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Abstract 

Natural fiber reinforced polymer composites (NFPC) have gained considerable attention in the 

recent years due to their environment and economic benefits and low energy demand in 

production. The use of cellulosic stiff reinforcing fillers in polymer composites have also 

attracted significant interests of material scientists. Waste of natural fibers, produced in the 

textile industry during mechanical processing, offers a cheaper source of availability for the 

preparation of these stiff cellulose fibrils/fillers. The poor adhesion between the fiber and 

polymer matrix is also considered a major drawback in the use of natural fiber composites. 

Therefore, surface modification of natural fibers is necessary before using them as a 

reinforcement in composites. 

This thesis is dealing with the effect of addition of stiff cellulose micro fibrils and nanocellulose 

extracted from jute waste and its coating over woven jute reinforcements and some novel 

environment friendly fiber treatment methods on the bulk properties, including mechanical and 

dynamic mechanical properties of jute/green epoxy composites. Waste jute fibers were used both 

to produce jute cellulose fibrils through pulverization and as a precursor to purify and extract 

nanocellulose. Woven jute fabric was treated with novel techniques such as CO2 pulsed infrared 

laser, ozone, enzyme and plasma. Three different categories of composite laminates were 

prepared by hand layup method and compression molding technique using same green epoxy 

matrix. The first composite type was comprised 1, 5 and 10 wt % of pulverized micro jute fibers 

(PJF), used as fillers along with alkali treated jute fabric. The second type was enclosed with 

nanocellulose coated jute fabric with different nanocellulose concentrations (3, 5 and 10 wt %) 

and third type was consisted of surface treated jute fabric. The surface topologies of treated jute 

fibers, jute cellulose nanofibrils (CNF), pulverized jute fibrils (PJF), nanocellulose coated jute 

fabrics and fractured surfaces of composites were characterized by scanning electron microscopy 

(SEM). The crystallinity of jute fibers after different chemical treatments was measured by X-ray 

diffraction (XRD). The novel surface treated jute fabrics, alkali treated jute fabric and chemically 

pretreated waste jute fibers were characterized by Fourier transform infrared spectroscopy 

(FTIR).  

The mechanical properties of composites were determined according to recommended 

international standards. The creep and dynamic mechanical tests were performed in three-point 

bending mode by dynamic mechanical analyzer (DMA). Three creep models i.e. Burger’s model, 

Findley’s power law model and a simple two-parameter power law model were used to model the 

creep behavior in this study. The time temperature superposition principle (TTSP) was applied to 

predict the long-term creep performance. The results revealed the improvement in tensile 

modulus, flexural properties, fatigue life and fracture toughness except the decrease in tensile 

strength of only nanocellulose coated woven jute/green epoxy composites as compared to 

uncoated jute composite. The incorporation of PJF and novel surface treatments were found to 

significantly improve the creep resistance of composites. The Burger’s model fitted well the short 

term creep data. The Findley’s power law model was found to be satisfactory in predicting the 

long-term creep behavior. Dynamic mechanical analysis revealed the increase in storage modulus 

and reduction in tangent delta peak height of all three composite categories. 

Keywords: Jute fiber, Natural fiber composites, Mechanical properties, Creep, Dynamic 

mechanical analysis  
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Anotace 

V posledních letech je zájem soustřeďován na kompozity z přírodních polymerních vláken díky 

jejich ekonomickým benefitům, vlivu na životní prostředí a nízké spotřebě energie při jejich 

výrobě. Materiáloví inženýři se soustředí na využití výplní z celulózových vláken pro polymerní 

kompozity. Během mechanického zpracování textilních vláken vzniká odpad, který slouží jako 

levný zdroj suroviny pro přípravu těchto celulózových vláken/ kompozitních výplní. Hlavní 

nevýhodou přírodních vláken jako výztuže do kompozitu je nízká adheze mezi vláknem a 

polymerní matricí. Proto je nutné modifikovat jejich povrch.  

Tato práce se zabývá vlivem přídavku tuhých mikroskopických fibril celulózy a nanocelulózy 

extrahovaných z odpadu juty a jejich depozicí na jutovou tkaninu. Dále se zabývá metodami její 

aplikace a testováním mechanických vlastností i z hlediska dynamických zkoušek kompozitních 

struktur na bázi juta a ekologicky šetrné epoxidové pryskyřice. Odpad z vláken juty byl použitý v 

obou případech jak pro výrobu jutových celulózových fibril včetně jejich fragmentování, tak i 

jako prekurzor pro čištění a extrahování nanocelulózy. Jutová tkanina byla zpracována novými 

technikami jako je CO2 pulzní infračervený laser, ozón, enzymy a plazma. Tři různé kategorie 

vrstvených kompozitních materiálů byly připraveny metodou ručního vrstvení a kompresní 

technikou s použitím stejné ekologické epoxidové matrice. První kompozit obsahoval 1, 5 a 10 

hmotnostních % mikro fragmentů jutových vláken (PJF) použitých jako plnivo spolu s alkalicky 

ošetřenou jutovou tkaninou. Druhý typ byl tvořen jutovou tkaninou povrstvenou nanocelulózou v 

koncentracích 3, 5 a 10 hmotnostních %. Třetí typ byl vytvořen z povrchově upravené jutové 

tkaniny. Povrchová topologie upravených jutových vláken, jutových a celulózových nanofibril 

(CNF), drcených jutových fibril (PJF), nanocelulózou potažené jutové tkaniny a zlomy v povrchu 

kompozitu byly charakterizovány pomocí rastrovací elektronové mikroskopie (SEM). 

Krystalinita jutových vláken po různém chemickém ošetření byla měřena pomocí rentgenové 

difrakce (XRD). Nově povrchově upravené jutové tkaniny, alkalicky ošetřené jutové tkaniny a 

chemicky předupravená odpadní jutová vlákna byla charakterizována pomocí spektroskopie 

FTIR.  

Mechanické vlastnosti kompozitů byly stanoveny podle doporučených mezinárodních norem. 

Tečení a dynamické mechanické zkoušky byly prováděny v režimu tříbodového ohybu pomocí 

dynamického mechanického analyzátoru (DMA). Tři modely tečení materiálu, tj. Burgerův 

model, model Findleyho zákona a jednoduchý dvouparametrový mocninový model byly použity 

k modelování tečení materiálu (creep) v této studii. Princip časově teplotní superpozice (TTSP) 

byl použit k predikci dlouhodobého tečení.  Výsledky ukázaly zlepšení modulu v tahu, 

ohybových vlastností, doby do únavy materiálu a odolnosti v lomu, s výjimkou poklesu pevnosti 

v tahu u nanocelulózou potažené jutové tkaniny/ekologického epoxidového kompozitu ve 

srovnání s kompozitem s nepotaženou jutou. Inkorporace PJF a nových povrchových úprav 

výrazně zvyšuje odolnost proti tečení kompozitů. Burgerův model byl dobře použitelný k 

modelování tečení v krátkodobém horizontu, zatímco Findleyho model byl uspokojivý při 

předvídání chování dlouhodobého tečení. DMA ukázala, že u všech tří kategorií kompozitů došlo 

ke zvýšení paměťového modulu a ke snížení výšky tangentových píků. 

Klíčová slova: Vlákna juty, kompozity z přírodních vláken, mechanické vlastnosti, tečení, 

analýza dynamických mechanických vlastností  
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1 Introduction 

The impact of global climatic change is quite visible in the recent years due to increase in 

greenhouse gas emissions. Synthetic fibers whose main feedstock is petroleum, are being widely 

used in polymer composites because of their high strength and stiffness. However, these fibres 

have serious drawbacks in terms of their non-biodegradability, toxicity, initial processing costs, 

recyclability, energy consumption, machine abrasion, health hazards, etc. [1]. Therefore, the 

increasing environmental awareness and international legislations to reduce greenhouse gas 

emissions have forced the material scientists and researchers to shift their attention from 

synthetic fibers to natural/renewable fibers. Natural fibers are now increasingly used as 

reinforcement in biocomposites because of many advantages such as cost effectiveness, easy to 

process, renewable, recyclable, available in huge quantities, low fossil-fuel energy requirements 

and the most importantly their high specific strength to weight ratio [2]. This is of distinctive 

importance especially in interior transportation applications as it leads to reduction of vehicle 

weight for higher fuel efficiency, reduction in cost and energy saving. Thus natural fibers are 

considered promising candidates for replacing conventional synthetic reinforcing fibers in 

composites for semi-structural and structural applications [3]. Bio-composites are the composites 

in which natural fibers are reinforced with either biodegradable or non-biodegradable matrices 

[4]. 

Plant based natural fibers are most commonly used lignocellulosic fibers in composite 

applications [5]. These fibers are derived from various parts of plants, such as stems, leaves, and 

seeds. The fibers derived from stem (bast fibers) such as jute, flax, hemp and kenaf etc. are more 

commonly used for reinforcement in composites due to their high tensile strength and high 

cellulose content [6]. Lignocellulosic fibers maily consist of cellulose microfibrils in an 

amorphous matrix of lignin and hemicellulose. The percentage composition of each component 

varies for different fibers. However, cellulose is the major framework component in these fibers 

having 60 - 80% weightage and is responsible for providing strength, stiffness and structural 

stability to the fiber [7]. Among lignocellulosic fibers, jute is an abundant natural fiber used as a 

reinforcement in bio-composites [8] and occupies the second place in terms of world production 

levels of cellulosic fibers [9] after cotton.  

The properties and aspect ratio of fibers and interfacial interaction between fibers and matrix 

govern the properties of composites. Good interfacial adhesion between fiber and polymer plays 

an important role in the transfer of stress from matrix to fiber and thus contributes to better 

performance of composite. Despite parallel advantages of lignocellulosic fibers, there is some 

drawback regarding their behaviour in polymer matrix apart from their performance and 

processing limitations. These fibers have poor compatibility with several polymer matrices. 

Weak fiber/matrix interface reduces the reinforcing efficiency of fibers due to less stress transfer 

from the matrix to the fiber resulting in a poor performance of composite [10]. To enhance the 

compability between fiber and matrix, different physical [11], chemical [6] and biological [12] 

treatments are used by researchers for fiber surface modification. However, the use of some 

novel and environment friendly methods such as laser, ozone and plasma, are less common. 

