
ORIGINAL PAPER

Extruded poly(ethylene-co-octene)/fly ash composites – value
added products from an environmental pollutant

S. Anandhan & S. Madhava Sundar & T. Senthil &
A. R. Mahendran & G. S. Shibulal

Received: 19 October 2011 /Accepted: 13 February 2012 /Published online: 4 March 2012
# Springer Science+Business Media B.V. 2012

Abstract Fly ash (FA) is a by-product generated during
combustion of coal and has caused serious environmental
concerns. In an effort to utilize FA beneficially, we devel-
oped composites from an ethylene-octene random
copolymer (EOC) and unmodified as well as surface-
modified class-F fly ash (MFA) by twin screw extrusion.
Addition of 20 wt% of MFA to EOC improves its tensile
strength by 150%; also, MFA improves stress at 100% and
300% strains (M100 and M300) of EOC. Thermal stability
of EOC matrix is appreciably improved by the addition of
either FA or MFA, while the melting behavior is not appre-
ciably influenced by either. Fractography study reveals an
improved adhesion between the EOC and MFA particles up
to a filler loading of 20%, beyond which the adhesion
between EOC and MFA is weakened causing a reduction
in mechanical properties. The ‘flammable’ nature of EOC
changes to ‘self extinguishing’ on addition of even 10 wt%
of FA or MFA, as found out from LOI study.

Keywords Fly ash . Surface modification . Ethylene-octene
copolymer . Flammability . Thermal analysis

Introduction

Fly ash (FA), generated during the combustion of coal for
energy production, is an industrial by-product and is an
environmental pollutant. FA is commonly disposed off in
dams and lagoons as landfill. This is not ideal, as FA is a
mixture of alkali and transition metal oxides mainly of
silicon, aluminium and iron, and small percentage of oxides
of calcium, magnesium, potassium, sodium, titanium
depending on the composition and processing of coal
[1–4]. The present utilization of ash on worldwide basis
varies widely from a minimum of 3% to a maximum of
57%, yet the world average only amounts to 16% of the total
ash [5]. Thermal power plants are the main sources for
power generation in India as well as many other countries.
There are about 40 major thermal power plants in India and
they have been generating about two thirds of the country’s
power demands. Chemical composition of FA varies
depending upon type of coal used in combustion, combus-
tion conditions and removal efficiency of air pollution con-
trol device. Because of the environmental concerns caused
by FA, considerable research has been undertaken on the
utilization and disposal of FA in an environment-friendly
manner. FA has been used for many applications, such as
brick making, manufacturing cement, polymer composites,
etc. [5]. FA is being considered for use in composites with
metals [6] and polymers. Polymers, in which FA has been
used as filler include polyester [7, 8], epoxy [9], polypro-
pylene [4, 10, 11], poly(vinyl alcohol) [3, 12, 13] and
polyethylene [2, 14].

Polymer composites have been used in a variety of appli-
cations. Huge amount of literature is available on polymer
composites. Still lot of researchers have been working on
various composites based on a range of polymeric materials,
such as plastics, rubbers and thermosets. Fillers used in
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polymer composites can be either non-reinforcing or rein-
forcing ones. Non-reinforcing fillers are mostly added to
polymers to reduce cost. They do not have any functional
groups that can interact with polymers. Reinforcing fillers
will interact chemically or physically with polymer chains to
improve their tensile properties like tensile strength, modu-
lus, hardness, etc.

The development of stronger interfacial bonds within
composites can result in increased rigidity. In order to pro-
vide stronger interfacial interaction between filler and poly-
mer, either polymer or filler may be functionalized.

Plastomer, a nomenclature constructed from the syn-
thesis of the words plastic and elastomer, illustrates a
family of polymers, which are softer (lower flexural
modulus) than the common engineering thermoplastics
such as polyamides, polypropylene, or polystyrene [15].
Structurally, plastomers straddle the property range be-
tween elastomers and plastics. Plastomers inherently con-
tain some level of crystallinity due to the predominant
monomer in a crystalline sequence within the polymer
chains. ENGAGE™ [16], a commercially available eth-
ylene copolymer with >25% of 1-octene content is a
plastomer. Due to the saturated backbone of this poly-
mer, it can be efficiently crosslinked by peroxide, irradi-
ation or silane curing system.

