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Abstract Dielectric properties on natural fibres reinforced

unsaturated polyester were investigated. Dielectric spectra

were measured in the frequency range from 10-1 Hz

to 106 Hz and temperature interval from 40 �C to 150 �C.

For the composite, three relaxation processes were identi-

fied. The first one is the a mode relaxation associated with

the glass transition of the unsaturated polyester resin matrix.

The second relaxation process associated with conductivity

occurs as a result of the carriers charges diffusion noted for

high temperature above glass transition and low frequencies.

As for the third process, it is the interfacial or Maxwell–

Wagner–Sillars (MWS) relaxation that is attributable to the

accumulation of charges at the natural fibres/polyester resin

interfaces. The third relaxation (MWS) was analysed using

the Havriliak–Negami model and its intensity was calculated

in order to probe the interfacial region between fibres and

matrix. This analysis was accomplished by a thorough study

of the fibres/matrix interfacial adhesion aspect, by using

a differential scanning calorimeter (DSC) and a scanning

electron microscope (SEM) observation.

Introduction

Over the last two decades, a number of researchers have

been interested in the investigation of the cellulosic fibres

exploitation as load-bearing constituents in composite

materials [1]. The use of these natural fibres in composites

has increased due to some reasons [2]. In fact, they are

relatively cheap compared to conventional materials such

as glass and aramid fibres. They are also capable of being

recycled. Besides, these natural fibres compete well in

terms of strength per weight of material [2]. Natural fibres

like jute, coir, sisal, hemp and bamboo, etc., and their

products have been widely used in engineering materials in

various industries as textile, paper, chemical, construction

[3–11] and automotive [12–15]. Actually, manufacturers

and engineers are always looking for new materials and

improved processes to use in fabricating better products so

that they maintain their competitive edge and increase their

profit margin [16]. In automotive industry, European car

manufacturers are again applying natural fibre composites

in interior parts [17]. The future trend of extreme light-

weight car design [18] will further enhance the application

potential of natural fibre composites, leading to the ulti-

mate vision of cars that grow on trees [19].

The desert of North Africa is rich in Alfa plant. This

xerophilous plant belongs to the family of grasses and

grows to a maximal height of 120 cm in the form of

cylindrical rods. Moreover, this vivacious plant has been

used only in high-quality paper industry [20]. As natural

resources play a dominant role in the economic activities of

any country, they contribute substantially to the gross

domestic product [21]. In the case of developing and

underdeveloped countries, this also helps social as well as

economic development. Therefore, it is not surprising to

observe an increasing world trend towards the maximum

utilization of such resources through new processes and

products. These in turn help not only in preventing envi-

ronmental pollution which would be caused by throwing

these materials in the environment without proper use, but
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also in creating employment, particularly in the country-

side, and contributing to the improvement of people’s

standards of living [22, 23]. A great deal of recent research

has been carried out to promote Alfa fibres in reinforced

polymeric systems [24–29], which can be applied in

automotive industry. Unsaturated polyester is commonly

used as a polymer matrix in composites while the rein-

forcement of polyesters with cellulosic fibres has been

widely reported [30–33]. This is thanks to the relatively

low cost, ease of handling and good balance of mechanical,

electrical and chemical properties [33]. Natural fibres

reinforced polyester composites have been commercially

successful in the infrastructure area primarily for low-cost

housing applications. The engine and transmission covers

of Mercedes-Benz transit buses now contain polyester resin

reinforced with natural fibres [34].

However, these advantages could be reduced by the

marked hydrophilic character of these macromolecules that

does not only limit their compatibility with widely used

hydrophobic polymeric matrix but also reduces the

mechanical properties of the composite if moisture is

absorbed as they age [28]. Interfacial adhesion and resis-

tance to moisture absorption of natural fibre composites

can be improved by the suitable modification of fibres

surface [35, 36], or by using coupling agent [27] or by

modifying matrix to make it more compatible with cellu-

lose fibres [37]. Many techniques have been used to give

evidence for the effect of these treatments on the fibres/

matrix interfacial adhesion. The most used ones are

dynamic mechanical analysis and scanning electron

microscope (SEM) observation. However, the recourse to

other methods, able to explore the interface, still attracts

many interests and should help for better adapting the

appropriate coupling agent according to the fibre’s surface

and the matrix.