Moreover, stiff micro/nano cellulose fillers as reinforcing element in polymer matrices are also 

considered promising candidates in the improvement of interface interaction  and hence the 

performance of composites. 
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2 Purpose and aim of the thesis  

The overall objectives of this research are to investigate the effect of addition of stiff cellulose 

micro fibrils, nanocellulose extracted from jute waste and its coating over woven jute 

reinforcement and some novel environment friendly fiber treatment methods on the bulk 

properties such as mechanical, creep and dynamic mechanical properties of composites. Jute has 

been selected as the reinforcing fiber due to its good mechanical properties, along with other 

advantages, such as very low cost, easy availability and renewability. Jute waste obtained from a 

jute processing mill is used as a low cost source of producing cellulose fibrils/fillers and green 

epoxy has been chosen as a matrix because of its high biobased contents and low petroleum 

derived contents. The specific objectives are as follows; 

 To investigate the incorporation of pulverized micro jute fibrils prepared from jute waste 

on the mechanical and dynamic mechanical properties of alkali treated woven jute/green 

epoxy composites. 

 To characterize the mechanical and dynamic mechanical properties of green epoxy 

composites reinforced with nanocellulose coated jute fabric. 

 To investigate the influence of some novel treatment methods such as CO2 pulsed 

infrared laser, ozone, enzyme and plasma on the creep and dynamic mechanical 

properties of woven jute/green epoxy composites. 

 To model the short term creep data of composites using four parameters (Burger’s) model 

and to predict the long term creep performance based on experimental data using 

Burger’s model, Findley’s power law model and a simple two-parameter power law 

model. 

3 Overview of the current state of problem 

Natural fibers utilization as reinforcing component in polymer composites is an effective way to 

produce light weight, low cost, ecofriendly, hygienic, naturally degradable and CO2 neutral 

materials without adversely affecting the rigidity of the composites [13]. Many researchers have 

focused to modify the surface properties of natural fibers in the last two decades using different 

physical and chemical treatments and tried to overcome the compatibility issue of natural fibers 

and polymer matrices. Different modification techniques such as alkali [14-16], acetylation [17], 

graft co-polymerisation [18], silane [19] enzyme [20, 21], plasma [22, 23], ultrasound [24] and 

ultraviolet [25]
 
treatments have been reported in literature to overcome the incompatible surface 

properties of natural fiber and polymer matrix.  Beside that, cellulose micro/nano fillers in 

polymers have attracted considerable interest by improving the strength and stiffness of resulting 

composites [26-28]. Various types of cellulosic resources are used as precursors to extract and 

purify cellulose fibrils from lignocellulosic fibers. In the previous literature, cellulose micro/nano 

fibrils obtained from different precursors such as hemp fibers [29], pineapple [30], isora fibers 

[28] and jute fibers [31] are used as reinforcing filler in polymer matrices and resulted in the 

improvement of composite properties. Polymer composites used in engineering applications are 

often subjected to stress for a long time and at high temperatures. Creep behavior is a very 

important end-use property for bio-composites, because both the natural fiber reinforcement and 

polymer matrix exhibit time and temperature dependent properties. Thus a time and temperature 

dependent degradation in modulus (creep) and strength (creep rupture) may occur over time, as a 
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consequence of the viscoelasticity of the polymer matrix. Considerable studies can be found in 

literature on the creep behavior of bio-composites [32-34] to study the effect of interfacial 

adhesion and reinforcing fillers in polymer matrices . Different mathematical modelling 

techniques have also been applied to analyze creep behavior of composite materials [35, 36]. 

 In this active area of research, the use of some novel methods especially CO2 pulsed infrared 

laser and ozone in such modification processes of natural fibers and to evaluate the creep 

behavior of these surface modified fiber reinforced composite are less common. No study is 

available on the use of pulverized micro fillers (prepared from jute waste) in composites to 

evaluate their mechanical, creep and dynamic behavior. Nanocellulose coating over 

reinforcement instead of using it as filler in matrix is also a novel idea which is not explored yet.  

4 Methods used, studied materials 

4.1 Materials 

Jute yarn having linear density 386 tex and 124 twists/m, produced from tossa jute (C. olitorius) 

fibers was used to produce a woven fabric having areal density of 600 gm
-2

 with 5-end satin 

weave design on a shuttle loom. Warp and weft densities of the fabric were 6.3 threads per cm 

and 7.9 threads per cm respectively. Jute fabric was washed with 2 wt% non-ionic detergent 

solution at 70 °C for 30 min. to remove any dirt and impurities and dried at room temperature for 

48 h. Waste jute fibers, sourced from a jute mill, were used for pulverization and purification and 

extraction of cellulose. Green epoxy resin CHS-Epoxy G520 and hardener TELALIT 0600 were 

supplied by Spolchemie, Czech Republic. Sulphuric acid (H2SO4) and Sodium hydroxide 

(NaOH) were supplied by Lach-Ner, Czech Republic. Sodium sulfate (Na2SO4) and sodium 

hypochlorite (NaOCl) were supplied by Sigma-Aldrich, Czech Republic. 

4.2 Methods 

4.2.1 Chemical pre-treatment of jute fabric and waste jute fibers 

Figure 1 presents the flow chart of  chemical pre-treatment of jute fabric and waste jute fibers. 

The jute fabric and waste jute fibers were immersed separately in 2 % NaOH solution for 1 h at 

80 °C maintaining a liquor ratio of 15:1. Alkali treated waste jute fibers were further treated with 

7 g/l NaOCl solution at room temperature for 2 h under pH 10 - 11 and subsequently antichlored 

with 0.1 % Na2SO4 at 50 °C for 20 min. Both fabric and waste fibers, after chemical 

pretreatment, were washed with fresh water several times until the final pH was maintained at 7.0 

and then allowed to dry at room temperature for 48 h and at 100 °C in an oven for 2 h. 

4.2.2 Pulverization of waste jute fibers 

Pulverization of chemically treated waste jute fibers was carried out using a high-energy 

planetary ball mill of Fritsch pulverisette 7. Pulverization process relies on the principle of 

energy release at the point of impact between balls as well as on the high grinding action created 

by friction of balls on the wall [37]. The sintered corundum container of 80 ml capacity and 

zirconium balls of 10 mm diameter were chosen for 1 hour of pulverization. The ball to material 

ratio (BMR) was kept at 10:1 and the speed was kept at 850 rpm. 
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Figure 1. Process flow chart of chemical pre-treatment of (a) jute fabric and (b) waste jute fibers 

4.2.3 Purification and extraction of nanocellulose from waste jute fibers and nanocellulose 

coating 

The main steps followed to purify and extract nanocellulose from waste jute fibers are depicted 

in figure 2. Waste jute fibers were chopped to approximate length of 5 - 10 mm and immersed in 

2 % sodium hydroxide (NaOH) solution for 2 h at 80 ˚C temperature maintaining a liquor ratio of 

50:1. The process was repeated three times. The fibers were then washed with tap water several 

times to remove any traces of NaOH sticking to the fibers surface. The jute fibers were then 

bleached with 7 g/l sodium hypochlorite (NaOCl) solution at room temperature for 2 h under pH 

10 - 11 and subsequently antichlored with 0.1 % sodium sulphate (Na2SO4) at 50 °C for 20 min. 

Finally, the fibers were washed with tap water several times until the final pH was maintained at 

7.0 and then allowed to dry at room temperature for 48 h and at 100 °C in an oven for 2 h. Alkali 

and bleaching treatments were used to purify cellulose and to remove maximum amount of 

hemicellulose and lignin from the fibers. The bleached jute fibers were milled using a high-

energy planetary ball mill of Fritsch pulverisette 7. Milling process relies on the principle of 

energy release at the point of impact between balls as well as on the high grinding action created 

by friction of balls on the wall [37]. The sintered corundum container of 80 ml capacity and 

zirconium balls of 10 mm diameter were chosen for 20 min of milling. The ball to material ratio 

(BMR) was kept at 10:1 and the speed was kept at 850 rpm. Acid hydrolysis of milled jute fibers 

was conducted for 1 hour at 45 °C under mechanical stirring using 65 % (w/w) H2SO4. The fiber 

content during acid hydrolysis was 5 % (w/w). The suspension was diluted with cold water (4 

°C) to stop the reaction, neutralized with NaOH solution and discolored by NaOCl solution. The 

supernatant was removed from the sediment and replaced by new distilled water several times. 

Finally, 3 %, 5 % and 10 % (w/w) nanocellulose suspensions were prepared by increasing 

cellulose concentration and decreasing water concentration through filtration using Buchner 

funnel. The prepared nanocellulose suspensions (3, 5, and 10 wt %) were ultasonicated for 5 min 
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with Bandelin ultrasonic probe and then applied on the surface of jute fabric by roller padding at 

room temperature. Finally, the coated fabrics were dried at 70 °C for 60 min. 

 

Figure 2. Steps adopted in the purification and extraction of cellulose nanofibrils from waste jute 

fibers 

4.2.4 Treatment methods 

 Enzyme treatment 

Untreated jute fabric was subjected to enzyme treatment. A solution, having 1 % owf Texazym 

DLG new, 3 % owf Texzym BFE and 0.2 g/l of Texawet DAF anti-foaming agent (all supplied 

by INOTEX, Czech Republic) in distilled water, was prepared. Texazym DLG new, catalyzes the 

decomposition of hemicellulose and partially lignin and can affect cellulose in fiber. Texzym 

BFE, helps the removal and decomposition of interfiber binding substances. Jute fabric was 

dipped in the solution at 50 °C for 2 h maintaining a liquor ratio of 10:1. After the treatment, the 

fabric was rinsed with fresh water several times and dried at room temperature for 48 h. 

 Ozone treatment 

Ozone treatment was done by putting the jute fabric for 1.0 h in a closed container filled with 

ozone gas. The container was connected to ozone generator “TRIOTECH GO 5LAB-K” 

(TRIOTECH s.r.o. Czech Republic) which was continuously generating ozone gas at the rate of 

5.0 g/h. Oxygen for the production of ozone gas was generated by “Kröber O2” 

(KröberMedizintechnik GmbH, Germany). 

 Laser treatment 

Laser irradiation was performed on the surface of jute fabric with a commercial carbon dioxide 

pulse infrared (IR) laser “Marcatex 150 Flexi Easy-Laser” (Garment Finish Kay, S.L. Spain), 

generating laser beam with a wavelength of 10.6 μm. Parameters that determine marking 
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intensity of laser are marking speed [bits/ms], duty cycle [%] and frequency [kHz]. In this study, 

the marking speed was set to 200 bits/ms, the duty cycle (DC) to 50 % and frequency to 5 kHz. 

