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Abstract

Due to the global demand for fibrous light-weight materials, research on composites
reinforced with plant materials has increased. Natural fiber reinforced composites offer
several advantages: light weight, competitive specific mechanical properties, easy
processing, large volume availability, low cost, and low environmental footprint.
Especially, using agricultural wastes such as rice husk, saw dust etc. as fillers/fibres in
composites provides the chance to improve material properties while improving their
sustainability. In the present work, rice husk and saw dust were chosen as fillers for their
differing morphology, aspect ratios, and difference of structure. As matrices, polyethy-
lene (PE) and polypropylene (PP) were studied, either neat or modified with maleic
anhydride grafted PP/PE as coupling agent or compatibilizer between hydrophobic
matrices and hydrophilic bio-fillers. The bending modulus is improved due to filler
addition. In presence of compatibilizer, the improved interfacial interaction leads to
improved bending and tensile strength as well as toughness. Furthermore, the influence
of the filler and compatibilizer on composite properties such as hardness, dynamic
mechanical behaviour, thermal expansion, thermal degradation, melting and crystalli-
sation behaviour are presented.

Keywords: natural fibers, bio-fillers, composites, interphase

1. Introduction

The global demand for light-weight materials calls for the broad use of fiber-reinforced plastic
materials [1]. Developing composites using natural fibers provides the chance to improve
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2 Composites from Renewable and Sustainable Materials

materials while decreasing their ecological footprint. Even using agricultural and forestry
wastes such as rice husks (RHs), coconut fibers, bagasse, and saw dust (SD) can lead to
significantly improved material properties [2].

Rice husk and saw dust, by-products of the rice milling and wood sawing processes
respectively, are potential reinforcing fillers for thermoplastic matrix composites because of
their lignocellulosic characteristics. These fillers offer advantages of easy processing, large
volume availability, annual renewability, low cost, light weight, competitive specific
mechanical properties, and high sustainability. The morphology differs: Rice husk is made up
of rectangular platelets and saw dust of short fiber bundles.

The most common thermoplastics used as matrices for bio-fillers are polyethylene (PE) and
polypropylene (PP). When a polylefin is used as a matrix for a bio-filler composite, the
incompatibility between hydrophobic matrix and hydrophilic bio-filler is an important issue.
Therefore, there have been many studies on improving interfacial interactions between the
polymers and bio-fillers. According to previous studies, the best solution of the problem is
using an appropriate coupling agent or compatibilizer such as maleic anhydride-
functionalized polylefin, for example, maleic anhydride-grafted polypropylene (MAPP) for
PP or maleic anhydride-grafted polyethylene (MAPE) for PE [3-8].

Biomaterials such as saw dust, bamboo powder, or grain husks used as fillers in polymer matrix
composites are natural compounds, mainly containing cellulose, hemicellulose, and lignin.
Their degradation takes place at a relatively low temperature, around 200°C [1]. Therefore,
bio-fillers will be subjected to thermal degradation during composite processing with the
majority of common thermoplastic polymers [2]. This leads to undesirable properties, such as
odor and browning along with a reduction in mechanical properties of the bio-composite [2,
3]. Therefore, it is important to understand and predict the thermal decomposition processes
of bio-filler in order to better design composite processes and estimate the influence of the
thermal decomposition on composite properties [4].

In this work, the suitability of rice husk and saw dust as reinforcing agents for composites
based on different polyolefine matrices was evaluated. The filler morphology is characterized.
Mechanical tests of their composites were evaluated as a function of filler content and filler
morphology. The effect of maleated polyolefines as compatibilizers on the mechanical
properties of the composites as well as hardness of the composites was studied.

Thermal studies of biomaterial-filled polyolefine (PP, PE) composites included thermome-
chanical analysis (TMA) and the thermal and mechanical dynamic behavior according to the
filler loading and the presence of compatibilizers. The crystallization is characterized by
differential scanning calorimetry (DSC) analysis and the thermal degradation by thermo-
gravimetric analysis (TGA).
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2. Experimental

2.1. Materials

Polypropylene, Advanced PP-1100N, and high-density polyethylene, EL-Lene H5818], were
supplied by Advanced Petrochemical Co. and SCG Plastics Co., Ltd, Thailand, respectively.
Two compatibilizers, maleic anhydride-grafted polypropylene Polybond 3200 and maleic
anhydride-grafted polyethylene Polybond 3029, were provided by Chemtura, USA. Table 1
shows the typical physical properties of the matrix polymers and compatibilizers.