Dielectric spectroscopy is a technique that gives valuable

information on the thermal and frequency behaviour of

polymer composites. When an electrical field is applied

across a parallel-plate capacitor containing a dielectric

material, the various atomic and molecular charges present

in the dielectric are displaced from their equilibrium posi-

tions and the material is said to be polarized. Different

polarization mechanisms can occur, including dipole orien-

tation, extrinsic free charges or intrinsic charge migration,

electrode polarization and the Maxwell–Wagner–Sillars

(MWS) interfacial polarization in the case of heterogeneous

or composite system, [38, 39].

The objective of this study is to analyze the dielectric

relaxation of non-woven Alfa and wool fibres composite

using unsaturated polyester resin as matrix. It aims at the

examination of the interfacial polarization in order to

investigate the interfacial region between fibres and matrix.

This analysis was achieved by a thorough study of the

fibres/matrix interfacial adhesion aspect, by means of

a differential scanning calorimeter (DSC) and a SEM

observation.

Experimental

Materials

The matrix material used in this study was based on a

commercially available unsaturated polyester, whose

Trade Name is ‘NORSODYNE H13372TAE’ supplied by

Cray Valley/Total. The matrix was mixed with initiator

Methyl ethyl Ketone peroxide, MEKP, and Cobalt octa-

none at a concentration of 1.5% w/w before introducing

Alfa fibres. These fibres extracted from the plant were

attacked chemically by a solution of NaOH and bleached

in a NaClO solution. Then fibres were separated

mechanically using a shirley analyser. As the elaboration

of non-woven fibres with only Alfa fibres were not pos-

sible due to the non-cohesion between fibres, these were

mixed with wool fibres to assure the cohesion. The

diameters of Alfa and wool fibres were 204.86 lm and

37.21 lm, respectively. For our composite, the relative

volume fraction of the two fibres had a ratio of Alfa

and wool 4:1. To prepare the sheet of non-woven fibres

(Alfa ? wool), four steps were conducted. First, Alfa

fibres and wool fibres were, separately, cleaned and

opened using an industrial bale opener (two passages).

Afterwards, to improve blending, two other passages

through the bale opener were necessary. Then, fibres were

combed into a web by a carding machine, which was a

rotating drum or series of drums covered in fine wires.

Finally, the obtained web has little strength in their

unbonded form. The web had therefore to be consolidated

in some way. In our case, needle punching, which is a

type of mechanical bonding, was used. In needle punch-

ing, the strengthening of the web is achieved by inter-

fibre friction as a result of the physical entanglement of

the fibres by needles. We used a laboratory needle

punching machine (4 passages were needed). After this

consolidation, the non woven fibres are calendared at

120 �C in an industry of developing non woven materials

in order to decrease the thickness of the sheet. Finally, the

composite was manufactured using the classical ‘contact

mould method’ [40]. Fibres were deposited on the mould

and impregnated with the liquid resin mixed with suitable

proportions of Methyl ethyl Ketone peroxide and Cobalt

octanone as hardener and catalyst, respectively. The sat-

urated material was then pressed by a roller to remove

bubbles. After the hardness of the resin, the composite

was withdrawn from the mould. The composite obtained

had 7.4% fibres volume fraction.
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Measurements

Samples were subject to the following measurements.

Dielectric measurements

Dielectric measurements were carried out with an Alpha

Dielectric/impedance Analyser (Novocontrol) allowing

measurements over the temperature range from the ambient

to 300 �C and a frequency interval from 10-2 to 107 Hz. In

the dielectric analysis, the sample was placed between two

gold parallel electrodes. A sinusoidal voltage was applied

creating an alternating electric field. This produced polar-

ization in the sample, which oscillated at the same fre-

quency as the electric field, but had a phase angle shift

d. This phase angle shift was measured by comparing

the applied voltage to the measured current, which was

separated into capacitive and conductive components.

