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Abstract 

Environment friendly electrical insulation material was developed using bio based rectangular cross sectioned sisal fibrils as 

reinforcement. High content cellulose base fibrils fibrillated by mechanical disintegration method into macro and micro 

fibrils from coarse sisal fibre. This fibrils were randomly distributed in polymer matrix. These composites were characterized 

in term of electrical, mechanical and thermal properties to investigate the stability for high strength electrical insulation 

materials. Excellent mechanical properties were observed. Tensile, flexural and impact strength of composites at 40 wt. % 

fibril loading improved by 151.34, 197.43 and 360.07 % as compared to unsaturated polyester resin. A few micro-mechanical 

models were compared with the experimental values. Nielson-Chen Model predicted the experimental data most accurately. 

The electrical properties of surface modified sisal fibril composites improved significantly in higher frequency. DSC analysis 

showed that the decomposition temperature of composite was higher, around 22°C than that of the polyester resin. Thermal 

degradation reduced and was observed in the range of 83-87% of fibril composites as compared to 97% of resin. Fibril 

composites are highly sensitive to electrical frequency and exhibit excellent electrical insulation property at 20 kHz. Alkali 

treated fibril based composites resulted an environment friendly thermally stable, high strength insulation material. Copyright 

© 2018 VBRI Press. 
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Introduction 

Polymer composites with organic fillers like cellulose 

based natural fibres have been receiving appreciable 

attention because of higher strength and issues concerning 

environmental pollution. These composites possess 

comparable mechanical properties with artificial fibres 

based composites [1, 2]. Natural fibre composite materials 

are widely used in building, automotive and packaging 

industries. However, their utilization in dielectric 

applications is comparatively rare phenomenon. These 

composites are being utilized as dielectric materials as a 

part of microchips, transformers, terminal, connectors, 

switches, circuit sheets etc. Renewable source based such 

composites need to be studied further to expand area of 

reliable, environ friendly green insulation dielectric 

materials. Different types of natural fibres like sisal, flax, 

jute, banana, hemp, ramie, coir, and pineapple leaf have 

been investigated for reinforcement [3-14]. Sisal fibre is 

one of the most promising natural fibres for application 

where the combination of electrical and mechanical 

properties is required [15]. The sisal fibre consists of  

49-78% cellulose, 3-8% lignin, 10-24%, hemicellulose,  

1-2% waxes and 0.1-1% ash by weight. The diameter 

ranges about 100–300 µm and length between 1 to 1.5 m. 

 Natural fibres possess complex hierarchic structure. 

A fibre is composed of a bundle of macro and micro 

fibrils. Micro-fibril is further composed of thousands of 

cellulose chains. Different mechanical properties can be 

obtained from natural fibres depending on the processing 

mechanism to yield the reinforcing materials. A drastic 

reinforcing outcome can be attained by fibrillation of 

plant fibres into micro-fibrils with small diameters [15]. 

In spite of excellent mechanical properties of sisal fibre, 

its application is limited to low value composite products 

because it is difficult to maintain a uniform and 

homogeneous fibre distribution in composites which is an 

outcome of stiffness and coarse diameter of sisal fibre. In 

order to overcome this limitation, in this work fibrillation 

of sisal fibres into macro and micro fibrils has been 

carried out by mechanical disintegration method to 

control variations in fibre distribution. As for the 

development of natural fibre polymer composites is 

concerned, the hydrophilic nature of natural fibres causes 

poor surface adhesion with the hydrophobic matrix and 

limits the potential use of natural fibres as reinforcing 

agent. Many researchers have used different surface 

modification strategies for the fibre surface modification 

and reported improvement in mechanical properties of the 
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resulted chemically treated composites [16-18]. The 

chemical treatment of fibre surface can selectively 

remove the less desired constituent present in the fibre, to 

improve overall effectiveness of reinforcement. Mylsamy 

and Rajendran [17] reported that 5 % alkali treatment 

removes completely the hemicellulose from the sisal fibre 

leaving behind 86.27% cellulose, 4.05% lignin, 0.14% 

wax. Improved mechanical and water abortion resistance 

of alkali treated short fibre reinforced polymer composites 

was also reported [18]. Ghali et al. [19] reported that 

surface modification techniques such as alkali treatment 

with acetylation, increased mechanical properties and 

diffusion process. Aziz and Ansell [20, 21] observed that 

the alkali treated hemp fibre polyester composites showed 

superior mechanical strength. Singh et al. [22] reported 

that mechanical properties of sisal polymer composite 

increased due to the chemical treatment of fibre. The 

mechanical and electrical properties of natural fibre based 

polyester composites have been reported [23, 24]. The 

dielectric constant and mechanical strength of composites 

increased with fibre loading [25]. However, the dielectric 

constant of short sisal fibre reinforced LDPE composite, 

decreased as a result of chemical treatment [26]. The 

impact strength, flexural strength, and flexural modulus of 

sisal fiber cellulose microcrystal reinforced polyester 

composites found higher than those of unsaturated 

polyester resin by 41.08%, 52.52%, and 32.31%, 

respectively [27]. In another investigation alkali treated 

fibers improve the tensile strength (96%) and flexural 

strength (60%) of unsaturated polyester toughened epoxy 

network nanocomposite [28]. The dielectric insulation 

property of composites decreased with increase in volume 

fraction of fibre in the composites [29]. 

