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Abstract

Global ecological concerns have resulted in an interest in renewable natural mate-
rials. Composites based on high density polyethylene (HDPE), wood fiber (Veneer)
and containing coupling agents like nanoclay (NC) and poly-ethylene-co-glycidyl
methacrylate (PEGMA) were made by melt compounding and then injection mold-
ing. In this study, the effects of two variable parameters namely nanoclay and coupl-
ing agent on the rheological and thermal properties of wood polyethylene composites
(WPECs) were investigated. The study investigates the morphology phase, rheology
behaviors and thermal properties by scanning electron microscope, capillary rheo-
meter and thermal gravimetric analyzer. The SEM micrographs of the composites
showed that the outer surfaces of the wood were coated by a section of amorphous
lignin. The state of dispersion in HDPE/pine/clay composites was improved by
EGMA because it could interact with pine flour in addition to clay. The interaction
of reinforcement with coupling agent and HDPE matrix is strong based on the ob-
servation of the fracture surface of composites when EGMA is present. However the
addition of 2.5% clay slightly lowered the initial degradation temperature (T,) but
did not improve the thermal stability. Obviously, all the composites materials exhibit
viscoelastic values greater than those of neat HDPE.

Keywords
Wood HDPE Composite, Rheological and Thermal Properties, Microscopy, TGA

October 12, 2016


http://www.scirp.org/journal/aces
http://dx.doi.org/10.4236/aces.2016.64040
http://www.scirp.org
http://dx.doi.org/10.4236/aces.2016.64040
http://creativecommons.org/licenses/by/4.0/

A. M. Badji et al.

1. Introduction

The scarcity of fossil resources, the growing concerns about the environment, and the
ever increasing prices of petroleum-based materials are some of the driving forces to-
wards the exploitation of renewable and eco-friendly materials. Polymer blending is an
attractive alternative for producing new polymeric materials with desirable properties
without having to synthesize a totally new material. These products are used in the
construction and automotive industry in many developed and developing countries.
The wood fibers can easily return to the cycle of nature and the production costs are
significantly lower. In recent years, polymer/layered silicate (ie. clay) nanocomposites
have attracted great interest, both in industry and in academia, because they often exhi-
bit remarkable improvement in material properties when compared with virgin poly-
mer or conventional micro and macro composites.

These improvements can include high moduli [1], increased strength and heat resis-
tance [2], decreased gas permeability [3], flammability [4], and increased biodegrada-
bility [5]. The use of wood polymer composite for the manufacturing of structural ma-
terials has incited a renewed interest in recent years, especially in the construction ma-
terials sectors and in the automotive industry. This enthusiasm is explained by envi-
ronmental and economic considerations. In addition, the utilization of recycled plastic
and waste wood in the manufacturing of such composites may help the environment by
reducing the land filling and/or promoting the recycling. These initiatives that limit
human impact on the environment and reducing dependence on oil are environmen-
tally welcome. In this context, the composites based on natural fibers are developed to
replace some conventional composites synthetic fibers. Organic hybrid materials have
received substantial attention due to their wide range of applications resulting from the
properties imparted by the organic particles. Wood fiber is available worldwide and is
biodegradable. Among the inorganic layered materials, layered silicates are often used
for inclusion in the hybrids due to their ability to intercalate and exfoliate at the nanos-
cale in the thermoplastic matrix. Cloisite is the popular commercial nanoclays (NC)
available in the market; clay filled polymers are widely used in packaging applications
due to the ability of clay platelets to reduce permeability of penetrants through the po-
lymer materials [6] [7]. Surface modified nanoclays (NC) are widely used in technolo-
gical applications [8], because of their improvement of strength [9] [10], modulus, con-
trolled biodegradability, and water vapor transmission resistance [11], which are de-
pendent on the degree of dispersion of inorganic phase in polymeric matrix [12].
HDPE was selected as a matrix because HDPE/wood composites account for about 80%
of the natural fiber/thermoplastic composites market [13]. In the reinforcement of
HDPE matrix with nanoclay, Omar Faruk et a/ [14] have demonstrated that the melt
blending process, in which nanoclay/HDPE nanocomposite was used as matrix, ap-
peared to be the best approach of incorporating nanoclay in WPCs. Other advantages
for polymer blends are versatility, simplicity, and inexpensiveness. Compatibilization is
one of the most important factors which play a prominent role in WPC. Properties

