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Abstract

The thermal behaviour of pineapple leaf fibre (PALF) reinforced polyethylene composites
was studied by thermogravimetric and dynamic mechanical thermal analysis. Fibre treatment was
carried out using isocyanate, silane and peroxide to improve the interfacial adhesion between fi-
bre and matrix. The effects of fibre loading and surface modification on the thermal properties
were evaluated. It was found that at high temperature PALF degrades before the polyethylene ma-
trix. The storage modulus increased with increase of fibre loading and decreased with increase
of temperature. The treated fibre composites impart better properties compared to untreated sys-
tem. Tan 8 showed a distinct peak at low temperature ascribed to the glass transition temperature
of polyethylene but no peak was observed for PALF fibre. The relative damping increased with
fibre loading. Cole-Cole analysis was made to understand the phase behaviour of the composite
samples.

Introduction

Thermal analysis is becoming an increasingly useful tool in materials char-
acterisation. It is essential to monitor not just the final properties of the com-
posite but also the basic raw materials through the processing cycle to the end
product. Optimization of the processing temperature and time with an under-
standing of matrix, reinforcing element and interface between matrix and rein-
forcing agent, can lead to the best balance of composite properties such as
modulus, thermal stability and energy damping (7, Tw).

Thermal properties, in particular the thermal or oxidative degradation of
cellulose fibre reinforced polymer composites, have received little attention.
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However this is an important design factor which sets the limits of processing
temperature and thereby the type of matrices that can be reinforced by these fi-
bres. Thermogravimetric analytical (TG) technique offers a more precise
control of heating condition, such as variable temperature range and accurate
heating rate, and it needs only a small quantity of sample for analysis. In addi-
tion it is possible to quantify the amount of moisture and volatiles present in the
composites which have a deteriorating effect. In the case of cellulose fibres, lig-
nin degradation sets in at around 200°C, and other polysaccharides mainly
cellulose are oxidized and degraded at higher temperatures [1]. Most natural fi-
bres lose their strength at about 160°C. Thermal analysis studies of cellulose
fibres have been carried out and the effects of crystallinity, orientation and
crosslinking on the pyrolytic behaviour of cellulose have been reported [2-5].
Major [6] claimed that the oxidative degradation of cellulose takes place in the
amorphous region. Less crystalline materials are degraded more rapidly by
heat. Ramiah {7] speculated that crystallinity, crystalline size, order, degree of
polymerisation and crystal structure might influence the pyrolysis rates. The ef-
fect of grafting of various polyacrylates onto cellulose and its influence on
temperature and heat of degradation have been investigated by Kokta and
Valde {8} using DSC and TG. Kessira and Richard [9] studied the thermal be-
haviour of ungrafted and methyl methacrylate and acrylate grafted Bagasse and
wood pulp, loaded with CaCOs.

Dynamic mechanical thermal analysis is a widely used tool for under-
standing structure-property relations in polymeric materials. The dynamic
properties are generally expressed in terms of storage modulus, loss modulus
and damping factor which are dependent on time and temperature. Much work
has been done on the dynamic mechanical properties of particulate or fibrous
composite materials with two objectives. First to display the chemical or physi-
cal modifications of the matrix induced by the introduction or and surface
treatment of fibre and second to study the behaviour as a function of the prop-
erties of each phase. If connections exist between the phases, a shear effect is
generated in the interface, which produces an increment in mechanical energy
loss. When the interfacial link is lacking, the value of the energy loss is higher
than that of the polymer matrix due to the fibre ends that act as stress raisers,
thus contributing to mechanical energy loss [10]. Generally, the introduction of
a filler in a polymeric matrix leads to reduction of the mobility of the macro-
molecular chains in the vicinity of filler [11-13]. This is evident from the in-
crease in the temperature of the main relaxation, associated with the glass tran-
sition.

The aim of this work is to study the thermal properties of PALF-LDPE com-
posites with special reference to the effect of fibre-matrix interface bonding.
Untreated, peroxide, isocyanate and silane treated fibres were used for compos-
ite fabrication. The dynamic properties of these composites are examined with
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special reference to fibre loading and fibre treatment as a function of tempera-
ture and frequency. The effects of fibre length and fibre orientation on the dy-
namic mechanical properties of PALF-LDPE composites have already been
reported by George et al. [14].

