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ABSTRACT: Unsaturated polyester (UP) toughened nanocomposites were prepared using both sisal fibers and montmorillonite clays.

The effect of fibers and Cloisite 30B (C30B) nanoclays on the mechanical properties, thermal stability, flame retardant, and morpho-

logical behavior of the UP toughened epoxy (Epoxy/UP) were systematically studied. The chemical structures of Epoxy, UP, and

Epoxy/UP systems were characterized using Proton Nuclear magnetic resonance (1HNMR) and Fourier transform infrared (FTIR)

spectra. The homogeneous dispersion of nanoclay within the polymer matrix was analyzed using transmission electron microscopy

(TEM) and X-ray diffraction (XRD) analysis. Incorporation of sisal fibers and C30B nanoclays within Epoxy/UP system resulted in

an increase in the mechanical, thermal, and flame retardance properties. Thermogravimetric analysis (TGA) has been employed to

evaluate the thermal degradation kinetic parameters of the composites using Kissinger and Flynn-Wall-Ozawa methods. Cone calo-

rimeter, UL-94, and LOI tests revealed a reduction in the burning rate of the matrix with the addition of fibers and nanoclays. The

results showed that the treated fiber reinforced nanocomposites had higher thermal stability and better flame retardant properties

than the treated fiber reinforced composites. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42068.
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INTRODUCTION

Natural fiber reinforced thermoset composites have been attract-

ing considerable industrial interests during the last decade due to

the several advantages such as, high strength-to-weight ratio, low

cost, high strength, high modulus, good wear resistance under

heavy load which allows them to compete with their synthetic

counterparts.1,2 Natural fibers have several advantages such as

biodegradable, non toxic, easy to handle, light weight, low cost,

enhanced energy recovery, high toughness, good thermal proper-

ties and ease of handling, as compared to the synthetic fibers.

Commercially available natural fibers such as banana, cotton,

flax, hemp, kenaf, jute, kenaf, palm, silk and silk, have been

widely used as reinforcements in polymeric materials.3,4 Sisal

fibers predominantly extracted from the leaf of Agave sisalana

plant have enough mechanical strength to withstand several load

bearing applications and in particular are readily available.5

Extensive literature survey indicates sisal fiber reinforced

polymeric composites employing various thermoset and

thermoplastic matrices.6–11 However, these fibers have several

impediments, such as inherently high hygroscopic characteristics,

poor adhesion with the hydrophobic polymer matrix and limited

thermal stability during processing which leads to difficulties in

fabrication of composites with desired attributes.12,13 To over-

come these issues, surface modifications of natural fibers plays a

significant role in improving the interfacial adhesion between the

fibers and polymer matrix.14 Khan et al.5 have studied the effect

of different NaOH concentration (0.25, 0.50, 1, 2, 5, and 10%)

on sisal fibers and found that nearly 15.8% enhancement in ten-

sile strength was obtained by 2% NaOH treatment. Mishra

et al.13 reported that 5% NaOH treated sisal fiber reinforced

polyester composite had a better tensile strength as compared to

10% NaOH treated composites. Similarly, several authors have

studied the various surface modification techniques such as

alkali, acetylation, benzoylation, clay,7 permanganate, thermal

and silane treatment of natural fibers to improve the interfacial

interaction with the polymer matrix.6,15–17
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Epoxy resins are one of the most dominant thermoset materials

used in manifold industrial applications ranging from adhesives

to composites. These resins exhibit excellent properties such as

mechanical strength, thermal stability, chemical resistance, and

adhesion. The major drawbacks of the epoxy monomers are

brittle in nature. Many efforts have been made to improve the

fracture toughness of epoxies, by modifying it with additives

such as elastomers, thermoplastics, thermosets and inorganic

fillers.1,18,19 However, to meet the requirements of high-

performance applications, it is a prerequisite to modify the

epoxy resins with suitable flame retarding materials such as alu-

mina, bromine, inorganic fillers, nitrogen, phosphorus, polyhe-

dral oligomeric silsesquioxanes, polyamide, polyimide, siloxane,

and sulphone.20–22 Various methods are there to raise the flame

retardant nature of the epoxy monomers, i.e., (1) additive type

flame retardants, which include inorganic particles; (2) reactive

type flame retardants which include phosphorus and nitro-

gen.18,23,24 These compounds can bring down the high-

temperature transfer between the polymer source and a heat

source, and suppress the smoke during combustion.25,26

Recently, phosphorus-based epoxy monomers reported by Mur-

iel et al.27 for high-performance applications. The phosphorus

compounds are halogen free in nature; generating less toxic gas-

ses and smoke. These phosphorus groups are permanently

bonded to the epoxy resins and exhibit high fire resistance. Lin

et al.28 had developed novel multifunctional phosphorus epoxy

monomers and concluded that the flame retardance was found

to be more in C12P4 (phosphorus content is 4 wt %) than that

of C12P2. In another investigation, advanced naphthalene con-

taining epoxy monomer was prepared by Wang et al.29 It exhib-

its better flame retardance as well as higher thermal stability

than that of the diglycidyl ether of bisphenol-A (DGEBA) epoxy

monomer. Similarly, Qiang et al.30 have reported the flame

retardant, and smoke suppressed epoxy monomer containing

poly (melamine-ethoxyphosphinyl-diisocynate) (PMPC). PMPC

is a combination of phosphorus and nitrogen compounds, which

helps to reduce the emissions from smoke and poisonous gasses

during a fire. In recent years, the use of inorganic particles such

as alumina, carbon nanotubes, montmorillonite clay and silica in

epoxy monomers are increasing day by day with enhanced prop-

erties.31 Among inorganic fillers, surface modified montmorillon-

ite clays are one of the most common nanoparticles that provide

outstanding performance in high-temperature resistance, flame

resistance, and electric insulation. These are currently being

incorporated into epoxy monomers to produce layered-silicate

nanocomposites, which enhance the flame retardance without

sacrificing their essential properties.32,33

In this study, the sisal fibers and Cloisite 30B clays were used to

prepare fiber reinforced UP toughened epoxy nanocomposite,

and their effective properties were studied using TGA, UL-94,

and Cone Calorimetry. The epoxy monomers have been modi-

fied with the addition of unsaturated polyester (UP) resins

without diminution of mechanical properties using high pres-

sure mixing (HPM) method. FTIR and 1HNMR were used to

characterize the chemical structure of Epoxy, UP and UP tough-

ened epoxy systems. Sisal fibers were treated with alkali and

alkali-silane solutions for improving their interfacial adhesion

with the Epoxy/UP system. The Kissinger and Flynn-Wall-

Ozawa models34 are applied to explain the thermal stability of

the nanocomposites. SEM as well as transmission electron

microscopy (TEM) was used to analyze the morphology of the

Epoxy/UP, Epoxy/UP/C30B, and their fiber reinforced

composite.