such as mechanical, thermal and water uptake are strongly dependent on the compati-
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bility within the composite [15]. Different types of compatibilizers such as glycidyl me-
thacrylate (GMA), PE grafted GMA, maleic anhydride grafted PE, PP grafted maleic
anhydride, etc., are widely used to enhance the compatibility among different polymers
and wood fiber (WF) [16] [17]. The homopolymer and copolymer based on glycidyl
methacrylate belong to the class of potential functional polymers. These compatibilizers
can interact with the hydrophobic polymer and hydrophilic WF through their long ole-
finic chain and through their glycidyl or anhydride group. This leads to an improve-
ment in the interfacial adhesion between the polymers and WF, resulting in an en-
hancement of the properties of composites. However, there are some shortcomings of
natural fibers, which affect their reinforcing capabilities. Natural fibers have a tendency
to absorb moisture due to their hydrophilic nature, as well as forming aggregates dur-
ing processing. These drawbacks, like water uptake, moisture and incompatibility with
the hydrophobic polymer matrix, the tendency to form aggregates during processing
and the low resistance to moisture, reduce the potential of using natural fibers as rein-
forcement in polymers [18] [19]. In addition, their thermal stability (start degrading
above 200°C) limits their utilization in certain polymer matrices. Presence of hydroxyl
groups in natural fibers makes them hydrophilic in nature and this generates high
moisture absorption that causes composites to fail in wet condition through fiber swel-
ling and delamination [20] [21]. In fact, when particulate filler is dispersed into a poly-
mer melt, it is quite difficult to achieve a strong bond between particles and matrix. A
possible reason, among others, is the poor wettability of the fine filler particles by the
polymer melt, especially with non-polar, high melt viscosity thermoplastics. The in-
compatibility may cause problems in the composite processing and in the materials
properties. The highly polar character of natural fibers has inherently low compatibility
with nonpolar polymer matrices, especially hydrocarbon matrices such as polypropy-
lene (PP) and polyethylene (PE) [18]. As a result, the polymer matrix is unable to
transfer the stress to the filler through the interface when submitted to mechanical load,
being the reinforcement efficiency reduced. The poor resistance for water absorption
restricts the use of natural fibers in many structural and out-doors applications. The
main solutions found to improve compatibility moisture are the use of coupling agents,
pretreatment of wood fiber and/or the polymer through surface coating treatment or
graft copolymerization which improves mechanical properties, water absorption and
dispersion [22] [23]. The most commonly used compatibilizer in WPEC is usually po-
lyethylene grafted with maleic anhydride (MAPE) [24]. The functional groups of these
polymers were shown to interact strongly or even react chemically with the surface of
wood [25], while the long alkyl chains diffuse into the matrix making stress transfer
possible. The EGMA can interact with the hydrophobic polymer and the hydroplilic
wood fibers through their long olefinic chain and through their glycidyl group [26].
Recently, investigations have shown that the mechanical properties of wood polyethy-
lene composites modified with maleic anhydride, presented an increase of overall crys-
tallinity compared to the pure and unmodified polyethylene [27]. The hypothesis to ex-
plain this phenomenon is the nucleation of crystallites [28]. In accordance with litera-

ture information, interfacial adhesion plays a crucial role in the determination of com-
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posite properties and the introduction of coupling agent has a significant effect. Adding
a small amount of nanoclay (usually <5 wt %) can dramatically improve mechanical
properties, thermal and dimensional stability, flame retardance, barrier properties, and
many other such properties [29] [30].

The key to yield these improved properties is exfoliating and completely dispersing
individual platelets with high aspect ratios throughout the polymer matrix. The use of
clay instead of MAPE is interesting in terms of the fire retardancy of the WPCs, which
tend to burn quite easily; this is a heavy drawback. Although the influence of the sur-
face treatment of wood flour with EGMA on the strength properties of WPCs has been
extensively investigated [31] [32]. Little information is available in the open literature
on the effect of combining EGMA with nanoclay on the morphological, viscoelastic and
rheological properties of WPCs. Rheology has been widely used to assess the morphol-
ogy and interfacial status of polymer blends, alloys and filled polymers [33] [34] but ef-
fective rheological methods have not yet been explored to evaluate wood filler disper-
sion and interfacial status. Increased viscosity and shear thinning was reported for
wood fiber filled polyethylene [35]. Nanocomposite technology with organophilic layered
silicate as 7n situ nano reinforcement offers new opportunities for improved wood pro-
perties. Therefore, in this study, we examined the effects of combining EGMA and na-
noclay (NC), as a coupling agent on these properties of the WPCs. In this work, in or-
der to investigate those properties of the composites, the morphology phase, scanning
electron microscope (SEM), capillary rheometer, and thermal gravimetric analyzer (TGA)
respectively were used to investigate the properties sub-mentioned. Microscopy is used
to analyze the improved compatibility and the morphologies of filler particles in WPCs
[36]. Systematic studies on the amount of coupling agent, cross linking agent and NC
are vital to understand their functions in wood composite improvements. In the present
investigation, a parallel plate rotational rheometer is used to characterize rheological
composites made by HDPE and wood fiber with and without coupling agent. Indeed,
the incompatibility between the wood, hydrophilic in nature and polymers, generally

hydrophobic, is the main difficulty of manufacturing of wood-polymer composites.