 In present study, the fibrillated sisal fibre, in the form 

of loose sisal fibril was incorporated as reinforcing 

component in unsaturated polyester resin to develop 

environment friendly electrical insulating material having 

an enhanced combination of thermal and mechanical 

properties. This manuscript attempts to give an insight 

about the influence of fibrillated sisal fibre loading and 

alkali treatment on electrical, mechanical and thermal 

properties of sisal fibril reinforced polyester composite. 

The morphology of the composites was characterized 

using scanning microscopy.  

       

Experimental 

Materials 

The sisal fibrils were obtained by mechanical 

disintegration process [30], according to which sisal fibres 

were processed in an industrial beater to convert the 

coarse fibres into fine fibrils in the form of pulp. Sisal 

pulp was transferred and spread on a sheet of cotton cloth 

over a wire mesh and was dried in the sun for 24 hours for 

complete removal of moisture to obtain the sisal paper 

having density 1.16 g/cm3. Sisal fibrils were separated 

from handmade sisal paper using fibre separation 

equipment which was designed in CSIR-AMPRI Bhopal 

for this purpose. The separated fibrils were used in the 

preparation of composites as reinforcement filler. 

Unsaturated polyester resin was supplied by P.S. 

Associates, Industrial Area Govindpura, Bhopal, India. 

The density of this resin was 1.1 – 1.2 g/cm3. The 

viscosity at room temperature was 500 cps and monomer 

content was 35%. Cobalt naphthanate was used as 

accelerator and methyl ethyl ketone peroxide was used as 

catalyst. Sisal fibrils were separated from handmade sisal 

paper using fibre separation equipment which was 

designed in CSIR-AMPRI Bhopal for this purpose.  

 

Alkali treatment (NaOH) on sisal fibrils 

The sodium hydroxide (NaOH) was obtained from 

Rankem Avantor Performance Material India Limited, 

Panoli, Ankleshwar, Gujarat, India. A 5wt.% arrangement 

of sodium hydroxide was used for sisal fibril treatment. 

Sisal fibrils were immersed into the solution for 72 hours 

at room temperature then washed with running water for 

complete removal of NaOH. Fibrils were dried at 80°C 

temperature for 24 hours by utilizing air circulation oven 

for complete removal of moisture. 

 

Preparation of composite 

The sisal fibril reinforced polyester composites as defined 

in Table 1 were developed by utilizing cold stage 

compression molding technique. The samples were 

designated as follows; untreated and treated sisal fibrils 

were denoted as US and TS respectively. After US / TS  a 

number shows the wt. % of sisal fibril. Thereafter, 

polyester is denoted by P, followed by wt. % of polyester. 

Mild steel rectangular mold, having dimension of  

120 mm × 120 mm × 15 mm was used. The teflon sheet 

was utilized for easy removal of samples from mold. 

Unsaturated polyester resin, accelerator and catalyst agent 

were weighed by required composition and were blended 

legitimately. The sisal fibrils were mixed with resin 

mixture for 15 minutes for proper coating of fibrils. The 

mixed material was uniformly spread over the wax coated 

mold surface. At last the mold was compacted by top 

punch plate and placed in between plates of hydraulic 

press with uniform pressure at room temperature. The 

polyester was set in 4 hours and composite sample was 

taken out from the mold. The composite plates were post 

cured at 120° C for 4 hours in an air circulation oven. The 

prepared specimens are shown in Fig. 1. 

 

 

Fig. 1. Prepared specimens. 
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Table 1. Nomenclature 

 
 

Characterization 

Scanning Electron Microscopy (SEM) and Field 

Emission Scanning Electron Microscopy (FESEM) 

The tensile fractured surface of different wt. % 

composites were observed and compared by using 

Scanning Electron Microscope (SEM), Model No. JEOL 

JSM-5600. All specimens were sputtered with 10 nm 

layer of gold before SEM observations. Every specimen 

was mounted on the holder of the microscope using 

double sided conduction carbon adhesive tape. The 

voltage rating of 2–10 kilovolts was used for SEM 

observation.  

 The field emission scanning electron microscope 

(FE-SEM) characterization was done by using NOVA 

NANOSEM 430, m/s FEI, USA. The flexural fractured 

surfaces of different composites were analyzed by using 

FE-SEM. The sputtering process of specimen was same 

as SEM. The accelerating voltage of about 5 -10 kilovolts 

was employed in the operation of FE-SEM. 

  

Mechanical characterization 

Tensile tests were carried out according to ASTM D 

3039. The test were carried out by using Instron UTM, 

Model No. 8801, equipped with 100 kN load.  The three 

tensile specimens were tested of each sample. The size of 

the test specimen was 120 mm x 15 mm x 3 mm. The 

cross head speed was 2 mm/min. The flexural tests were 

carried out according to ASTM D 790-30 at room 

temperature using UTM TINIUS OLSEN H25KT, 25 kN 

load capacity with cross head speed 10 mm/min. Three 

specimens of each sample were tested. The dimension of 

each specimen was 70 mm x 15 mm x 3 mm. The span 

length was 50 mm with span to thickness ratio more than 

16:1. The impact test was done according to standard 

ASTM D 256-05 at room temperature, by manually 

operated CEAST Izod pendulum impact tester. Three 

specimens of each sample were tested. The dimension of 

each specimen was about 60 mm x 12.7 mm x 3 mm with 

notch of 2.54 mm. 