Measurements of capacitance and conductance were used

to calculate:

• Real part of the permittivity (apparent permittivity) e0

which is proportional to the capacitance and measures

the alignment of dipoles.

• Imaginary part of permittivity (loss factor) e00 which is

proportional to the conductance and represents the

energy required to align dipoles and move ions.

• Dissipation factor, tan d = e00/e0

Two kinds of dielectric experiments were conducted in

isochronal runs with fixed frequencies and varying tem-

peratures from the ambient to 150 �C with a heating rate of

2 �C/min in a nitrogen atmosphere and isothermal runs

with fixed temperatures and scanning frequencies from

10-1 to 106 Hz.

DSC

Differential thermal analysis was used to evaluate the

thermal characteristics of the composite. Samples weighing

between 10 and 15 mg were placed in a hermetic pan

and sealed. A Jade DSC (Perkin Elmer) was operated

with a heating scheme of -50–150 �C and heating rate of

5 �C/min in a nitrogen environment purged at 20 mW. The

thermograms were analysed for any changes in the thermal

behaviour of the composite.

SEM

The morphology of the matrix surfaces and their composite

were observed at room temperature by SEM PHILIPS

XL30 (SEM). A gold coating of a few nanometers in

thickness was formed on the surfaces of the samples.

Results and discussions

Dielectric analysis

Resin polyester matrix

The dielectric characterization of the resin polyester matrix

was conducted from the room temperature to 150 �C.

Figure 1a, b shows the variation of the real permittivity, e0,
and dissipation factor, tan d, versus temperature for the

frequency range from 10-1 to 106 Hz, respectively. Two

successive parts can be pointed out from the analysis of the

real part of the permittivity and the dissipation factor, tan d,

depending on the temperature range.

(i) The first one emerging around 93.8 �C at 1.6 kHz is

attributed to the a relaxation which is associated with

the glass rubbery transition of the polymer. Segmental

mobility of the polymer molecules increased with

temperature, leading to the increase in permittivity.

The relaxation peak shifted to high frequency when

the temperature increases, due to faster molecule

movements leading to the decrease in the relaxation

times [41].

Fig. 1 a, b Isochronal runs of the dielectric permittivity e0 and

dissipation factor, tan d, versus temperature for the polyester matrix.

The inset shows a magnification region of the a-relaxation on tan (d)
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(ii) The second part reveals the ionic conduction that

appears for the temperature above transition temper-

ature, Tg, and low frequency ranges which arises from

the increase in the mobility of electrical charges in

the polymer with temperature thus giving rise to a

conduction process that brings about a big increase in

both real and imaginary parts of the dielectric

function [42–44]. For polyester resin, -1 slope of

e00 in the low frequencies region (Fig. 2) is typical for

dc conductivity effect [45, 46]. These results are

confirmed by the corresponding ac conductivity plots

for the polyester (Fig. 3) rac(f), which exhibits a dc

conductivity plateau at low frequencies and high

temperatures. It is clear that dc conductivity

decreases and shifts to lower frequencies with

temperatures reduction which is an expected behav-

iour owing to the reduction in the carrier mobility.

Composites

The real part of permittivity, e0, and the dissipation factor,

tan d, versus frequency for the composite are shown in

Fig. 4a, b for different temperatures varying from 40 �C to

150 �C in increments of 10 �C. For low frequencies, the

permittivity reaches high values when temperatures

increase. It is worthy to note that at low temperatures, e0 is

steadily constant and approximately equal to that of the

polyester resin, which indicates the absence of water dipoles

polarization. This result is confirmed by the dissipation tan d
curve that proves the absence of this polarization. As

temperature increases, e0 increases due to the enhanced

conductivity of the composite at higher temperatures.

The analysis of the dissipation effect in comparison to

that of the unfilled matrix shows the presence of two

dielectric relaxations. The first relaxation observed at

roughly 90 �C for the 0.627 Hz frequency was attributed to

the interfacial polarization, known as the MWS effect [47].