EXPERIMENTAL

Materials

DGEBA epoxy resin (Viscosity: 11 6 2 Pa s and Epoxide equiva-

lent: 189 6 5 gm/eq), triethylenetetramine (TETA), UP resin

(Viscosity: 0.45 6 0.05 Pa.s and Acid value: 25 6 3 mg KOH/g),

and other reagents such as methyl ethyl ketone peroxide

(MEKP- initiator/catalyst) and cobalt naphthenate (accelerator)

were supplied by M/s Allied Agencies (Hyderabad, India).

Nanoclay, bis(2-hydroxy-ethyl)methyl tallow ammonium (Cloi-

site 30B) ions purchased from Southern Clay Products (USA).

3-aminopropyltriethoxy silane was procured from Sigma-

Aldrich (Bangalore, India). Sisal fibers used in this work were

obtained from tribal districts of Kheonjhar (Odisha, India).

Methods

Cone Calorimetry. Cone calorimeter was used to measure the

flammability of the samples according to ASTM E1740, using a

Fire Testing Technology apparatus with a truncated cone-shaped

radiator. The samples with dimensions of 100 mm 3

100 mm 3 6 mm were exposed to an external heat flux of 50

kW/m2 at a heating rate of 1�C to 750�C in the pyrolysis zone.

Flammability Studies. The limiting oxygen index (LOI) was

analyzed using Atlas HVUL2 according to ASTM D2863. The

UL-94 vertical burning test was performed using Atlas HVUL2

instruments according to ASTM D3801. The dimensions of the

samples were 130 mm 3 13 mm 3 3 mm.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectra

of samples were recorded using Agilent Cary 630 FTIR spectrom-

eter (USA) with the attenuated total reflectance (ATR) technique.

Nuclear Magnetic Resonance (NMR). The proton nuclear mag-

netic resonance (1H-NMR) spectra of the Epoxy, UP and

Epoxy/UP samples were recorded on a Bruker AVANCE III 500

MHz NMR Spectrometer (Massachusetts, USA). Tetramethylsi-

lane was used as internal standard and CDCl3 as solvent.

Scanning Electron Microscopy (SEM). The surface morphology

of the impact tested samples and fiber were performed using a

scanning electron microscope (EVOMA 15, Carl Zeiss SMT,

Germany). Before analysis, all the fractured surface of samples

were coated with a palladium using a sputtering system to elim-

inate electric charging during SEM analysis.

Thermogravimetric Analysis (TGA). TGA thermograms of

samples were obtained using a thermogravimetric analyzer (Q

50, TA Instruments, USA) as per ASTM E 1641-04, samples

of� 10 mg were secured from 2.5�C to 600�C at a heating rate

of 2.5, 5, 10�C/min in a nitrogen atmosphere, corresponding

initial & degradation temperature; % char was noted.

Transmission Electron Microscopy (TEM). The degree of dis-

persion of C30B clays in the Epoxy/UP resin was investigated

using TEM. Samples with a thickness of 85 nm were
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microtomed using a Leica UC2 Ultra-microtome machine

(Wetzlar, Germany) at room temperature. After sectioning, the

sections were collected on 200-mesh copper grids. Subsequently,

these were examined using a Jeol-2011 Transition Electron

Microscope (Peabody, MA) with an accelerating voltage of

200 KV.

X-ray Diffraction (XRD). XRD patterns of samples were

recorded at room temperature by monitoring the diffraction

angle 2h from 2 to 10�, at the step size of 0.01� and the scan-

ning speed of 0.05�/min. on a Seifert PTS-3000 diffractometer

(Massachusetts, USA). The diffractometer was equipped with a

copper target (k1=4 1.5405 A�) radiation using a Guinier-type

camera employed as a focusing geometry and a solid-state

detector. The angle and d-spacing values are calculated through

Bragg’s law [eq. (1)].

nk52d sinh (1)

where n is an integer, k is the wavelength, h is the diffraction

angle, and d is the interlayer spacing of the crystal.35,36 Crystal-

linity index (Ic) of fibers was measured using the Segal empiri-

cal method [eq. (2)].37,38

Ic5
I0022Iam

I002

3100 (2)

where I002 is the maximum intensity of 2h corresponding to

crystalline phase and Iam is the maximum intensity of 2h corre-

spond to amorphous phase in fiber.

Surface Modification of Sisal Fibers

Before surface modification, the fibers were several times

washed with ground water followed by detergent diluted solu-

tion at 40–50�C to remove the wax and other impurities, and

then dried for 24 h.

Alkali Treatment of Sisal Fiber. The fibers of 50 cm length

were soaked in 2 wt % NaOH solution at room temperature for

4 h. The NaOH (alkali) treated fibers were washed several times

with distilled water containing a few drops of acetic acid to

neutralize the excess sodium hydroxide, followed by thorough

rinsing with distilled water. The fibers were then dried in the

oven at 105�C for 24 h.5

Alkali-Silane Treatment of Sisal Fiber. The alkali treated fibers

(ATF) were soaked in the 3-aminopropyltriethoxy silane (APTES)

solution (the solution contains 6 wt % of silane mixed with etha-

nol/water in the ratio of 8 : 2) for 1 h. Subsequently, the ethanol–

water was drained out and then the fibers were dried in the oven for

2 h at 105�C.39 The interaction of APTES with natural fibers mainly

goes through the succeeding steps,6,40 presented in Scheme 1.