Polymers properties PP PE MAPP MAPE
Density (g/cm?) 091 096 091 0.96
Melting point (°C) 163 131 157 130
Melt flow index (g/10 min) 12* 18**  115*

MA content (%) - - 1.0 1.6
Tensile strength (MPa) 350 280 - -
Notched Izod impact strength (kJ/m?) 3.0 4.8 - -
*MFI at 230°C/2.16 kg

**MFI at 190°C/2.16 kg

Table 1. Properties of studied polymer materials.

Rice husk obtained from a rice mill factory in Danang, Vietnam, was ground. Saw dust from
Acacia auriculiformis tree was collected from a Wood processing factory in Danang, Vietnam.
Rice husk and saw dust were screened and dried at 80°C for 24 h before preparing the
composites. Where a wood block was used for comparison, its dimensions were the same as
those of the composite samples in the tests.

2.2. Methods

2.2.1. Aspect ratio of fillers

A digital microscope (Keyence VHX-100, Japan) and the corresponding imaging system were
used for the aspect ratio determination. About 500-mg fillers of each filler type, classified by
the sieve opening, were placed on a glass dish under the microscope. The optical light was
adjusted to achieve the best focusing alignment and image resolution. The filler images taken
with a digital camera were used to measure the length and diameter of individual filler
particles. A minimum of 100 filler particles were measured for each sample. The aspect ratio
was described as the ratio of length and width of the fibrous wood and as length and width of
the rice husk platelets. Note the latter were not characterized by the length-to-plate-thickness
ratio.
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2.2.2. Particle size distribution of fillers

To evaluate the particle size distribution, fillers were classified after grinding (for rice husk)
by screening into four mesh size ranges 20-35, 35-45, 45-80, and >80 per inch (approximately
500-850, 350-500, 180-350 pum, and <180 pum). The filler particles were then weighed in order
to determine the weight of the fillers in each mesh size range.

2.2.3. Preparation of the composites

Composites were produced in a two-stage process. In the first stage, bio-fillers and polyolefine
were compounded with and without compatibilizer using the twin-screw extruder Rheomex
CEW100 QC, Haake, Germany. The mixing zone temperature of the extruder was 160°C for
PE and 190°C for PP matrix composites. The rotation speed of the screws was 50 rpm. In the
second stage, the extrudate in the form of strands was cooled to room temperature and then
granulated.

The compound granules were dried at 80°C for 24 h before injection molding. The specimens
were prepared using the injection molding machine MiniJet II, Haake, Germany, at cylinder
temperatures of 180°C for PE and 190°C for PP matrix composites under an injection pressure
of 800 bar.

2.2.4. Mechanical testing

Tensile and bending tests were conducted with the Universal Testing Machine AG-X plus,
Shimadzu, Japan, according to ISO 527-3 and ISO 178, respectively. Notched Izod impact tests
were conducted with HIT 50P, Zwick/Roell, Germany, according to ISO 180 at room temper-
ature. Each value obtained represents the average of at least five samples.

2.2.5. Hardness tests

The hardness determination of the composites was carried out according to ISO 2039-1 on
specimens of 80 mm x 10 mm x 4 mm. The specimens were loaded using the force of 132.39 N
for a duration of 30 s. Each value obtained represents the average of 10 positions of measure-
ment.

2.2.6. SEM analysis

Studies on the morphology of fillers and the tensile fracture surfaces of the composites were
carried out using a FE-SEM (Ultra 55, Carl Zeiss SMT AG, Germany).

2.2.7. Thermomechanical analysis (TMA)

The thermal expansion tests of the composites and pure polyolefine samples were conducted
using a thermomechanical analyzer (TMA Q400 V7.4 Build 93, TA Instruments) from -10 to
100°C at a heating rate of 2°C/min in a nitrogen atmosphere. The expansion mode with a
constant compression load of 0.02 N was used on specimen of 5 mm x 5 mm x 4 mm.
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2.2.8. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis was carried out (DMA Q800 V20.24 Build 43, TA
Instruments) in N, atmosphere. The dimensions of the test specimens were 17.5 mm x 10 mm
x 4 mm. The tests were performed using a three-point bending-rectangular measuring system
at 1-Hz test frequency. The heating rate was 1 K/min in the temperature range of -50 to 150°C.
E' (storage modulus), E” (loss modulus), and Tan d (damping peak) of the samples were
determined as a function of temperature.

