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Abstract The nanocomposites of high density poly-

ethylene (HDPE)/bagasse flour (BF) with different contents

of the organomodified montmorillonite (OMMT) were

produced by melt blending process. The thermal stability

and combustion behavior of nanocomposites were charac-

terized by thermogravimetric analysis (TGA), differential

scanning calorimetry, and cone calorimeter tests. The

results of TGA data of the nanocomposites indicated that

the OMMT greatly enhanced the thermal stability, and char

residues of the HDPE/BF blends gradually increased with

increasing the OMMT content. The activation energy was

determined to describe the energy consumption of the

initiation of the thermal degradation process. The com-

posites produced with the 6 phc OMMT had the highest

activation energy values among the evaluated composites

(106 kJ/mol), whereas composites without nanoclay

exhibited the lowest one. Furthermore, as the OMMT was

incorporated into the nanocomposites, the melting tem-

perature (Tm), crystallization temperature (Tc) melting

enthalpy (DHm) and crystallinity (Xc) of HDPE/BF blends

increased. The findings showed that the OMMT effectively

boosted the flame retardancy of nanocomposites due to the

formation of the carbonaceous silicate char shields delayed

time to ignition and the combustion process was remark-

ably hindered.

Keywords Nanocomposites � Organomodified

montmorillonite � Thermal stability � Flame retardancy

Introduction

During the last few decades, thermoplastics have gained

ever-increasing acceptance as an important family of

engineering materials and are steadily replacing metals in a

wide variety of applications. The commercial consumption

of thermoplastics has steadily increased, and this trend is

expected to continue despite an increase in their prices.

This situation has created an impetus for cost reduction via

composites by employing fillers in thermoplastics [1]. In

the recent years, organic reinforcements such as natural

fibers have penetrated slowly into the market of thermo-

plastic composites. This was because the natural fibers they

offer many advantages over most common inorganic fillers

such as a reduced wear of processing equipment and are

renewable, recyclable, non-hazardous, and biodegradable.

Natural fibers are abundantly available and have lower

costs and density. The replacement of inorganic fillers with

comparable natural fibers provides weight savings and

decreases the cost of materials without reducing the rigidity

of the composites [2, 3].

Wood plastic composites (WPCs) are defined as com-

posite materials containing wood (in various forms such as

flour or fiber) and polymer materials. These materials are a

relatively new family of composite materials, in which a

natural fiber (such as wood flour/fiber, kenaf fiber, hemp,
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sisal, etc.) is mixed with a commodity thermoplastic such

as polyethylene (PE), polypropylene (PP), poly(vinyl

chloride) (PVC), etc. WPCs are becoming more and more

commonplace by the development of new production

techniques and processing equipment. Around 100 com-

panies involved in WPC manufacturing have been identi-

fied worldwide [1–3].

Natural fibers have several advantages, such as being

inexpensive, being renewable, being lower density,

undergoing little damage during processing, and their dis-

posal causing minor ecological impact. However, there are

disadvantages as well. Such as incompatibility between the

hydrophilic natural fibers and the hydrophobic plastic part,

low bulk density and in turn, agglomeration and difficulty

in processing, water absorption and lower dimensional

stability and the last but not least thermal instability of

natural fibers during processing at high temperatures [4, 5].

Low thermal stability of most natural fibers is an

obstacle in the production of thermoplastic composites. In

order to avoid degradation of the natural fibers, the pro-

cessing temperature is kept below the degradation tem-

perature of the natural fibers (usually below 200 �C). The
degradation of the natural fibers can lead to brittleness and

poor mechanical integrity of thermoplastic composites [6].

Thermal degradation is also an important aspect in the

development of natural fibers composites since it will

strongly affect the maximum temperature used in the pro-

cessing of the composites and will indirectly determine the

maximum retention time of the materials in the processing

system. Thermal degradation is therefore, one major limi-

tation frequently encountered when using natural fibers as

reinforcement in a polymeric matrix [5, 6]. The most

common technique to investigate the mass change, thermal

decomposition, and thermal stability of composite materi-

als is thermal gravimetric analysis (TGA) [4]. In addition,

knowledge of the kinetic parameters associated with ther-

mal degradation constitutes an important tool in estimating

the thermal behavior of such composites [4–6].