Fabrication of Fiber Reinforced Composites

Surface modified montmorillonite clays (Cloisite 30B) were uti-

lized for preparation of Epoxy/UP nanocomposites. Before pre-

paring nanocomposites, Cloisite 30B (C30B) clays were dried in

an oven at 120�C for 4 h. High-pressure mixing (HPM) method

was chosen to disperse the nanoclays into Epoxy/UP resin.41

Nanoclays was dispersed in acetone and mixed at 1400 rpm for

20–30 min until a wet slurry was obtained. It was mixed with

Epoxy/UP (95/5 weight ratio, based on our optimized mechani-

cal data) solution in 200 mL beaker at room temperature with

a mechanical stirring for about 4 h to give a homogeneous liq-

uid. Then the mixture was sonicated (Model: LeelaSonic-150,

size: 1200 3 600 3 600 and capacity: 6.5lt) for about 2 h with

pulse mode (15 s on/ 15 s off) to achieve a temperature of

70�C. Heating at this temperature was necessary to remove the

residual acetone and to lower the DGEBA viscosity.42 After mix-

ing the calculated amount of TETA (10 wt %) and MEKP (1 wt

% to UP) were added to the above-sonicated mixture. Subse-

quently, the solution was poured over on the compression

mould (Hydraulic press M/s CIPET, India with maximum press-

ing capacity: 15 tons, maximum piston stroke: �50 mm, maxi-

mum working pressure: 500 kg/cm2 and temperature controller

from 0 to 500�C with external cooling supply), evenly passed

and pushed down with a roller to eliminate the air bubbles, sili-

con spray used as a mold releasing agent. The mould was kept

at room temperature for 24 h, at 80�C for 4 h and post curing

was carried out at 110�C for 2 h and at 140�C for 15 min at

70.32 kg/cm2 pressure in a compression machine. After curing

the samples were allowed to cool room temperature and finally

Scheme 1. Reaction mechanism during the silane treatment of sisal fiber.
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removed from the mould and characterized by different proper-

ties.43–46 Similar process parameter was followed for fabricating

the Epoxy/UP except the clay mixing into it and sisal fiber rein-

forced Epoxy/UP nanocomposites obtained by adding 30 wt %

alkali-silane treated sisal fiber (ASTF) to the Epoxy/UP/C30B

system. The synthesis mechanism of UP toughened epoxy, and

its nanocomposites are shown in Schemes 2 and 3.

RESULTS AND DISCUSSION

Fourier Transformation IR (FTIR) Spectroscopy

Characterization of Sisal Fibers. The infrared spectroscopy was

used to analyze the effect of the chemical treatments on the

surface structure of the fiber and their spectra have been dis-

played in Figure 1(a). In case the untreated fibers (UTF) the

peak at 3337 cm21 reveals the hydroxyl band. After the surface

treatment of the fibers, the intensity of the OH band reduced to

a frequency of 3300 cm21 for the ATF and 3295 cm21 for the

alkali-silane treated fibers (ASTF), respectively which confirms

reduced H-bonding in the fibers between the cellulosic hydroxyl

groups by the removal of the carboxyl group. It can be seen

that the peak at 1732 and 1299 cm21 in the UTF disappeared

after the alkali and alkali-silane treatments. The band in the

spectrum near 1732 cm21 is attributed mainly to the carboxylic

groups corresponding to hemicelluloses. Another band around

Scheme 2. Possible toughened mechanism between UP and epoxy resins.

Scheme 3. Synthesis of UP toughened epoxy nanocomposites.
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1239 cm21 is attributed to CAO ring of lignin. The results

showed that the UTF contained both lignin and pectin that was

removed by surface treatments of fibers. In addition, ACAH

vibration band at 2899 cm21 in UTF shifts to 2884 cm21 after

the treatments. This phenomenon indicated the participation of

some free hydroxyl groups in the chemical reaction. The peak at

1430 cm21 corresponds to the absorption of CH2 group present

in cellulose. It has been reappeared at 1415 and 1406 cm21 in

the ATF and ASTF. In addition, the peak at 1363 cm21 corre-

sponds to OH in plane bending disappeared upon the chemical

treatments. This can also be due to the removal of hemicellulo-

ses. In the case of ASTF, the amine group was introduced to the

fibers as demonstrated by the NH2 stretching band at

3200 cm21. In addition, strong absorptions related to SiAO

and SiAOASi are observed at 820 and 1239 cm21, respectively,

indicating the reaction between the hydrolyzed silane and the

sisal fiber. Chemical modification of sisal fiber removes the

hemicelluloses, lignin, and other impurities. These results are in

good agreement with the previous reports on the chemical

treatments of sisal fibers.17,44–46

Characterization of Epoxy, UP, and Epoxy/UP System. Figure

1(b) showed the FTIR spectra of the Epoxy, UP, and Epoxy/UP,

respectively. After incorporation of UP within the Epoxy resin,

the characteristic peaks appear at 3541, 2968, 1724, 1238, and

1125 cm21 are attributed to the hydroxyl group, methyl

(ACH3) asymmetric stretch, C@O stretching, asymmetric and

symmetric CAOAC stretching of aromatic ester, respectively.