EOC provides superb impact properties in blend with
polypropylene and polyethylene, especially applications re-
quiring slightly higher melt flow. EOC also provides high
filler loading capability, excellent electrical properties and
weathering resistance. It is used in applications, such as
general purpose thermoplastic vulcanizates, impact modifi-
cation and wires and cables [16]. In this study, we have
developed composites from EOC and FA as well as MFA
and studied their mechanical, thermal and flammability
properties.

Experimental

Materials

Ethylene-octene random copolymer (ENGAGE™ 8200
with octene content of 38%) was kindly provided by
Dow Elastomers, USA, through Bhimrajka Impex, India.
It had a melt index of 5 dg/min at 190 °C/2.16 kg
(ASTM D 1238); density 0.870 g/cm3 (ASTM D 792);
Mooney viscosity 8, ML1 + 4@121 °C (ASTM D 1646);
hardness 66 (shore A, 10 s ASTM D 2240-81). Class-F
fly ash was provided by Thermal power station, Tuticorin,
Tamil Nadu, India. Triethoxyvinylsilane (TEVS) was pro-
cured from Sigma-Aldrich, India. Methanol used as a medium
for the surface treatment of fly ash was supplied by Nice
chemicals, India.

Purification and sieving of fly ash

Loss on ignition measured by heating an accurately weighed
fly ash sample in a muffle furnace at 800 °C for 3 h was
0.48%. Fresh fly ash was washed in distilled water and the
carbon that creamed up during washing was removed. It was
then dried at 110 °C for 48 h to remove water. Dried fly ash
was sieved by using British standard sieves (BSS). Fly ash
fraction that passed through 200 mesh but retained by 72
mesh was subjected to surface modification.

Surface modification of fly ash

10 g of TEVS was mixed with 100 g of methanol. 10 g of
TEVS was used per 100 g of fly ash. The fly ash was mixed
with the solution of TEVS in a polyethylene container with
constant stirring to ensure uniform distribution of the cou-
pling agent; mixing was continued for 30 min. The treated
fly ash was then dried at 120 °C in a hot air oven for about
6 h to allow complete evaporation of the methanol.

Preparation of EOC/fly ash composites

Two sets of EOC composites containing 5, 10, 15, 20 and
25 wt% of FA and MFA were prepared by using a counter-
rotating twin screw extruder (S. C. Dey and Co, Kolkata,
India) at a screw rotation speed of 60 rpm. (Neat EOC is
designated as EV000; EOC/FA composites are designated
as EV001, EV002, EV003, EV004 and EV005; EOC/MFA
composites are designated as MEV001, MEV002,
MEV003, MEV004 and MEV005). The following temper-
ature profile was used for mixing:

Feed zone: 160 °C; transition zone: 180 °C; metering
zone 3: 190 °C; die: 195 °C

The composites were compression molded in a hydraulic
press (S. C. Dey and Co, Kolkata, India) between PET
release films at 75 °C and 25 kN for 3 min. After 3 min,
the load was released and the mold was removed and
quenched in water. The molded sheets were then removed
from the mould and trimmed; they were conditioned for
24 h at 25±2 °C prior to mechanical testing.

Characterization of fly ash and composites

Fourier Transform Infra red spectroscopy

FA was mixed with KBr and made into a pellet by using a
hydraulic press. The FTIR spectrum of this pellet was taken
in transmission mode by using a FTIR spectrometer
(Thermo, Nicolet Avatar 330). The scans were made in a
wave number range from 400 to 4000 cm-1 and the average
of 32 scans was recorded.
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X-ray diffraction of FA

The X-ray diffraction measurements were carried out for un-
modified and modified fly ashes, with the help of a Goniom-
eter (JEOL JDX 8P) using CuKα radiation (λ01.54056 Å) at
an accelerating voltage of 30 kV and at a current of 20 mA.
The samples were scanned at a speed of 1º.min-1 in the range
of 10–50°. Data analysis was done by using OriginPro®
8 software; the XRD spectra were smoothened by fast Fourier
transform.