This relaxation arises from the fact that free charges (cat-

alysts, impurities, etc.), which were present at the stage of

processing, are now immobilized in materials. When the

temperature is sufficiently high to ensure a certain con-

ductivity of the medium, the charges can migrate in the

applied electric field. These free carriers are then blocked

Fig. 2 Isothermal runs of the loss factor e00 versus frequency for the

polyester matrix

Fig. 3 ac conductivity (rac) as a function of frequency for the pure

polyester matrix at various temperatures

Fig. 4 a, b Isothermal runs of the dielectric permittivity e0 and

dissipation factor versus frequency of the composite. The inset shows

a magnification region of the MWS-relaxation on tan (d) curve
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at the interface between the cellulose fibres and polyester

matrix having different conductivity and permittivity. This

relaxation shifts to higher frequencies as temperature

increases. Indeed, when temperature increases the mobility

of molecular dipoles increases and thus relaxation fre-

quency shifts to higher values. Besides, the ionic conduc-

tion is amplified with temperature that gives rise to the

second relaxation related to dc conductivity occurring in

the low frequency and high temperature. It should be noted

that MWS relaxation is often mixed up with ionic con-

duction as these two phenomena originate from charged

carrier mobility.

The a relaxation, which is already poorly seen in the

polyester resin, is completely masked by the MWS relax-

ation in the case of the composite. In fact, the maxima of

tan d for a relaxation of the matrix is 0.0321 for a tem-

perature of 89.4 �C and for a frequency of 3.2 9 102 Hz.

Nevertheless, in the case of the composite, the isothermal

runs of the dissipation factor tan d in the same temperature

range shows an enhancement of the intensity and appear-

ance of a relaxation peak associated with the MWS

relaxation. Indeed, this relaxation appears at temperatures

above the glass transition temperature resulting from the

accumulation of charges at the fibres/polyester interfaces.

The increase in the temperature leads to a gradual increase

in the mobility of charges, and therefore, a second relax-

ation peak associated with dc conductivity appears. The

same result is observed in the work of Okrassa et al. [48] in

which the a relaxation of the hyroxypropyl cellulose (HPC)

related to its glass transition is not visible in the dielectric

spectra. This behaviour has been connected with the

presence of strong hydrogen between celluloses chains.

To minimize the effect of the dc conductivity, the for-

malism of the ‘electric modulus’ or ‘inverse complex

permittivity’ is introduced. This electric modulus has

recently been adapted for the investigation of dielectric

processes occurring in composite polymeric systems and

also proposed for the description of systems with ionic

conductivity [27]. The electric modulus, M*, is defined by

the following Eq. 1 [49]:

M� ¼ 1

e�
¼ 1

e0 � je00
¼ e0

e02 þ e002
þ j

e00

e02 þ e002
¼ M0 þ jM00

ð1Þ

where M0 and M00 are the real and imaginary parts of

electric modulus, respectively. An advantage of using the

electric modulus to interpret bulk relaxation properties is

that the variation in the large values of real part of per-

mittivity and the loss factor at low frequencies are mini-

mised. In this way common difficulties of electrode nature

and contact, space charge injection phenomena and

absorbed impurity conduction effects, which appear to

obscure relaxation in the permittivity representation, can be

solved or even ignored [50].

On transforming the dielectric permittivity and loss

values into the electric modulus formalism, Fig. 5a, b are

obtained, giving the real part, M0, and imaginary part, M00,
of the electric modulus versus frequency for the polyester

matrix. It can be clearly seen that the values of M0 increase

with frequency at a constant temperature and reach a rather

constant value in the end of the spectrum. Yet, as expected,

the values of e0 decrease quickly to an almost constant

value. The evolution towards a constant of M0 at high

frequency is due to the fact that polarization is ineffective

at high frequency since the dipoles cannot follow the

applied electric fields when the frequency is very high. The

variation of the imaginary part of the electric modulus

according to the temperature of the polyester is given in

Fig. 5b. These curves show the presence of two relaxation

peaks related to ionic conduction at low frequencies and a
relaxation associated with the glass transition for the high