The spectra were normalized with the absorption band at

1723 cm21 as a reference band. The hydroxyl group for UP at

3541 cm21 and confirmed at 3541 cm21 in the Epoxy/UP sys-

tem. It confirms the presence of hydrogen bonding between the

UP and Epoxy. This was possibly due to the esterification reac-

tion formed between the Epoxy and UP resins. However, the

addition of UP into the Epoxy monomer caused the carbonyl

group of ester band of the UP resin appear at 1724 cm21 in the

Epoxy/UP system, that might indicate the formation of esterifi-

cation. FTIR spectra of both UP and Epoxy/UP have the

absorption around 1260 cm21 indicating an ester group. The

absorption bands of UP and Epoxy/UP systems at 1444 and

759 cm21 should attributed to styrene group. It should be

noted that CAOAC oxirane group of epoxy peaks at 908 and

823 cm21 are reappeared in the Epoxy/UP due to the toughen-

ing mechanism.47–52

Characterization of Pure C30B Clay and Epoxy/UP/C30B/Sisal

Fiber System. The obtained typical FTIR spectra of C30B and

Epoxy/UP/C30B/ASTF system with 1 wt % of C30B clay and 30

wt % of ASTF were shown in Figure 1(c). Characteristic peaks

of OH stretching of the Epoxy/UP/C30B/ASTF system were

observed at 3400–3273 cm21 which shows a small shoulder due

to the reaction between hydroxyl groups of ASTF and amine

group of C30B clay with the Epoxy/UP system. A small increase

in the peak at 2921 and 2860 cm21 of C30B clay, which can be

seen at 2939 and 2865 cm21 in Epoxy/UP/C30B/ASTF corre-

spond to methylene asymmetric and symmetric stretching. Sim-

ilarly, the band at 1010 cm21 of C30B clay appears at

1019 cm21 in the fiber reinforced nanocomposite spectra. This

behavior confirmed the formation of hydrogen bond between

Figure 1. (a) FTIR spectra for untreated and treated sisal fibers, (b) FTIR

spectra for UP, Epoxy and UP toughened epoxy, and (c) FTIR spectra of

C30 clay and Epoxy/UP/ASTF/C30B system. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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the OH group of the fiber, alkyl ammonium ions of C30B and

toughened matrix.53,54 Further the fiber reinforced nanocompo-

sites also depicted an amine N-H stretch of C30B clay at

3634 cm21 that appeared at 3610 cm21 in case of the Epoxy/

UP/C30B/ASTF system. However, the amount of clay present in

the nanocomposite system is much less than that of fiber and

toughening system. Therefore, the NH bend at 1644 cm21 peak

almost disappeared, and the curves become narrower in the

fiber reinforced nanocomposite system.

NMR Spectroscopy

The chemical structure of the Epoxy, UP, and Epoxy/UP systems

were confirmed by 1HNMR analysis, and their spectrums are

shown in Figure 2. The peaks appeared for epoxy resin found

to be the presence of a signal at 1.56–1.7 ppm (CH3), 2.67–2.92

ppm (CH2 oxirane), 3.25–3.38 ppm (CH oxirane), and 6.75–

7.24 (aromatic ring protons). UP spectra of a signal appeared at

0.89–1.5 (propylene glycol), 3.65–4 and 4–4.6 ppm (ethylene

glycol), 5.13–5.3 ppm (propylene glycol), 6.65–6.98 (vinyl

group), and 7.2–7.9 (phthalate).55–57 Similarly, Epoxy/UP signals

found for propylene glycol at 5.25 and 5.78 ppm and phthalate

at 7.3 and 7.4 ppm with the incorporation of UP in the Epoxy

monomer. The other peaks of UP disappear due to the amount

of UP (5 wt %) added to the toughened epoxy system is much

less. It confirmed that the esterification reaction was favorable.58

X-ray Diffraction

The XRD spectrum of ASTF, Epoxy/UP/ASTF, C30B nanoclay,

Epoxy/UP/C30B, and Epoxy/UP/ASTF/C30B is displayed in Fig-

ure 3 and the d-spacing of C30B is calculated by eq. (1). From

the data, it is observed that the sharp peak of C30B nanoclay

appeared at 2h 5 4.8� with a corresponding d-spacing at

1.8 nm.59 The Epoxy/UP matrix containing 1 wt % of C30B

nanoclay displayed no visible diffraction peak over the entire

experimental range of 2h 5 0–30, which indicates the exfoliation

of clay in the polymer matrix formed by the reaction occurred

between epoxy/amine and the clay layers.60,61 This fact was sup-

ported by several authors.62–64 It also concluded that the nano-

composites synthesized using mechanical mixing followed by

ultrasonication showed an exfoliated structure of 1 wt % C30B

clay within the Epoxy/UP system which has been further corro-

borated using TEM analysis. However, a new peak appeared at

18.4� of 2h represents the amorphous materials in Epoxy/UP/

C30B.65,66 The untreated sisal fiber (UTF) and ASTF have

shown two broad peaks at 2h close to 16.8� and 16.6� which

represents amorphous materials, and others at 22.5� and 22.7�

of 2h represents the crystalline materials of fiber, respectively.

Earlier studies report similar facts that the diffraction peaks are

due to the cellulose crystalline phase and lignin/hemicelluloses/

pectin amorphous phase of sisal fiber.67 The crystalline index of

UTF and ASTF were calculated using eq. (2) and the results are

summarized Table I. It was observed that surface modification

of untreated sisal fiber with the alkali-silane solution, resulted

in an increase in the crystalline fraction of cellulose from 62%

to 66% due to the partial removal of lignin, hemicelluloses and

pectin.68 Thus, the data suggests that the alkali-silane treatment
Figure 2. 1HNMR spectra of Epoxy, UP, and Epoxy/UP systems. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 3. XRD patterns for C30B clay, UTF, ASTF, Epoxy/UP/C30B,

Epoxy/UP/ASTF, and Epoxy/UP/ASTF/C30B systems.
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significantly removes the amorphous phase in sisal fiber.15 The

two peaks of ASTF system appeared at 17.4� and 22.36� of 2h
in the fiber reinforced Epoxy/UP composite, and their respective

d-spacing values were observed at 0.51 nm and 0.40 nm, respec-

tively. The same peaks shifted to higher 2h at 18.36 and 22.46

in fiber reinforced Epoxy/UP/C30B nanocomposite system with

their respective d-spacing values at 0.48 nm and 0.395 nm,

respectively. This phenomenon of the decrease in d-spacing is

attributed to an increase in attraction forces between clay plate-

lets and the matrix.69 It confirms that the formation of fiber

reinforced nanocomposites.