Scanning electron microscopy

Micrographs of FA and the composites were obtained by
using a scanning electron microscope (JEOL-JSM-6380LA).
FAwas spread on the sample holder by a double sided carbon
coated adhesive tape and then it was sputtered with gold
(JEOL JFC 1600 auto fine coater) prior to analysis. To con-
firm the composition of the class-F fly ash, energy dispersive
X-ray analysis (EDX) was performed (Link ISIS-300 Micro-
analytical System, Oxford lnstruments, UK). Prior to fractrog-
raphy studies of the EOC/fly ash composites, the fracture
surfaces were sputtered with gold.

Measurement of mechanical properties

Dumb-bell specimens of the control and composites were
punched out by using an ASTM D412-B die from the molded
sheets and the testing was done according to ASTM D418-
98A using a universal testing machine (Hounsfield H10KS) at
25±2 °C at a constant cross head speed of 500 mm.min-1.
Properties such as tensile strength, yield strength, elongation
at break, and stresses at 100% and 300% strain (denoted
respectively as M100 and M300) were evaluated. 5 test speci-
mens were used for testing and the averages of values have
been reported. Maximum deviations in the results of tensile
strength, yield strength M100, M300 and elongation at break
were ±5%.

Differential scanning calorimetry

For DSC measurements, about 5 mg of the samples were
heated in hermetically sealed aluminum pans kept in the
furnace of the DSC analyzer (Mettler Toledo DSC) under a
nitrogen atmosphere (flow rate: 50 mL.min-1) from 0 to
100 °C at a heating rate of 10 °C.min-1 .

Thermogravimetry

For TG analysis, samples (8±0.2 mg) were heated from
ambient temperature to 900 °C in a platinum crucible of
the apparatus (TA Instruments, model Q5000, USA) at a

heating rate of 10 °C.min-1 under a dynamic air atmosphere
flowing at 25 mL.min-1.

Flammability study

The LimitingOxygen Index (LOI) test is a widely used research
and quality control tool for determining the relative flammabil-
ity of polymeric materials. The LOI of the control and some
representative composite samples was determined by using a
Dynisco LOI analyzer according to ASTM D2863. A numer-
ical index, the ‘LOI’, is defined as the minimum concentration
of oxygen in an oxygen–nitrogen mixture, required to just
support downward burning of a vertically mounted test speci-
men. Hence, higher LOI values represent better flame retard-
ancy. LOI was calculated by using the following formula [17]:

LOIð%Þ ¼ ½O2�
½O2� þ ½N 2� � 100 ð1Þ

Where, [O2] is the volumetric flow rate of oxygen (cm3/
sec) and [N2] is that of nitrogen.

Results and discussion

Morphology of FA

The SEM micrograph of FA is shown in Fig. 1. Many spher-
ical particles along with irregularly shaped ones are seen.
Also, there is a wide distribution of particle size. The rounded
particles with a wide distribution in size are predominantly
glassy. The glass content in FA is generally higher than 70%.
The angular particles are mostly comprised of crystalline
solids, such as quartz, mullite, magnetite and hematite [18].
When the combined amount of the acidic oxides (silicon,
aluminum and iron) is 70% or above, it is described as a

Fig. 1 SEM micrograph of FA showing the spherical glassy particles
and irregular-shaped mineral particles
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class-F ash. When this amount is between 50 and 70%, it is
called a class-C ash [19]. The elemental composition of the FA
was found out from SEM-EDX analysis and the averages of
10 values along with their respective standard deviations are
given in Table 1. It is evident from the composition that the FA
used in this research is a class- F ash.

FTIR spectroscopy

The FTIR spectra of the FA and MFA are shown in Fig. 2.
Some important absorption bands characteristic of FA have
been labeled. FTIR spectrum of FA shows four characteristic
stretching vibration bands at 1067 and 798, 779 and 698 cm-1.
The stretching vibrations of Si–O–Al bonds occur mainly
from 1,200 to 600 cm-1. The strong and broad band at
1,067 cm-1 can be related to v3 (Si–O and Si–O–Al) asym-
metric stretching vibration while 798 cm-1 band can be related
to v4 (Si–O–Si) symmetric stretching vibration [20] as well as
AlO4 vibrations [21–23]. In the FTIR spectrum of MFA, two
new peaks are seen at 2997 and 1656 cm-1, which correspond
to the C-H stretching vibration and C 0 C unsaturation of the
vinyl group from the modifier TEVS [20]. This confirms that
the modifier TEVS has successfully reacted with the surface
OH groups of the fly ash components.