frequencies when the temperature increases. Adopting this

electric modulus formalism, Fig. 6 shows a different

behaviour of M00 as the composite is heated over the tem-

perature range from 40 �C up to 150 �C in comparison

with that of the polyester resin matrix. A series of two

Fig. 5 a, b The real part M0 and imaginary part M00 of the electric

modulus versus frequency of the polyester matrix. The inset was

illustrated by the a mode relaxation
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distinct relaxations can be considered. The first of them is

related to the a relaxation associated with the glass rubbery

transition of the polymer and the second one, which

appeared at high temperatures, is attributed to the filler and

more precisely to the fibre/matrix region giving rise to

MWS interfacial relaxation. To further support these

assignments the activation energy relative to the different

relaxation, was evaluated. The frequency, fmax, associated

with the maximum of M00 for a fixed temperature was

determined. These frequencies associated with each

relaxation, i.e. conduction and a relaxations for the poly-

ester matrix (UP) and a and MWS relaxations for the

composite, were plotted in Fig. 7 as function of the tem-

perature. The temperature dependence of the frequency

fmax can be described by an Arrhenius law; thus the acti-

vation energy is calculated from the Eq. 2 below:

fmax ¼ fo exp � Ea

kBT

� �
ð2Þ

where kB, T, Ea and fo are Boltzmann constant, temperature,

activation energy of the process and frequency at high

temperature. The mean value of activated energy relative to

a relaxation is 151.79 kJ/mol for the matrix (Table 1). This

value is in accordance with that reported in other work [27].

But, for the composite, the a relaxation is characterized

by an energy activation of about 112.36 kJ/mol and a

time relaxation of 10-17.68 s. One can notice that apparent

activation energy, Ea
a, associated with a relaxation decreases

after fibres incorporation. The decrease in Ea
a could be

attributed to the interaction between non woven natural

fibres and the matrix and therefore to the nature of interfacial

regions. To probe this region, SEM observation will be

carried out later. The MWS relaxation, for the composite, is

characterized by an energy activation of about 87.87 kJ/mol

and a time relaxation of 10-14.47 s. These values seem to be

a typical thermoactivated phenomenon that is not related to

an elementary relaxation of dipoles as the characteristic

time, so, is slightly different from that of Debye (10-13 s).

The use of the Argand representation (Cole–Cole diagram)

provides interesting regarding the nature of relaxation.

Cole–Cole plots of the matrix and the composite at 150 �C

are depicted in Fig. 8a, b. It is well established that the

response of every relaxation mechanism can be represented

very precisely by a model function with four parameters at

the most. Among others [28, 51] the function:

e� xð Þ ¼ e1 þ
es � e1

1þ ixsð Þ1ð Þb
ð3Þ

introduced by Havriliak–Negami [52] which is widely used

because of its suitability for mathematical processing.

es and e? are the dielectric constants on low and high

frequency sides of the relaxation, s is the central relaxation

time, x is the radial frequency, a and b are fractional shape

parameters describing the skewing and broadening, of the

dielectric function, respectively. Both a and b range

between 0 and 1. These coefficients act for the deviation

from the Debye equation. In fact, when a and b = 1, this

equation reduces to the Debye equation. In the electric

modulus formalism, the Havriliak–Negami equations (4, 5)

have the following form [52]:

Fig. 6 The imaginary part M00 of the electric modulus versus

frequency of the composite

Fig. 7 Arrhenius plots of the frequency of M00 versus the reciprocal

temperature for the polyester matrix (UP), and the composite

Table 1 Activation energies, Ea, and relaxation times so for neat

matrix and the composite material

Samples Ea (KJ/mol) so (s)