2.2.9. Differential scanning calorimetry (DSC)

The samples used for the differential scanning calorimetric analysis were cut from extruded
pellets. Approximately 10 mg of each sample was used. The equipment (DSC Q2000 V24.10
Build 122, TA Instruments) was programmed to work at the temperature range between 0 and
250°C, under a nitrogen flow of 50 mL/min. The heating and cooling rates were 10 K/min.

The values of melting temperature (T,,) and the melting enthalpy (AH,,) were calculated from
the second heating. The crystallization temperature (T.) was calculated from the cooling cycle.

2.2.10. Thermogravimetric analysis (TGA)

The samples used for the thermogravimetric analysis were cut from extruded pellets.
Approximately 10 mg of each sample was used. The thermogravimetric analysis (TGA Q500
V6.7 Build 203) was carried out under nitrogen and air atmospheres in a temperature range
of 23-700°C. The heating rate of the analysis was 10 K/min.

3. Results and discussion

3.1. Characterization of the fillers

Filler particle size and shape are important factors for reinforcement materials. Figure 1 shows
selected SEM images of RH and SD fillers. The morphologies differ strongly: SD is made up
of lengthwise agglomerated fibers, whereas RH is made up of platelets with protrusions
aligned in a regular pattern (Figures 1b, d and 2). Detailed analysis shows a hollow cellular
structure in both fillers (Figure 1c, d). The milling leads to different modes of fracture: In saw
dust, the fibers separate, partially branch off or break, sometimes the cells collapse or the cell
walls open, resulting in a highly nonuniform morphology with an irregular surface, which
will allow to interact with the molten polyolefine during compounding and increase the chance
of mechanical interlocking. In contrast, in RH the platelets have a highly regular pattern of 30
pum protrusions in a 90° array on the outside and a smooth inside. In the detailed image
(Figure 2a), additional hair-like structures become visible between the protrusions. Platelet
fracture occurs mainly along the lines between the protrusions, leading to platelets of angular
shape and of rather uniform thickness (50 um), and the cellular structure is contained within
the platelet.
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Figure 2. SEM micrographs of the morphology of rice husk (a) outer and (b) inner surface.

The filler surface layer plays an important role in surface tension and thus in wettability. It has
been postulated that the inner RH surface contains lipid and proteinaceous compounds bound
to the protein molecule by ester or thioester bonds [9]. The amount of lipid on the filler surface
has an influence on hydrophobicity and surface tension.

Figure 3 shows particle size distribution and aspect ratio of the rice husk and saw dust fillers.
About 80% of RH and SD fillers were in the range of 180-500 um. The aspect ratio of both saw
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dust and rice husk fillers is quite small. The fibrous saw dust has a higher aspect ratio in the
range of 4-5 compared to rice husk filler formed of rectangular platelets with an aspect ratio
of 2-3. Note that for better comparison, length-to-width ratio is used for both filler types. The
commonly used aspect ratio for platelets —diameter to thickness —scales with the particle size
as the thickness is around 50 um for all platelets.
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Figure 3. Size distribution (a) and aspect ratio (b) of filler particles (saw dust SD and rice husk RH). inset: Model of
filler shape: platelets (a x b x c) for rice husk, circular rods (length 1, diameter d) for saw dust. Note: Here calculation of
aspect ratio is 1/d for a rod and a/b for platelets.

A simple model is used to estimate the surface area of the particles, cf. Figure 3b inset: RH
platelets may be modeled as rectangular blocks of 50 um thickness and SD as spherical rods.
The surface-to-volume ratio of a thin platelet is dominated by thickness (or, 2/side length a + 2/
side length b + 2/thickness), whereas that of a long circular rod is roughly proportional to the
inverse of the diameter (4/diameter + d/rod length). A rough estimate of the surface area per
volume (with a size distribution and aspect ratio as shown in Figure 3 and considering the
densities of 1.3 g/cm? for SD and 1.5 g/cm® for RH) shows that in a given weight, RH contains
a factor of two higher number of particles, but the filler surface area vs. particle size distribution
is only slightly shifted to smaller particle sizes in SD. The total filler surface area of the two
filler types is equal according to this simple model.