2. Experimental

High density polyethylene (HDPE) has been used in the wide range of engineering field
due to his good physical and mechanical properties. Polyethylene is one of the most
versatile commercial polymers, with its semi-crystalline nature allowing processing in a
broad temperature range. The crystalline phase of the polymer provides resistance,
while the amorphous phase provides flexibility [37]. HDPE is the most commonly used
polymer matrix for WPCs because of its relatively low processing temperature and
good processability [38]. (HDPE) was provided as granules by Nova Chemicals. Its melt
flow index was 7.0 g/10 min at 190°C and density at room temperature was 0.962
g/cm’. The compatibilizer ethylene-co-glycidyl methacrylate (EGMA) pellets with melt
index 5 g/10min (190°C/2.16kg) was procured from EGMA, Arkema Inc. Philadelphia,
PA, USA. EGMA was used as a compatibilizer. It has a density of 0.93 g-cm™, a melting
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point of 93°C, a tensile strength of 12 MPa, and an elongation at break of 44%. The
most widely used clay mineral for polymer-clay nanocomposites is montmorillonite.
The exfoliated clay structure possesses superior properties and gives a few advantages
over other nano fillers like in terms of cost and environmental friendly matters [39]
[40]. Montmorillonite modified with a dimethyl-dehydrogenated tallow, quaternary
ammonium with CEC 125 meq/100g clay, density 1.66 g/cc, and d-spacing dg,, = 19. 2
nm, was obtained from Southern clay Products Co, USA, with trade name Cloisite 10
A. A nonconventional wood, Veneer, was collected from the local forest of Senegal.
Other reagents were used without further purification. The HDPE/OMMT nanocom-
posites were prepared by melt mixing in a Brabender Plasticorder mixing chamber
(model W 50 EHT) having the following characteristics: chamber volume of 55 cm’,
sample weight of 40 - 70 g, maximum couple of 200 Nm and maximum temperature of
500°C. Prior mixing, the EGMA compatibilizer and the nano filler were dried at 80°C
for 24 h. All the ingredients were mixed simultaneously. The major processing parame-
ters were temperature, screw speed and mixing time; they were set at 180°C, 50 rpm
and 10 min, respectively. The processed material was granulated, and then subjected to
4 repeated cycles under the same operating conditions. For each cycle, a part of result-
ing material was compressed to produce thin films of an average thickness of 150 pm
with the aid of hydraulic press equipped with two heated plates at 200°C with a pres-
sure of 30 bars. Various formulations based on HDPE were prepared and their codes

and compositions are listed in Table 1 below.

2.1. Morphological Characterization

The morphology of the fracture surface of the impacted samples, after coating with a
thin layer of gold, was investigated by KYKY-2800B type scanning electron microscope
(Travor-Northern, USA). The crystals’ morphology of transcrystallinity was performed
on the polarized optical microscopy (Yongheng 59XA, China) with a digital camera
system (Panasonic wv-CP240, Japan). Samples were pressed between two glass slides
with a distance of about 100 pm and first melted on a hot stage at 260°C for 10 min,
and then cooled to room temperature at a cooling rate of 18°C/min, taking micro-
graphs of the growing crystal at selected times. The major issues during these examina-

tions (SEM) are the dispersion of the wood’s particle and clay nano particles within the

Table 1. Composition and code of the samples (percentage is in weight).

Sample code HDPE (%) Wood (%) Nanoclay (%) EGMA (%)
HDPE 100 0 0 0
PEG 97.5 0 0 2.5
PEN 97.5 0 2.5 0
PEGN 95 0 2.5 2.5
WPE 50 50 0 0
WPEN 47.5 50 2.5 0
WPEG 47.5 50 0 2.5
WPEGN 45 50 2.5 2.5
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polymer matrix, the presence of voids and aggregates, as well as the interfacial adhesion
between the nano fibers and the polymer matrix and to investigate the possible interfa-
cial interactions between the polymer and the cellulose nano fibers. In fine details, the
study of the dispersion of nanoclay in WPCs was performed by using transmission
electron microscope (JEM-100 CX II) at an accelerated voltage of 20 - 100 kV.