The used laser power was 100 W. Laser beams interact with fibers by local evaporation of 

material, thermal decomposition or changing the surface roughness [38]. 

 Plasma treatment 

Jute fabric was treated for 60 s with dielectric barrier discharge (DBD) plasma with discharge 

power of 190 W at atmospheric pressure using a laboratory device (Universal Plasma Reactor, 

model FB-460, Czech Republic). 

4.2.5 Preparation of composites 

The composite laminates were prepared by hand layup method. The resin and hardener were 

mixed in a ratio of 100:32 (by weight) according to manufacturer recommendations, before hand-

layup. Three different categories of composite laminates were prepared using same green epoxy 

matrix. The first type of composite was consisted of 1, 5 and 10 wt % of pulverized micro jute 

fibers (PJF) used as fillers, along with alkali treated jute fabric. The second type was enclosed 

with nanocellulose coated jute fabric with different cellulose concentrations (3, 5 and 10 wt %) 

and third type was comprised of surface treated jute fabrics. The composite layup along with 

Teflon sheets were sandwiched between a pair of steel plates and cured at 120 °C for 1.0 h in 

mechanical convection oven with predetermined weight on it to maintain uniform pressure of 

about 50 kPa [39]. The fiber volume fraction (Vf) of all composites was in the range of 0.25 - 

0.27 having 3 layers of fabric with orientation of each layer in the same direction. In first 

category, composites were designated as U (untreated), A - 0 % (alkali treated jute fabric with 0 

wt % of PJF), 1 %, 5 % and 10 % (alkali treated jute fabric with 1, 5 and 10 wt % of PJF) 

respectively. In the second category, composite samples were designated as CF0 (uncoated), CF3 

(3 wt % nanocellulose coated), CF5 (5 wt % nanocellulose coated) and CF10 (10 wt % 

nanocellulose coated) whereas, in third category, composites were designated as untreated 

(untreated jute fabric), enzyme (enzyme treated jute fabric), laser (laser treated jute fabric), ozone 

(ozone treated jute fabric) and plasma (plasma treated jute fabric). 

4.2.6 Characterization and testing 

 Scanning electron microscopy (SEM) 

The surface topologies of chemically treated and pulverized jute fibers, nanocellulose coated jute 

fabrics and surface treated jute fabrics, were observed with Vega-Tescan TS5130 scanning 

electron microscope. The surface of fibers was gold coated prior to SEM inspection to improve 

the conductivity of samples. The pictures were taken at a slow scanning speed to obtain higher 

quality image. 

  Fourier transform infrared spectroscopy (FTIR) and particle size distribution  

FTIR spectroscopy was done to confirm the removal of non-cellulosic contents (e.g. 

hemicellulose and lignin) from alkali treated jute fabric and bleached jute fibers. A Thermo 

Fisher FTIR spectrometer, model Nicolet iN10, was used in this study. The spectrometer was 

used in the absorption mode with a resolution of 4 cm
-1

. Moreover, in order to measure the size 

(width) distribution of pulverized jute fibers and nanocellulose using SEM images, the topology 

of PJF and cellulose nanofibrils was also observed on Zeiss Ultra Plus field emission scanning 

electron microscope (FE-SEM) at low accelerating voltage (1.0 kV) and low probe current (≈ 10 
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pA) to eliminate charging effect and sample damage due to interaction with primary electrons. 

The software used for image analysis was NIS Elements BR 3.22. 

 X-ray diffraction (XRD) 

X-ray diffraction patterns were recorded on a PANalytical Xʹ Pert PRO MPD diffraction system 

for untreated jute, bleached jute and jute cellulose nanofibrils in order to examine the change in 

crystallinity of the material after bleaching and acid hydrolysis.   

 Mechanical testing 

Tensile and flexural tests 

Tensile properties of first category of composites (incorporated with PJF) were measured on a 

universal testing machine whereas for second category of composites (reinforced with 

nanocellulose coated jute fabrics), were characterized on an MTS series 370 servo-hydraulic load 

frame equipped with 647 hydraulic wedge grip of 100 kN load capacity at a cross head speed of 2 

mm/min and gauge length of 100 mm in accordance with ASTM D3039-00 [40] using 

rectangular specimens of dimension 200×20×h mm
3
, where “h” is the actual thickness of 

specimen. Flexural test was performed for all categories of composites in three point bending 

mode on a universal mechanical testing machine, Shimadzu AGS-J with 5kN load cell, following 

ASTM D790-03 [41] standard at a cross head speed of 2 mm/min. The specimens of dimension 

160×12.7×h mm
3
 were used maintaining a span to thickness ratio of 32:1 according to standard 

recommendations (“h” is the actual thickness of specimen). Five specimens were tested for each 

condition and for each test to get an average value. 

Fatigue test 

The tension-tension fatigue performance of second category composites was experimentally 

evaluated at two different stress levels (80 % and 70 % of the ultimate tensile stress σu) assuming 

the same geometry of specimens as the one adopted in quasi-static tensile tests. Tests were 

performed at gage length of 100 mm under constant stress amplitude, stress ratio (R) of 0.1 (ratio 

of maximum to minimum stress during a loading cycle) and frequency of 5 Hz. Three specimens 

were tested for each stress level up to final failure of specimens. Tests were realized on the same 

MTS series 370 servo-hydraulic loading machine equipped with 647 hydraulic wedge grip of 100 

kN load capacity. 

Fracture toughness 

Fracture toughness, KIc, of second category composites was determined by three point bending 

method using the single edge notch bend (SENB) specimens in accordance with the standard test 

method ASTM D5045-99 [42]. A sharp crack of length “a” between 0.45 W and 0.55 W was 

introduced by using a notch maker CEAST NOTCHVIS and a fresh razor blade at the notch tip 

(‘W’ is the width of specimen). The specifications of fixture and specimens are shown in figure 

3. 

The tests were performed using universal mechanical testing machine, Shimadzu AGS-J with 5 

kN load cell, at a cross head speed of 10 mm/min. Five specimens were tested for each condition 

to get an average value. Statistical analysis of tensile, flexural and fracture toughness properties 

was done by one-way analysis of variance (ANOVA) and probability value p  0.05 was 

considered as an indicative of statistical significance compared to the control samples. 
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Figure 3. SENB (single edge notch bending) specimen and fixture dimensions for flexural test 

(dimensions in mm). 

 Creep tests 

Short-term creep tests were performed for only first and third category of composites in three 

point bending mode at temperatures 40 °C, 70 °C and 100 °C using Q800 dynamic mechanical 

analysis (DMA) instrument of TA instruments (New Castle DL, USA) for 30 minutes. The static 

stress of 2.0 MPa was applied at the center point of long side of the sample through the sample 

thickness for 30 min after equilibrating at the desired temperature and creep strain was measured 

as a function of time. The static stress was selected after performing a strain sweep test, where 

the linear viscoelastic region was defined for each of the composites ensuring that the creep tests 

were conducted in the linear viscoelastic region. The time-temperature superposition principle 

(TTSP) was selected for short-term creep tests performed at various temperatures for first 

catergory composites (jute/green epoxy composites incorporated with various contents of PJF). 

The temperature range was 40 – 100 °C, in 5 °C steps, and the isothermal tests were run on the 

same specimen in the specified temperature range. The 2.0 MPa stress was applied for 10 min at 

each temperature. In every measurement, the specimen was equilibrated for 5 min at each 

temperature, in order to evenly adjust for the correct temperature of the specimen. 

 Dynamic mechanical analysis 

The dynamic mechanical properties of all composite categories were measured in 3-point 

bending mode using the same instrument for creep testing. The testing conditions were controlled 

in the temperature range of 30 – 190 °C, with a heating rate of 3 °C/min, fixed frequency of 1 Hz, 

preload of 0.1 N, amplitude of 20 µm, and force track of 125 %. The samples having a thickness 

of 4 – 4.5 mm, width of 12 mm and span length of 50 mm were used for both creep and DMA 

testing. Two replicate samples were tested for each test condition and average values were 

reported. 

 Creep modelling 

Four parameters (or the Burger’s) model is one of the mostly used physical models to give the 

relationship between the morphology of polymer composites and their creep behavior [43, 44]. It 

is based on a series combination of a Maxwell element with a Kelvin–Voigt element. The total 
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creep strain is divided into three separate parts: εM the instantaneous elastic deformation 

(Maxwell spring), εK viscoelastic deformation (Kelvin unit) and ε∞ viscous deformation 

(Maxwell dash-pot). Thus, total strain as a function of time can be represented by the following 

equations: 

                       [1] 

      
  

  
 

  

  
     

   
  

   
  

  
      [2] 

where  (t) is the creep strain, σ0 is the stress, t is the time, EM and EK are the elastic moduli of 

Maxwell and Kelvin springs, and ηM and ηK are the viscosities of Maxwell and Kelvin dashpots. 

ηK/EK is usually denoted as τ, the retardation time required to generate 63.2 % deformation in the 

Kelvin unit [36]. εM is a constant value and does not change with time. εK represents the earliest  

stage  of  creep  and  attains a  saturation value in short time and ε∞ represents the trend in the 

creep strain at sufficiently long time, and appears similar to the deformation of a viscous liquid 

obeying Newton’s law of viscosity. The values of four parameters EM, EK, ηM, ηK can be obtained 

by fitting the eq. 2 to the experimental data and can be used to describe the creep behavior of 

composites. The creep rate of viscoelastic materials can be obtained by taking the derivative of 

eq. 2. 

      

  
 

  

  
   

   
  

   
  

  
       [3] 

The Findley’s power law model is an empirical mathematical model used to simulate the creep 

behavior of polymer composites. The model can be represented by the following eq. 4 [44]; 

                     [4] 

where, a and b are the material constants and ε0 is the instantaneous strain. The ability of 

Findley’s power law model to simulate the creep data has been found to be satisfactory in several 

studies [33, 36, 45]. However, this model is not able to explain the creep mechanism of material. 

A two parameter empirical power law model has also been used in some studies [34, 46] to 

simulate the creep date. It has the form; 

                   [5] 

Where, a and b are the material constants.  

The long term creep is an important parameter to evaluate the end-use performance of natural 

fiber polymer composites but it is often impractical to perform a creep test for an extremely long 

period of time. Time-temperature superposition (TTS) is one of the common estimation 

techniques to predict the long term creep behavior by shifting the curves from tests at different 

temperatures horizontally along the logarithmic time axis to generate a single curve known as 

master curve [43]. The shifting distance is called shift factor.  