Transmission Electron Microscopy

The homogeneous dispersion of the C30B nanoclay layers

within the Epoxy/UP, Epoxy/UP/ASTF nanocomposite and

Epoxy/UP/ASTF has been analyzed by TEM and their represen-

tative micrographs are presented in Figure 4(a–c).70 The

brighter and darker portions in the TEM micrographs are repre-

sented the matrix and the C30B nanoclay layers. Figure 4(a)

represents the TEM micrograph of Epoxy/UP/C30B system, it

shows that the nanoclay dispersed well and randomly penetrates

through the Epoxy/UP. It confirms that the exfoliated clay

structure within the matrix where the nanoclay patterns are eas-

ier to identify because of exfoliation.71 This is due to the good

interactions between the carboxylic ester groups of the polymer

and the AOH group of nanoclay. It is also identified from the

TEM micrographs; the nanoclays are dispersed of thinner plate-

lets with a thickness of approximately between 30 and 250 nm

and disordered randomly in the matrix.72 This indicates that

the 1% C30B nanoclay showed better exfoliation within the

Epoxy/UP resin. Figure 4(b,c) shows the TEM micrographs of

the ASTF reinforced composite with and without C30B nano-

clay. The arrows marks represent the fiber phase in the

composite.7

Mechanical Properties

The mechanical properties of Epoxy, Epoxy/UP, Epoxy/UP/

C30B, Epoxy/UP/ASTF, and Epoxy/UP/ASTF/C30B are shown

in Table II. It is evident that by blending of UP resin with epoxy

resins significantly increases the tensile, flexural, and impact

properties as compared to that of the unmodified resin. The

toughened epoxy system at 5wt % UP resin displayed the opti-

mum increases in tensile strength and modulus of 16% and

34%, respectively, as compared with the unmodified resin. A

similar rise in the flexural strength and flexural modulus of

19% and 25% was observed. This behavior is due to the esterifi-

cation occurring between the epoxy and UP, which is attributed

to the formation of entangled network structure developed due

to unsaturated active sites of polyester toughened epoxy system.

Impact strength of 5% UPR with epoxy resins are 37% higher

than that of the unmodified resin. The UP resin helps to absorb

the impact energy and prevents crack propagation.

The incorporation of 1 wt % nanoclays within the Epoxy/UP

matrix increases the mechanical properties including tensile,

flexural and impact properties. This is due to the exfoliation of

clays within the Epoxy/UP system and the formation of nano-

composites. The Epoxy/UP nanocomposites at 1 wt % clays dis-

played an increase of 14% in tensile strength, 20% in tensile

modulus, 10% in flexural strength, 20% in flexural modulus,

and 4% for C30B nanocomposites as compared with the Epoxy/

UP matrix. This behavior is due to the good dispersion of

nanoclays within the Epoxy/UP matrix, as well as to the good

interfacial adhesion between the alkylammonium ion groups of

C30B and the Epoxy/UP matrix. The above explanation is well

supported by the mechanical property results published by Al-

Qadhi et al.,73 which is attributed to the formation of entangled

network structure developed due to exfoliated active sites of

nanoclays in Epoxy/UP matrix.

The incorporation of 30 wt % ASTF within the Epoxy/UP sys-

tem increase in tensile strength, tensile modulus, flexural

strength, flexural modulus and impact strength to the tune of

83%, 69%, 51%, 145%, and 47% were observed as compared

with the Epoxy/UP system. This is due the silane molecule

reacts with suitable bonding groups of Epoxy/UP system. This

is imputable to the fact that chemical treatments improve the

roughness and adhesive characteristics of sisal fiber surface by

partial removal of wax, hemicelluloses, and lignin. Thus, chemi-

cal reactions occur in sisal fiber, matrix and silane coupling

agent. Thereby interfacial properties are improved. The mechan-

ical properties of ASTF reinforced Epoxy/UP nanocomposites

increases with the incorporation of 1 wt % C30B clays within

Table I. Crystallinity Index of Sisal Fibers

Samples Iam I002 Ic

UTF 135 358 62.2

ASTF 108 318 66.0

Figure 4. TEM micrographs of (a) Epoxy/UP/C30B system, (b) Epoxy/UP/ASTF, and (c) Epoxy/UP/C30B/ASTF.
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the Epoxy/UP/ASTF system. It can be seen from Table II,

Epoxy/UP/C30B/ASTF system exhibits higher in tensile, flexural,

and impact properties than that of the Epoxy/UP/C30B and

Epoxy/UP/ASTF systems. The tensile strength, tensile modulus,

flexural strength, flexural modulus and impact strength of the

Epoxy/UP/C30B system increased from 74 MPa to 128 MPa,

3175 MPa to 5047 MPa, 131 MPa to 191 MPa, 4267 MPa to

8978 MPa, and 215 J/m to 315 J/m with the incorporation of

30 wt % ASTF to it. This is due to the fact of alkali-silane treat-

ment improves the fibrillation of fibers by that silane molecule

on the fiber reacts with OH groups of Epoxy/UP system. Thus,

interfacial properties are improved by the resultant chemical

bonding.