  

Electrical characterization 

Dielectric constant (Ԑ’) was evaluated by using the 

following relation    

Ԑ’ = C/Co    (1) 

where C and Co are the capacitance values of specimen 

and air respectively; 

Co is given by = [(0.08854 A)/d] pF, 

where A (cm2) is the area of the electrodes and d (cm) is 

the distance between electrodes. Capacitance (C) of the 

samples was measured at room temperature and 

frequency range from 1 to 20 kHz by using a Hewlett - 

Packard, LCR Meter, model 4274 A.  

 Dissipation factor tan δ is reciprocal of ratio between 

the insulating material capacitive reactance to its 

resistance at specified frequency and is defined as 

tan δ =Ԑ”/Ԑ’    (2) 

where Ԑ” is the dielectric loss. 

 AC conductivity of the samples was calculated by 

using the following relation, 

σac =ε0ωε’ tanδ                               (3) 

 ε0 is permittivity of material in free space, ω is the 

angular frequency, which is equal to 2πf (f is the 

frequency). 

Thermal characterization  

The thermal behavior of composites was observed by 

thermo-gravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) techniques. The different 

wt. % composites were analyzed using Mettler Toledo 

thermal analyzer Linseis, Germany, Model No. DSC 

1.The heating rate of machine was 5 °C with temperature 

range of 20 to 500 °C for DSC and 20 to 600 °C for TGA 

analysis. 

Results and discussion 

Scanning Electron Microscopy and Field Emission 

Scanning Electron Microscopy  

The Fig. 2a shows the morphology of the coarse sisal 

fibre along with the bundles of macro and micro sisal 

fibrils. The diameter of the coarse sisal fibre was observed 

about 80-150 µm. The process of conversion from fibre to 

fibril has been discussed earlier in experimental as 

materials. The Fig. 2b shows the morphology of untreated 

sisal fibrils. Fibrils are semi rectangular in shape, having 

traces of wax coating over the surface. The width of sisal 

fibril was observed about 5–20 µm. The cross sectional 

area of sisal fibril fracture is shown in Fig. 2c.  

The  fractograph  of  NaOH treated sisal fibril is shown in  
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Fig. 2. FESEM Morphology (a) coarse sisal fibre (b) untreated sisal 

fibrils (c) cross sectional area (d) NaOH treated sisal fibril. 

 

 

Fig. 2d. The surface of NaOH treated sisal fibril is 

smooth having less traces of wax as compare to untreated 

sisal fibril, having a uniform cross section.   

 The tensile fractured specimens were used for SEM 

observation. The fractured surfaces of polyester, untreated 

and alkali treated sisal fibril polyester composites are 

shown in Fig. 3a-c. The fractured surface of the polyester 

sample is reported in Fig. 3a. The surface shows the 

typical morphology of a brittle polyester matrix. The 

Figure 3b, reports the fracture surface SEM micrograph of 

the USFC. Rough surfaces were visible which contains 

maximum amount of fibril pullout throughout the 

composite and poor bonding between fibril and matrix. 

The sisal fibril was partially dispersed with polyester, 

demonstrating weak fibril matrix interlocking and 

indicating poor fibril matrix adhesion. In Figure 3c for the 

same weight fraction of TSFC, the better adhesion was 

observed between fibril and polyester matrix, indicating 

the strong fibril matrix interlocking. The alkali treatment 

leads to further fibrillation. Therefore, it increased the 

effective surface area for adhesion of fibril and matrix. 

Alkali treated fibrils were more uniformly distributed as 

compared to untreated fibril. The morphology and sisal 

fibril distribution in polyester composites are shown in 

Fig. 4a-b. Fig. 4a, illustrates a composite having  

30 wt. % fibrils loading whereas Fig. 4b, illustrate  

40 wt. % fibrils loading. Fibrils and polyester matrix can 

be seen in this micrograph. Variation in loading, length, 

straightness of fibrils is visible. The fracture pattern of 

polyester is brittle however, the composite moving 

towards ductile with increased content of sisal fibrils. The 

SEM analysis shows that bonding between treated fibril 

and polyester is superior as compared to the untreated 

fibril and polyester. The untreated fibril seems to be free 

of matrix material and shows the poor fibril matrix 

interlocking. However, treated fibril shows good 

mechanical interlocking and responsible for increased 

strength of composites. 

 

Fig. 3. SEM fractographs (a) Polyester (b) USFC (c) TSFC. 

 

Fig. 4. SEM fractographs- effect of higher sisal fibril loading on 

composites (a) 30wt. % sisal reinforced polyester composites (b) 40wt. 

% sisal reinforced polyester composites. 

 

Table 2. Variation in tensile strength of fibre. 