Experimental

Low density polyethylene (LDPE) [16 MA 400] was supplied by Indian Pet-
rochemical Corporation Ltd., Vadodara. Pineapple leaf fibre (PALF) [Ananus
Cosomus] was supplied by the South India Textile Research Association, Coim-
batore. The physical and mechanical properties of LDPE and PALF were re-
ported earlier {14, 15]. Fibres having a length of 6 mm and diameter of
50-150 n were used for the experiment. Before being used they were washed
with water to remove the impurities and dried in an air oven at 60°C for 24 h.
Poly(methylene) poly(phenyl) isocyanate (PMPPIC) supplied by Polyscience,
USA and vinyl tri-(2-ethoxy methoxy) silane [Silane A-172] supplied by Union
Carbide Co., Montreal, Canada, were used as coupling agents.

Benzoyl peroxide (BPO) and dicumyl peroxide (DCP) [Reagent grade] were
used as surface modifiers to improve the adhesion between fibre and matrix.

Fibre treatment

1. Silane treatment (Silane A-172)

A mixture of oven dried fibres, carbon tetrachloride, dicumyl peroxide (2%
by wt. of fibre) and vinyl tri-(2-ethoxy methoxy) silane (4% by wt. of fibre) was
heated under reflux for 2 h. Finally, the mixture was filtered and dried in an air
oven at 60°C for 2 h.

2. Isocyanate treatment (PMPPIC)

Fibres were dipped in toluene solution containing PMPPIC (5% by wt. of fibre)
for half an hour at 50°C. The fibres were then decanted and dried in an oven at
70°C for 2 h. Later these were mixed with polyethylene using toluene as the sol-
vent containing PMPPIC (6% by wt. of fibre) at a temperature of 120°C.

3. Peroxide treatment

Benzoyl peroxide (1% by wt. of polymer) and dicumyl peroxide (0.5% by wt.
of polymer) were added to the melt of polyethylene before being mixed with fibres.

Thermogravimetric analysis

Composites of PALF-LDPE were prepared by solution mixing technique as
reported by George et al. [14, 15]. Thermogravimetric analysis (TG) and de-
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rivative thermogravimetric analysis (DTG) were carried out in a DuPont ther-
mogravimetric analyser. Samples were scanned from 30-650°C at a heating
rate of 20°C min™.

Dynamic mechanical analysis

Rectangular specimens having a size of 70x10x2 mm’ were used for the dy-
namic mechanical experiments. The dynamic moduli and mechanical damping
(tand) were measured by a direct reading dynamic viscoelastometer, Rheovi-
bron DDV-III1. The temperature range over which properties were determined
was 25 to 130°C at a heating rate of 3°C min™. The samples were tested at vari-
ous frequencies such as 3.5, 11 and 35 Hz. The amplitude of oscillation was 0.1%.

Results and discussion
Thermogravimetric analysis

Figure 1 shows the TG curves of LDPE, PALF and PALF-LDPE composite
containing 30% fibre. Thermal decomposition of each sample takes place in a
programmed temperature range of 30 to 400°C. For PALF in the temperature
range 75 to 175°C dehydration as well as degradation of lignin occur and most
of the cellulose is decomposed at a temperature of 350°C. The decomposition
of LDPE occurs at a temperature of 400°C, which is higher than of the fibre.
Fibre filled system degrades later than the polyethylene matrix as shown by

2 100
90
80

°l

Mass /

70
60
50

40

30

20| k

10

0 I I S | 1
0 100 200 300400 500600 700

Temperature/°C

Fig. 1 TG curves of (a) LDPE, (b) PALF and (¢) PALF-LDPE composite containing 20% fibre
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thermogravimetric scan. It shows that thermal stability of composite is in-
creased. Derivative thermogravimetric curves (DTG) also give evidence for this
(Fig. 2).
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Fig. 2 DTG curves of (a) LDPE, (b) PALF and (¢) PALF-LDPE composite containing 20% fibre