2.2. Rheological Characterization

Melt rheological measurements of neat PE and wood PE composites were carried out in
a nitrogen atmosphere at 180°C with a parallel plate rheometer. The gap was adjusted
to 1.5 mm and then the squeezed molten material was carefully trimmed off for attain-
ing smooth edge surface. The rheological properties of the wood polymer composite
melts were measured at 180°C; the frequency was ranged from 0.1 rad/s to 100 rad/s.
The imposed oscillatory shear strain amplitude was tested for each temperature to valid
all the measurements inside the linear viscoelastic domain. Strain sweep was performed
with polyethylene sample and was kept at 1% in all composite samples frequency scans.
The sample was pre stretched with a strain rate of 0.04 s™' to remove sagging. Then, it
was left in the fixture for 3 min to relax any accumulated stress before the start of the
experiment. Viscosity is one of the most commonly used parameters to investigate the
behavior of polymer materials during processing, since the majority of transformation
processes occur in shear flows. The great length of polymer chains results in extensive
entanglements and complicates the study of neat polymer flow [41]. When an oscillatory
strain is applied, the resulting stress is measured. By the deconvolution of the stress-
strain rate in-phase and the out-of phase components, both real part and imaginary one

of the complex shear viscosity 77(21) can be determined by the following Equation (1).
Moy = oy ~ T W

where 7" is the complex viscosity, 7' is the loss viscosity and 7" is the storage one.

@ is the pulsation of the frequency (NV); it is indicated in Equation (2):
= 27N (2)

Then, the real component of the complex viscosity (7') describes the viscous dissi-
pation in the sample, while the imaginary component (7" ) represents the stored elastic
energy. Furthermore, the tangent of the phase angle (tan¢ ) describes the balance be-

tween the viscous and elastic behaviors in a polymer melt (Equation (3) below):
tans=h'/h" (3)

Another useful representation is to plot the experimental frequency sweep data
points in the complex plane. That means that imaginary part (of the complex viscosity)
n' values are reported along the abscissa (X axis) and the imaginary ones (7") in or-
dinate (Y axis). Usually, the experimental points are located on arc of circle characteris-
tic for a Cole-Cole distribution. The extrapolation of this arc of circle to the zero ordi-
nate value gives the Newtonian viscosity which is related to the average molecular

weight Mw of the considered polymer through a power law (Equation (4) below):
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1o = K -(Mw)** (@)

2.3. Thermal Stability Characterization

Thermal gravitational analysis (TGA) provides quantitative information on weight
change process while differential thermal gravimeter (DTG) provides the rate of weight
loss (dW/dt).

Thermal behavior of the matrix, wood fiber (WF) and composites was investigated
by thermogravimetric analysis under nitrogen at a heating rate of 10°C/min, from 30°C
to 500°C.

The sample (masse of 10 = 1 mg) was placed in a little cup made of aluminum hang-
ing from a microbalance. The variation of the mass of the sample allows drawing the
TG (variation of the mass in function of the temperature) and DTG (derivative of loss
of mass versus the time) thermograms. The combination of these two thermograms
gave a clear indication of number of stages of the thermal degradation. This method al-
lows determining the degradation temperature of the materials and thus the thermal

stability of the composite.

3. Results and Discussions

3.1. Morphological Characterization

Wood fiber (Veneer) was employed as reinforcement material in thermoplastics indus-
try due to its higher fiber aspect ratio compared to wood flour [42]. The SEM micro-
graphs displayed in Figure 1(a) showed that the elements (HDPE and Wood), initially
are quite immiscible as judged by the separation of different phases. These SEM micro-
graphs present outer surfaces of wood fibers surrounded by some amorphous lignin re-
flecting a typical morphology of a binary mixture of HDPE and Wood. It shows large

wood fibers with poor interfacial adhesion and dispersion in the polymer matrix. From

B ".'.;'h...
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30.0 kv 5.0 1059.2 mn BO.0 kv 5.0 10x9.2 mn