3.2. Mechanical properties of the composites

The good specific mechanical properties are the prime reason for the application of filled
polymer composites. The mechanical properties of the filler/polymer composites depend
strongly on filler loading, interfacial adhesion, the degree of dispersion, and the filler particle
size [10, 11]. Figures 4, 5, and 6a show the effects of filler content on the mechanical
properties of bio-filler/polyolefine composites. The stated filler content is the wt.%, with a
density of 1.3 g/cm? for SD and 1.5 g/cm® for RH, and the volume contents are approximately
4% lower for SD and 7% lower for RH.
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Figure 5. Effect of filler content on (a) bending strength (b) tensile strength of the composites, no compatibilizer added.

The addition of stiff fillers to the polyolefine matrices improves the stiffness of the composite,
and the bending modulus increases linearly with filler content (Figure 4). The modulus reflects
the capability of fiber and polymer matrix to transfer the elastic deformation in the case of
small strains without interface fracture. The modulus of filled PP is 25% higher than that of
both filled PEs. It is noted that at high content of saw dust (above 50 wt.%), the viscosity of

melt compound is very high, leading to voids and reducing the modulus.
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Figure 6. Left: Effect of filler content on impact strength of the composites, no compatibilizer added. Right: Influence of
compatibilizer content on impact strength of the composites at 50% filler content.

The bending strengths (Figure 5a) are mainly influenced by the matrix type: PP/RH has 40%
increased bending strength compared to the PE composites. Considering the volume filler
content, the data for the bending strength of PE/RH and PE/SD coincide.

The saw dust/polyethylene composites show 20% higher tensile strengths compared to the rice
husk/polyethylene composites (Figure 5b). This is probably caused by the higher cellulose
content, better adhesion, and the higher aspect ratio of saw dust compared to the rice husk
filler [12]. The tensile strength of the PP/RH composite is 20% higher than that of the PE/RH.

There is a clear decrease in tensile and bending strength in dependence on filler content
throughout the investigated range. The fillers introduce a large interface area; in unmodified
polymers, this is dominant due to weak interfacial interaction between the polar bio-filler and
the apolar polyolefine matrix. As filler is added, this surface area increases, resulting in a slight
decrease in the tensile, bending, and impact strengths of three composite systems PE/RH, PE/
SD, and PP/RH in the absence of compatibilizer. The decrease is linear up to 50 wt.% (i.e., 46
vol.% of SD, 43 vol.% of RH) of filler. Specimens of 60 wt.% SD in PE could not be injection
molded with the current set up, and samples of 60 wt.% RH in PE showed a stronger-than-
linear decrease. At concentrations approaching the theoretical packing limit (e.g., 74 vol.% for
oriented spherical rod fillers), defects and voids occur, the viscosity increases, and the weak,
unbound interphase plays an increasing role.

Figure 6 presents the notched Izod impact strengths of rice husk and saw dust composites.
The impact strength of a composite is influenced by many factors, especially the toughness of
the filler and matrix components, and the dynamic stress transfer of the interphase, which in
turn is determined by particle size, shape, and filler surface properties [13-15]. The notched
impact strength of RH/PE composites, Figure 6a, is better than that of SD/PE composites when
no compatibilizer is added. The PP/RH composites show lower impact toughness than PE
composites. This trend is similar to a polypropylene composite system published by Bledzki
et al. [15], where it is attributed to the brittleness and local internal deformation found more
commonly in wood composites. Particle size, shape, and filler surface properties have influence
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on the impact strength [14]. The nature of the interphase plays an important role, and in the
case of fibrous material, the frictional work involved in pulling the fibers out of the matrix.