Step analysis of neat polyethylene thermogravimetric scan (Fig. 1) from 30—
100°C shows a percentage mass drop of 0% whereas scan of PALF fibre shows
a mass drop of about 6%. At 200°C the mass loss of fibre is 7.6%. This is as-
sociated with the lignin degradation. The major source of stability in cellulose
is due to hydrogen bonding which allows thermal energy to be distributed over
many bonds [16]. As the less ordered region increases, the decreasing mobility
of cellulose chains will strain and weaken the existing hydrogen bond, thus de-
creasing stability. In the case of PALF about 16% weight loss occurs at 300°C
while in the case of LDPE thermal decomposition starts only at 250°C. In
PALF-LDPE composites a slight degradation occurs at 150°C due to the dehy-
dration and the main decomposition is shifted to higher temperature region.
Thus on comparing the weight losses at 300°C, it can be seen that the values are
16, 2 and 3.2% for PALF, LDPE and PALF-LDPE composites, respectively.
Weight losses at different temperatures are shown in Table 1. At temperature of
550°C, PE is completely decomposed. But in PALF and fibre composites a resi-
due of 94 and 84.8% , respectively was observed. This may be of carbonaceous
products. Kilzer and Broido [17] reported that thermal pyrolysis of whole cel-
lulosic material occurred through two simultaneous and competitive
mechanism, dehydration at about 200 to 270°C involving mainly loss of water
to yield a dehydrocellulose and stepwise depolymerisation to yield a levo glu-
cose above 270°C. Formation of latter is characteristic of crystalline region.
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Table 1. Weight losses at different temperatures

. Weight loss/ %
Material

100°C 200°C 400°C 450°C
PALF 6 16.0 58.8 62.8
LDPE 0 2.0 40.0 86.0
PL{? 1 3.2 18.8 30.0
PL:* 1 3.2 16.0 24.0
PLy° 1.2 3.2 24.0 30.8

PL - PALF-LDPE composite
a — Untreated fibre composite
b — PMPPIC treated

¢ — BPO treated

In DTG curve, a peak is observed at 75°C in PALF which corresponds to the
dehydration (Fig. 2). The major peak at 350°C corresponds to the thermal deg-
radation of dehydrocellulose. The DTG curve of LDPE shows a peak at 400°C
which indicates the degradation of saturated and unsaturated carbon atoms in
polyethylene. In PALF-LDPE composite two peaks were obtained. The minor
peak at 410°C corresponds to degradation peak of PE and the major peak at
510°C corresponds to the degradation of dehydrocellulose. It is interesting to
note that in the composite the major peak is shifted to higher temperature region
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Fig. 3 TG curves of PALF-LDPE composites: Effect of different fibre treatments.
(a) Untreated fibre, Fibre content 20%, (b) PMPPIC treated, 20%
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compared to PALF and LDPE peak, i.e., thermal stability is increased in com-
posite compared to pure PALF due to improved fibre-matrix interaction. This
can be further understood from the weight losses at a definite temperature, for
example, the weight losses at 400°C for PE, PALF and PALF-LDPE composites
are 40, 58.8 and 18.8 %, respectively.

The extent of degradation of PALF-LDPE composite treated with PMPPIC
is less at a given temperature than of the untreated fibre composite which is evi-
dent from Figs 3 and 4. When comparing the weight losses at 450°C they are
30% for the untreated composite containing 20% fibre and 24 and 30.8% for
PMPPIC and BPO treated composite, respectively. The slightly higher thermal
stability of treated fibre composite can be explained by the additional intermo-
lecular bonding between fibre and matrix induced due to isocyanate and
peroxide treatment. The PMPPIC treatment of the fibre makes the composites
thermally more stable than the untreated one. This is associated with the better
interaction between fibre and matrix, due to the formation of covalent bond be-
tween the -N=C=0 group of PMPPIC and -OH group of cellulose.
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Fig. 4 DTG curves of PALF-LDPE composites: Effect of different fibre treatments.
(a) Untreated fibre, Fibre content 20%, (b) PMPPIC treated, 20%