Neat matrix (UP)

a relaxation 151.79 10-26.23

Conduction 137.97 10-19.29

Composite materials

a relaxation 112.36 10-17.68

MWS relaxation 87.87 10-14.47
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M0 ¼ M1
MsA

b þ M1 �Msð Þ cos bu
� �

Ab

M2
s A2b M1 �Msð ÞMs cos buþ M1 �Msð Þ2

ð4Þ

M00 ¼ M1Ms

M1 �Msð Þ sin bu½ �Ab

M2
s A2b M1 �Msð ÞMs cos buþ M1 �Msð Þ2

ð5Þ

where

Ms ¼
1

es

ð6Þ

M1 ¼
1

e1
ð7Þ

A ¼ 1þ 2 xsð Þ1�a
sin

as
2
þ xsð Þ2 1�að Þ

h i1=2
ð8Þ

u ¼ arctg
xsð Þ1�a

cos ap
2

1þ xsð Þ1�a
sin ap

2

" #
ð9Þ

Accordingly, the dotted curves are produced by best

fitting experimental points using the Havriliak–Negami

equations (4, 5). In Fig. 8a, the Cole–Cole diagram of the

polyester resin corresponds to the ionic conduction process.

Nonetheless, for the composite (Fig. 8b), we note that it

was impossible to fit to the Havriliak–Negami model with

all the experimental points. Similarly, it can be noted that

at low frequencies domain (lower values of M0 and M00), the

experimental points reach the origin of the graph contrary

to the theoretical ones, which is a typical behaviour of dc

conduction effect. So, two semicircles are obtained in

every examined temperature. The first one for 0 \ M0

\ 0.013 is related to the conduction effect and the second

one for 0.013 \ M0\ 0.3 is attributed to the MWS effect.

The parameters evaluated by fitting data were listed in

Table 2. To determine the parameters characteristic of

the Havriliak and Negami model (a, b, Ms, M?), the

experimental M0 and M00 data are smoothed through a

numerical simulation in the complex plane. The purpose of

such simulation is to find the theoretical values ðM0th;M00thÞ.
The values of a, b, Ms and M?, which smoothed best

the Havriliak–Negami data are obtained by a successive

approach method where the following expressions (10, 11)

are minimized:

v2
M0 ¼

X
i

M0th �M0exp

� �2

ð10Þ

v2
M00 ¼

X
i

M00th �M00exp

� �2

ð11Þ

It has been proven that only one-quadruplet value is able

to tone with these conditions. The values of a and b
obtained for conductive effect are in harmony with a pure

Debye-type both for the matrix and the composite. While,

the values of a and b obtained for MWS relaxation go in

the same line with the Havriliak–Negami response. For the

a relaxation, the deviation of the parameter a value from 1

is an indication that these phenomena could not be

Fig. 8 Argand’s plots of the electric modulus, M* of the matrix

(a) and the composite (b) at 150 �C

Table 2 Parameters evaluated by fitting data according to the

Havriliak–Negami equation for neat matrix and the composite

Samples T (�C) Relaxation a b Ms M?

Neat matrix

(UP)

70 a 0.6 0.79 0.28 0.33

80 a 0.7 0.89 0.25 0.31

110 Conduction 0.998 0.94 0.019 0.271

120 Conduction 0.9999 0.966 0.0025 0.28

150 Conduction 0.99991 0.98 0.0019 0.2846

Composite

materials

120 MWS 0.797 0.82 0.013 0.270

Conduction 0.988 0.99 0.0006 0.021

130 MWS 0.86 0.88 0.012 0.26

Conduction 0.984 0.992 0.000391 0.035

140 MWS 0.86 0.874 0.0077 0.27

Conduction 0.982 0.98 0.00028 0.023

150 MWS 0.865 0.88 0.0068 0.28

Conduction 0.988 0.994 0.00028 0.028
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associated with a single relaxation time process or a pure

Debye-type relaxation [49].

Table 3 presents the interfacial relaxation strength of

MWS relaxation in permittivity values defined by

(De ¼ es � e1) [53].

From Table 3, we note that the relaxation strength of

MWS relaxation increases with temperature. This can be

due to the increase in free charges, which come to be

blocked in greater numbers at the interfaces, thus increas-

ing the aptitude of the dipoles to be polarized. It should be

born in mind that for a given sample, a rise in the tem-

perature leads to an increase in the relaxation and shift of

the maximum towards the high frequencies suggesting that

the aptitude of the ions to be polarized at the interface is

more significant at high temperatures. This phenomenon is

due to the greatest number of free charges, which migrate

towards the interfaces and block themselves there.