 

Mechanical characterizations 

Fibrillation of course sisal fibre to fine fibrils resulted in 

significant improvement in terms of tensile strength as 

shown in the Table-2. Refinement of the fibre influences 

its tensile strength [31]. A decrease in fibre fineness 

results in higher fibre strength. Fibrillation of course 

fibres into fibrils results in decrease in number of defects 

present in the cross-section thus improves the tensile 

strength. The defects are primarily the voids present in the 

weak bonding material of the cells. NaOH treatment sisal 

fibrils showed significant improvement in tensile strength 

as compared untreated sisal fibril. NaOH treatment leads 

to removal of lignin and hemicellulose present in the 

fibrils enhancing its tensile characteristics. Removal of 

hemicellulose results in the reduction of density and 

rigidity of the interfibrillar region and thus enables the 

fibrils more capable of rearranging themselves along the 
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direction of tensile deformation [32]. In stretched 

condition, rearrangement results in better load 

transmitting capacity among the fibril, hence higher stress 

bearing capability. Lignin removal causes the middle 

lamella to become more plastic and homogenous due to 

elimination of micro-voids, improving the tensile 

characteristics of the fibril. 

 The variation in tensile strength and modulus of pure 

unsaturated polyester resin and varying sisal fibril loading 

for untreated sisal fibril polyester and alkali treated sisal 

fibril polyester composites are shown in the Fig. 5 and 

Fig. 6. From Fig. 5 shows that tensile strength of 

polyester resin increases after its reinforcement with 

untreated as well as surface modified alkali treated sisal 

fibril. Polyester specimen was found to bear a maximum 

tensile strength 29.35 MPa, whereas composites with 

untreated sisal fibril of 10, 20, 30 and 40 wt. % exhibited 

tensile strength of 38.43, 46.45, 50.16 and 51.12 MPa 

respectively. Further it was observed that the tensile 

strength of composites having treated fibril increased. The 

polyester matrix when reinforced with alkali treated sisal 

fibrils of 10, 20, 30 and 40 wt. % was found tensile 

strength of 49.94, 58.29, 68.04 and 73.77 MPa 

respectively. The most significant improvement in tensile 

strength was observed as 30.93 % in case of 10 wt. % 

untreated fibril loading and 70.15 % in case of 10 wt. % 

treated fibril loading  as compared to polyester resin. The 

maximum improvement in tensile strength of TS40P60 

composite was observed as 151.34 % than polyester resin 

and as 44.30 % than US40P60. From Fig. 6, the modulus 

of polyester and US40P60 composite were 1.83 GPa and 

3.73 and that of TS40P60 composite was 4.54 GPa. The 

modulus of TSF40P composite was increased 148.03 % 

than modulus of polyester resin and 21.66 % than 

modulus of USF40P composite. NaOH treatment of the 

sisal fibrils removed hemicellulose and in turn increased 

the content of cellulose in the fibre that enhanced the 

strength of fibre [31]. Alkali treated sisal fibril improved 

the tensile strength as well as modulus that may be 

attributed to the improved adhesion between the fibril and 

polymer matrix. The increase in tensile strength with the 

increased loading of sisal fibril, clearly indicates the 

effective reinforcement of fibres. The increase in tensile 

strength of composites having treated fibril as compared 

to untreated fibril composites, one may be attributed to 

fact that NaOH treatment improves the adhesive 

characteristics of fibril surface by removing natural and 

artificial impurities thereby producing a rough surface 

morphology[33]. Additionally, NaOH expands the strong 

surface range accessible for contact of fibril with matrix 

in this manner offers a superior fibre/matrix interface and 

increases the tensile strength. In case of untreated fibril, 

OH groups on fibril surface make the fibril as a 

hydrophilic nature with hydrophobic polyester matrix 

which at last results in poor fibre/matrix interfacial bond 

and lower tensile strength. It has been seen that 

composites with 40 wt. % reinforcement indicated better 

tensile strength and modulus for both untreated and 

treated fibril reinforced polyester composites and results 

were much superior for alkali treated sisal fibril. 

 

Fig. 5. Tensile strength of Polyester, USFC and TSFC with variation of 

sisal fibril loading. 
 

 
Fig. 6. Tensile modulus of Polyester, USFC and TSFC with variation of 

sisal fibril loading. 
 

 

 The flexural strength and modulus of composites 

with treated as well as untreated fibril have been depicted 

in the Fig. 7 and Fig. 8. In these graphs similar trends 

were observed as tensile strength and modulus. The 

flexural strength of composites with treated fibrils was 

higher than that of untreated fibrils composites. It was 

noticed in Fig. 7, that flexural strength increased with 

respect to increase in fibril loading up to 30 wt. % and 

then slightly increases with further increase in fibril 

loading across the both treated and untreated composites. 

The flexural strength of polyester, US40P60, and 

TS40P60 specimens were 38.98, 94.42, and 115.94 MPa 

respectively. Thus, the flexural strength of TS40P60 

composite was 197.43 % more than that of polyester resin 

and 22.79 % more than US40P60 composite. Increase in 

loading of fibril in the composites from 10 to 30 wt. %, 

increased the flexural strength from 51.00 to 90.80 MPa 

for untreated sisal fibril composites (USFC) and 73.29 to 

99.14 MPa for treated sisal fibril composites (TSFC) 

respectively. The flexural modulus showed the similar 

trend as tensile modulus. From Fig. 8, the flexural 

modulus  of  polyester,   US40P60   and   TS40P60   were 

measured 2.22, 3.12 and 4.50 GPa respectively. The 

increase in fibril loading in USFC and TSFC composites 
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from 10 to 30 wt. %., the modulus changed from 2.41 to 

3.07 and 3.07 to 3.81 GPa respectively. The flexural 

strength as well as flexural modulus increased in the 

treated composites showing better adhesion between fibril 

and matrix material and the better wetting of surface 

modified fibrils with polyester matrix in comparison to 

untreated fibrils. 