30+

Dynamic mechanical thermal analysis

Dynamic moduli of composites depend on matrix type and fibre loading.
Figure 5 shows the temperature dependence of storage modulus E' and tand for
LDPE and composite filled with 10% PALF fibre. Fillers have a large effect in
increasing the modulus of polymeric materials. Addition of fibres increases thus
the modulus. At low temperature, E' values of PE and composite are very close,
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i.e., at low temperature fibres do not contribute much to imparting stiffness to
the material. On increasing the temperature, the drop of matrix modulus is
compensated by the fibre stiffness. In pure PE, E’ drops steeply on increasing
the temperature due to the increased segmental mobility. In the case of tan 6 as
seen in Fig. 5, two peaks were obtained one at low temperature and other at
higher temperature. The relaxation spectra of composites in the transition re-
gions depend mainly on the mechanical relaxation of matrix and loaded fibre
and are affected to different extent by the interface between fibre and matrix.
Normally, tand values of polymer composites show two dispersion peaks one at
low temperature corresponding to the main relaxation of the matrix and another
at high temperature due to the relaxation of the loaded fibres. In the case of neat
PE, the peak at a temperature of -65°C is due to the glass transition of PE. The
high temperature peak at 78°C is associated with the onset of melting of the PE
crystallites. In the case of fibre filled system, it is interesting to note that the 7,
and T, are shifted to higher temperature, i.e., =65 to -55°C and +70 to

3

*26°C ¥50°C *=70°C #30°C

E' (MPax10%)

0 I ] l | ! i

0 5 10 15 20 25 30 35

FIBRE LOADING (Wt. %)

Fig. 7 Effect of fibre loading on E' and tand of PALF-LDPE composites at different tem-
peratures
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+120°C, respectively. This is associated with the decreased mobility of the
chains by the addition of fibres. The damping peak of the composites is lower
and broader than that of polyethylene. This is due to the fact that, when strain
is applied to the fibres, the greater stiffness of the fibres causes the strain to be
controlled by the fibres in such a way that the interface which is assumed to be
the more dissipative component of the composite is strained to a lesser degree
[18, 19].

Effects of fibre loading on E' with untreated PALF have already been re-
ported [14]. Figure 6 shows the effect of fibre loading on storage modulus and
tand of silane treated PALF-LDPE composites. E’ depends largely on fibre
loading and increases with fibre loading. At any particular temperature the stor-
age modulus increases with fibre loading and decreases with increasing
temperature which is clearly evident from Fig. 7. The increase in modulus with
fibre loading indicates that LDPE matrix gets stiffened by the addition of fibres.
All the filled system display similar dependence of E' with temperature (Fig. 6).
The decrease of E' with temperature is gradual up to 90°C. At 90° all the filled
system exhibit nearly the same modulus and the influence of fibre in stiffening
the matrix is marginal due to the melting of polyethylene crystallites. Compared
to PE, E’ of composite becomes flatter and extends to the higher temperature
side with fibre loading indicating the increased thermal stability of the compos-
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ites. From the Fig. 6 it is clear that, tand values increase with temperature. The
peak observed at 78°C in LDPE corresponds to the melting of PE crystallites.
The maximum value of relaxation peak (melting) increases with increase of fi-
bre loading.