Polymer nanocomposites based on layered nanoclays

have attracted a great deal of interest because they exhibit

remarkable improvement of mechanical, thermal, and

barrier properties when compared with those of pure

polymer or conventional composites [7]. Smectic clays,

particularly montmorillonite (MMT) minerals, serve as

good nanoclay fillers owing to their ease of dispersability

in the organic matrix. MMT is composed of aluminum

silicate layers, which are organized in a parallel fashion to

form stacks with a regular Van der Waals gap in between

them called interlayer spacing or gallery [7–9]. Clays are in

nature organophobic, but they can be chemically changed

into organophilic by replacing the Na?, K?, Ca?2 or Mg?2

cation originally present in the galleries with one organic

cation such as alkylammonium ions via an ion-exchange

reaction [8]. Besides this, MMT is naturally occurring,

environment friendly, cheap, and readily available in large

quantities [9]. Nowadays, the application of organo-modi-

fied montmorillonite (OMMT) as a nano-sized reinforce-

ment in WPCs has been developed. It is evident that the

addition of small amount of nanoclay (3–5 wt%) substan-

tially enhance the WPCs performance [10–22].

In this research work, the morphological, mechanical,

thermal, and combustion characteristics of HDPE/bagasse

composites filled with organically modified nanoclay were

extensively investigated.

Experimental

Materials

High density polyethylene (HDPE), with trade name of

HD5620EA, an injection molding grade was supplied by

Arak Petrochemical Co. (Iran). The HDPE was in the form

of pellets with a melt flow index of 20 g/10 min and

density of 0.95 g/cm3. Mechanical properties of neat

HDPE were as follows: tensile strength 22 MPa, tensile

modulus 900 MPa, elongation at break 700%, flexural

modulus 1000 MPa, and impact strength 30 kJ/m2. Poly-

ethylene-grafted maleic anhydride (PE-g-MA) was

obtained from Eastman Chemical Co. (Kingsport, TN,

USA). Epolene G-2608 has a melt flow index of 6–10 g/

10 min, an acid number of mg KOH/g, and weight average

of MW & 65,000 g/mol, as reported by the supplier. The

organomodified montmorillonite (OMMT), with trade

name of Cloisite 30B, in powder form was used as nan-

oclay. Natural montmorillonite modified with a bis-2-hy-

droxyethyl tallow quaternary ammonium (CEC = 90 meq/

100 g clay, d001 = 18.5 Å) was obtained from Southern

Clay Products Co. (Gonzalez, Texas, USA). Bagasse stalks

were supplied by Khuzestan Cultivation and Industry Co.,

Iran. The bagasse stalks were depithed and cut to 2–3 cm

in length by hand. They were then washed, air-dried, and

screened through a series of screens to remove dirt. In order

to reduce extractives effects, woody materials were treated

with water at 50 �C for 48 h. The depithed bagasse stalks

were ground with a Thomas–Wiley miller to fine powder of

60-meshsize, and then oven-dried and stored in sealed

plastic bags before processing.

Method

Composite Preparation

Polyethylene, bagasse flour (BF) and nanoclay were

weighed and bagged according to formulations given in

Table 1. For all samples, the coupling agent was kept
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constant at 2 phc (parts by weight per hundred parts of

compounds) for all formulations. They were then blended

at 180 �C for 13 min at 60 rpm using a Hake internal mixer

(SYS 9000, USA). First, the HDPE granulates were fed to

the mixing chamber. After HDPE melting, PE-g-MA and

OMMT were added. RSF was fed at the 7th min, and the

total mixing time was 13 min. The compounded materials

were ground by using a pilot scale grinder (WIESER,

WGLS 200/200 Model). The resulting granules were dried

at 105 �C for 4 h. Test specimens were prepared by

injection molding at 190 �C and 10 MPa (Eman machine,

Iran). The specimens were stored under controlled condi-

tions (50% relative humidity and 23 �C) for at least 40 h

prior to testing.

Thermal Analysis

Thermogravimetric analysis (TGA) was used to investigate

thermal decomposition behavior of samples with a Perkin

Elmer 7 series apparatus thermogravimetric analyzer

(TGA-Pyris 6 (Perkin Elmer instruments, England). Tests

were done under high quality nitrogen (99.5% nitrogen,

0.5% oxygen content) atmosphere with a flow rate of

20 mL/min at a scan rate of 10 �C/min in a programmed

temperature range of 25–600 �C. A sample of 10 mg was

used for each run. Aluminum oxide was used as the ref-

erence material. At least three replications for each for-

mulation were made and average curves were calculated.