 
Fig. 7. Flexural strength of Polyester, USFC and TSFC with variation of 

sisal fibril loading. 

 

 

Fig. 8. Flexural modulus of Polyester, USFC and TSFC with variation of 

sisal fibril loading. 

 

 The effects of surface modifications on the impact 

strength of the USFC and TSFC have been depicted in 

Fig. 9. It was observed that the TSFC have higher impact 

strength than that of USFC composites. Similar trends 

were observed for tensile and flexural strength. Increasing 

the sisal fibril loading in the USFC and TSFC composite 

from 10 to 30 wt. %, the impact strength increased from 

2.55 to 4.51 kJ/m2 and 3.20 to 6.93 kJ/m2 respectively. 

The impact strength of TS40P60 composites was 

observed as 7.58 kJ/m2as compared that of US40P60 

composites as 6.14 kJ/m2. The impact strength TS40P60 

increased by 23.55% as compared to US40P60. The 

increased impact strength was attributed to NaOH 

treatment which improved the fibril surface adhesion 

characteristics by removing natural and artificial 

impurities [33]. The impact response of fibre composites 

was influenced by the adhesive bond strength, fibre and 

matrix properties [34]. 

Micromechanical models 

The elastic properties of natural fibre reinforced 

composites can be estimated from various 

micromechanical models. Properties such as Young’s 

modulus (E), Poisson’s ratio (ѵ) and volume fraction of 

both fibre and matrix are used to predict the properties of 

the composite material. In this research following models 

were used to predict the Young’s modulus of the studied 

material. 

 Rule of mixtures (ROM): Rule of mixture [35] 

predicts elastic properties of the composite material. The 

young’s modulus E1 of composite is given by equation- 

E1= EFVF +EMVM   (4) 

 EF, EM, VF and VM are Young’s moduli and 

volume fractions of the fibre and matrix materials.  

 Halpin – Tsai Equations: The Halpin-Tsai model 

[36, 37] was proposed by Halpin and Kardos, which was 

originally based on the Hill micromechanical model. This 

model is used to predict the elastic properties of the 

composite materials as per following relations- 

𝑃/𝑃𝑚 =
1+𝜉𝜂𝑉𝑟

1−𝜂𝑉𝑟
   (5) 

𝜂 =
(Pr/Pm)−1

(Pr/Pm)+ξ
   (6) 

 P = composite properties (E11, E22, G12, G23),  

Pr = Reinforcement properties (Er,Gr), Pm = Matrix 

properties (Em, Gm), ξ = A measure of reinforcement 

geometry, packing geometry and loading conditions, 

Vr=Reinforcement volume fraction, ξ Factor is obtained 

by comparing the Halpin-Tsai equations with numerical 

solution of Micromechanics equations. 

 

ξ= 2 𝑙/𝑡 + 40 𝑉𝑟
10 for E11 ≈  ξ =2(l/d) (7) 

40 𝑉𝑟
10 is a very small value. 

 For circular fibre-   𝑙 = 𝑙𝑓 and 𝑡 = 𝑤 = 𝑑𝑓 

 

Fig. 9. Impact strength of Polyester, USFC and TSFC with variation of 

sisal fibril loading. 
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 Nielson-Chen Model: Nielson-Chen model[38] 

predicts the elastic properties of random fibre reinforced 

composites. The equation is expressed as follows. 

𝐸𝑐=(
3

8𝐸1 
) + (

5

8𝐸2 
)      (8) 

𝐸1 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚[1 − 𝑉𝑓]      (9) 

𝐸2 =
𝐸𝑓𝐸𝑚

𝐸𝑓[1−𝑉𝑓]+𝑉𝑓𝐸𝑚
     (10) 

𝑉𝑓 − Fibre volume fraction 

𝐸𝑚 , 𝐸𝑓 − Modulus of matrix and fibre 

𝐸𝐶 − Modulus of composite 

 Approximation Model by Manera: Another model 

proposed by Manera [39] predicts the elastic properties of 

randomly oriented short glass-fibre composites. The 

invariant properties of composites defined by Tsai and 

Pagano were used along with Puck’s micromechanics 

formulation. Manera simplified Puck invariants equations 

and the approximate equations can be expressed as 

follows. 

𝐸𝐶= 𝑉𝑓(16/45𝐸𝑓 + 2𝐸𝑚) + 8/9𝐸𝑚 (11) 

𝑉𝑓 − Fibre volume fraction 

𝐸𝑚 , 𝐸𝑓 − Modulus of matrix and fibre 

𝐸𝐶 − Modulus of composite 
 Young’s moduli of composites with different sisal 

fibril loading (10 to 40 wt. %) obtained by experimental 

method were compared with the predicted values derived 

from different micro-mechanical models as shown in  

Fig. 10 and average relative error between them was 

calculated. Rule of mixture (ROM) showed the maximum 

deviation from the experimental data with an average 

relative error of 33.43%. Modulus predicted by ROM was 

higher than the experimental modulus. Halpin-Tsai model 

showed an average relative error of 32.90%.The relative 

percentage error increased with fibre loading in the 

composite. Rule of mixture and Halpin-Tsai model 

showed almost similar results for the samples. 