Effect of coupling agent

Fibre surface treatment has great influence on the dynamic mechanical prop-
erties of composites. The effects of chemical treatments on the E' of
PALF-LDPE composites at 20% fibre loading at the frequency of 35 Hz is
shown in Fig. 8. It is clear from the figure that a significant improvement in
modulus is observed for treated fibre composite which is attributed to the in-
crease in interfacial stiffness achieved through more intense fibre-matrix
interaction. This improvement increases with the fibre loading which is evident
from Fig. 9. Introduction of functional groups by the coupling agents enhances
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Fig. 9 Effect of chemical treatments on E' and E” of PALF-LDPE composites at different
fibre loading. Temperature 26°C
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the fibre-matrix adhesion resulting in lesser molecular mobility in the inter-
facial region. The maximum improvement is observed in the case of PMPPIC
treated composite. The improved performance of PMPPIC treated fibres is at-
tributed to the formation of covalent bonds between the -OH group of cellulose
and the -N=C=0 group of PMPPIC. The isocyanate groups readily react with
cellulose and lignin hydroxyls to form urethane linkages. In the case of
PMPPIC treated composite a peak is observed at 35°C which may be due to in-
terface effect. Increase in modulus observed in silane treated fibre is due to the
formation of hydrogen bond between silanol and -OH group of cellulose [20,
21]. The possible hypothetical structure in the interfacial area is shown in
Fig. 10. The general formula for the silane coupling agent is YR; Si(OR,);. The
—OR; unit is susceptible to water and during coating it may hydrolyse to some
extent to form silanols.

YR, Si(ORz)s —22— YR, Si(OH), M

In this Y is the polymerisable vinyl group of silane. Dicumyl peroxide which is
used as an initiator during coating treatment helps to polymerize vinyl groups.
Individual silane coupling agent molecules which are supposed to attach to cel-
lulose forms thus a continuous chain. The long hydrophobic polymer chain of
polymerized silane can adhere to PE due to Van der Waal’s type adhesive force.
As a result, silane coupling agents form a bridge at the interface.

Cellulose
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Fig. 10 Schematic representation of cellulose-silane-LDPE composites of the interfacial area
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It is clear from the figure that peroxide treated systems exhibit higher modu-
lus than the untreated fibre, at the same loading. This increase in modulus in
peroxide modified composites is related to peroxide-initiated free radical reac-
tions between LDPE and cellulose fibres [22, 23].

RO - OR - 2RO 2)
RO +PE-H — ROH +PE’ (3)
RO + Cellulose— H — ROH + Cellulose 4)

The hydrogen abstraction in cellulose occurs from -OH, C-H of the cellu-
lose backbone as well as from methylol (-CH,-OH) groups.
During processing the following reaction may take place.

1. Increase of molecular weight and crosslinking of polymer-matrix by re-
combination of the macroradicals of polyethylene.

PE + PE — PE - PE (5)

2. Introduction of polar groups (such as acidic and ketonic) into the nonpo-
lar polyethylene chains by oxidative degradation.

Q0

PEl-C ’ 'C—PE2+02

> PE,-C-C-PE, (6)

r

PEl-é-C-PEZ + PE-H

—Q—QO—m

> PE,-C-C-PE, + PE* @

(8

PE1~ -C—PE2 > PEI—E—C—PEZ + OH

©)

pEl—I-c-Pz«:z > PEl-E-R(H) + C-PE,
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3. Grafting of polyethylene onto cellulose fibres by recombination of cellu-
lose and polyethylene radicals.

PE + Cellulose — PE - Cellulose (10)

DCP does not have any effect on increasing the E' of composite. This may
result from the relative rates of peroxide decomposition, i.e., decomposition
temperature of DCP is 140°C. But in PALF-LDPE composite the mixing was
carried out at 120°C. At this temperature DCP does not have any influence on
imparting a better interaction between fibre and matrix.

The effect of surface treatment on the tand of the composite is shown in
Fig. 11. In the case of PMPPIC treated composite a peak is observed at 35°C
which correspond to the interface effect. A similar trend is observed in the
modulus too as evident from Fig. 9. This increase in modulus is associated with
the better interaction between fibre and matrix due to isocyanate treatment. The
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Fig. 11 Effect of chemical treatments on tand of PALF-LDPE composites at different tem-
peratures
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melting peak is shifted to the higher temperature region in treated composites. The
damping of composite increases proportionately to the increase of the modulus.

Effect of frequency

The viscoelastic properties of a material are dependent on temperature and
time (frequency). If a material is subjected to a constant stress its elastic modu-
lus will decrease over a period of time. This is due to the fact that the material
undergoes molecular rearrangement in an attempt to minimise the localized
stresses. Modulus measurements performed over a short time (high frequency)
result thus in higher values whereas measurements taken over long times (low
frequency) result in lower values.