The weight change was recorded as a function of heating

temperature. The rate of mass loss versus temperature was

determined using derivative thermogravimetric (DTG)

curve and software accompanying the analyzer.

The activation energy was determined to describe the

energy consumption of the initiation of the thermal

degradation process. The analysis of the activation energy

was carried out based on the Broido equation and adjusting

the experimental values to the following equation [17].

ln
ln 1

y

� �
¼ �Ea

RT
þ ln

RZ

BT2
max

� �
ð1Þ

where y is the fraction of non-volatilized material not

decomposed, Tmax is the temperature of maximum reaction

rate, b is the heating rate, Z is the frequency factor, and Ea

is the activation energy. The activation energy was

obtained from the slopes of the plots of ln ln 1
y

� �
versus 1

T
for

various stages of thermal decomposition.

Differential scanning calorimetry (DSC) analyses were

carried out under a nitrogen flow (20 ml min-1) using a

Netzsch (200F3 Maia, Germany). The sample weights were

in the range of 5–10 mg, and they were heated from 25 to

300 �C at a heating rate of 10 �C min-1. The same con-

ditions were maintained for heating and cooling cycles.

Three replicates were run for each specimen. For all the

samples, the onset and peak temperatures of melting (Tm)

and crystallization (Tc), as well as the melting enthalpy

(DHm) were determined from the second scan. The degree

of crystallinity (Xc) was calculated as follows:

Xc ¼
DHm

DH�
m �W

� 100 ð2Þ

where DHm is the enthalpy of the sample, DHo
m is the

enthalpy of a 100% crystalline HDPE taken as 292 J/g [4]

and w is the mass fraction of HDPE in composites.

Combustion Properties

The combustion parameters such as heat release rate (HRR),

time to ignition (TTI), mass loss rate (MLR), and burning

rate (BR) can be obtained from cone calorimeter. The cone

calorimeter test (Cone 2, Atlas) was carried out according to

ASTM E1354 standard procedures. Each specimen with

dimensions of 100 mm 9 100 mm 9 3 mm, was placed on

an aluminum foil and exposed horizontally to an external

heat flux of 5 kW/m2. Limiting oxygen index (LOI) is

defined as the minimum concentration of oxygen, expressed

as percent volume, in a flowing mixture of oxygen and

nitrogen that will support flaming combustion of a material

initially at room temperature. According to this test, the

higher the oxygen index, the lower flammable is the sample.

The LOI technique was performed according to ASTM

D2863 standard within 3 min.

Mechanical Testing

The flexural tests were conducted in accordance with

ASTM D 790 using an Instron universal testing machine

(model 4486, England) at a rate of 5 mm/min crosshead

Table 1 Compositions of the

studied formulations
Sample code HDPE (Wt%) BF (Wt%) OMMT (phc*) PE-g-MA (phc)

A1 50 50 0 2

A2 50 50 2 2

A3 50 50 4 2

A4 50 50 6 2

HDPE high density polyethylene; BF bagasse flour; OMMT organomodified montmorillonite; phc parts by

weight per hundred parts of compounds
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speed. Dimensions of the test specimens were

100 9 13 9 5 mm3. The tensile tests were measured

according ASTM D790 specification on an Instron (model

4486). The specimens were tested at crosshead rate of

2 mm/min at room temperature. Dimensions of the test

specimens (dogbone shape) were 167 9 10 9 3 mm3.

Five specimens were tested for the tensile and flexural

properties of each composite formulation.

X-ray Diffraction

An X-ray diffractometer was used to measure the basal

spacing between silicate layers in the nanocomposites. The

XRD was performed in an X-ray diffractometer (Seifert-

3003 PTS, Germany) using CuKa radiation (k = 1.

54 nm). The samples were scanned in 2h ranges 2–10� at a
rate of 1�/min. The generator was operated at 50 kV and

50 mA. The interlayer spacing (d001) of clay was calcu-

lated in accordance with Bragg’s law:

d ¼ nk
2 sin h

ð3Þ

where d is the spacing between planes, h is half of the angle
of diffraction, n is the order of diffraction (n = 1), and k is

the X-ray wavelength of X-ray (k = 1. 54 nm).