XRD results

The X-ray diffraction spectra of the FA and MFA are shown in
Fig. 3, in which the mullite and quartz peaks have been labeled
(by letters m and q respectively). There are no new peaks in the
diffractogram ofMFA in comparisonwith that of FA. So, it can
be inferred that surface modification of FAwith TEVS has not
significantly affected the bulk properties of the FA.

Mechanical properties

The tensile stress–strain curves of the EOC/FA and EOC/
MFA composites are shown respectively in Figs. 4 and 5.
Pristine EOC and all the composites exhibit similar stress–
strain curves having an upper yield point. Neat EOC as well
as all the EOC/FA and EOC/MFA composites (except
MEV005) exhibit a very high elongation at break (>600%)
that is characteristic of plastomers [15]. The variations in
tensile strength, yield strength, M100 and M300 of EOC/FA
and EOC/MFA composites as a function of filler volume
fraction (φ) are shown in Figs. 6 and 7, respectively. In
EOC/FA composites, the tensile strength decreases initially
at a filler loading of 5% and then it reaches the maximum at
a filler loading of 15%, beyond which it decreases again.
There is no marked improvement in the tensile strength of
EOC on addition of FA, which is not unexpected, because of
dissimilar polarities of EOC and surface of FA particles.
There is a marginal increase in yield strength up to a FA
loading of 15%. M100 increases marginally with an increase
in φ of FA, while M300 marginally decreases with an
increase in φ. From the ongoing discussion, it can be
understood that addition of FA to EOC does not cause any
significant improvement in mechanical properties of EOC.

In EOC/MFA composites, the tensile strength increases
proportionally to φ and there is an improvement by nearly
150% in tensile strength at a filler loading of 20%. Yield
strength increases up to a filler loading of 15% beyond
which it deteriorates. M100 and M300, which are consid-
ered as indicators of effective polymer-filler interaction in
rubbery materials, increase continuously with φ and this
indicates effective reinforcement of EOC by MFA.

To substantiate the effectiveness of interaction between
EOC and MFA, an empirical equation put forward indepen-
dently by Nielsen [24] and Smith [25] was employed in this
study. For filler particles that have good adhesion with the
polymer matrix, it was found that the elongation to break of
the filled polymers, ε, follows

" ¼ "Sð1� 8
1
3Þ ð2Þ

Where, εs is the elongation to break of the unfilled
polymer. If there is poor adhesion between fillers and the
polymer matrix, the decrease in elongation to break with
increasing filler loading is more gradual than that calculated
from Eq. 2. However, there are cases where fillers promote
craze formation that give rise to an increase in elongation to
break with filler addition [26]. Elongation at break values of
EOC/FA and EOC/MFA composites were calculated by
Eq. 2, and have been plotted as a function of φ (Figs. 8
and 9). It can be seen from Fig. 8 that the decrease in
elongation at break with increasing φ is more gradual than
that calculated from Eq. 2, and it follows a linear trend. The
experimental line is higher than the theoretical line. This

Table 1 Composition and physical properties of fly ash

% Elemental Composition % Oxide Composition

Component Content (%) Component Content (%)

Silicon 25.18±0.2 SiO2 53.71±0.3

Aluminum 15.33±0.2 Al2O3 36.78±0.3

Iron 2.00±0.2 Fe2O3 4.79±0.2

Titanium 0.84±0.05 TiO2 0.51±0.1

Potassium 0.73±0.06 K2O 1.5±0.06

Sodium 0.41±0.1 Na2O 0.82±0.1

Calcium 0.40±0.1 CaO 0.85±0.1

Magnesium 0.46±0.1 MgO 0.71±0.1

Oxygen 49.98±0.2 Total 99.67±0.3

Loss on ignition (%) 0.48

Density (g.cm-3) 2.01
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indicates a poor adhesion between FA particles and the EOC
matrix. From Fig. 9 it is evident that there is an abrupt
decrease in elongation at break of EOC/MFA composites
with an increase in φ. Moreover, there is a very close match
between theoretical and experimental values at filler loading
of 15 and 20%. These observations as well as the graphical
trend of other mechanical properties confirm an improved
polymer-filler interaction in MFA/EOC composites
(Scheme 1). However, there is a slight increase in elongation
at break at filler loadings less than 15%. This observation
can be justified on the basis of the explanation due to