Approximation model by Manera predicted the  

Young’s modulus with 9.88% average relative error.  

The relative error of 5.71% was found for 20% fibre 

loading composite which then increased with increasing 

fibre loading conditions. Nielson-Chen model showed an 

average relative error of 5.17% from the experimental 

values and was found to be most accurate among all the 

models. The average relative error decreased with fibril 

loading and showed relative error of just 0.107% for 40% 

by weight fibril loading. Nielson-Chen used theory of 

elasticity approach to predict the modulus of randomly 

oriented fibre composites. To determine the mechanical 

properties of composite with any fibre distribution,  

an averaging technique, along with micro-mechanical 

equations and transformation equations was used  

giving geometrically averaged value for the entire range 

of fibre angles. The geometrically averaged Young’s 

modulus is assured to be same as the in-plane Young’s 

modulus of the isotropic composite. Thus, predicting the 

Young’s modulus for random fibre composites most 

accurately. 

 
Fig. 10. Micro-mechanical models of composites with the variation of 

sisal fibril loading. 

 

 

Fig. 11. Dielectric constant of USFC with the variation of sisal fibril 

loading. 

 
Fig. 12. Dielectric constant of TSFC with the variation of sisal fibril 

loading. 

 

Electrical characterizations 

The dielectric constant, dissipation factor and dielectric 

loss for polyester and both USFC and TSFC were 

measured at room temperature. Fig. 11 and Fig. 12 show 
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that the variation in dielectric constant (’) with frequency 

for the untreated and alkali treated composites 

respectively at room temperature. The increase in loading 

of sisal fibril increased the dielectric constant of 

composites significantly. A diminishing value of 

dielectric constant was noticed with increased frequency. 

Sisal fibril reinforced polyester composites show higher 

sensitivity with change in frequency, as compared to 

polyester resin as shown in Fig. 11. Alkali treated fibril 

composites have low dielectric constant values than the 

untreated ones, as shown in Fig. 12. Hence, it could be 

inferred that TSFC exhibit good electrical insulation 

properties. As compared to polyester resin, the sisal fibril 

polyester composite were highly sensitive to change in 

frequency. The slope of the curves increased significantly 

in Fig. 12 as compared to Fig. 11. This indicates the 

influence of alkali treatment on sisal fibrils that affected 

the trend. A sample containing 10 wt. % of treated sisal 

fibril at 103 Hz frequency has ’ value of 4.51 whereas 

specimen containing untreated sisal fibril of same wt. % 

loading has value of ’ as 9.89, that is more than double to 

the corresponding value of USFC. Further rise in 

frequency from 103 to 20x103 Hz, the value of dielectric 

constant of polyester, US10P90 and TS10P90 were 

observed 1.90, 5.01 and 2.09 respectively. It was noticed 

that the dielectric constant of TS10P90 composites is very 

close to dielectric constant of polyester. Dielectric 

constant of fibril reinforced composites was a little bit 

higher than polyester resin. This may be attribute to 

hydrophilic nature of natural fibre[40].  

 The reduction of the value of ’ in alkali treated 

composites may be attributed to the removal of  

impurities such as wax and hemicellulose from the  

sisal fibril, due to increased hydrophobicity of the  

treated sisal fibrils than decrease in orientation 

polarization i.e., decrease in the percentage of moisture 

content in the sisal fibril. As a result, the dielectric 

constant of the fibril composites containing alkali treated 

fibril is lower than those of the untreated fibril 

composites. The decrease of dielectric constant in treated 

composites is also due to the increased interfacial 

adhesion between the fibril and the polyester matrix and 

chemical bonding caused in between them. Paul et al. [26] 

has reported that the treatment of filler material may 

change the structure of reinforced filler and hence 

responsible for the change in dielectric constant of 

composite. They also observed that dielectric constant of 

sisal fibre-low density polyethylene composite increased 

with increase in fibre loading. The increase was higher at 

low frequency and lower at high frequency, which was 

explained by considering the interfacial polarization and 

orientation polarization. 

 Dissipation factor (tanδ) of an insulation material is a 

very important parameter because it is used to measure 

the electrical energy loss across the material, which was 

converted to heat in an insulator. This parameter is used 

in selection of dielectric material for designing and 

manufacturing of required value of capacitor to be used in 

capacitor banks. Fig. 13 shows that the variation in tan δ 

with frequency for polyester and untreated sisal fibril 

polyester composites at room temperature. With 

increasing frequency, the value of tan δ was decreased for 

all the specimens.  

 The value of tan δ of composites were increased at 

low frequency region and decreased at high frequency 

region for both type of composites. It was attributed to the 

free movement of dipoles within the material. As fibril 

loading increased across composite, the number of polar 

groups present in the fibrils were also increased which 

gave rise to increase in orientation polarization this 

resulted in an increase in dissipation factor values. Further 

at higher frequency region the orientation polarization 

disappeared and the value of tan δ of composites 

decreased. The similar trends about relation between 

dissipation factor and frequency for alkali treated sisal 

fibril polyester composite were observedas shown in  

Fig. 14. An important observation was noticed in Fig. 14 

as compared to Fig. 13, where in particularly at low 

frequency region dissipation factor was very high for 

specimen which were prepared using alkali treated sisal 

fibrils. 