Thermogravimetric Analysis

Thermal Stability. The thermal stability of ASTF, Epoxy/UP,

Epoxy/UP/C30B, Epoxy/UP/ASTF, and Epoxy/UP/ASTF/C30B

as a function of temperature from 25 to 600�C at 2.5�C/min

were examined using TGA analysis (Figure 5). Further, the

weight loss at 20%, 60%, and the char residue of all samples

has been reported in Table III. The ASTF samples exhibited a

higher thermal decomposition temperature up to 240�C where

the samples showed thermally stable characteristic, and the

mass loss in the sample was relatively small. Beyond 300�C,

the samples exhibited a drastic loss in mass which is due to

decomposition of cellulose and hemicelluloses. Above 345�C,

degradation occurs as a result of delignification of fibers. As

can be observed from the Table III, the alkali-silane treatment

was effective in improving the thermal stability of the sisal

fibers. With the incorporation of 1 wt % C30B nanoclay

within the Epoxy/UP systems showed improvements in thermal

stability as compared to the Epoxy/UP system.74 This is due to

an increase in the effective cross-linking density in the pres-

ence of amine groups in the nanoclay that further acts as a

catalyst for the Epoxy/UP system.75 In the case of Epoxy/UP/

ASTF system, the initial weight loss up to 243�C indicates the

removal of moisture and other volatiles from the fiber in the

composites. The weight loss from 243 to 400�C is primarily

due to degradation of the composites. The thermal stability

increases with the incorporation of treated sisal fibers into the

Epoxy/UP. The weight loss at 60% of Epoxy/UP increases from

371 to 388�C (shown in Table III) with the incorporation of

ASTF within the matrix. The decomposition temperature

increased in case of ASTF reinforced Epoxy/UP/C30B system,

which further confirms strong interfacial balance due to the

establishment of hydrogen and covalent bonds. Further, the

char residue in case of Epoxy/UP/ASTF system increased from

2.9 to 5.1% with the addition of C30B nanoparticles to it,

which additionally confirmed improved flame retardance of

the system. The char residues at 600�C of the sample Epoxy/

UP/C30B, Epoxy/UP/ASTF and Epoxy/UP/ASTF/C30B are as

3.2 wt %, 2.9 wt %, and 5.1 wt %, respectively, which are

improved significantly as compared with that of Epoxy/UP.

Thus, it can be seen that the incorporation of C30B clays and

ASTF can promote the char formation layer thereby improving

its thermal stability.

Kinetics of Thermal Decomposition. The DTG curves of

Epoxy/UP, Epoxy/UP/C30B, Epoxy/UP/ASTF, and Epoxy/UP/

ASTF/C30B systems at heating rates of 2.5, 5, and 10�C/min are

shown in Figure 6(a–d). The thermal decomposition data has

been presented in Table IV. The thermal decomposition process

of all samples is composed of two main steps as shown in Fig-

ure 6(a–d). During the first stage of thermal oxidative degrada-

tion process occurs to the degradation of cross-linked Epoxy/

UP matrix. The second stage is mainly due to the further oxida-

tive decomposition of previous formed char residue. These find-

ings are correlated with earlier studies reported by several

authors.23,77,78 Two kinetic models proposed by Kissinger and

Flynn-Wall-Ozawa were used to obtain the activation energy

(E). According to the Kissinger method, from eq. (3):

Table II. Mechanical Properties of Epoxy, Epoxy/UP, Epoxy/UP/C30B, Epoxy/UP/ASTF, and Its C30B System

Epoxy/UP/C30B/
ASTF composition

Tensile
strength (MPa)

Tensile
modulus (MPa)

Flexural
strength (MPa)

Flexural
modulus (MPa)

Impact
strength (J/m)

100/0/0/0 56 6 2 1970 6 16 100 6 4 2830 6 25 151 6 5

95/5/0/0 65 6 2 2640 6 23 119 6 3 3558 6 24 207 6 4

95/5/1 74 6 1 3175 6 22 131 6 3 4267 6 20 215 6 3

95/5/0/30 119 6 2 4476 6 42 180 6 3 8740 6 28 304 6 2

95/5/1/30 128 6 2 5047 6 34 191 6 2 8978 6 21 315 6 3

Figure 5. TGA thermogram curves of ASTF, Epoxy/UP, Epoxy/UP/ASTF,

Epoxy/UP/C30B and Epoxy/UP/ASTF/C30B systems at a heating rate of

2.5�C/min. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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2ln
b
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E

RT max

2ln
AR

E

� �
(3)

where Tmax is the peak temperature decomposition rate, b is the

heating rate, E is the activation energy, A is pre-exponential fac-

tor, and R is the universal gas constant (8.314 J/mol K). The

activation energy could be calculated from the plot of an

approximately linear relationship between ln(b/Tmax
2) versus

1/Tmax with the correlation of experimental data as shown in

Figure 7. The activation energy obtained for Epoxy/UP, Epoxy/

UP/C30B, Epoxy/UP/ASTF and Epoxy/UP/C30B/ASTF systems

were 166, 169, 179, and 198 KJ/mol, respectively.

The activation energy changes throughout the entire reaction

also observed by Ozawa-Flynn-Wall model. According to the

Ozawa–Flynn–Wall analysis, from eq. (4):

log b5log
AE

gðaÞR

� �
22:3152

0:4567E

RTmax

(4)

where g(a) is a conversion dependent function, and other

parameters are the same as described earlier. To determine the

corresponding activation energy at each degree of cure, a plot

of logb versus 1/Tmax was drawn at each heating rate as shown

in Figure 8. The resulting slope indicates the activation energy.

The activation energy obtained for Epoxy/UP, Epoxy/UP/C30B,

Epoxy/UP/ASTF, and Epoxy/UP/C30B/ASTF systems were 168,

172, 180, and 201 KJ/mol, respectively. These values revealed

that the surface modified sisal fiber and clay increased the ther-

mal stability of Epoxy/UP system to a greater extent. The activa-

tion energies of the composites obtained from the Flynn–Wall–

Ozawa Model was higher than that of the Kissinger Model.