Nicolais and Narkis [26], who indicated that some fillers
might promote craze formation in polymer matrix; and,
that in turn, might give rise to an increase in elongation
to break with filler addition. However, at present we
could not provide any direct experimental evidence to
corroborate this statement. At MFA loading of 25% there
is a huge difference between experimental and theoretical
values of elongation at break. This could be due to

Fig. 2 FTIR spectra of FA and MFA

Fig. 3 XRD spectra of FA and MFA
Fig. 4 Tensile stress versus strain curves of pristine EOC and EOC/FA
composites

J Polym Res (2012) 19:9840 Page 5 of 11



dilution effect and thereby the MFA particles might have
acted as flaws in the EOC matrix, reducing the elonga-
tion at break remarkably.

TGA results

TGA and DTG plots of pristine EOC and some representa-
tive EOC/FA and EOC/MFA composites are shown in
Figs. 10 and 11, respectively; the onset (Tonset) and offset

Fig. 5 Tensile stress versus strain curves of pristine EOC and EOC/
MFA composites

Fig. 6 Variation of mechanical properties of EOC/FA composites as a
function of volume fraction of filler

Fig. 7 Variation of mechanical properties of EOC/MFA composites as
a function of volume fraction of filler

Fig. 8 Elongation at break versus volume fraction of filler of EOC/FA
composites
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(Toffset) temperatures of thermal degradation along with the
temperature corresponding to the maximum rate of degra-
dation (Tmax) are shown in Table 2. Neat EOC and its
composites with FA and MFA exhibit a single step degra-
dation as can be seen from Fig. 11. There is an appreciable
shift in Tonset, Toffset and Tmax towards higher values on
incorporation of either FA or MFA into EOC. The shift in
these parameters towards higher temperatures is greater for
the composites containing MFA.

DSC results

The DSC traces of the EOC/FA and EOC/MFA composites
along with that of the neat EOC are shown in Figs. 12 and
13, respectively. EOC exhibits multiple melting peaks in its
thermogram. This can be explained as follows: ethylene-
octene copolymers possess only some residual crystallinity
and that is due to ethylene sequences. Uninterrupted sequen-
ces of ethylene crystallize into periodic structures, which
form crystalline lamellae. EOC contains 1-octene comono-
mer, which interrupts this sequencing of crystalline mers. 1-

octene may be a monomer too large to fit into the crystal
lattice. The residual hexyl side chain provides a site for
the dislocation of the periodic structure required for
crystals to be formed. Crystallization of the sequences
occurs predominantly for longer sequences of mono-
mers; shorter sequences of monomers cannot participate
in crystal formation at ambient temperatures. It is be-
lieved that uninterrupted sequences of 12–20 monomers
of ethylene are required for the formation of the most
rudimentary crystals. Longer sequences lead to the for-
mation of more robust structures. The loss of bulk
crystallinity in EOC plastomers with increasing amounts
of the comonomer is also accompanied by microscopic
changes in the crystal structure. These changes affect the
melting point of the crystals. While the unit cells of
these crystalline structures are similar to the known
crystal structure of the predominant monomer, the plas-
tomer crystals are smaller, both due to thinner lamellae
and due to lack of radial extension of the lamellae. The

Fig. 9 Elongation at break versus volume fraction of filler of EOC/
MFA composites

Scheme 1 Surface modification of FA and interaction of MFA with EOC polymer chain through nonpolar-nonpolar interactions

Fig. 10 TGA plots of pristine EOC, EOC/FA and EOC/MFA
composites
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lamellar dimensions decrease with increasing comono-
mer content, leading to increasing imperfection in the
crystal structure [15]. This is the reason for the appear-
ance of multiple melting endotherms in the DSC ther-
mogram of plastomers such as EOC. From Figs. 12 and
13 it can be seen that there is no appreciable difference
between the natures of the DSC traces of EOC and its
composites with FA and MFA. Hence, we can conclude
that addition of FA as well as MFA does not influence
the melting and crystallization behavior of EOC.