The Burger’s model was used to simulate the short term creep data of first and third category of 

composites as well as long term creep prediction of only first category of composites whereas, 

the Findley’s power law model and two parameters empirical power law model were used for 

long term creep prediction of first category of composites. The non-linear curve fit function of 

the OriginPro 9.0 software was used for modeling the creep curves and fitting the models to the 

experimental data. The minimum sum of squared deviation of experimental data from the creep 

models and coefficient of determination (R
2
) were selected as criterion [47]. The R

2
 is defined as 

model sum of squares divided by total sum of squares. A better goodness-to-fit is obtained when 

R
2
 is closer to 1.  
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5 Summary of results achieved 

5.1 Effect of pulverized micro jute fillers loading on the mechanical, creep and dynamic 

mechanical properties of jute/green epoxy composites 

5.1.1 Characterization of jute fibers 

FTIR analysis was carried out to confirm some removal of non-cellulosic contents (e.g. 

hemicelluloses and lignin) from the surface of jute fibers after pretreatments. The FTIR spectra 

of untreated and treated jute are shown in figure 4. The major difference observed between the 

spectra is the disappearance/reduction of peaks at ~ 1730 cm
-1 

and ~ 1240 cm
-1

. The peak at ~ 

1730 cm
-1 

is due to stretch vibration of C═O bonds in carboxylic acid and ester components of 

cellulose and hemicellulose [48] and also carbonyl group of lignin [49, 50]. The peak at ~ 1240 

cm
-1

 is due to C–O–C asymmetric stretching of the acetyl group of lignin [51]. The 

reduction/disappearance of these peaks confirm the partial removal of hemicellulose and opening 

up of the lignin structure in the jute fibers after pretreatments.  

 
Figure 4. FTIR spectra of jute fibers. 

The SEM image is precisely analyzed to measure the size (diameter) of pulverized jute fibers 

(PJF), after one hour of milling, as shown in figure 5a. The histogram of size distribution of 100 

measurements is shown in figure 5b. The calculated average diameter (width) of PJF was found 

to be 1.856 ± 0.899 μm.  
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Figure 5. (a) SEM image of jute fibers after 1.0 h of pulverization and (b) histogram of particle width 

distribution. 

5.1.2 Tensile properties 

Figure 6 shows the average values and standard deviation of ultimate tensile strength and tensile 

modulus of alkali treated jute composites with different loadings of PJF. It is interesting to note 

that alkali treatment of jute fabric has resulted in a lowering of the tensile strength but increase in 

tensile strength and tensile modulus is observed with the incorporation of PJF. The tensile 

strength decreases from 42.48 MPa for untreated composite to 40.65 MPa for alkali treated 

composite thus presenting 4.3 % decrease on average. However, tensile strength improves by 
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factors of 4.9 %, 14 % and 8 % with 1, 5 and 10 % loading of PJF respectively as compared to 

untreated composite. Similarly, tensile modulus increases from 2.97 GPa for untreated composite 

to 3.05 GPa, 3.16 GPa, 3.20 GPa and 3.05 GPa for A-0 %, 1 %, 5 % and 10 % composites 

respectively, thus permitting 2.7 %, 6.3 %, 7.7 % and 2.7 % increase on average as shown in 

figure 6. We must keep in mind that the mechanics of textile composites is different from those 

of short fiber composites. The major contribution to strength in textile composites is the 

alignment of yarns in warp and weft direction. Alkali treatment results in the partial unwinding of 

yarns (as hemicellulose dissolves), and hence the alignment gets antagonized. This results in a 

lowering of the strength of composites [52]. The incorporation of PJF as filler in matrix provides 

a better reinforcing effect thus improving fiber/matrix interfacial interactions in composites and 

hence tensile properties. The ANOVA for the tensile strength (p = 0.010) shows the statistically 

significant difference but for tensile modulus (p = 0.075) does not show significant difference 

between the means at the 95.0% confidence level.  

 
Figure 6. Tensile strength and modulus of composites incorporated with different loadings of PJF 

5.1.3 Flexural properties 

The flexural strength and modulus increase with the increase in contents of PJF in alkali treated 

jute composites as shown in figure 7. The flexural strength and modulus increase from 32.78 

MPa and 3.83 GPa for untreated composite to maximum of 41.66 MPa and 4.35 GPa for 

composite loaded with 5 wt% of PJF respectively, thus allowing 27 % and 13.6 % increase on 

average as shown in figure 7. These findings also suggest better reinforcing effect provided by 

PJF thus contributing to strong interfacial interaction of fiber and matrix. However, the reason for 

a little reduction in the tensile and flexural properties of composite for 10 wt% loading of PJF 

(compared to 5 % composite) may be due to the aggregation of PJF, which generates defects in 

the material. Stress concentration is likely to occur within the resin or agglomerated particles, 

which could generate slippage within the material because of the external force, resulting in 

reduction tensile properties [53]. The ANOVA for the flexural strength (p = 0.000) and flexural 
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modulus (p = 0.038) showed the statistically significant difference between the means at the 

95.0% confidence level.  

5.1.4 Short term creep 

Figure 8 shows the creep strains for jute composites as a function of time with 0, 1, 5 and 10 wt% 

of PJF content at three different temperature conditions. It is visibly apparent that the composites 

have low instantaneous deformation εM and creep strain at 40 °C due to higher stiffness of 

composites but this deformation increases at higher temperatures due to decrease in composites 

stiffness. The creep strain of all composites also increased at higher temperatures but the 

untreated jute composites was affected more than the others. The creep strain of alkali treated 

with 0% PJF composite is less than untreated one. This may be explained due to increase in 

surface roughness of jute fabric after alkali treatment and decrease in frictional slippage of matrix 

polymer chains at the fiber/matrix interface resulting in less creep deformation than untreated 

composite. The least creep strain is shown by composite incorporated with 10 % PJF at all 

temperatures followed by 5 % and 1 % PJF incorporated composites. At 100 °C, 5 % and 10 % 

PJF composites have almost same instantaneous elastic deformation but 10 % composite has less 

viscous deformation over time. This may be attributed to greater inhibition of slippage and 

reorientation of polymer chain with increasing contents of PJF. The Burger’s model curves show 

a satisfactory agreement with the experimental data (figure 8). 

 
Figure 7.  Flexural strength and modulus of composites incorporated with different loadings of PJF 

The four parameters EM, EK, ηM, ηK of Burger’s model, used to fit the eq. 2 to the experimental 

data, are summarized in table 1. The first value is parameter esimator and value in parenthesis is 

corresponding standard deviation. All four parameters were found to decrease for all composites 

as temperature increased (table 1). EM corresponds to the elasticity of the crystallized zones in a 

semicrystallized polymer. Compared to the amorphous regions, the crystallized zones are 

subjected to immediate stress due to their higher stiffness. The instantaneous elastic modulus is 

recovered immediately once the stress is removed. EK is also coupled with the stiffness of 
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material. The decrease in parameters EM, EK resulted from the increase in the instantaneous and 

the viscoelastic deformations as temperature increased. The viscosity ηM corresponds to damage 

in the crystallized zones and irreversible deformation in the amorphous regions and the viscosity 

ηK is also associated with the viscosity of the amorphous regions in the semicrystallized polymer 

[54]. The decrease in viscosity parameters ηM, ηK propose an improvement in the mobility of 

molecular chains at higher temperature. The parameters for untreated and alkali treated with 0 % 

PJF composites have undergone a largest decrease, resulting in higher creep strain. The 

composites incorporated with PJF, especially 5 and 10 %, have comparatively better values of 

parameters particularly ηM which is related to the long term creep strain and validates less 

temperature dependence of these composites (figure 8). The viscosity ηM increases with the 

increase in PJF % and permanent deformation decreases. Figure 9a, b compares the creep strain 

and strain rate of untreated and 10 % PJF composites at various temperatures. Comparatively, 

temperature had more influence on the creep deformation of untreated jute composite than that of 

10 % PJF composite. 

 
Figure 8. Creep curves of composites incorporated with different loadings of PJF at different 

temperatures. 

5.1.5 Time-temperature superposition (TTS) 

The creep curves corresponding to different temperature levels were shifted along the logarithmic 

time axis according to time-temperature superposition principle using TA Instruments Thermal 

Advantage
™

 software to generate a master curve at a reference temperature of 40 °C. The shifting 

procedure of this curve obeys the Williams–Landel–Ferry (WLF) equation. The WLF equation is 

given by eq. 6; 
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        [6] 

Where αT is the horizontal (or time) shift factor, C1 and C2 are constants, T0 is the reference 

temperature [K] and T is the test temperature [K].  

Table 1. Simulated four parameters in Burger’s model for short term creep of the composites. 

Temperature Parameters Composite types 

  Untreated Alkali - 0 % 1 % 5 % 10 % 

40 °C 

 

Em [MPa] 2477.24 (78.3) 3259.41(138.0) 3492.53 (133.8) 3810.53 (133.6) 3774.75 (149.1) 

Ek [MPa] 23876.27 (10854.5) 38244.62 (19726.9) 42496.38 (21110.6) 44220.12 (21281.1) 40549.80 (19016.6) 

ɳm [Pa.s] 2.72E7 (1.33E7) 3.54E7 (1.22E7) 4.77E7 (2.04E7) 4.54E7 (1.97E7) 5.11E7 (2.47E7) 

ɳk [Pa.s] 2.11E6 (2.38E6) 1.37E6 (2.09E6) 1.73E6 (2.5E6) 2.53E6 (3.49E6) 1.90E6 (2.62E6) 

SS
*
 2.65033E-9 1.29037E-9 1.04302E-9 9.92292E-10 1.08146E-9 

Adj. R
2
 0.97524 0.97061 0.96424 0.96929 0.96304 

70 °C Em [MPa] 1985.89 (91.9) 2403.61 (102.7) 2921.19 (118.5) 3116.67 (118.6) 3323.10 (131.9) 

Ek [MPa] 7790.84 (2752.5) 11972.90 (4497.3) 14228.47 (5360.3) 16946.57 (6037.4) 15615.45 (5726.5) 

ɳm [Pa.s] 9.48E6 (3.81E6) 1.32E7 (5.14E6) 1.98E7 (9.71E6) 2.33E7 (1.08E7) 2.27E7 (1.13E7) 

ɳk [Pa.s] 956179.43 (6.90E5) 1.32E6 (1.09E6) 1.71E6 (1.34E6) 1.81E6 (1.45E6) 1.94E6 (1.44E6) 

SS
*
 1.08937E-8 5.93037E-9 3.81543E-9 2.74811E-9 2.87718E-9 

Adj. R
2
 0.98881 0.98689 0.9851 0.9847 0.98596 

100 °C Em [MPa] 1380.05 (294.3) 1743.43 (306.1) 2417.83 (218.3) 2653.56 (183.6) 2616.45 (123.7) 

Ek [MPa] 665.35 (117.7) 865.63 (121.6) 3543.54 (958.0) 6087.72 (1783.7) 8457.41 (2683.5) 

ɳm [Pa.s] -4.13E20 (0.0) -6.00E32 (0.0) 7.44E6 (3.92E6) 1.08E7 (5.26E6) 1.31E7 (5.97E6) 

ɳk [Pa.s] 219089.75 (1.03E5) 255733.51 (9.91E4) 457813.67 (2.43E5) 705184.01(4.39E5) 1.11E6 (6.84E5) 

SS
*
 8.30033E-7 3.37586E-7 2.87859E-8 1.31777E-8 6.79893E-9 

Adj. R
2
 0.97565 0.98358 0.99023 0.98826 0.98971 

SS
*
:
 
Sum of squared deviations 
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Figure 9. Creep strain (a) and strain rate (b) of untreated and 10 % PJF composites at different 

temperatures. 