A matrix modification was performed by using compatibilizers (MAPE for PE matrix compo-
sites and MAPP for PP matrix composites) in order to improve the bonding strength between
the bio-fillers and the matrix polyolefine. Figures 6b and 7 show the effect of compatibilizer
content on the impact strength of the composites containing 50 wt.% filler. Tensile, bending,
and impact strengths increased while adding compatibilizer and leveled off at above 2 wt.%
MAPP for PP matrix composites and at above 4 wt.% MAPE for PE matrix composites. The
increase in strengths of the composites is due to the improved interfacial adhesion between
the fillers and polyolefine matrices. The maleic anhydride groups of compatibilizer interact
with the polar filler surface (through chemical coupling or hydrogen bonding), while their
polyolefine chains diffuse into the polyolefine matrices. Therefore, the interfacial strength is
improved, as seen before, for example, by Marti-Ferrer et al. and Correa et al. [4, 5]. The increase
in tensile, bending, and impact strengths due to the compatibilizers is higher than the losses
due to the inclusion of fillers.
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Figure 7. Influence of compatibilizer content on bending (left) and tensile strength (right) of the composites at 50%
filler content.

3.3. Composite fracture surfaces and cross- sectional analysis

Figure 8 shows SEM images of the tensile fracture surfaces of the composites at 50 wt.% filler
without and with compatibilizers (2 wt.% MAPP for PP matrix composites and 4 wt.% MAPE
for PE matrix composites). Adding the compatibilizers changes the fracture behavior of the
composites. The unmodified composites fail at the interphases of the filler particles. Voids at
the interphase (especially the outside surface of RH particles) and pull-out cavities (especially
in the higher aspect ratio SD particles) are visible. In the modified composite, the interfacial
interaction is improved, shifting the failure into the matrix with far less pull-out cavities and
polymer-coated or partially coated filler particles.
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Figure 8. SEM micrographs of tensile fracture surfaces of PE/RH composites (top), PE/SD composites (middle), and
PP/RH composites (bottom), (a) without and (b) with compatibilizer. Scale bar: 100 um.

Figure 9 shows SEM micrographs of polished cross-sections for the composites in the longi-
tudinal and transverse specimen direction. The saw dust is oriented along the specimen long
axis due to the injection molding process. Here, an anisotropic mechanical behavior is
expected. In rice husk, no preferred orientation of the platelets is seen for either PP/RH (as
Figure 9 bottom) or PE/RH (not shown here).

"1
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(@) (b)

Figure 9. SEM photomicrographs of polished samples of PE/SD composites (top) and PP/RH composites (bottom), in x-
direction (a) and in z-direction (b).

3.4. Hardness

Figure 10 shows the effect of the fillers on the hardness of three modified matrix composites
[PE/RH (MA), PE/SD (MA), and PP/RH (MA)]. Thefillers increased the hardness of polyolefines
significantly. Neat and filled polypropylene had a higher hardness than neat resp. filled
polyethylene. The addition of 50 wt.% fillers improved significantly the hardness of three
composite systems. The hardness of PE and PP matrix composites increased about 78 and 65%,
respectively. This was expected, since the chosen bio-fillers display considerably higher
hardness than the soft polyolefine matrices, the hardness of RH being higher than that of SD.
Thus, it was also expected that for the PE composites, the hardness of the PE/RH composites
would be higher than that of the PE/SD composite. In fact, they had the same value at 50 wt.%
filler content. This result could be caused by the higher volume content of SD filler (43 vol.%)
compared to that of RH (39 vol.%). The hardness values can be considered as a measure of the
wear resistance, since hard materials resist friction and wear better [15].
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Figure 10. Hardness of polyolefine and filler/polyolefine composites at 50 wt.% filler content.

3.5. Thermomechanical analysis (TMA)

Figure 11 shows the thermal expansion as determined by TMA in x-direction and the
coefficient of thermal expansion (CTE) values of the modified matrix composites [PE/RH (MA),
PE/SD (MA), and PP/RH (MA)], respectively. The CTE values of pure PE and PP were
determined to 134 x 10%/°C and 123 x 107%/°C for the temperature range of —10 to 50°C,
respectively. Thermal expansion is higher for the range 50-100°C (210 x 10%/°C for PE and 163
x 107/°C for PP). CTE values of pure PE and PP decreased to 30-62% by adding 50 wt.% filler.
While the CTE values of rice husk composites are isotropic, the difference in CTE values in
longitudinal and transverse directions of the saw dust composite is quite high, especially in
the high-temperature range 50-100°C (94 x 10/°C in x-direction and 187 x 107¢/°C in z-
directions). This reflects on the one hand the anisotropic behavior of the saw dust [16] and on
the other hand the aspect ratio of the SD particles which in injection molding lead to orientation
of the filler particles, confer Figure 9.
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Figure 11. Coefficient of thermal expansion of polyolefine and filler/polyolefine composites. inset: Dimension change of
polyolefine and filler/polyolefine composites in x-direction.
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3.6. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) is a sensitive technique that characterizes the
mechanical responses of materials by monitoring property changes with respect to the
temperature and/or frequency of oscillation [17]. It has been commonly used as a technique
for investigating the viscoelastic behavior of the composites for determining their dynamic
modulus such as storage modulus (E’), viscous behavior (loss modulus E"), and energy
damping (tan d) as a function of temperature [18-19]. The elastic component describes the

