each treated composite. By means of a
least-squares fit to the experimental data as a function
of temperature (as plotted in Figs. 5 and 6), empirical
relationships were developed for the theoretical pre-
diction of �e and �e:

��T� � A � B�T0 � T�2 � D�T0 � T�3 (8)

��T� � a � b�To � T�2 � d�T0 � T)3 (9)

where A, B, D, a, b, and d are constants, calculated by
experimental conditions listed in Tables I and II, that
are polymer-dependent. This means that they should
change with the different treatments of the compos-
ites. T0 is the temperature at which �e and �e become
maximum, and this temperature lies in the vicinity of
the glass-transition temperature in the glass-transition
region. T is the temperature of the composite in abso-
lute temperature units.

The observed variations in �e and �e with tempera-
ture can be explained by the effect of the temperature
on the structural units in a phenomenological man-
ner.26–27 In the temperature range below T0, the tem-
perature dependence of �e and �e was controlled by
the variations of the phonon mean free path due to
structural scattering, stray scattering, and chain defect
scattering.

For temperatures below T0, structure scattering be-
came predominant, in addition to chain defect scatter-
ing,28 scattering due to defects introduced by blends
and relatively smaller lengths of chain segments. With
rising temperatures, the polymeric chain straightened
out more and more. Therefore, the mean free path
increased,29 and this resulted in the increases of �e and
�e in this temperature range.

At T0 (which was very close to the glass-transition
temperature of the system), the point at which the
crosslinking density of the material became minimum,
resulting in a maximum value of the phonon mean
free path, �e and �e became maximum.

For temperatures above T0, scattering by micro-
voids (vacant-site scattering) became predominant, in
addition to structure scattering. As the temperature
increased and the polymer passed to a rubbery state
through a leathery state, gradually individual units,
atomic groups, and small-chain segments underwent
intensive thermal motions, and the sliding of chain
segments started to play a dominant role in governing
the variation of the properties with the temperature.
This had a twofold effect on the structure of the sys-
tem; initially, the dominant chain moments created
some vacant site or microvoids, which scattered
phones in a way similar to that of the point defects.30

With a rise in the temperature, the number and size of
these microvoids increased, and this resulted in a de-
crease of the mean free path. Therefore, �e and �e

decreased with an increase in the temperature above
T0.

Figures 5 and 6 also show the variations of �e and �e

with temperature as predicted by empirical relations
(8) and (9). It is clear from Figures 5 and 6 that the
agreement between the predicted values of �e and �e

from the empirical relations and the results of exper-
imentation was very good.

CONCLUSIONS

From the results, it can be concluded that differently
treated fiber composites at different temperature give
different values of �e and �e. In the vicinity of the
glass-transition temperature, the �e and �e values of all
the composites became maximum because of the cre-
ation of more microstructures and, therefore, mini-
mum crosslinking density.

One of the authors (K.S.) is thankful to the Department of
Physics at the University of Rajasthan (Jaipur, India) for
providing a research scholarship.
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