The master curves, which give an indication of long-term creep performance of composites, are 

plotted in log-log scale and presented in figure 10. The master curves show better creep 

resistance of composites with increasing content of PJF. It is obvious that the best long term 

performance is shown by composites incorporated with 5 and 10 % PJF indicating their good 

reinforcing effectiveness. It is also interesting to note that above log-time 4.0 seconds, the creep 

deformation of untreated, 0 and 1 % composites show a faster tendency of increase compared to 

5 and 10% PJF composites. These findings show that under the small stress, the materials entered 

into a viscoelastic state over an extremely long period of time, and in viscoelastic state the role of 

1 % incorporation of PJF in the reinforcement effectiveness is less than that of 5 and 10 % PJF.  

 

Figure 10. TTS master curves for creep of the composites incorporated with different loadings of PJF at a 

reference temperature of 40 °C. 
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The simulated parameters of Burger, Findley and two parameters power law models are 

summarized in table 2. The first value is parameter esimator and value in parenthesis is 

corresponding standard deviation. Based on the sum of squared deviations (SS) and R
2
 values, it 

can be clearly seen that Findley’s model is good to predict the long-term creep performance as 

compared to Burger’s and two parameter power law model. It is also shown in figure 10 that the 

prediction ability of the Findley’s model is good for the long-term creep behavior of composites. 

However, this model provides the adequate prediction ability within the steady state creep and 

given time interval as revealed by some researchers [55, 56] while for longer time duration, the 

calculated data may show considerable deviation from the experimental data. The sum of squared 

deviations and R
2
 values, given in table 2, also suggest that the Burger’s model shows some 

deviation and that of two parameter power law model shows a little large deviation from the 

experimental data. Similar findings were reported by other researchers [33, 57].  

The parameters of Burger’s model, resulted from fitting master creep curves, are very different 

from those of the short term creep tests. It can be seen from table 2 that all the Burger’s model 

parameters increase with the increase in loading of PJF %. The ηM, which determines long-term 

creep, is lowest for untreated composite and highest for 10 % PJF composite. Therefore, the 

untreated composite shows the highest and 10 % PJF composite shows the lowest creep 

deformation. It is also obvious for Findley’s model that the parameter a (reflecting short-term 

creep) increased and parameters ɛ0 (reflecting the instantaneous initial creep strain) and b 

(reflecting log-term creep) decreased with the increasing content of PJF which indicates an 

enhanced long-term creep performance with PJF loading. Similarly, for two parameter power law 

model, parameter a (reflecting short-term creep) increased and parameter b (reflecting log-term 

creep) decreased with the increasing content of PJF. 

Table 2. Simulated parameters of Burger’s model, Findley’s power law model and two 

parameters power law model for long term creep prediction of the composites at 40 °C. 

Temperature Parameters Composite types 

  Untreated Alkali - 0% 1 % 5 % 10 % 

Burger’s 

model 

 

Em [MPa] 2713.76 ( 193.6) 3002.45 (184.0) 2904.39 (179.0) 3478.01 (191.0) 3517.07 (125.5) 

Ek [MPa] 4781.98 (2005.8) 5470.29 (2194.5) 6271.53 (2337.0) 15949.06 (7113.4) 31490.67 (16174.2) 

ɳm [Pa.s] 2.64E9 (1.29E9) 2.94E9 (1.29E9) 4.01E9 (2.19E9) 9.44E9 (6.93E9) 2.10E10 (2.04E10) 

ɳk [Pa.s] 1.0227E8 (8.73E7) 1.35E8 (1.05E8) 9.24E7 (7.83E7) 6.76E7 (9.00E7) 9.49E7 (1.53E8) 

SS
*
 4.86566E-7 3.00571E-7 2.96188E-7 1.2249E-7 4.56987E-8 

Adj. R
2
 0.9696 0.97551 0.9658 0.92279 0.88442 

Findley’s 

model 

a 1.05E-5 (4.83E-06) 6.49E-6 (3.69E-06) 1.79E-5 (1.14E-05) 3.49E-5 (3.45E-05) 3.35E-5 (5.92E-04) 

b 0.34341 (3.39E-02) 0.3699 (4.22E-02) 0.2803 (4.63E-02) 0.17143 (6.61E-02) 0.1284 (2.27E00) 

ɛ0 6.70E-4 (2.68E-05) 6.17E-4 (2.58E-05) 6.13E-4 (3.82E-05) 5.00E-4 (5.74E-05) 5.11E-4 (9.03E-03) 

SS
*
 3.83097E-8 4.27255E-8 4.37949E-8 1.91548E-8 1.30874E-8 

Adj. R
2
 0.99761 0.99653 0.99496 0.98797 0.96701 

Two 

parameter 

power law 

a 4.63E-4 (1.41E-04) 4.24E-4 (1.39E-04) 4.82E-4 (1.00E-04) 4.85E-4 (3.61E-05) 5.22E-4 (2.08E-05) 

b 0.08443 (3.37E-02) 0.08145 (3.64E-02) 0.06828 (2.37E-02) 0.03723 (9.03E-03) 0.01951 (5.01E-03) 
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model SS
*
 2.4937E-6 2.31209E-6 1.0253E-6 9.22041E-8 2.50976E-8 

Adj. R
2
 0.8452 0.8128 0.88238 0.94226 0.93694 

SS
*
:
 
Sum of squared deviations 

5.1.6 Dynamic mechanical properties 

Dynamic mechanical analysis can characterize the viscoelastic properties of the materials and 

determine the information of storage modulus, loss modulus (the energy dissipation associated 

with the motion of polymer chains) and loss factor (tan delta) of polymer composites within the 

measured temperature range [58]. The variation of storage modulus (Eʹ) of composites 

incorporated with different content of PJF as a function of temperature at frequency of 1 Hz is 

shown in figure 11. It can be seen from figure 11a that there is a gradual fall in the storage 

moduli with temperature, which should be related with an energy dissipation phenomenon 

involving cooperative motions of the polymer chains with temperature [59]. The increase in 

storage modulus over the whole temperature range was observed for composites incorporated 

with different loadings of PJF, for example, addition of 1, 5 and 10% PJF causes a significant 

increase of ~18 %, 22 % and 43 % in the storage modulus respectively at 35 °C. Moreover, the 

storage modulus curves of composites have been shifted to higher temperatures after addition of 

the PJF, particularly 5 and 10 % loading. This significant improvement in storage modulus is due 

to better reinforcing effect of PJF leading to increased stiffness and the mobility restriction of 

polymer chains [33].  

 
Figure 11. Dynamic mechanical properties of composites incorporated with different loadings of PJF; (a) 

storage modulus, (b) loss modulus, (c) tan delta. 

The change in loss factor (tan δ, the ratio of loss modulus to corresponding storage modulus) of 

composites with different loading of PJF as a function of temperature is shown in figure 11c. 
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Untreated composite displayed a higher tanδ peak value than others. This may be attributed to 

more energy dissipation due to frictional damping at the weaker fiber/matrix interface. The 

temperature at which tanδ attains a maximum value can be referred to as the glass transition 

temperature (Tg) [60]. A positive shift in Tg can be observed for all composites incorporated with 

PJF compared to untreated composite. The lower tanδ peak height is shown by composite 

incorporated with 10 % PJF followed by 5 % and 1 % PJF composites, exhibiting a strong 

fiber/matrix interfacial interactions which can restrict the segmental movement of the polymer 

chains leading to the increased Tg.  

Table 3. Tg values obtained from Eʹʹ curves. 

Composites Tg from Eʹʹmax 

curve [°C] 

Untreated 110.10 

Alkali-0% 110.60 

1%  114 

5% 123 

10% 137 

It has been reported that Tg values obtained from loss modulus (Eʹʹ) curve peak are more realistic 

as compared to those obtained from loss factor (tanδ) [61]. A positive shift in Tg to higher 

temperature for all composites incorporated with PJF is observed, i.e. Tg increased from 110.1 °C 

for untreated to ~110.6, 114, 123 and 137 °C for composites incorporated with 0, 1, 5 and 10 % 

PJF respectively as presented in table 3 and figure 11b. This may be due to reduced mobility of 

matrix polymer chains and better reinforcement effect of PJF. It has been reported that systems 

containing more restrictions and a higher degree of reinforcement tend to exhibit higher Tg [62]. 

5.2 Extraction of nanocellulose from waste jute fibers and characterization of mechanical 

and dynamic mechanical behavior of nanocellulose coated jute/green epoxy 

composites 

5.2.1 SEM study of chemically treated jute fibers and jute cellulose nanofibrils  

Surface topologies of jute fibers after alkali treatment, bleaching and milling are examined by 

SEM and presented in figure 12. Figure 12a shows the jute fibers bound together in the form of 

fiber bundles by cementing materials e.g. hemicellulose and lignin but after repeated alkali 

treatment, splitting of fibers is observed due to destruction of mesh structure with a little rough 

and clean surface, may be due to majority of the removal of hemicellulose, lignin and other non-

cellulosic materials [63, 64]  as shown in figure 12b.  
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Figure 12. SEM images of jute fibers (a) untreated, (b) alkali treated, (c) bleached and (d) pulverized 

(milled). 