energy stored in the system, while the viscous part describes the energy dissipated.
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Figure 12 shows the storage modulus E’, the loss modulus E”, and tan 6 values of the compo-
sites without and with compatibilizers as well as the stock materials PP, PE, and wood. The
storage modulus (E’) of polypropylene and polyethylene matrix composites was higher than
those of pure polypropylene and polyethylene matrices, respectively. This is the expected effect
caused by the addition of high surface rigid fillers into semi-rigid polyolefine matrices. In all
the systems, the storage modulus drops with increasing temperature due to the increased
segmental mobility of the polymer chains. The E’ value of polypropylene systems decreased
rapidly at the glass transition above 0°C, whereas the E’ value of wood and polyethylene
systems decreased in a wider range around 30°C.

The temperature dependence of loss modulus and tan 6 for the polyolefine, wood, and three
composite systems without and with compatibilizers is presented in Figure 12. The loss
modulus (E”) is a measure of the absorbed energy due to the relaxation and is associated with
viscous response of the viscoelastic materials. E” of polyolefine and composites increased with
temperature and had a peak in the transition region about 0 and 30°C for PP and PE systems,
respectively.

The damping factor tan O, defined as the ratio of the loss modulus to the storage modulus
(E"/E"), is commonly used to characterize viscoelastic behavior of the materials, for example,
T, and energy dissipation of composite materials. With increasing temperature, the tan o
values of PP and PP matrix composites increased due to the increased polymer chain
mobility of the matrix and exhibited two relaxation peaks in the vicinity of 5 and 70°C. The
low-temperature peak is related to the glass transition of the amorphous polymer fractions
[20-21]. The high-temperature peak corresponds to the a transition related to the PP
crystalline fractions. The a transition peak of the modified PP composite (81°C) was higher
than that of the unmodified one (72°C) that can be a result of the existence of enhanced
transcrystallinity around the fibers in the modified composites [20, 22].

For the polyethylene system, tan d curves of neat PE and the composites had less distinctive a
transition processes compared to the loss modulus curves and there was no peak correspond-
ing to the T, of polyethylene (approximately —130°C) because it was not sufficiently cooled
down to this temperature while carrying out the test. The a relaxation is generally attributed
to segmental motions in the noncrystalline phase [23]. The a transition of the composites
shifted to higher temperature compared to neat polyolefine. An addition of compatibilizer also
led to shift slightly the a transition curve to the higher temperature, that is an indication of the
presence of some processes, which have restricted the mobility of the chains in the crystalline
phase so that more energy is required for the transition to happen. Therefore, the natural fibers
somehow restricted the matrix polymer chains and increased the a transition temperature [17].

3.7. Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry (DSC) can be used to measure melting temperature (T,,),
crystallization temperature (T,), and crystalline content (X,) of materials. Figure 13 presents
the heating and cooling thermograms for neat matrices and modified polyolefine composites
which contain 50 wt.% fillers. The T,, of neat matrices and the composites was obtained from

15



16 Composites from Renewable and Sustainable Materials

the maximum of the endothermic melting peak (heating curves). The T,, of polyolefines was
not significantly changed by the addition of bio-fillers. The peak area is reduced by 50% due
to the filler, as expected.
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Figure 13. DSC heating (2nd run) and cooling curves of neat matrix and modified composites (50% filler) of (a) PP/RH,
(b) PE/RH, and (c) PE/SD without and with compatibilizer.

To characterize the polyolefine crystallization, the crystallization peaks of the cooling run were
analyzed, confer Table 2. T, of neat matrices and the composites was obtained from the
maximum of the exothermic crystallization peak. The crystallization is influenced by the fillers:
For PP matrix without filler, the crystallization peak was observed at T, = 113°C, while for the
PP matrix composites, these exothermic peaks shifted to higher temperatures (T, = 120°C).