Flame-Retardant Properties

LOI Measurements. The LOI is the tendency of a material to

sustain a flame, by passing oxygen and nitrogen mixture over a

burning specimen. As shown in Table V, the LOI increases from

20% to 24% with the addition of the Cloisite 30B nanoparticles

into Epoxy/UP system. This may be due to the higher

Table III. Thermogravimetric Data of ASTF, Epoxy/UP, Epoxy/UP/C30B,

Epoxy/UP/ASTF, and Its C30B System

Weight loss

Samples 20% 60%
Char yield (%)
at 600�C

ASTF 256 340 1.4

Epoxy/UP 290 371 0

Epoxy/UP/C30B 312 493 3.2

Epoxy/UP/ASTF 308 388 2.9

Epoxy/UP/C30B/ASTF 328 417 5.1

Figure 6. (a–d) DTG thermogram curves of Epoxy/UP, Epoxy/UP/C30B, Epoxy/UP/ASTF and Epoxy/UP/C30B/ASTF systems at a heating rate of 2.5, 5

and 10�C/min. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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decomposition temperature for Epoxy/UP/C30B as compared

with Epoxy/UP and it forms a thick residue which can act as a

protective layer. The results indicate that C30B exhibits flame-

retardant effect of Epoxy/UP system. Similarly, the LOI value

increases from 20% to 25% with the addition of ASTF to the

Epoxy/UP system. This is due to the strong covalent bond

formed between the treated fiber and matrix, and Si-O-Si link-

age on the fiber acts as good thermal resisting agent to the

matrix. However, the LOI value increases from 24% to 27%

with the addition of 30wt %. ASTF to Epoxy/UP/C30B system.

This may be due to the strong covalent bonds formed between

the Si-O-Si linkage on the fiber and alkylammonium ions of

clay; Epoxy/UP/C30B system; the char yield also affects the LOI,

with a higher value for Epoxy/UP/ASTF/C30B system than that

for Epoxy/UP/C30B.

UL-94V Test. The UL-94V results of all types of Epoxy/UP sys-

tems are shown in Table V. It can be noted that the Epoxy/UP

burned rapidly after ignition and exhibited a V2 rating observed

during UL-94V test. As shown in Table V, the flame retardance

was better for the Epoxy/UP/ASTF, Epoxy/UP/C30B and its

fiber reinforced nanocomposite systems, which were rated as a

V1.76 This may be due to the char forming nature of clay and

improved interaction between Si-O-Si groups in fiber and OH

groups in nanomatrix. These results indicate that Epoxy/UP/

ASTF, Epoxy/UP/C30B and its fiber-reinforced composites

shows good flame retardance than that of Epoxy/UP system.

Cone Calorimeter Analysis. The cone calorimeter has been

used to investigate the effects of C30B clay and ASTF on the

fire behavior of Epoxy/UP system. The concerned combustion

parameters include time to ignition (TTI), peak of heat release

rate (p-HRR) and total heat release (THR) are presented in

Table VI.77,78 It can be seen that, with the incorporation of

C30B nanoparticles to Epoxy/UP system, the p-HRR and THR

values decreases from 829 to 647 kW/m2 and 141 to 119 MJ/

m2, respectively. This may be due to the viscosity increases with

Table IV. Kinetic of Thermal Decomposition Data of Epoxy/UP, Epoxy/UP/C30B, Epoxy/UP/ASTF, and Its C30B System

Epoxy/UP Epoxy/UP/C30B Epoxy/UP/ASTF Epoxy/UP/ASTF/C30BHeating rate,
b (K/min) Tmax(�C) Tmax(�C) Tmax(�C) Tmax(�C)

2.5 321 330 333 338

5 332 342 344 348

10 345 354 356 359

Figure 7. Plots to determine activation energies by the Kissinger Model

for Epoxy/UP, Epoxy/UP/ASTF, Epoxy/UP/C30B, and Epoxy/UP/ASTF/

C30B systems. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Plots to determine activation energies by the Flynn–Wall–Ozawa

Model for Epoxy/UP, Epoxy/UP/ASTF, Epoxy/UP/C30B, and Epoxy/UP/

ASTF/C30B systems. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table V. Flame Retardant Properties of Epoxy/UP, Epoxy/UP/C30B,

Epoxy/UP/ASTF, and Its C30B System

Sample LOI UL-94V Dripping

Epoxy/UP 20 V-2 Yes

Epoxy/UP/1 wt %
C30B

24 V-1 No

Epoxy/UP/ASTF 25 V-1 No

Epoxy/UP/1 wt %
C30B/ASTF

27 V-1 No
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the addition of C30B nanoparticles to the Epoxy/UP system,

which increases the char formation and increases the resistivity

towards flame. Similarly, with the addition of C30 clays to the

Epoxy/UP/ASTF, the p-HRR and THR further decreases from

610 to 583 kW/m2 and 110 to 105 MJ/m2, respectively. These

can be further correlated with the UL-94V and LOI tests, which

is attributed to the formation of strong Si-O-Si bonds on the

fiber surface, which further protects the C30B clay from fire.

Therefore, an improved flame retardant properties can be

obtained by the decreased p-HRR and THR.

Residue Characterization

To understand the thermal stability of the Epoxy/UP and its

hybrid system, the char residue was analyzed by FTIR spectrom-

etry. As evident from Figure 9, the major peaks corresponding

to the water (4000–3400 cm21), hydrocarbons (3100–

2600 cm21), carbon dioxide (2420–2240 cm21), carbon monox-

ide (2240–2040 cm21), carboxyl and carbonyl functional groups

(1800–1600 cm21), aromatic ring (1600–1250 cm21) and

aromatic-aliphatic compound (1250–1100 cm21) were observed.

Similar facts were also found by several authors.79–82 As

observed from TGA analysis, the char residue for the compo-

sites is higher than the Epoxy/UP system, which is due to the

water released from the composite. The char residue mainly

composed of phenol, compounds containing CH/CH2/CH3

group, carbonyl and aromatic ring. Later, the alkylammonium

ions of organoclay bands appear in the Epoxy/UP/C30B and its

ASTF system at 1487-1477 cm21 (N-H bending vibration). Tak-

ing into account that the degradation behavior is complicated

in case of C30B systems than the Epoxy/UP/ASTF and Epoxy/

UP system.83 This is because of C30B nanoparticles enhance

carbonaceous char formation by catalytic effect of the clay. At

higher temperature, the C30B clay degrades to form acidic pro-

tons on the clay layer which further act as heat transfer medium

in the condensed phase and stimulate the formation of a char

and protecting from volatilizing the matrix, resulting in

improvements in the flame retardance of the matrix.84–86

Scanning Electron Microscopy

SEM micrographs of UTF, ATF, and ASTF are shown in Figure

10(a–c). It is noted that in case of UTF, there are traces of

impurities along the longitudinal surface of the fiber. As can be

seen from the Figure 10(b,c), the chemical treatment tends to

remove wax and other essences on the fiber surface. The ATF

sample was displayed fibrillation and a coarser morphology,

which is clearly visible from the microporous structure. Unlike

the UTF, the ASTF showed a rough surface due the removal of

hemicelluloses and pectin groups that render uniform arrange-

ment of the less dense and rigid fibrils in the tensile direction.