Thermal analysis of the composite

Thermal analysis can be performed to determine the

moisture content present in composites. Since moisture

content has a deteriorating effect on the properties of

composites, this analysis is of great importance [54]. DSC

analysis was performed on the composite to determine the

thermal behaviour of the composite in temperature range

from -50 to 150 �C. Figure 9 shows the DSC curves of the

composite in the first and second runs. A little endotherm

shoulder observed in the temperature range 57–63 �C from

the first run indicates the presence of a little absorbed water

in the composite. Water present in the composite originates

largely from the fibres. Water is not observed on dielectric

spectra as mentioned before and this is probably due to the

lowness of this water. The second run shows a flat base line

indicating complete water removal. An analogous study

was done by Aziz et al. on hemp–polyester and kenaf–

polyester composites in which they showed a wide endo-

therm on thermographs associated with the presence of

water molecules linked to fibres. In their work, they also

indicated that high moisture content leads to poor wetting

ability with the resin and weak interfacial bonding between

the fibres and the polyester matrix. In our case, the lowness

of water lets us think for a better adhesion of fibres in the

matrix. This prediction will be verified by means of the

SEM observation in the section that follows.

Morphology of the composite

The fibre–matrix interface in the composite was investigated

by SEM. SEM micrographs of the matrix and its composite

are displayed in Figs. 10, 11, 12 and 13. The micrograph in

Fig. 10 illustrates the unfilled material, i.e. polyester matrix.

By comparing this micrograph with those of the composite,

fibres can be clearly identified. Figure 11a, b represents the

micrographs of the longitudinal fibres aspects for the com-

posite. These micrographs illustrate that Alfa fibres are

randomly dispersed in the matrix and that individual sepa-

ration of the fibres are not in the form of single fibres. Some

fibres are tightly connected with the matrix as illustrated in

Fig. 11b. Figures 12 and 13 depict the micrographs of the

polished cross-sections for the composite. As natural fibres

Table 3 Interfacial relaxation strength

Samples T (�C) De

Composite materials 120 73

130 79

140 126.16

150 143.48

Fig. 9 DSC thermograms of the composite in the first and second

runs

Fig. 10 SEM micrograph of the polyester matrix
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in the composite are dispersed randomly, different shaped

cross-sections are observed in Figs. 12a and 13a. In

Figs. 12b, c and 13b, c, closer observation of the interface in

micrographs shows tiny holes around the fillers and also

indicates some physical contacts in this surrounding region.

The lack of interactions at the interface between filler and

matrix is equally pointed out by Kaddami et al. in palm tree

Fig. 11 SEM micrographs of the longitudinal fibres aspects for the composite: a 100 lm and b 10 lm

Fig. 12 SEM micrographs of the polished cross-sections for the

composite: a 100 lm and b, c 10 lm
Fig. 13 SEM micrographs of the polished cross-sections for the

composite: a 100 lm and b, c 20 lm
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fibres composite based on polyester matrix [55]. They

showed that the chemical modification of the filler with

acetate did not succeed in improving the adhesion between

the polymer and the palm tree filler.

Conclusion

In the present work, we have investigated dielectric mea-

surements performed on polyester resin matrix and its

composite using non-woven Alfa fibres mixed with wool

fibres, over the temperature range from room temperature

to 150 �C and over the frequency range from 0.1 to 106 Hz.

In addition to the a relaxation associated with the glass

transition of the polyester resin matrix and ionic conduc-

tion relaxation caused by the mobility of electric charges,

the presence of natural fibres in the composite gives rise to

a dielectric relaxation associated with MWS interfacial

polarization. The MWS relaxation arises from the trapping

of electric charges at the interfaces between fibres and

polyester resin for the composite. The recourse to the

Argand representation confirms that the MWS relaxation is

consistent with the Havriliak–Negami process for the

studied composite. Calculating the intensity of this relax-

ation and analysing the thermal behaviour and the mor-

phology of the composite reveal low interactions between

the filler and the matrix.
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