This shift to earlier crystallization in the cooling run is due to the nucleating ability of the
compatibilizer MAPP, which is enriched in the interphase, and perhaps the cellulosic filler
surface, creating a transcrystalline interphase morphology, which improves the material
properties [24].
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The T, of polyethylene systems (T, = 116°C) does not increase significantly upon addition of
the fillers (T. = 118°C). As the neat PE crystallizes only 10°C below T,, and PE is a fast crystal-
lizing thermoplast (i.e., the width of the crystallization peak is narrow), nucleation influences
T. less than in PP, where the difference T,, — T. = 30°C.

Samples T, °O) T, (°C) T, (°C) (onset)
PP 162.2 112.9 118.3
PP/RH (MA) 162.7 120.5 124.6
PE 131.0 1159 118.1
PE/RH (MA) 130.0 118.5 119.6
PE/SD (MA) 1304 118.2 119.7

Table 2. Thermal properties determined by DSC.

3.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is becoming an increasingly useful tool for material characteri-
zation, particularly in the development of new materials. It is essential to monitor not only the
final properties of the composites but also the basic raw materials through the processing
procedure to the final product. Optimization of the processing temperature and time with an
understanding of matrix, reinforcing element and interface between matrix and reinforcing
phase, can lead to the best balance of composite properties such as modulus, thermal stability,
and damping behavior [25]. Thermogravimetric analysis (TGA) can determine the moisture
content, thermal cleavage, thermal degradation temperature, and thermal stability of compo-
site materials [26, 27]. The differential thermogravimetric analysis (DTG) i.e. the slope of the
TGA data curve, permits a more detailed analysis of thermal decomposition.

3.8.1. Fillers and Polyolefines

Figure 14 shows the results of the thermal analysis of the used polyolefines and fillers
performed in nitrogen and air atmosphere. The TGA and DTG curves of the fillers in nitrogen
as well as air atmosphere show a slight weight loss between 40 and 100°C, indicating the
vaporization of water. A second weight loss from approximately 150-500°C is due to the
decomposition of the three major constituents of bio-fillers, namely cellulose (275-350°C),
hemicellulose (150-350°C), and lignin (250-500°C) [26, 28-30]. At 700°C, rice husk and saw
dust leave a greater char content, decomposing only by about 65 and 80% in nitrogen cf.
Table 3. The ash in the RH is mainly composed of silica (96%) [26]. In an air atmosphere, rice
husk degradation shifted to lower temperature values and split into two processes (320 and
438°C). The second may be associated with thermal oxidation degradation of char. Therefore,
the residues of RH filler at 700°C in the air atmosphere (20%) were lower than that in nitrogen
atmosphere (36%).
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Figure 14. TGA curves of stock materials: fillers saw dust and rice husk as well as polyolefines PP and PE in nitrogen
and air atmospheres.

Residue in nitrogen atmosphere Residue in air atmosphere
PP 1.8 0.8
PE 1.8 1.0
RH 35.7 19.8
SD 19.6 7.8
Filler content 30% 40% 50% 30% 40% 50%
PP/RH 11.0 12.7 14.1 5.5 6.9 8.0
PE/RH 10.9 12.2 18.8 5.5 6.7 94
PE/SD 4.5 7.4 8.8 1.0 1.0 1.3

Table 3. Residues of polymers and fillers as well as their composites at 700°C in nitrogen and air atmosphere in %.

PE and PP decompose at temperatures above 400°C, cf. Figure 14. In nitrogen atmosphere,
thermal degradation of PP and PE occurs very rapidly at 468 and 488°C, respectively. In air,
the thermal resistance of both polyolefines (PP and PE) starts at 250°C. While PP is fully
degraded at 380°C, PE decomposed more gradually and is fully degraded at 470°C. The
maximum decomposition rates of PP and PE in the air occurred at 371 and 399°C, respectively.
Both PP and PE decomposed almost completely. Residues of both polyolefines at 700°C were
<2% in nitrogen and <1% in air atmosphere.