The alkali treated fibers are further separated to individual fibers with more clean surface and 

fibrillation on the surface, may be due to more delignification after bleaching treatment [65], as 

shown in figure 12c. Figure 12d displays the milled jute fibers with size distribution of fibers in 

the micron range. 

A high resolution FE-SEM image at nanoscale level is precisely analyzed to measure the size 

(width) of jute cellulose nanofibrils (CNF), after acid hydrolysis, as shown in figure 13a. The 

histogram of size distribution of 50 measurements is shown in figure 13b. The calculated average 

diameter (width) of CNF was found to be 57.40 ± 20.61 nm.  
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Figure 13. (a) FE-SEM image of jute cellulose nanofibrils. (b) Histogram of width distribution of 

cellulose nanofibrils. 

 

5.2.2 Surface topology of nanocellulose coated jute fabric 

The topological changes that occur on the surface of jute fabric after nanocellulose coating are 

shown in figure 14. It is apparent that there is depositing of nanocellulose on the fabric surface 

forming a layer. The layer thickness increases gradually with the increase in nanocellulose 

concentration as clear in figure 14b-d and the fabric surface coated with 10 wt% nanocellulose 

suspension is covered almost completely with cellulose as shown in figure 14d.  
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Figure 14. Surface topology of jute fabric coated with; (a) 0 wt%, (b) 3 wt%, (c) 5 wt%, (d) 10 wt% of 

nanocellulose suspensions. 

5.2.3 XRD analysis of jute fibers 

The X-ray diffraction patterns of untreated, bleached jute fibers and jute CNF are shown in figure 

15. These diffraction patterns are typical of semicrystalline materials with an amorphous broad 

small hump and a large crystalline peak. Two well defined peaks around 2θ ≈ 16˚ and 23˚ are 

typical of cellulose-I. The crystallinity index for all samples was determined by using the 

following formula [66]: 

                    
              

      
    [7] 

Where I2 0 0 represents maximum intensity of the peak corresponding to the plane 2 0 0 at 2θ 

angle between 22 – 24 degrees and Inon-cr is the intensity for diffraction of non-crystalline material 

which is taken at 2θ angle of about 18 degree. The crystallinity index was calculated to be about 

69.3 %, 76.5 % and 78.6 % for untreated fibers, bleached fibers and cellulose nanofibrils, 

respectively. The increase in crystallinity of bleached jute fibers as compared to untreated jute 

can be explained by the removal of amorphous non-cellulosic compounds induced by the alkali 

and bleaching treatments performed to purify cellulose and that of jute CNF, by removal of 

amorphous cellulosic domains due to acid hydrolysis.  
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Figure 15. X-ray diffraction patterns of untreated, bleached jute fibers and jute cellulose nanofibrils. 

5.2.4 Tensile properties 

Figure 16a shows the typical stress-strain curves of uncoated and coated jute composites with 

different nanocellulose content. The stress-strain curve for uncoated (CF0) composite shows 

almost linear behavior until failure whereas the curves for composites coated with different 

nanocellulose content show linear behavior followed by change in slope showing nonlinear 

behavior, thus presenting plastic deformation and gradual debonding of fibers from the matrix 

just before failure. The tensile failure behavior also reveals more brittle nature of CF0 composite 

as compared to nanocellulose coated composites (figure 16a). 

Figure 16b presents the average values and standard deviation of ultimate tensile strength and 

tensile modulus of composites. The tensile properties indicate the decrease in strength and 

increase in modulus (stiffness) of composites with the increase in nanocellulose concentration. 

For CF10 composite, the tensile modulus increases from 4.6 GPa to 5.58 GPa showing 21 % 

increase, thus presenting better fiber/matrix interfacial interaction and bonding which would be 

effective at the early stages of loading. However, the decrease in tensile strength of composites 

with the increase in nanocellulose concentration may be explained by the differences in failure 

strains of nanocellulose coated jute fabric reinforcement and the matrix. In other words, the 

reinforcement does not come into effect when the failure strain of matrix is much greater than 

that of reinforcement. So the composite shows a failure before the stress is transferred from 

matrix to reinforcement [26]. The ANOVA for the tensile strength (p = 0.000) and tensile 

modulus (p = 0.008) showed the statistically significant difference between the means at the 

95.0% confidence level. 
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Figure 16. (a) Tensile stress-strain curves and (b) tensile strength and modulus of uncoated and 

nanocellulose coated jute composites. 

5.2.5 Flexural properties 

The flexural strength and modulus increase with the increase in nanocellulose concentration in 

composites. The flexural strength increases from 32.94 MPa for CF0 composite to 32.94 MPa, 

43.53 MPa and 48.66 MPa for CF3, CF5 and CF10 composites, respectively thus allowing 26 %, 

32 % and 47 % increase on average as shown in figure 17. Similarly, flexural modulus increases 

from 3.83 GPa for CF0 composite to 4.81 GPa, 4.73 GPa and 5.67 GPa for CF3, CF5 and CF10 

composites, respectively thus permitting 25 %, 23.5 % and 48 % increase on average (figure 17). 

These findings may suggest the strong interaction between matrix and reinforcement after 

nanocellulose coating which increases with the increase in nanocellulose content. The other 

possibility of the enhancement of flexural properties may be the increase in bending 

stiffness/rigidity of jute reinforcement after coating with nanocellulose which also increases with 

the increase nanocellulose concentration [67, 68]. The ANOVA for the flexural strength (p = 

0.000) and flexural modulus (p = 0.000) also showed the statistically significant difference 

between the means at the 95.0% confidence level. 

5.2.6 Fatigue life 

The S-N (fatigue life) curves of all composites in the considered stress range are shown in figure 

18. The experimental fatigue data was fitted by semi-logarithmic function, σmax = klog Nf  + a 

[69] (where k and a are the parameters to be defined by the least square method as given in table 

4) to have a reliable predicting of the fatigue life corresponding to other stress levels in the 

considered stress range, which are not directly determined by testing. The quality of the fitting is 

related to the coefficient of determination R
2
 [47]. Values of R

2
 close to 1 confirm the better 

goodness-to-fit of experimental and predicted data. The curves in figure 18 have R
2
 values in the 

range 0.92–0.98 (table 4). 
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Figure 17. Flexural strength and modulus of uncoated and nanocellulose coated jute/green epoxy 

composites. 

The negative slope k values of the linear fitting curves, listed in table 4, show a decreasing trend 

with the increase in nanocellulose content of the composites. This predicts an increase in fatigue 

life for composites containing higher contents of nanocellulose coated over woven jute 

reinforcement than that of uncoated jute composite. This is clearer in figure 19 when comparing 

the average number of cycles to failure for the two applied stress levels. CF3 composite has 

higher fatigue life at 80 % stress level (low cycles regime) whereas decreasing the stress level to 

70 % (high cycles regime) causes a significant increase in the fatigue life of CF5 and CF10 

composites.  
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Figure 18. Maximum stress (σmax) vs. logarithm of number of cycles to failure log(Nf) and semi-logarithm 

fitting for each composite. 

Table 4. Parameters of the linear fitting of S-N curves. 

Composites k a Adj. R
2
 

CF0 -9.73 ( 3.06) 73.63 ( 11.90) 0.92287 

CF3 -6.82 ( 1.69) 59.74 ( 7.73) 0.95104 

CF5 -1.80 ( 0.32) 33.43 ( 1.55) 0.97462 

CF10 -1.805( 0.26) 30.03 ( 1.30) 0.98312 

Note: Standard deviation in parentheses 

The reliability of the above results on the fatigue life can be assessed by the confidence level 

index, based on the Student’s t-distribution [47]. The confidence levels in table 5 show that, in 

strict statistics terms: the hypothesis ‘‘the nanocellulose coated jute composites have a longer 

fatigue life than the uncoated jute composite (CF0)” is valid with confidence level higher than 99 

% for both stress levels except for CF5 composite which has confidence level  > 88 % at 80 % 

stress level. The better fatigue life of nanocellulose coated jute composites can be interpreted as a 

better damage tolerance of these materials mainly due to increase in intermolecular and physical 

interactions thus forming a rigid and stiff network due to nanocellulose coating over woven jute 

reinforcement. 

 

Figure 19. Comparison of average fatigue life of composites: (a) 80% and (b) 70% of σu. 

Table 5. Confidence levels for three hypotheses (‘>’ means longer fatigue life) 

Stress level [%] ________Confidence level for hypotheses_________ 

CF3>CF0 [%]    CF5>CF0 [%]      CF10>CF0 [%] 

70 99.8 99.4 99.9 

80 99.9 88.8 99.3 

5.2.7 Fracture toughness 
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Figure 20a shows the typical KQ vs. displacement curves presenting the crack growth behavior of 

composites and figure 20b presents the fracture toughness (K1c) with respect to nanocellulose 

content in composites. The fracture mode was brittle for CF0 composite showing slip-stick 

behavior but as the nanocellulose content over jute reinforcement increased, the fracture mode 

changed from brittle to a little ductile and K1c values increased from 2.64 MPa.m
1/2

 for CF0 

composite to 3.20 MPa.m
1/2

, 3.21 MPa.m
1/2

 and 3.49 MPa.m
1/2

 for CF3, CF5 and CF10 

composites, respectively resulting in 21 %, 21.5 % and 32 % increase on average (figure 20b). 

Thus, fracture toughness increases linearly with the increase in concentration of nanocellulose 

coating over reinforcement. The ANOVA for the fracture toughness, K1c (p = 0.024) showed the 

statistically significant difference between the means at the 95.0% confidence level. 

 
Figure 20. (a) Typical KQ vs. displacement curves and (b) fracture toughness (K1c) of uncoated and 

cellulose coated jute/green epoxy composites. 

Crack deflection, plastic deformation, voids, crack pinning/bridging, fiber pullout and debonding 

are the known toughening mechanisms in epoxy matrices, found in literature [70]. Figure 21a-d 

exhibits SEM images for all nanocellulose contents which clearly shows fiber fracture, fiber 

pullout and some voids for all composites. However, fiber pullout is a little more prominent 

mechanism for nanocellulose coated composites, may be due to increased fiber debonding during 

fracture resulting in increased crack propagation length during deformation and hence fracture 

toughness. 