Similar phenomenon was observed in the case of ASTF, which

demonstrated the presence of macrospores, fibrillation as well

Table VI. Cone Calorimeter Data of Epoxy/UP, Epoxy/UP/C30B, Epoxy/

UP/ASTF and Its C30B Samples

Samples TTI (s)
Peak HRR
(KW/m2)

THR
(MJ/m2)

Epoxy/UP 61 829.2 141.7

Epoxy/UP/1 wt %
C30B

66 647.2 119.5

Epoxy/UP/ASTF 65 610.9 110.8

Epoxy/UP/1 wt %
C30B/ASTF

64 583.3 104.3

Figure 9. FTIR spectra for char residues of Epoxy/UP, Epoxy/UP/C30B,

Epoxy/UP/ASTF, and Epoxy/UP/ASTF/C30B.

Figure 10. SEM micrographs of (a) untreated, (b) 2% alkali treated, and (c) alkali-silane treated fibers. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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as rougher fiber surfaces. It is assumed that the moisture in the

fiber hydrolyzes the silanes to form silanols, which finally forms

covalent bonds or H-bonds with the OH group of sisal

fiber.5,87,88 These results concluded that the chemical modifica-

tion of sisal fiber improves the surface characteristics such as

wetting, adhesion, surface tension, and porosity.

SEM micrographs of impact fractured surface of Epoxy/UP,

Epoxy/UP/C30B, Epoxy/UP/ASTF, and Epoxy/UP/ASTF/C30B

were depicted in Figure 11. From Figure 11(a), it is observed

that the miscible characteristic of the Epoxy/UP system resulted

in a smooth morphology at the fractured surface. From the

micrographs of Figure 11(b), it observed that the ductile nature

of the system increases as with the addition of 1 wt % C30B

clay to the Epoxy/UP system. However, the fracture surface of

Epoxy/UP/C30B become rough thus indicating the improved

impact strength.46,49,89 The fractured surface of Epoxy/UP/ASTF

system showed pull out of fibers along with a resin matrix

adhering to the fiber, as shown in Figure 11(c). This indicates

Figure 11. SEM photographs (a) Epoxy/UP, (b) Epoxy/UP/C30B, (c) Epoxy/UP/ASTF, and (d) Epoxy/UP/ASTF/C30B. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Charred SEM micrographs (a) Epoxy/UP, (b) Epoxy/UP/ASTF, and (c) Epoxy/UP/ASTF/C30B. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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strong adhesion at the interface between the alkali-silane treated

fiber and the matrix. The micrograph of fractured Epoxy/UP/

ASTF/C30B [shown in Figure 11(d)] indicates that the strong

adhesion between the alkali-silane treated fiber and Epoxy/UP/

C30B system, which reduces the individual fiber pullout along

the existence of cracks at the broken surface.

The SEM micrographs of the residue char after cone calorimeter

studied of Epoxy/UP and Epoxy/UP/ASTF and Epoxy/UP/

ASTF/C30B systems is presented Figure 12. It can be observed

from Figure 12(a), the char of Epoxy/UP is smooth and contin-

ual, which means a rapid volatilization at the surface of the

matrix. Figure 12(b) shows that the surface of the char of

Epoxy/UP/ASTF is easily damaged and weak, which could not

effectively protect the alkali-silane treated fiber from fire.90 Fig-

ure 12(c) shows that the surface of the char of Epoxy/UP/ASTF/

C30B is continuous and compact. It is possible due to the

nanoparticles moved forward to the surface of the matrix

caused by the volatile products and the tightly cladded by the

char layer. This indicates that the presence of the catalytic effect

of nanoparticles can insulate the transfer of heat and promote

the char formation, thus improving the flame retardance and

reducing the heat release rate of the matrix.18,91 This is in

accordance with the TGA data which confirmed that the char

residue of Epoxy/UP/ASTF/C30B system exhibited higher ther-

mal stability than that of Epoxy/UP/ASTF system.78,92

CONCLUSIONS

The effect of surface modified sisal fibers and clay on the ther-

mal degradation and flame retardant behavior of UP toughened

epoxy system was studied. The FTIR and 1HNMR spectroscopy

confirmed that the toughening reaction between UP and epoxy.

The XRD curves and TEM micrographs revealed the dispersion

of C30B nanoclays within the Epoxy/UP system. From TGA

analysis, it concluded that the Epoxy/UP/ASTF/C30B system

exhibit higher thermal stability than the other systems. The

alkali-silane treated fiber and C30B nanoclay influenced on the

thermal decomposition of Epoxy/UP system. The activation

energy (Ea) for Epoxy/UP/ASTF/C30B system obtained by

Flynn-Wall-Ozawa equation (201 KJ/mol) showed higher than

that of the Kissinger equation (198 KJ/mol), respectively. How-

ever, the increased Ea is indicating that increments in the ther-

mal stability of the matrix. The LOI value risen from 22 to 27

and the UL-94 changed from V-2 to V-1 with the addition of

ASTF and C30B nanoclays to the Epoxy/UP system. It indicates

that the nanoclay particles and treated fibers acted as barriers to

the matrix and increased the char yield, thus reducing the burn-

ing rate. The cone calorimeter data showed that the THR and

p-HRR were significantly decreased upon the addition of nano-

clays and fibers to the Epoxy/UP system. Morphology of the

impact fractured samples indicates better adhesion at the fiber

and matrix interface.
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