¥ L e
HV Spot Mag WD

WPE PEN WPEN

Figure 1. SEM images of HDPE composites: (a) HDPE/Wood (WPE); (b) HDPE/Nanoclay (PEN); and (c) HDPE/Wood/Nanoclay
(WPEN).
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the SEM micrographs of sample (HDPE/Wood) in Figure 1(a) with the high percen-
tage of wood (50%), it can be observed that the matrix coverage was insufficient and
many voids appeared leading to weak interfacial adhesion. This image corresponds to
WPC without any coupling agent which shows some evidence of fiber pull out from
matrix. This indicates that the level of interfacial bonding between the reinforcing agent
and polymer matrix in the composites without coupling agent is weak. Therefore when
stress is applied it causes the fibers to be leave the matrix easily and makes gaping holes.
In Figure 1(b) (97.5% HDPE + 2.5% Clay), the existence of the clay aggregates can be
seen at the micrometer level, and therefore, the morphology is not homogeneous,
which reveals a poor intercalated/exfoliated structure. In other words at higher wood
(50%) loading, agglomeration takes place and the applied load will be distributed un-
evenly between non-agglomerated and agglomerated wood particles. In this Figure
1(b), small stacks of silicate layers connected in the polymer phase can be observed in
these images. They appear to be completely exfoliated and seem to “flow” with the po-
lymer. The SEM nanograph of the samples exhibit visible nanoparticles; this is a typical
effect for the inclusion of nano fillers in a polymer structure. In Figure 1(c), the incor-
poration of filler into the polymer matrix disrupted the homogeneity of the matrix.
Particles did not adhere very well to the surface of polymeric matrix that cracks and
voids can be observed around the particles clearly. It can be seen some cavities in the
surface that can absorb water and/or reduce mechanical properties. Sun S. et al [43]
reported that the tensile strength of composites is mainly influenced by filler fraction
and the interfacial adhesion between particles and matrix. The possible reason pro-
posed for this kind of behavior may be the better interfacial adhesion between the ma-
trix and wood fiber. In the presence of MAPE EGMA, there are fewer fiber pullouts
from the matrix compared to the HDPE/wood composites and no sign of fiber agglo-
meration are observed.

For the blends containing HDPE/ EGMA (Figure 2(a)), we can see that the compo-
site phase appears as regular and the blend look more uniform. The results suggest a
smooth clean surface, which would promote interfacial adhesion between the two ele-
ments. From the images of Figure 2, the smooth surface of the HDPE/EGMA (Figure
2(a)) is contrasted against the textured surface of the samples with wood (Figure 2(b)
and Figure 2(c)). Figure 2(b) (HDPE/Wood/EGMA) shows that the polymer is well

ot h
WD -1

HV Spot Mag WD -1t HV Spot Mag
30.0 kv .% 18)?9.2 mn 30.0kv. 5.0 10x9.2 mn 30.0 kv 5.0 10x9.2 mn
HDPE/EGMA HDPE/Wood/EGMA HDPE/Wood/EGMA/Clay

Figure 2. SEM images of HDPE composites: (a) HDPE/EGMA (PEG); (b) HDPE/Wood/EGMA
(WPEG); and (c) HDPE/Wood/EGMA/Clay (WPEGN).
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spread over the surfaces of the wood chips in the compatibilized composite. For the
blend containing HDPE/Wood/Clay/EGMA (Figure 2(c)), the reinforcements are dis-
persed as nodules in the polymers matrix and the dispersion is irregular. When the
compatibilizer (EGMA) was added, it was observed that the density and size of the ag-
gregates decreased, which indicates that the dispersion of nanoclay within the polymer
matrix is much better. In this Figure 2(c), the fiber is little pulled-out compared to
Figure 1(c) because contact between the matrix and the fibers is improved with the ad-
dition of EGMA compatibilizer [44]. The reason for this is that EGMA reacts with WF,
decreasing its surface energy and its hydrophilicity. In this last figure, it is possible to
observe, the shiny particles of wood with different sizes, inhomogeneous parts. With
the relatively high rate of wood (50%), it is difficult that the polymer completely en-
capsulates the wood. The porosity of a composite material can change its mechanical
behavior significantly. Besides their influence on the volume ratio of reinforcing, the
presence of large pores may result in early failure of the material, or reduce its rigidity.
When EGMA is present, as can be seen, there is few separation of the fibers from the
matrix and good interaction between the components can be inferred from the image.
The strong adhesion that is observed at the interface has been affected to the coupling
agent, which stimulates the polymer encapsulating the wood and caused strong bond-
ing. Better adhesion results into more restriction to deformation capacity of the matrix
in the elastic zone and increased modulus. Similar observations were reported for other
lignocellulosic fibers based HDPE composites [45]. According to these results, compo-
site having (EGMA) coupling agent provided smoother surfaces than those without
coupling agent. To compare the effect of EGMA (Figure 2(b)) with that of clay (Figure
1(c)), it can be seen that in the presence of EGMA, increased interfacial adhesion was
observed between the fibers and the HDPE matrix. In fiber composites with clay and
without EGMA (Figure 1(c)), the matrix was not attached to the surfaces of the fibers,
and some fibers were pulled out from the matrix, thus indicating a weak interfacial
bonding. The addition of 2.5% EGMA to the composite increases bulk consistency. In
conclusion, it is visible from this work that WPECs produced with adding EGMA had
considerably fewer holes and many broken fiber ends embedded in the polymer matrix,
indicating better compatibility between the wood flour and the polymer matrix. In the
control WPECs, several holes were observed. These defects appeared to result from the
fiber pulling out from the matrix, indicating poor bonding between the wood flour and
the polymer matrix (Figure 1(a)). To see more images in fine detail, a polarized light
transmitted through a polarized light microscopy is used (Figure 3).