On varying the oscillation frequency, changes occur in both E’ and E” of un-
treated and PMPPIC treated composites as evident from Figs 12 and 13. The
value of E’ tends to increase with frequency at a given temperature. This is at-
tributed to the lesser mobility of polymeric chains at higher frequency.
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Fig. 14 E' vs. logf curves of PALF-LDPE composites for temperatures from +30 to 110°C
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The viscoelastic properties at a given frequency ‘f is quantitatively equiva-
lent to those of an experiment carried out over a time = 1/2xnf. Viscoelastic data
collected at one given temperature can be superimposed upon data collected at
different temperatures by shifting the curves, i.e., by using the time-tempera-
ture superposition principle [24, 25]. Figure 14 shows the E’ vs. log frequency
graph for temperatures from +30°C to 110°C. Here experimental curves of the
modulus for different temperatures are plotted against logf. The modulus curve
at a particular temperature is then shifted along the frequency axis until over-
laps with the next curve. The distance between curves give the value of the shift
factor logar. The shift factor ar characterizes the rate of the relaxation mecha-
nism at some temperature 7; in comparison with the rate at a higher temperature
Ti+1. In this way logar values for all temperatures were determined. The tem-
perature of 110°C was taken as the reference temperature in constructing the
logar vs. T graph illustrated in Fig. 15. On this curve the value for a given tem-
perature T shows how many times slower the relaxation mechanism at that par-
ticular temperature takes place than at the reference temperature, T;,=110°C of

7

log ay

0 ; =
20 40 60 80 100 120

TEMPERATURE (°C)
Fig. 15 Plot of logar vs. T
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the range under study. Using the time temperature superposition principle it is
possible to predict the viscoelastic behaviour of a material well outside of the
frequency or time range of mechanical equipment.

Figure 16 shows the Cole-Cole plot, where the loss modulus (E'") data are
plotted as a function of the storage modulus (E"). It is reported that homogene-
ous polymeric systems show a semicircle diagram whilst two-phase systems
show two modified semicircles [19, 26]. In the present case the composites
show a behaviour different from homogeneous system, possibly because of the
presence of dispersed fibres and of the different interphase effects.
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Fig. 16 Cole-Cole plots of PALF-LDPE composites

Conclusion

Thermogravimetric properties of PALF-LDPE composites have been studied
with special reference to fibre loading and fibre treatment. It was found that
PALF degraded before the polyethylene matrix. In the case of PALF at a tem-
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perature range of 30—180°C lignin is degraded and at 350°C most of the cellu-
lose is decomposed. The decomposition of LDPE takes place at a temperature
of 400°C. In PALF-LDPE composite, two peaks were obtained. A minor peak
at 410°C corresponds to the degradation peak of PE and the major peak at 510°C
corresponds to the degradation of dehydrocellulose, i.e., thermal stability is in-
creased in composites due to better fibre-matrix interaction. Dynamic
properties of composites were studied as a function of temperature and fre-
quency. The different parameters investigated were again fibre loading and
fibre-treatment. E’ was found to be increased with fibre loading. At a tempera-
ture of 90°C the differences in moduli were marginal due to the melting of
polyethylene matrix. The tand curve at low temperature side showed a peak at
-65°C corresponding to glass transition temperature of polyethylene. By the ad-
dition of 10% fibre this peak was shifted to higher temperatures and damping
was reduced.

Different chemical treatments were done to improve the adhesion between
fibre and matrix and interface properties have been studied by DMA by increas-
ing the temperature and frequency. It was found that the improved interaction
exerted by the chemical treatments makes the composite more mechanically and
thermally stable than the untreated fibre composite. Dynamic moduli increased
with increasing frequency due to the reduced segmental mobility. Time—tem-
perature superposition curve is generated by shifting the curve at a particular
temperature to the reference temperature in order to gain an insight into the vis-
coelastic behaviour of the material outside the used frequency range. Finally,
the Cole-Cole of the composite indicated the heterogeneous nature of the system.
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