 

 
Fig. 13. Dissipation factor of USFC with the variation of fibril loading. 

 

 

 
Fig. 14. Dissipation factor of TSFC with the variation of sisal fibril 
loading. 
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Fig. 15. Dielectric loss factor of USFC with the variation of sisal fibril 
loading. 

 
Fig. 16. Dielectric loss factor of TSFC with the variation of sisal fibril 

loading. 

 
Fig. 17. AC conductivity of USFC with the variation of sisal fibril 

loading. 

 
Fig. 18. AC conductivity of TSFC with the variation of sisal fibril 

loading. 

 Dielectric loss factor is utilized in electrical power 

transmission system as the average power factor for 

particular period of time. This factor helps in electrical 

power factor improvement of an electric system 

installation as it facilitates reduction of electrical energy 

losses in power transmission lines. The variation 

in dielectric loss (”) for the USFC and TSFC as a 

function of frequency are given in Fig. 15 and Fig. 16 

respectively. It can be seen that in the lower frequency 

region, the dielectric loss was high and was higher for the 

composites having higher fibril content. As the frequency 

increased, the dielectric loss decreased rapidly and the 

slope of the curve increased. It indicates that in the lower 

frequency region, the dielectric loss depends upon the 

fibril content due to polarization of the fibrils, which was 

absent at higher frequencies. As the fibril loading 

increased, the heterogeneity of the composite increased, 

and hence increased its polarization that increases the 

dielectric loss in the composites. 
 The variations of the AC conductivity as function of 

the frequency for USFC and TSFP with different wt. % 

fibril loading at room temperature are shown in Fig. 17 

and Fig. 18. These plots show that the AC conductivity 

increased with fibril loading and decreased with 

increasing frequency. The AC conductivity of US10P90 

was observed as 1.33 x 10-10S/cm at room temperature for 

103Hz. Further rise in fibril loading from 10-40 wt. % in 

the composite, the AC conductivity of US40P60 was 

observed as 4.28 x 10-10 S/cm at room temperature for  

103 Hz. Similar rise in frequency from 103 to 20x103 Hz, 

The AC conductivity of US10P90 and US40P60 

composites were observed 2.56x10-11 and 1.14x10-10 S/cm 

respectively. Similar trend was observed in case of TSFC. 

After the alkali treatment, the sisal fibril was free from the 

hemicellulose which may be responsible for increase the 

AC conductivity of composites. Thus, the results were 

superior with alkali treated sisal fibril composites. The 

AC conductivity of USFC and TSFC are excellent at 

higher frequency than lower frequency region due to 

reduction in polarization and ionic conduction of sisal 

fibril. The AC conductivity of polyester and its reinforced 

composites increased slightly with increase in sisal fibril 

loading that is attributed to hydrophilicity nature of sisal 

fibrils. This behavior also suggests that the electrical 

conduction increases at the higher loading of sisal fibril, 

which may be due to the increase in the segmental 

mobility of the free dipole within the sisal fibril. 

However, the composites having alkali treated sisal fibril 

provide the decreasing AC conductivity which making the 

composites as good environment friendly electrical 

insulation. 

Thermal characterizations 

Thermal property of polyester, USFC and TSFC 

specimens were measured by Thermo-gravimetric 

analysis technique. TGA is a most important tool to study 

the weight loss of materials, presence of impurities and 

find out the percentages composition of fillers and matrix 

in composites. The effect of untreated and treated sisal 

fibril with various wt. % of loading on the degradation 
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temperature (DT) of polyester composites is shown in  

Fig. 19. It was observed that all the composites 

experience weight loss in two systematic steps. At first 

step, all these composites show very small weight loss 

about 4.0 % with on onset temperature at 200°C due to the 

presence of moisture content in fibril[41]. In the case of 

polyester resin, major weight loss about 97.3 % at 500°C. 

However, composites with 10-40 wt. % of untreated sisal 

fibrils, about 85-87 % weight loss took place at 500°C. 

Additionally, the unsaturated polyester resin shows about 

3 % residues at 500°C. The composites which content  

10-40 wt. % loading of untreated sisal fibril shows  

13-15 % residue at 500°C, this may be due to 

condensation of lignin, cellulose and its aromatization in 

the presence of nitrogen atmosphere. Furthermore, the 

composites which content 10-40 wt. % loading of treated 

sisal fibril shows 15-17 % residue at 500°C. It was clearly 

seen that the thermal stability of TSFC was slightly higher 

than the USFC. Moreover, UFSC and TFSC both are 

superior to polyester resin.  Additionally, the thermal 

stability of composites increased with increasing loading 

of reinforcement filler, this may be due to better 

interlocking between fibril and matrix and increase the 

surface area after alkali treatment of sisal fibrils. The 

Thermo-gravimetric analyses of all samples with different 

% weight loss with respect to degradation temperature 

were observed as shown in Table-3. 