In Figure 3, are shown the morphologies of neat HDPE and composite (HDPE/
Wood/EGMA/Clay). We have only shown these two cases because the other compo-
sites exhibit a similar morphology to the second image, namely, an increase in the
number of small crystals. This is clearly illustrated by the presence of debonding areas.
Amorphous and crystalline parts form superstructures called spherulites are observed.
This increase in the number of spherulites (in the composite) can be attributed to the

effect of the nucleating timber plays by wood. These regular images are separated by
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Figure 3. Crystal morphology of neat HDPE (a) and HDPE/Wood/clay/EGMA (b).

visible lines especially in the second figure. An agglomeration of the nanoparticles was
visible, this agglomeration occurred due to the surface interaction among the nanopar-
ticles. Surface modification is crucial in ensuring excellent interfacial adhesion between
the polymeric matrix and wood. A strong interfacial bonding between the reinforce-
ment and the matrix enhances the properties of the resultant composites by facilitating
good load transfer between the matrix and the reinforcing filler. These are key re-

quirements for the application of wood as fillers in polymers.

3.2. Rheological Behavior

Rheological behavior of polymeric melts is an important aspect to understand the flow
behavior of the materials during processing.

Figure 4 showed the variation of complex viscosity with frequency for the wood fi-
ber/HDPE composites. It was well established that the addition of filler into the poly-
mer matrix increased the viscosity of the melt. The rigid fiber particles may disturb the
flow and provide obstruction to flow of the polymer melt, thus causing a rise in viscos-
ity. The increased viscosity depends on the concentration, particle size distribution and
shape of the fillers.

Figure 4 shows the rheological curves of different melts at 240°C in the plot of ap-
parent viscosity versus shear rate. Clearly, the apparent viscosity decreases significantly
as shear rate increases for all the blends. The incorporation of wood and clay particles
in polymeric matrix modifies their rheological properties. The filler-polymer interac-
tions result in an increase of the complex viscosity, especially at low frequencies, and
thus conduct to a more pronounced shear thinning behavior. The HDPE composites
reinforced with clay or EGMA showed the highest melt viscosity. The introduction of
EGMA to the system increased the flow behavior of the polymer, and dispersed the fi-
ber uniformly in the system, which decreased the melt viscosity. The viscosity of com-
posite reinforced with only wood fiber was lower than that of the treated composites,
that maybe due to the weak interfacial bonding strength between the fiber and matrix.
The obtained results proved that the presence of the coupling agent EGMA improved
the dynamic behavior of the materials by strengthening the fiber/matrix interface. The

evolution of the viscosity of the composite as a function of fiber content has a nonlinear
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Figure 4. Frequency variations of the loss (77) and the storage (7")
viscosities for neat HDPE and its composites at T = 180°C.

behavior. At low frequencies, the viscosity increases greatly when fiber content and/or
coupling agent is present. The melt viscosity decreased with increasing frequencies in-
dicating the pseudo plastic nature of the blends. The addition of fillers influences den-
sity, stiffness and viscoelastic behavior of a polymer. The highest complex viscosity was
related to the composite (WPE) containing 50% wood. In addition, the presence of ag-
glomerates (due to high filler load) caused resistance against the flow and increased
viscosity of composites. All the dynamic viscosity decreases showing shear thinning
behavior as previously observed in other filler melts [46] [47]. This behavior can be at-
tributed to the higher degree of polymer-filler interaction, which requires higher shear
stress and longer relaxation times for the composites to flow [48]. Regarding the rheo-
logical properties, both the composites and pure polyethylene exhibit typical shear-
thinning behavior.

This Table 2 reports the Newtonian values determined for all the samples: WPE ex-
hibits the higher viscoelastic behavior but it contains 50% wood filler and 50% PE ma-
trix while samples WPEN and WPEG contain only 45% PE matrix and 50% Wood fil-
ler. Thus in the second case the ratio matrix/filler is less than 1 (0.9) while it is 1 in the
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Table 2. Newtonian values of WPC composites.