Morphological Study

Studies on the morphology of the composites were carried

out using a scanning electron microscope (SEM, WEGA-II

TESCAN). The specimen was coated with a thin film

(25 nm) of gold to avoid electrical charge accumulation

during the examination and then analyzed at an accelerat-

ing voltage of 20 kV.

Result and Discussion

Thermal Behavior

TGA Analysis

The result of TGA test is illustrated in Fig. 1 which shows

the residue weight of samples at different temperatures. It

was found that all the samples had two main decomposition

peaks. The first decomposition peak represents the degra-

dation of the bagasse at temperatures around 320 �C (close

to the main degradation of cellulose) and the second peak

representing polyethylene degradation around 430 �C.
According to the TGA curves, the degradation of baggase

started at 240 �C, which was related to the low-temperature

stage from degradation of cellulose and hemicelluloses and

the high-temperature stage from degradation of lignin. The

temperature of thermal degradation of hemicelluloses,

cellulose, and lignin are between 150–350, 275–350, and

250–500 �C, respectively [4–6]. Therefore, the major

sources of the first thermal degradation step in composites

are the degradation of hemicelluloses, cellulose, and lignin

[23, 24]. The mass loss from 40 to 130 �C (onset temper-

ature for thermal decomposition) was related to the evap-

oration of water.

Furthermore, it was observed that the addition of nan-

oclay to the HDPE/BF blends increased the thermal sta-

bility of the composites. It was found that the addition of

clay slightly improved the onset of the degradation of the

composites. The increase of thermal stability was attributed

to the hindered diffusion of volatile decomposition prod-

ucts by the clay particles in the polymer matrix [25–27].

The most likely explanation is that the well dispersed

individual layers of intercalated/exfoliated clay platelets

form torturous path, which inhibit the passage of volatile

degradation product from the polymer matrix [28]. More-

over, strong interaction between nanoclay particles and

HDPE chains could restrict chain movements and conse-

quently retard conveying free radicals produced during

fragmentation process of polymer as a result of thermal

degradation [29, 30].

The corresponding TGA data including temperatures at

the degradations of 10% (T10), 25% (T25), and 50% (T50)

degradation occurred and the residue at 600 �C was sum-

marized in Table 2. Clearly, the degradation temperature

shifted toward high temperature as the amount of nanoclay

increased in the composite. As a result, the composites

containing 6 phc OMMT had the highest the thermal sta-

bility in comparison with other nanocomposites. The

nanometer level dispersed silicate layers interact strongly

with the polymer chains and simultaneously, the barrier

effect of silicate layers inhibit the mobility of small

molecules produced as a result of thermal degradation.

These two effects of silicate layers altogether contribute

toward the enhancement of the thermal stability of the

nanocomposites [28, 29].

The phenomena leading to the weight loss due to ther-

mal degradation can be better studied using the derivative

weight loss curves (DTG) which show the rate at which the

materials decompose. These curves are presented in Fig. 2

for all the formulations. The thermal degradation of the

HDPE/BF blends occurred in a two-step degradation pro-

cess, which was confirmed by the presence of two peaks in

the DTG curves. The first thermal degradation step was

related to the hemicelluloses, cellulose, and lignin con-

stituents in bagasse, and the second one to thermal degra-

dation of HDPE. For the composite formulations, a small

peak was observed at around 130 �C. This was due to the

release of moisture of the samples. The samples used in the

TGA tests were cut from the injection molded specimens
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which lost moisture upon melting at a higher rate. The low

temperature decomposition (left shoulder of DTG curve)

occurred in the temperature range of 250–300 �C, which
could be attributed to the thermal degradation of hemi-

celluloses which were the least thermally stable lignocel-

lulosic component and the decomposition of HDPE. The

second decomposition process was observed in the tem-

perature range of 300–400 �C. It was believed that this

region was related to the decomposition of cellulose

[4–6, 23, 24]. The DTG curve analysis showed that the

samples with addition of nanoclay experienced two-step

processes; however, the latter had a higher decomposition

temperature compared with the samples without nanoclay.