 
Table 3. Thermogravimetric analysis data of Polyester, USFP 

and TSFP composites with different % weight loss. 

 

Specimens  CDT 

( °C ) 

DT for 

20% 

weight 

loss  

( °C ) 

DT for 

40% 

weight 

loss 

 ( °C ) 

DT for 

80% 

weight 

loss  

( °C ) 

Polyester 407.15 315.42 348.72 456.86 

USF10P 415.33 317.83 349.38 463.98 

USF20P 430.38 325.01 363.71 464.50 

USF30P 435.98 328.87 366.07 464.85 

USF40P 440.62 334.51 368.54 465.86 

TSF10P 428.65 327.47 367.05 467.85 

TSF20P 438.02 332.10 368.17 470.36 

TSF30P 445.46 333.52 375.01 476.79 

TSF40P 447.20 355.16 379.03 484.33 

 

 The DSC measurement was used to characterize the 

thermal stability of synthesized specimens of polyester, 

USFC and TSFC composites. Fig. 20 and Fig. 21 shows 

the DSC thermograms of polyester, composites with 

different untreated and treated sisal fibrils loadings, based 

on which the effects of the incorporated sisal fibrils on the 

polyester matrix can be explored from the aspects of both 

glass transition temperature (Tg) and decomposition 

temperature (Dt). The addition of untreated and treated 

sisal fibrils to the polyester matrix has no impact on the 

Tg at 75 °C as compared to that of pure polyester sample.  

However,  it  was  noticed  that  the  exothermic peak was  

 
Fig. 19. TGA Thermograms of Polyester, USFC and TSFC with the 

variation of sisal fibril loading.  

 
Fig. 20. DSC analysis of Polyester and USFC with the variation of sisal 

fibril loading. 

 

Fig. 21. DSC analysis of TSFC with the variation of sisal fibril loading. 

 

observed between temperature range 320 to 380°C due to 

decomposition of hemicellulose and cellulose[41]. The 

endothermic peak was also observed for decomposition of 

all specimens. The decomposition temperature (Dt)  

was measured and summarized in Table-4. The 

decomposition temperature of polyester was observed at 

404.3°C. In case of USFC (Fig. 20) the decomposition 
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temperature of USF10P90, USF20P80, USF30P70 and 

USF40P60 were found to be 406.6, 412.8, 418.8 and 

423°C respectively. The decomposition temperature of 

polyester resin was lower than USFC. The decomposition 

temperature to be affected by the loading of sisal fibrils 

and this could be attributed to increased molecular 

bonding between sisal fibril and polyester matrix resulting 

in enhanced the decomposition temperature of 

composites. On the other hand, the decomposition 

temperature of treated sisal fibril composites i.e. 

TSF10P90, TSF20P80, TSF30P70 and TSF40P60 were 

found to be 410, 419.8, 424 and 443.3 respectively as 

shown in Fig. 21. The decomposition temperature of 

TSF40P60 is 20 °C higher than USF40P60. This is due to 

the removal of hemicellulose and lignin constituent from 

the sisal fibril after alkali treatment[42] and enhanced 

thermal strength of TSFC. 

 
Table 4. Differential scanning calorimetry data of Polyester, 

USFP and TSFP composites.  

 

Specimens  Dt  ( °C ) 

Polyester 405.98 

USF10P 412.12 

USF20P 421.01 

USF30P 421.47 

USF40P 426.71 

TSF10P 421.65 

TSF20P 423.15 

TSF30P 424.82 

TSF40P 428.80 

 

 

Conclusion  

Sisal fibril reinforced polyester composites with varying 

fibril loading were developed for electrical insulation 

purpose. Sisal fibrils were extracted from sisal fibre and 

these fibrillated fine fibrils were used for reinforcement. 

Alkali treatment showed improved surface characteristics 

of sisal fibril to make composites. The SEM micrographs 

clearly show that the composites exhibit excellent 

interlocking between fibril and matrix with treated fibril 

and higher loading. The composites showed excellent 

electrical, mechanical and thermal properties. Excellent 

electrical properties with NaOH treated sisal fibril 

composites were observed and results were superior in 

higher frequency region. The value of ’ for 10 wt. % 

alkali treated fibril composite was observed as 2.09 at 

20x103Hz confirming that the composite material exhibits 

good electrical insulation. A change in fibril loading from 

10 to 40 wt. % showed 47.71% increase in tensile strength 

i.e. from 49.94 to 73.77 MPa. Similarly flexural as well as 

impact strength also increased by 58.19% and 136.86% 

respectively. The alkali treatment with 5% solution 

showed improved results with improvement up to 44.30% 

in tensile strength. Thermo-gravimetric analysis of TSFC 

shows lower weight loss (83%) as compare to USFC 

(87%) and Polyester (97%). respectively. The 

decomposition temperature of TSFC is 20 °C higher than 

USFC and 40°C higher than polyester. Different micro-

mechanical models were applied to sisal fibril polyester 

composites to predict the Young’s modulus. Nielson-

Chen model was found fairly accurate in predicting the 

elastic properties. This investigation provides scientific 

information and confirms that sisal fibril based 

composites exhibit a balanced set of characteristic 

including mechanical, Thermal and electrical insulation 

for being considered environment friendly electrical 

insulating material. 
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