Figure 22 shows the fracture surface topologies in the matrix region. It can be seen from figure 

22a that the fracture surface of green epoxy matrix of CF0 composite is very smooth and 

featureless, which indicates typical brittle fracture behavior with lack of significant toughness 

mechanism [71]. However, figure 22b-d show rougher fracture surfaces and river patterns in the 

matrix regions of nanocellulose coated jute composites. An increase in fracture surface roughness 

can be used as an indicator to the presence of plastic deformation and crack deflection 

mechanisms, which increase fracture toughness by increasing crack propagation length during 

deformation [72]. 
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Figure 21. Fracture surface topology of nanocellulose coated jute/green epoxy composites; (a) CF0, (b) 

CF3, (c) CF5 and (d) CF10. 

5.2.8 Dynamic mechanical analysis  

The change in storage modulus as a function of temperature of different nanocellulose coated and 

uncoated jute composites is shown in figure 23a. It can be seen that the shape of storage modulus 

curves is almost same for all the samples and Eʹ decreases with increase in temperature because 

of the transition from glassy to rubbery state. However, the storage modulus increases with 

increasing concentration of nanocellulose in composites both in glassy and rubbery regions 

showing superior reinforcing effects of nanocellulose coated jute fabrics throughout the specified 

temperature range. In the glassy region, components are highly immobile, close and tightly 

packed and intermolecular forces are strong [73] resulting in high storage modulus but as 

temperature increases intermolecular forces become weak, the components become more mobile 

and lose their close packing arrangement, resulting in loss of stiffness and hence storage 

modulus. 
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Figure 22. Fracture surfaces in the matrix region of jute/green composites; (a) CF0, (b) CF3, (c) CF5 and 

(d) CF10. 

Figure 23a reveals that uncoated jute composite (CF0) has the lowest storage modulus 

throughout the specified temperature range. CF0 has 4.05 GPa of Eʹ (measured at 30 ˚C), 

however, CF3, CF5, CF10 composites show maximum values of 4.72, 5.27 and 6.35 GPa, 

respectively resulting in an increase of 16 %, 30 % and 56 % in Eʹ. Moreover, Eʹ (measured at 

150 ˚C) increased from 0.28 GPa for CF0 composite to 0.48, 0.71 and 0.94 GPa for CF3, CF5, 

CF10 composites, respectively representing 71 %, 153 % and 235 % increase. This shows that 

when nanocellulose concentration over the jute fabric is increased, the stiffness effect of 

reinforcement is progressively increased not only in the glassy region but also in the rubbery 

region. The above findings may be attributed to the fact that, as cellulose nanofibrils coated on 

jute fabric possess large surface area, it promotes the interfacial interactions between the 

reinforcement and matrix thus reducing the mobility of polymer chains [74] and better stress 

transfer at the interface [75]. The other fact is the increase in the stiffness of reinforcement with 

increasing nanocellulose concentration. Furthermore, the formation of rigid and stiff network 

interconnected by hydrogen bonds is the accepted theory to explain the excellent mechanical 

properties of composites incorporated with nanocellulose [53, 76-78]. 

Figure 23b presents the loss modulus (Eʹʹ) versus temperature of different nanocellulose coated 

and uncoated jute composites. It is observed that the value of loss modulus increased and then 

decreased with the increase in temperature for all composites. The rapid rise in loss modulus in a 

system indicates an increase in the polymer chains free movements at higher temperatures due to 
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a relaxation process that allows greater amounts of motion along the chains that is not possible 

below the glass transition temperature [79]. Figure 23b also revealed that the value of loss 

modulus is increased with the increase in concentration of nanocellulose coating as compared to 

uncoated composite (CF0) representing a higher amount of energy dissipation associated with an 

increase in internal friction. It is interesting to note that Tg is decreased from 95 ˚C for CF0 

composite to 88 ˚C and 91 ˚C for CF3 and CF5 composites, respectively but Tg of CF0 and CF10 

composites are almost same. Simultaneously, a positive shift in Tg values to higher temperatures 

is noted with the increase in nanocellulose concentration in the system (figure 23b). A possible 

reason may be the change in crosslinking density of the network [80]. 

 

Figure 23. Dynamic mechanical properties of nanocellulose coated and uncoated jute composites; (a) 

storage modulus, (b) loss modulus and (c) tan delta. 

The damping factor (tanδ) as a function of temperature of composites reinforced with different 

concentration of nanocellulose coated jute fabric is shown in figure 23c. The highest value of 

tanδ peak is observed for CF0 composite resulting in more energy dissipation whereas a 

reduction is tanδ peak height is observed in composites with the increase in concentration of 

nanocellulose coating. The peak height of 0.59 for CF0 composite is reduced maximum to 0.42 

for CF10 composite representing a 40 % decrease (figure 23c) thus indicating that there are both 

strong intermolecular and physical interactions contributing to greater molecular restrictions at 

the interface and less energy dissipation and that the storage modulus is influenced more by the 

increase in nanocellulose concentration than loss modulus in the composites. The width of tanδ 

peak becomes broader for nanocellulose coated jute composites especially for CF5 and CF10. 

The damping in materials generally depends on the molecular motions at the interfacial region 

[81]. Therefore, the increase in width of tanδ peak of nanocellulose coated composites is 

suggestive of increased volume of interface [73] and an increase in the inhibition of relaxation 
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processes in composites thus decreasing the mobility of polymer chains within the system and a 

higher number of chain segments upon increase in concentration of nanocellulose in composites 

[82]. 

5.3 Flexural, creep and dynamic mechanical evaluation of novel surface treated woven 

jute/green epoxy composites 

5.3.1 SEM observation of jute fibers after surface treatments 

Significant changes in surface topology of fibers are observed after treatments. Figure 24a shows 

the multicellular nature of untreated jute fiber with a rather smooth surface whereas a rough and 

fragmented surface topology can be observed for enzyme treated fibers (figure 24b). This may be 

due to partial removal of cementing materials from the fiber surface after this treatment.  

 



32 
 

Figure 24. Surface topology of jute fibers: (a) untreated, (b) enzyme, (c) laser, (d) ozone, (e) plasma 

Figure 24c displays the thermal degradation of surface fibers after laser treatment giving a porous 

and rough surface of fabric. The increase in roughness and cracks are noticeable on the surface of 

ozone treated jute fiber (figure 24d). Plasma treatment causes a minor increase in fiber surface 

roughness. Overall; SEM micrographs give an indication that all treatments have changed the 

surface topology of jute fibers. 

5.3.2 FTIR analysis 

The FTIR spectra of untreated and treated jute fibers are shown in figure 25. The peak at 1736 

cm
-1 

is due to stretch vibration of C═O bonds in carboxylic acid and ester components of 

cellulose and hemicellulose and also non-conjugated carbonyls in lignin. This peak is slightly 

reduced for enzyme treated fibers which show the partial removal of hemicellulose and lignin 

components upon treatment. However, the intensity and peak height at 1736 cm
-1

 is increased by 

ozone and plasma treatments. The peak at 1599 cm
-1

 and 1508 cm
-1 

correspond to the aromatic 

ring vibrations in lignin. The increase in the intensity of peak at 1736 cm
-1

 and disappearance of 

peak after ozone treatment at 1508 cm
-1 

is possibly due to the oxidation of lignin [83].  

The reduction in the shoulder height at 1105 cm
-1

 and peak height at 1055 cm
-1

 for IR laser gives 

a strong evidence that this treatment can alter the structure on the fiber surface. In addition, the 

increased peak intensity ~3200–3600 cm
-1

 for ozone and plasma treated fibers gives an indication 

of a reaction of hydroxyl bonds with the carboxyl group and reduction of peak at the same 

wavenumber range may be ascribed to a decrease of hydroxyl and carboxyl groups on the surface 

of laser treated jute fiber due to thermal degradation. As a result; there is strong evidence that the 

used treatments have altered the surface chemistry of jute fibers.  
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Figure 25. FTIR of untreated and treated jute. 

5.3.3 Flexural properties 

Flexural properties of untreated and treated composites are shown in figure 26. It is interesting to 

note that all treated jute composites exhibit higher flexural strength and flexural modulus than 

untreated composite. Of the various treatments used, ozone treatment provides better flexural 

strength and flexural modulus, which are 13.48 % and 16.16 % higher than the untreated one, 

followed by laser treatment. The flexural strength of laser treated composites is increased by 

12.85 % and flexural modulus is increased by 13.28 % compared to untreated one. It has been 

reported that weak fiber /matrix interfacial adhesion contribute to poor flexural properties [84]. 

Therefore, the possible reason for the increase in flexural properties of composites may be 

attributed to the increase in fiber /matrix interfacial adhesion due to treatments. The ANOVA for 

the flexural strength (p-value = 0.013) and flexural modulus (p-value = 0.006) showed the 

statistically significant difference between the means at 95.0% confidence level. 
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Figure 26. Flexural properties of untreated and treated jute/green epoxy composites. 

5.3.4 Creep behavior 

The creep behavior of jute composites with and without different fiber treatments at different 

temperatures (40 °C, 70 °C and 100 °C) is shown in figure 27. The Burger’s model curves show 

a satisfactory agreement with the experimental data. It can be observed that the composites have 

low instantaneous deformation εM   and creep strain at 40 °C due to higher stiffness of composites 

but this deformation increases at higher temperatures due to decrease in composites stiffness. The 

creep strain of all composites also increased at higher temperatures but the untreated jute 

composite was affected more than the treated composites. When the stress is applied to the 

composite material, the fiber/matrix interactions are of frictional type and shear load at the 

interface is responsible for the matrix/interface material flow in shear [85] and untreated 

composite in more prone to creep due to weak fiber/matrix interface. It is also clear from figure 

27 that creep strain is low for treated jute composites at all temperatures compared to untreated 

one. The less creep strain is shown by laser and ozone treated composites at all temperatures 

followed by plasma and enzyme treated ones. The laser treated composite has greater 

instantaneous elastic deformation at higher temperatures (70 °C and 100 °C) but less viscous 

deformation over time as compared to other treated composites resulting in less creep 

deformation. The better fiber/matrix adhesion contribute to elastic rather than viscous behavior of 

composite materials. The better performance of laser treated composite may be attributed to 

possibility of increase in mechanical interlocking between the fiber and matrix due to formation 

of micro-pores on fiber surface (figure 24c) resulting in an increase in the shear interfacial 

strength and lower creep deformation of the composite. 