The possible reason is that the amount of char residues that

can be formed on the surface during combustion improved

the thermal stability [25–30].

The larger is the activation energy, the greater is the

thermal stability [24]. It could be seen from Table 3 that

addition of nanoclay increased the activation energy. This
Fig. 2 DTG curves of HDPE/RF composites with different OMMT

content

Table 2 Thermal properties of

HDPE/RF composites with

different OMMT content

Sample code T10 (�C) T25 (�C) T50 (�C) Char yield (%)

A1 295.4 ± 9.67 377.7 ± 6.33 460.8 ± 14.28 16.29 ± 0.27

A2 296.8 ± 12.42 378.5 ± 8.12 463.2 ± 13.61 19.13 ± 0.18

A3 297.3 ± 10.53 380.3 ± 5.79 467.4 ± 11.15 20.47 ± 0.33

A4 298.2 ± 11.08 381.1 ± 6.40 470.3 ± 12.43 21.64 ± 0.45

Fig. 1 TGA thermograms of HDPE/RF composites with different OMMT content
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indicated that the layered silicates serve as a thermal bar-

rier in delaying the degradation process of HDPE in the

nanocomposites [28]. The highest activation energy value

was observed for the samples produced with 6 phc nan-

oclay, while the lowest one was recorded for the samples

without nanoclay. The samples produced with 6 phc nan-

oclay increased activation energy from 67 to 78 and 93 to

106 kJ/mol for the first and second decomposition stages,

respectively.

DSC Analysis

The thermal properties of the nanocomposite samples were

also determined from DSC thermograms. The melting

temperature (Tm), melting enthalpy (DHm), crystallization

temperature (Tc), and degree of crystallinity (Xc) of all the

samples are listed in Table 4. The melting temperature

increased towards higher temperatures with increasing

nanoclay loading in the composites. It can be ascribed to

the strong interaction between polymer matrix molecules

and the layers of organoclay resulted in the immobilization

of some polymer matrix as organoclay easily absorbed the

polymer molecules. These freezed molecules of polymers

are responsible for the crystallization process of

nanocomposite. Therefore, the crystallization of polymer

matrix molecules occurred at higher temperature, and the

Tm values of nanocomposite systems are increased [22].

Furthermore, the Tc and degree of crystallinity (Xc) of

composites without nanoclay (A1) were found to be

114.5 �C and 34.89%, respectively. The introduction of

fillers (clay and fiber) leads to an increase of crystallization

temperature for HDPE. Lower crystallinity temperature

indicates higher thermal stability because in composites,

the fillers (clay or fibers) can absorb more energy than the

polymer [21, 31].

The incorporation of 6 phc clay loading into the HDPE

matrix resulted in an increase in the Tc to about 118.1 �C,
with a degree of crystallinity (Xc) of 37.02%, which was

due to heterogeneous nucleation of the nanoclays. The

polymer molecular chains can crystallize by themselves

through a self-nucleation effect (homogeneous nucleation)

or by introducing a nucleating agent (heterogeneous

nucleation) [21]. The nucleation effect is effective at low

concentration (2 phc), but at higher content (6 phc) the

high amount of fillers cannot effectively induce nucleation

due to fillers–fillers contacts (agglomeration) and limited

space for crystal nucleation/growth.

Fire Behavior

Limiting oxygen indices and combustion characteristics of

the samples are given in Table 5. It was observed that the

OMMT effectively boosted flame retardancy of HDPE/BF/

OMMT nanocomposites with increase in the LOI, and

remarkably postponing TTI and decreasing HRR as well as

effectively reducing MLR and BR. The nanoclay-produced

silicates char on the surface layer of HDPE/BF blends

increased the flame resistance of the samples. This was

consistent with previous studies [25, 27]. The tortuous path

provided by the silicate layers had better barrier property to

the oxygen and heat which delayed the burning capacity of

the composite [19, 30]. The addition of nanoclay particles

increased the thermal degradation temperature and signif-

icantly reduced heat release rate and also improved fire

retardancy of the nanocomposite. Costache et al. [11]

reported that this improvement was due to the high aspect

ratio of nanoclay particles, formation of intercalation

structure and creation of barrier mechanism. The test

results revealed that LOI value of the HDPE, namely

oxygen concentration, was significantly increased by the

addition of the OMMT (Table 5).