Sample PE (%) Wood (%) EGMA (%) Clay (%) 1, (Pa-s)
HDPE 100 0 0 0 3600
WPE 50 50 0 0 o
WPEN 45 50 0 5 212,000
WPEG 45 50 5 0 265,000

first case. If we compare samples with the same ratio (WPEN and WPEG) we can no-
tice that the higher Newtonian viscosity is obtained with the sample containing EGMA
as comptabilizer, then the addition of a small concentration of nanoparticles like na-
noclay does not improve the resulting melt viscoelastic behavior of the wood polymer
composite.

Figure 5 represents the complex plane variations for the neat HDPE and the wood
polyethylene composites. Again great changes are observed for WPE regarding the ref-
erence of HDPE. However, for samples WP, WPEG and WPEC the circular variation
seems still quite valid. Sample WPE exhibits a deviation to the circular behavior and
shows a linear variation of the storage viscosity versus the loss viscosity. This is charac-
teristic for a gel behavior indicating then a high level of interaction between the matrix
and the filler however no compatibilizer is used. As observed from the SEM micro-
graphs, at this higher wood (50% weight) content there is not enough EGMA to com-
pletely cover the fibers, thus there is probably a stronger interaction between HDPE
and wood. The compatibilizer, PE-co-GMA, increased the interfacial adhesion between
wood and HDPE by its glycidyl linkage and long olefinic chain and thus performed a

number of properties.

3.3. Thermogravimetry Analysis

The thermal degradation of Wood fiber and neat HDPE as a function of temperature is
shown in Figure 6(a). The pure polymer shows a negligible mass loss at temperatures
lower than 400°C. The significant decrease of the mass loss begins around 450°C. The
TGA of the wood fiber shows a two-step degradation process with an initial transition
around 100°C due to moisture evaporation. Cellulose is the main constituent of the cell
wall of several lignocellulosic fibers. It is established in wood that the cellulose contains
numerous hydroxyl groups that are strongly hydrophilic. The initial degradation tem-
perature (T,) of the wood veneer was 250°C and the decomposition peak temperature
appeared at 351°C. However in other samples (Figure 6(b)), in both cases, a decrease
in weight loss below 100°C was observed which was due to the removal of moisture.
Because of high inflammability of cellulose, the addition of wood makes the composite
less thermally stable. The TGA measurements indicate that when the polymer is heated,
its thermal stability is usually appraised from the loss of mass and its molecular weight
sharply diminishes due to the degradation of the molecular chains [49]. Loss of material
due to the degradation of wood occurs mainly after 220°C for wood. The increase in

decomposition temperature is attributed to the hindered diffusion (Ze. barrier effect) of
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volatile decomposition products caused by the dispersed clay particles in the polymer
matrix [50]. The main degradation peak at 360°C corresponds to cellulose degradation,
while the shoulder at the lower temperature (345°C) can be attributed mainly to hemi-
celluloses degradation [51]-[53]. The degradation mechanism of the Wood/HDPE
composites is not yet well understood. However, possible reasons for the increase in
thermal stability of these blends may be that the wax crystals in the amorphous phase of
the polymer are initially protected by the surrounding polymer chains. Also, in the case
of neat HDPE, the degradation began around 450°C, and the maximum decomposition
rate appeared at 490.5°C. The degradation temperature range (around 450°C) of this
polymer moved to lower temperatures, in the composite with and without coupling
agent remained the same, this indicates that the coupling agent (EGMA or Clay) more
probably initiated grafting between the polymer and the fiber, which reduced the num-
ber of tertiary carbon atoms in the polymer and its subsequent degradation. The initial
decomposition temperature for the composite is typical of wood, in which pyrolysis of
wood components took place below 250°C. The important degradation process of wood
starts at around 200°C - 220°C and it concerns the three major constituents of wood
(cellulose, hemicellulose and lignin). The addition of compatibilizer had little influence
on the decomposition behavior of Wood/HDPE composite containing 2.5% clay. It is
clear that the decomposition temperature of the nanocomposite shifted towards higher
temperatures, indicating higher thermal stability of the material with 5 wt% clay. The
existence of inorganic materials in polymer matrix, generally, enhances the thermal
stability of the nanocomposite. The TGA results showed that all the composite samples
were thermally less stable than the neat matrices, and the composite with EGMA were
thermally less stable than the other ones. All clay composites showed improved thermal
stability compared to the other ones without clay. Giannelis et a/ [3] attributed this in-
creased thermal stability to the hindered diffusion of the volatile decomposition prod-
ucts. An increase in decomposition temperature for all composites compared to neat
HDPE was observed. The addition of 2.5% clay slightly lowered the T, and the first de-
composition peak temperature of HDPE/wood composite possibly because of the re-
lease of the low-molecular-weight compounds with which the clay was treated to be-
come organic, and the increased residue weight was due to the inorganic compounds in
clay. An increase in interfacial adhesion between the fibres and the matrix increased the
thermal stability and decreased the percentage of weight loss. This result indicates a
significant effect on the thermal stability of the composites after incorporating addi-
tives. Table 3 shows the initial decomposition temperature (T,), maximum pyrolysis
temperatures, and residual weight (RW, %) for neat HDPE and its composites.