The four parameters EM, EK, ηM, ηK of Burger’s model, used to fit the eq. 2 to the experimental 

data, are summarized in table 6. The first value is parameter esimator and value in parenthesis is 
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corresponding standard deviation. All four parameters were found to decrease for all composites 

as temperature increased. The parameters for untreated composites have undergone a largest 

decrease, resulting in higher creep strain. The laser and ozone treated composites have 

comparatively better values of parameters especially ηM which is related to the long term creep 

strain and validates less temperature dependence of these composites.  

 

Figure 27. Creep curves of composites at different temperatures. 

 

 

 

Table 6. Summary of four parameters in Burger’s model for short term creep of the composites. 

Temperature Parameters Treatments 

  Untreated Enzyme Laser Ozone Plasma 

40 °C 

 

Em [MPa] 2095.9 ( 69.4) 2685.9 (81.1) 2846.8 (88.5) 2697.7 (76.9) 2761.4 (86.4) 

Ek [MPa] 17761.7 (7160.8) 27557.5 (13056.1) 38654.8 (19501.0) 34269.9 (16812.2) 43244.2 (23485.5) 

ɳm [Pa.s] 1.67E13 (5.94E6) 2.53E13 (1.04E7) 3.57E13 (1.45E7) 4.79E13 (3.05E7) 3.44E13 (1.18E7) 

ɳk [Pa.s] 1.32E6 (1.37E6) 2.28E12 (2.66E6) 1.88E12 (2.71E6) 2.28E12 (2.98E6) 1.59E12 (2.52E6) 

SS
*
 4.22E-9 2.28E-9 1.53E-9 1.76E-9 1.35E-9 
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Adj. R
2
 0.9822 0.97795 0.96798 0.95771 0.9692 

70 °C Em [MPa] 1673.7 (115.7) 2505.8 (90.9) 2153.9 (62.9) 2488.5 (79.2) 2976.5 (109.8) 

Ek [MPa] 3719.6 (1129.2) 11303.05 (4056.9) 15196.9 (5887.2) 13682.5 (5398.7) 13819.5 (4914.4) 

ɳm [Pa.s] 5.47E12 (2.28E6) 1.31E13 (5.04E6) 1.83E13 (8.05E6) 1.85E13 (9.07E6) 1.74E13 (7.28E6) 

ɳk [Pa.s] 4.36E11 (2.69E5) 1.48E12 (9.97E5) 1.68E12 (1.37E6) 1.85E12 (1.34E6) 1.71E12 (1.19E6) 

SS
*
 3.71E-8 4.82E-9 3.88E-9 3.81E-9 3.43E-9 

Adj. R
2
 0.98969 0.9903 0.98508 0.98696 0.98868 

100 °C Em [MPa] 935.6 (262.6) 2225.8 (103.3) 1989.6 (63.3) 2325.5 (113.6) 2537.9 (124.0) 

Ek [MPa] 513.9 (108.7) 6710.2 (2246.4) 9710.1 (3494.3) 6157.4 (1826.2) 6202.9 (1995.9) 

ɳm [Pa.s] 1.66E12 (1.05E6) 7.76E12 (2.73E6) 1.21E13 (4.96E6) 1.24E13 (6.79E6) 8.89E12 (3.64E6) 

ɳk [Pa.s] 3.51E10 (1.96E4) 9.62E11 (5.62E5) 1.35E12 (8.69E5) 8.46E11 (4.53E5) 9.93E11 (5.05E5) 

SS
*
 1.44E-6 1.04E-8 6.04E-9 1.04E-8 9.33E-9 

Adj. R
2
 0.98555 0.99268 0.9904 0.98994 0.99314 

SS
*
:
 
Sum of squared deviations 

5.3.5 Dynamic mechanical analysis 

The variation of storage modulus (Eʹ) of untreated and treated jute fiber composites as a function 

of temperature at frequency of 1 Hz is shown in figure 28a.It can be seen that there is a gradual 

fall in the storage modulus of all treated jute composites when the temperature is increased 

compared to untreated jute composite which had a very steep fall in Eʹ. The DMA curves of the 

treated and untreated composites present two distinct  region, a glassy region and a rubbery 

region [86]. The glassy region is below the glass transition temperature (Tg) while the rubbery 

region is above Tg. In the glassy region, components are highly immobile, close and tightly 

packed resulting in high storage modulus [87] but as temperature increases the components 

become more mobile and lose their close packing arrangement resulting in loss of stiffness and 

storage modulus. There is not a big difference in the storage modulus values of composites in the 

glassy region but all treated composites have higher values of storage modulus in the rubbery 

region. This might be due to better fiber/matrix interaction at the interface, decreased molecular 

mobility of polymer chains and better reinforcing effect of treated fibers which increases the 

thermal and mechanical stability of the material at higher temperatures [88] as shown 

prominently by laser treated jute composite (figure 28a). 

It has been reported that Tg values obtained from loss modulus (Eʹʹ) are more realistic as 

compared to those obtained from damping factor (tanδ) [61]. A positive shift in Tg to higher 

temperature for all treated jute composites is observed as given in table 7 due to reduced mobility 

of matrix polymer chains and better reinforcement effect. It can be reasoned that the interfaces 

were markedly changed by the fiber treatments. According to Almeida et al. [62] systems 

containing more restrictions and a higher degree of reinforcement tend to exhibit higher Tg. The 

Tg increased from 105 °C for untreated to 126 - 146 °C for treated composites, especially the 

laser treated one with a value of 146 °C. 
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Figure 28. Temperature dependence of (a) storage modulus, (b) tan δ and (c) adhesion factor for untreated 

and treated jute composites. 

The change in damping factor (tan δ) of untreated and treated jute composites with respect to 

temperature is shown in figure 28b. Untreated composite displayed a higher tanδ peak value 

compared to treated composites. This may be attributed to more energy dissipation due to 

frictional damping at the weaker untreated fiber/matrix interface. When a composite material, 

consisting of fibers (essentially elastic), polymer matrix (viscoelastic) and fiber/matrix interfaces, 

is subjected to deformation, the deformation energy is dissipated mainly in the matrix and at the 

interface. If matrix, fiber volume fraction and fiber orientation are identical, as it is the situation 

in current study, then tanδ can be used to evaluate the interfacial properties between fiber and 

matrix. The composites with poor fiber/matrix interface have a tendency to dissipate more energy 

than the composites with good interface bonding i.e. poor interfacial adhesion leads to greater 

damping [73, 89]. The lower tanδ peak height is shown by ozone treated composite followed by 

laser treated one, among the treated composites, exhibiting a better adhesion between jute fibers 

and green epoxy matrix. The reduction in tanδ peak also represents the good load bearing 

capacity of a particular composite [90]. The broadening of tanδ peak is also observed for 

enzyme, ozone and laser treated samples when compared with tanδ peak of untreated composite 

(figure 28b). This indicates the occurrence of molecular relaxations at the interfacial region of 

composite material.  

Table 7. Tg values obtained from Eʹʹ curve. 

Composites Tg from Eʹʹmax 

curve [°C] 

Untreated  105.60 

Enzymes 137.43 
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Laser  146.13 

Ozone 126.78 

Plasma 134.57 

The effect of treatments on the interfacial adhesion between jute fibers and green epoxy resin 

was verified by adhesion factor (A) for fiber/matrix interface using the following formula [19]; 

  
         

                 
       [8] 

Where Vf is the fiber volume fraction in the composite, tanδc (T) and tanδm (T) are the values of 

tanδ at temperature T of the composite and neat matrix respectively. Low A values suggest 

greater interaction between the fiber and matrix. Figure 28c expresses low adhesion factor curves 

of treated fiber composites compared to untreated composite which reveals the improvement in 

fiber matrix adhesion with fiber treatments. Laser treated composite has the lowest adhesion 

factor. 

6 Evaluation of results and new findings 

In this research work, woven jute/green epoxy composites were prepared using three different 

categories of reinforcement viz. novel surface treated jute fabrics, pulverized micro/nano jute 

fillers and cellulose coated jute fabrics. Mechanical, dynamic mechanical and creep properties 

were evaluated. The modeling of creep data was satisfactorily conducted by using Burger’s 

model. The long term creep performance of micro/nano filled jute composites was successfully 

predicted by using Burger’s model, Findley’s power law model and a simpler two-parameter 

power law model.  The following findings were drawn from the results; 

 The tensile and flexural properties were found to improve with the incorporation of PJF in 

alkali treated jute/green epoxy composites except the decrease in tesile strength of 

composite reinforced with only alkali treated jute fabric. 

 Tensile modulus, flexural strength, flexural modulus, fatigue life and fracture toughness 

of composites were found to improve with the increase in concentration of nanocellulose 

coating over jute reinforcement except the decrease in tensile strength. 

 Flexural properties of composites were enhanced after fiber treatments especially for laser 

and ozone treated ones. 

 The creep resistance of PJF filled jute composites was found to improve significantly 

with the increase of filler content in matrix. This may be attributed to the inhibited 

mobility of polymer matrix molecular chains initiated by large interfacial contact area of 

PJF as well as their interfacial interaction with the polymer matrix. 

 The surface treated jute composites showed less creep deformation than untreated one at 

all temperatures. The least creep deformation is shown by laser treated composite which 

dominantly exhibited elastic behavior rather than viscous behavior, especially at higher 

temperatures.  

 The Burger’s model fitted well the short term creep data. The creep strain was found to 

increase with temperature. 

 The master curves, generated by time-temperature superposition principle (TTSP), 

indicated the prediction of the long-term performance of composites. 
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 The Findley’s power law model was satisfactory for fitting and predicting the long-term 

creep performance of composites compared to Burger and two parameter model. 

 Dynamic mechanical analysis revealed the increase in storage modulus and reduction in 

tangent delta peak height of composites with the increase in filler content, increase in 

concentration of nanocellulose coating over jute reinforcement and of surface treated jute 

composites. 

6.1 Proposed applications and limitations 

The possible applications of these composites can be in automotive interiors especially, boot 

liners, door panels, spare tire cover and interior vehicle linings. Despite the advantages of 

sustainability of these composites and cheaper availability of jute fibers, the main drawback is a 

little high cost of green epoxy resin compared to synthetic ones. The utilization of jute waste as 

precursor to extract and purify cellulose is a positive aspect of this work. The methods used in 

this study for fiber treatment especially, the ozone and laser are environment friendly and easy to 

perform but the laser treatment can be applied effectively on a little thick fabric substrate. 
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