Table 3 Activation energies of

HDPE/RF composites produced

with different OMMT content

Sample code Stages Temperature range (�C) Activation energy (kJ/mol)

A1 1st 305–360 67

2nd 395–475 93

A2 1st 305–365 71

2nd 390–480 98

A3 1st 305–370 75

2nd 385–485 101

A4 1st 305–375 78

2nd 380–490 106

Table 4 Thermal parameters for the studied formulations determined

from DSC

Sample code Tm (�C) Tc (�C) Xc (%)

A1 134.3 ± 8.11 114.5 ± 5.33 34.89 ± 1.26

A2 136.7 ± 6.72 115.8 ± 4.65 35.99 ± 0.85

A3 137.2 ± 10.03 117.2 ± 5.09 36.78 ± 0.77

A4 138.3 ± 5.49 118.1 ± 6.31 37.02 ± 1.19

Tm melting temperature; Tc crystallization temperature; DHm melting

enthalpy; Xc degree of crystallinity
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Mechanical Properties

The effects of OMMT on the tensile strength and modulus

of HDPE/BF composites illustrates in Fig. 3. It was

observed that incorporation of nanoparticles into polymer

matrix increased the both tensile strength and modulus of

the composite. Tensile strength and modulus for the sam-

ples without OMMT were 27.71 and 3061.44 MPa,

respectively. The addition of nanoparticles up to 2 phc

loading levels, led to the enhancement of tensile properties,

but further increment in the nanoparticles content up to

6 phc loading decreased the tensile strength and modulus.

The maximum tensile strength and modulus values were

found to be 33.58 and 3361.52 MPa for the composites

filled with 2 phc OMMT. This increment in the tensile

properties was mainly attributed to the reinforcing effect of

OMMT with high aspect ratio [10, 12–16]. It was expected

that strong interfacial adhesion between polymer matrix

and nanoparticles efficiently transferred the stress and

improved the mechanical properties [18–22]. The reduction

in the tensile values by further addition of OMMT (from 2

to 6 phc) could be generally explained by the agglomera-

tion or poor dispersion of nanoparticles in polymer matrix

[12–16, 18, 20–22]. It could be ascribed to aggregation

phenomenon, which caused to the debonding of particles

from polymer matrix and/or stress concentration during the

mechanical loading.

The flexural strength and modulus of HDPE/BF com-

posites containing different OMMT contents are presented

in Fig. 4. There is a clear increasing trend of both flexural

strength and modulus with the increase of OMMT content.

The flexural properties showed a similar trend to the results

of the tensile properties. As shown in Fig. 2, the flexural

strength of the control samples without OMMT addition

was found to be 18.36 MPa, with a flexural modulus of

1769.84 MPa. The incorporation of 2 phc OMMT led to

the increase in the flexural strength and modulus about 37

and 29%, respectively. The significant improvement in the

flexural properties was related to the large aspect ratio and

high interfacial contact area of the nanoparticles

[10, 12–16, 18–22]. As it can be clearly seen from Fig. 4,

with an increase in the OMMT content from 2 to 6 phc, the

flexural properties decreased. This could be attributed to

the poor dispersion due to the tendency of nanoparticles to

agglomeration Similar results were reported in previous

studies [12–16, 18, 20–22]. For example, Han et al. [14]

reported that the addition of clay above a certain point

(3 wt%) led to negative effect on mechanical properties of

the bamboo composite systems, probably due to migration

of clay to the interface between fiber and HDPE.

Fig. 3 Tensile strength and modulus of HDPE/BF composites at

different loadings of OMMT

Fig. 4 Flexural strength and modulus of HDPE/BF composites at

different loadings of OMMT

Table 5 Flame data of HDPE/

BF/OMMT nanocomposites
Sample code HRR (kW/m2) TTI (s) MLR (%) BR (mm/min) LOI (%)

A1 68.37 ± 3.19 34.12 ± 1.22 83.17 ± 4.11 46.29 ± 2.16 22.43 ± 0.83

A2 55.91 ± 2.71 43.08 ± 2.08 78.33 ± 3.52 38.16 ± 1.44 27.58 ± 1.19

A3 43.24 ± 3.04 52.65 ± 3.11 75.64 ± 1.88 29.73 ± 0.79 31.12 ± 1.05

A4 37.59 ± 1.84 59.27 ± 2.67 71.31 ± 2.07 24.51 ± 1.03 34.06 ± 0.75

HRR heat release rate; TTI time to ignition; MLR mass loss rate; BR burning rate; LOI limiting oxygen

index
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X-ray Diffraction

The XRD patterns of pure OMMT and HDPE/BF com-

posites with different OMMT content are shown in Fig. 5.