3.8.2. Composites

Figure 15 shows the TGA and DTG curves of the polyolefines, fillers, and the composites with
filler content ranging from 30 to 50 wt.% in nitrogen and air atmosphere. The TGA or DTG
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analyses performed in nitrogen atmosphere show two regions of thermal decomposition that
consist of the superposition of the profiles of filler and polyolefines. As the filler is less
thermally stable than the matrix polymer, when filler loading is increased, the thermal stability
of the composites slightly decreases, whereas the final ash content increased (Table 3).
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Figure 15. TGA of fillers, plastics, and the composites in nitrogen (left) and air (right) of PP/RH (top), PE/RH (middle),
and PE/SD (bottom) composites, inset in left images: DTG.

In the case of the two studied PE composites decomposed in air, the TGA/DTG curves of the
composites correspond to the superposition of the separate components only up to 400°C,
whereas the charring behavior is different. The final reduction is only reached at 500°C, 60°C
above the temperature where both PE and filler are completely degraded thermal oxidate-
tively . That may be due to a thermally stable material (char), formed during the oxidation or
thermal degradation of hemicellulose, cellulose, and lignin, providing a thermal shielding and
acting as diffusion barrier on the polyethylene decomposition process. Moreover, the second
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peak of decomposition of olefinic products or their oxidation degradation products containing
functional groups such as C=O, O-H, and C-O-C which formed in the first stage of polyethy-
lene degradation appears at 438°C. This second main peak of PE degradation is in superposi-
tion with the second main peak of the bio-fillers due to degradation of char (Figure 15a).
Therefore, the second-stage degradation of both polyethylene and the bio-fillers is competitive
at above 438°C, that can also lead to retard the degradation of the composite. However, there
is a one-step degradation of polypropylene in air atmosphere and PP fully degraded at 380°C.
Therefore, RH char did not affect the degradation of polypropylene.
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Figure 16. Effect of compatibilizers on TGA of 50% filler composites in nitrogen atmosphere.

The RH-filled PE leaves a bigger residue than the SD-filled PE, as expected from the TGA
analysis of the fillers. The residues of rice husk composites (10.9-18.8% in nitrogen and 5.5-
9.4% in air atmosphere) were much higher than those of saw dust composites (4.5-8.8% in
nitrogen and 1.0-1.3% in air atmosphere) due to high ash content of rice husk compared to
saw dust. The residue is in all cases 0-10% smaller than the value calculated from the residues
of the separate components, and only in the saw dust composites in air, it is a third of the
expected value. The filler/matrix interaction leads to a more profound decomposition maybe
due to a wick effect.

Figure 16 shows the TGA curves of the composites at 50 wt.% filler without and with compa-
tibilizers (2 wt.% for PP matrix composites and 4 wt.% for PE matrix composites). The thermal
stability and degradation temperature of the composites with compatibilizers [PP/RH (MA),
PE/RH (MA), and PE/SD (MA)] were slightly higher than those of the composites without
compatibilizers (PP/RH, PE/RH, and PE/SD). The improved thermal stability of the composites
with compatibilizers is due to enhanced interfacial interaction and additional intermolecular
bonding (ester and hydrogen bonds) between hydroxyl groups of rice husk, saw dust and the
anhydride functional groups of compatibilizers.
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4. Conclusions

The performance of rice husk and saw dust fillers, used as low ecological footprint reinforce-
ment of PE and PP, was investigated. SEM micrographs show the different morphology of rice
husk platelets and fibrous saw dust fillers. Rice husk has the higher stiffness and the higher
density of the two fillers considered. In a PE or PP matrix, the fillers increase the bending
moduli. In composites without compatibilizer, an increase in filler load leads to decreased
tensile, bending, and impact strengths.

Here, PE matrix composites with saw dust have smaller moduli but higher strengths than those
with rice husk filler. The tensile, bending, and impact strengths of bio-filler/polyolefine
composites increase with increasing compatibilizer content, due to the improvement in
interfacial bonding strength between filler and matrix. The coefficient of thermal expansion of
PP and PE decreased upon adding rice husk and saw dust fillers.

The thermal stability of the fillers or natural fibers in general is not as high as that of high-
performance fibers. This limits the matrices of thermoplastic composites with bio-fillers to
those materials processable below 200°C, such as PP, PE, or polylactic acid (PLA).

Rice husk and saw dust can be used as fillers in manufacturing inexpensive polyolefine
composites for furniture and household articles as well as construction materials, generating
economic development for rural areas and reducing environmental pollution caused by these
bio-wastes if unused.
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