We can conclude that the first decomposition step at 100°C corresponds to the eva-
poration of moisture in the composites. The second step at 262°C corresponds to the
degradation of cellulose. The third step at 352°C is a combination of the degradation of
cellulose and others elements. The fourth step at 400°C is due to the degradation of the
unsaturated and saturated carbon atoms of HDPE. At 480°C, char formation is ob-
served for Wood/HDPE/composites. The thermal degradation of WPE and WPEN was
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Table 3. Degradation characteristics of neat HDPE and its composites.

Peak temperature (*C)

Sample T4 (°C) Residue (%)
Peak I Peak IT

HDPE 450.0 - 490.5 0.0
Wood 250.0 351.0 - 15.5
WPE 265.5 352.5 467.5 5.8
WPEN 262.7 351.4 470.5 6.5
WPEG - 360.0 480.0 6.5
WPEGN 262.0 352 472.0 6.5

mainly composed of two steps. The first peak temperature (Peak I) of WPEN was lower
than that of WPE, while the second peak temperature (Peak II) of WPEN was higher
(Table 3), indicating that the incorporation of clay significantly accelerated the de-
composition of the WPEN, which was consistent with the findings of a previous study
of Delobel et al. [54]. The incorporation of nanoclay improved the thermal stability of
HDPE/WF nanocomposite [55]. 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. Guo et al [56] observed that the flame retardancy of wood fiber-plastic
composite increased after the incorporation of nanoclay.

4. Conclusion

It was observed from the SEM micrographs that modifying matrix with the PE
(EGMA), the composite shows homogeneity; adhesion is better; and the surface of the
composite is smooth in comparison with the uncompatibilized ones. This shows that
the compatibilizer promotes interfacial adhesion between polymer matrix and WF. The
introductions of wood fibers lead to more bridges formation via ester links which in-
creased the efficiency of the impact force transfer. The composite of HDPE and wood is
thermally less stable than the neat HDPE. It was found that the addition of 2.5% EGMA
not only improved the dispersion of NC concentrate particles but also increased the
wettability between NC and matrix evidenced by the absence of clustered NC particles.
The TGA results showed that all the composite samples were thermally less stable than
the neat matrix and the composites with EGMA were thermally less stable than the
other ones. An increase in decomposition temperature for all composites compared to
neat HDPE was observed. The incorporation of wood and clay particles in polymeric
matrix modifies their rheological properties. The filler-polymer interactions result in an
increase of the complex viscosity, especially at low frequencies, and thus conduct to a
more pronounced shear thinning behavior. Increasing content of wood fiber in compo-
sites causes the sufficient increase in their dynamic viscosities. This can be explained by
both inhomogeneous dispersion and aligning of cellulose phase in composites and/or
perturbation of normal polymer flow and breaking the mobility of chain segments due

to the presence of cellulose particles. This can be explained by both inhomogeneous
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dispersion and aligning of wood fiber phase in composite or a disturbance of normal
polymer flow which generates the rupture of the chain segments of mobility due to the
presence of wood particles in the form of aggregates. It was found that both blends
show pseudo plastic. Melt viscosity of WPC blends was sensitive to shear rates. The
complex viscosities were quite high at the low frequency but decreased with increasing
frequency indicating a shear thinning behavior of the wood fiber composites. The
rheological properties were improved by the incorporation of EGMA or clay. The qual-
ity of dispersion was improved by the incorporation of PEGMA as the compatibilizer.
This is due to the fact that PE-EGMA helps polymer chains to penetrate the zones of
the organoclay easily. It was also found that using lignocellulosic as filler in polypropy-
lene composites resulted in higher mixing due to increase in viscosity. The complex
viscosity decreased with increasing oscillation frequency, enhancing the fluidity of the
samples, because of thinning effect. The melt-flow index results show values lower than
expected, also corroborating the possible formation of filler agglomerates in the com-
posite. All these results indicate that adding coupling agent (EGMA or clay) is an effec-
tive method to improve the processability of HDPE wood composite.
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