As can be seen, the extent of intercalation of samples

increased with increase of OMMT content up to 4phc and

then decreased. The organically modified nanoclay showed

its characteristic intense peak at 2h = 4.76� with a

d001 = 1.85 nm. In the sample with the addition of 2 phc

nanoclay, the peak was shifted to a lower angle (2h = 4.4�,
d001 = 2.006 nm), which implied the increase in interlayer

spacing of silicate layers and intercalation of polymer

chains between clay layers. The increase of the interlayer

Fig. 6 SEM micrographs of the nanocomposites fractured surfaces: a 2 phc OMMT, b 3 phc OMMT, c 5 phc OMMT
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Fig. 5 XRD patterns of HDPE/BF composites with different OMMT

content
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distance might result from the stronger shear during pro-

cessing when the filler was introduced. The peak of 4 phc

nanoclay appeared at 2h = 4.48�, with a d001 = 1.97 nm.

These data show that the order of intercalation for 6 phc

nanocaly decreased (2h = 4.54�, d001 = 1.94 nm). In fact,

by increasing the OMMT loadings, the basal spacing of

silicate layers decreased due to the agglomeration of nan-

oclay particles. In other words, increasing the level of

OMMT to 6 phc, the size of dispersed nanoclay became

larger or even aggregated in part. Another interesting result

in Fig. 5 is that, the nanocaly was not exfoliated, since the

peak still obviously existed. Furthermore, formation of an

intercalated morphology and better dispersion was shown

in 2 phc of OMMT, because the peak of that was shifted to

a lower angle.

Morphological Study

The dispersion state of nanoclay in the composites was

studied by SEM analysis (Fig. 6). The SEM images clearly

showed that well-dispersed nanoparticles resulted in better

stress or strain distribution in the composite containing

lower OMMT content (Fig. 6a). This dispersion demon-

strated that the interfacial adhesion among nanoparticles,

fiber, and polymer matrix was markedly improved and

further contributed to the stress transfer from fiber to

OMMT, which consequently enhanced the performance of

the composites. As illustrated in Figs. 6b, c, the size of

nanoclay became larger or aggregated with the increase in

the level of nanoclay loading up to 6 phc. In other words,

the OMMT agglomeration occurred due to its higher

loading in the composite. The applied load was distributed

unevenly between non-agglomerated and agglomerated

OMMT.

Conclusions

In this study, the thermal stability and combustion behavior

of HDPE/BF/OMMT nanocomposites by TGA, DSC and

CCT techniques were extensively investigated. The data

from TGA analysis indicated that the OMMT greatly

enhanced the thermal stability. The findings showed that

the mechanical properties including tensile and flexural

(strength and moduli) increased with increase in the

OMMT content up to 2 phc, but then decreased. The

maximum tensile strength and modulus values were found

to be 33.58 and 3361.52 MPa for the composites filled with

2 phc OMMT. The char residues of the HDPE/BF blends

gradually increased with increasing the OMMT content.

The highest activation energy was found in the composites

containing 6 phc OMMT. The results of DSC behavior of

the nanocomposites revealed that the melting temperature

(Tm), crystallization temperature (Tc), melting enthalpy

(DHm), and crystallinity (Xc) of samples increased. Fur-

thermore, the OMMT was an efficient flame retardant in

the composites. The heat release rates, mass loss rate, and

burning rate of the nanocomposites decreased in compar-

ison with the HDPE/BF blends. The LOI of the composites

considerably increased (22.43–34.06%) as the 6 wt%

OMMT was incorporated into the composites. X-ray

diffraction patterns indicated that the nanocomposites

formed were intercalated, and also the samples containing

2 phc of nanoclay had higher order of intercalation and

better dispersion. Based on the findings obtained from the

present study, it can be said that the optimum content of the

OMMT for the HDPE/BF composites is 2 phc.
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