Fractrography

Figure 14a shows the tensile fracture surface morphology of
neat EOC. This seems to be a typical ductile failure.
Figure 14b–f show the tensile fracture surfaces of EOC/FA
composites. In all these micrographs loosely bound FA
particles on EOC surfaces are seen. Also, there are holes
corresponding to filler debonding due to dewetting of FA
surface by EOC. This substantiates the necessity of improv-
ing the bonding between EOC matrix and FA particles by

using a compatibilizer. Apart from these features, drawn
fibrils of EOC can also be seen in the micrographs, which
strongly suggest that the mode of failure in all these com-
posites is ductile.

Figure 15a–e show the tensile fracture surfaces of
EOC/MFA composites. In Fig. 15a–d, MFA particles
covered by EOC matrix are seen. This suggests a strong
interaction between MFA particles surfaces and EOC.
Figure 15a–c shows yielded fibrils of EOC along with
some striations that are typical of ductile failure in poly-
mers. Figure 15d and e exhibit lot of holes and loose
MFA particles along with those covered by EOC matrix.
The elongated holes contain loosely held MFA particles,
which are bigger in size indicating the possibility of
them acting as flaws in the EOC matrix. These glassy
particles are spherical in shape and are difficult to wet by
EOC matrix; while the rough and irregularly shaped
particles are seen to be firmly held by EOC matrix due
to mechanical interlocking combined with the effect of
compatibilization. It can be concluded that FA particle
shape, size and surface modification are important in
governing the adhesion between EOC matrix and FA
particles.

LOI results

The LOI values of neat EOC and some representative EOC/
FA and EOC/MFA composites are shown in Table 2. It is
seen that LOI of the composites improves by 50% even
at a FA or MFA loading of 10 wt%. A higher loading of
25% of FA or MFA improves the LOI of the EOC matrix
slightly higher than that of 10% filler loaded one. Sev-
eral researchers have suggested that materials with a
limiting oxygen index greater than 28 are generally
self-extinguishing [27]. Thus, one can describe materials
satisfying 28.00<LOI<100 as being “self-extinguishing”
[28, 29]. EOC has a LOI of 20, thus it is a ‘flammable’
material. On incorporating 10 wt% of FA or MFA, its
LOI attains a value of >28. Hence, the ‘flammable’ EOC
becomes ‘self-extinguishing’ just by the addition of
10 wt% of FA or MFA. There is only a marginal im-
provement in LOI beyond this value on incorporating
25 wt% of either FA or MFA. This improvement in
flammability of EOC is of great practical value from
application point of view.

Conclusions

Surface modification of fly ash with TEVS was found to be
effective in reinforcing some important mechanical param-
eters, such as tensile strength, yield strength, M100 and
M300 of ethylene-octene copolymer. Surface-modified fly

Fig. 11 Variation of rate of degradation of pristine EOC, EOC/FA and
EOC/MFA composites as a function of temperature

Table 2 Results of TG analysis and LOI testing

Sample
designation

Tonset (°C) Toffset (°C) Tmax (°C) LOI (%)

EV000 412 470 454 20

EV002 435 480 466 29

EV005 436 487 467 31

MEV002 435 482 463 29

MEV005 437 489 466 31
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ash could be used up to a loading of 20 wt% in ethylene-
octene copolymer composites with an appreciable improve-
ment in mechanical properties. Thermal stability and

flammability of ethylene-octene copolymer are significantly
improved by adding surface-modified fly ash. Both unmod-
ified and surface-modified fly ashes do not seem to affect

Fig. 12 DSC traces of pristine EOC and EOC/FA composites

Fig. 13 DSC traces of pristine EOC and EOC/MFA composites
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the crystallization and melting behavior of ethylene-octene
copolymer markedly. In summary, there is a huge potential
for surface modified fly ash as filler for ethylene-octene
copolymer, which is widely used in automobile and other

commodity applications. Also, the use of surface-modified
fly ash in ethylene-octene composites could be a means of
beneficial way of utilization of fly ash, which is considered
as an environmental pollutant.

Fig. 14 SEM micrographs of tensile fracture surfaces of neat EOC and EOC/FA composites: a) EV000; b) EV001; c) EV002; d) EV003;
e) EV004; f) EV005

Fig 15 SEM micrographs of tensile fracture surfaces of EOC/MFA composites: a) MEV001; b) MEV002; c) MEV003; d) MEV004;
e) MEV005
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