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ABSTRACT

This review deals with recent works on the process and technological
aspects of wood-plastic composites (WPCs) manufacturing. WPCs relate
to any composites that are built from wood and non-wood fibers and

KEWORDS: 4 thermoplastic polymers. Recent progress relevant to wood-plastic
‘aditive manufucturing composites has been reviewed in this article. The process and technological

Fabrication techniques
Mechanical and physical properties
Wood-plastic composites

aspects of WPC, such as raw materials, fabrication, mechanical, physical,
thermal, and morphological properties, were outlined comprehensively.

The manufacturing process of WPCs is an important aspect of WPCs
production. Manufacturing methods like compression molding and
pultrusion have some limitations. Extrusion and injection molding
processes are the most widely used in WPCs due to their effectiveness.
Recent developments dealing with WPCs and the use of different kinds of
nanofillers in WPCs have also been presented and discussed. Nanoclays
are widely used as nanofillers in WPCs because they represent an eco-
friendly, readily available in large quantity, and inexpensive filler. WPCs
can be found in a wide range of applications from construction to the
automotive industry.
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1. Introduction

Wood-plastic composites (WPCs) refer to composites that are composed of wood and non-
wood fibers and thermoset and thermoplastic polymers. Thermosets polymers used in WPCs are
classified as polymers that cannot be melted by heating. Epoxies and phenolic resins are examples
of these polymers. Thermoplastic polymers are plastics that can be repeatedly melted, which allow
wood fibers to be mixed with the plastic to form WPC products. Common thermoplastics for
WPCs manufacture are polypropylene (PP), polyethylene (PE), and polyvinyl chloride (PVC)
(Panthapulakkal et al. 2006).

WPCs were found in Italy in the 1970s and popularized in North America in the early 1990s.
WPCs spread to India, Singapore, Malaysia, Japan, and China in the early 21st century (Ashori
2008). The best properties of WPCs can be obtained by combining the neat components and
thereby exhibit outstanding performance. An example is wood flour, which is a readily available
and inexpensive WPCs material that can lower resin costs, improve stiffness, and environmentally
friendly. High dimensional stability, low water uptake, and high durability against fungi and
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insects compared with wood during their lifetime are the main advantages of WPCs (Arao et al.
2014). Therefore, WPCs are widely used in exterior applications, such as decking for terraces and
balconies.

The WPCs manufacturing process usually consists of two steps, i.e., the compounding and
the forming. Briefly, the compounding process of wood and other additives is performed to
produce a homogeneous composite material by incorporating into a molten thermoplastic. The
composite material is then formed into a product, and profile extrusion, injection molding, and
compression molding are used as the common forming process (Clemons 2002).

Owing to their favorable properties like low density, low cost, renewability, recyclability,
and desirable mechanical properties, WPCs are gaining interest in both academic and industrial
sectors (Ashori 2008). The better dimensional stability and favorable mechanical properties made
WPCs one of the preferred building materials (El-Haggar and Kamel 2011). Nevertheless, wood
flour and thermoplastics have different natures, therefore imposing severe incompatibility during
the manufacturing process, and eventually leads to lower interfacial adhesion between
thermoplastics and wood flour (Lei et al. 2015).

Fillers can be used in order to enhance the physical and mechanical properties of WPC. The
wood flour can be modified by acetylation, grafting silane, heating, and sodium hydroxide
treatment to improve the physical and mechanical properties. In addition, the incorporation of
nanoparticles such as nanoclay and carbon nanotubes (CNTs) during WPCs manufacturing is
known for improving the overall properties of WPCs due to their high surface area, low density,
and high Young modulus. Those nanomaterials have shown promising results, such as high tensile
and flexural strength, high modulus, less water absorption and good thermal stability (Faruk and
Matuana 2008).

2. Components of Wood-Plastic Composites
2.1. Wood Fibers

Wood fibers usually contain cellulose, hemicellulose, pectin, lignin, water-soluble
ingredients, and wax (Hong et al. 2020; John and Thomas 2008). The actual composition of these
materials in wood fibers, though, varies from species to species. Here, water-soluble constituents
and wax are considered as extractives since cellulose, hemicellulose, and lignin are considered to
be the basic components with regard to physical properties (John and Thomas 2008). Generally,
more than 50% of wood fibers are cellulose. Wood fibers are considered as hollow cellulose fibrils
that are bonded together by a lignin and hemicellulose complex matrix (Jayaraman 2003). Table
1 presents the chemical compositions of some natural fibers.

The moduli of cellulose-based materials are very different from each other. For instance,
solid wood has Young’s modulus of around 10 GPa. The modulus of a single pulp fiber can be as
high as 40 Gpa after pulping process. Microfibrils can be separated from pulp fibers after
mechanical disintegration and hydrolysis. The modulus of microfibrils is around 70 GPa. Finally,
the modulus of cellulose nanocrystals is obtained by theoretical calculation, and this could be as
high as 250 GPa (Gassan and Bledzki 2000). From the same literature, the moduli values of wood
fibers range from 10 to 90 GPa (Gassan and Bledzki 2000). From these numbers, we can say that
it is reasonable to compound WF with plastics to increase the modulus of resins of interest because
the modulus of wood fibers (40 GPa) is much higher than that of most plastics. The high moduli
of wood fibers make these good candidates as plastic reinforcements.

330



Yadav et al. (2021) Jurnal Sylva Lestari 9(2): 329-356

Table 1. Selected chemical composition of some natural fibers (Kabir et al. 2012)

Fibers Cellulose Lignin Hemicellulose Pectin Wax
(wWt%) (wWt%) (wt%) (wt%) (wWt%)
Cotton 82.7 0.7-1.6 5.7 - 0.6
Flax 71 2.2 18.6-20.6 2.3 1.7
Jute 61-71.5 12-13 13.6-20.6 2.3 1.7
Hemp 70.2-74.4 3.7-5.7 17.9-22.4 0.9 0.8
Ramie 68.6-76.2 0.6-0.7 13.1-16.7 1.9 0.3
Sisal 67-78 811 10-14.2 10 2
Palf 7082 5-12 — — —

Economical production, low specific weight, higher specific strength, and stiffness are
factors that growing interest in wood fibers (Kim et al. 2006). Solid wood also has relatively safer
handling and working conditions than synthetic materials (John and Thomas 2008). In addition,
wood fibers are non-abrasive to molding and mixing equipment, reducing the cost of production.
The most important aspect of wood fibers is environmentally friendly. Wood fibers are a kind of
renewable material with low production energy, and they do not return excess carbon dioxide into
the atmosphere when composted or combusted. The processing of wood fibers is friendly with
better working conditions, and therefore there will be reduced health risks such as respiratory
irritation. Wood fibers possess high electrical resistance, thermal recycling, good acoustic
insulating properties, and worldwide availability (John and Thomas 2008). Data on the annual
production of natural fibers is mentioned in Table 2.

Table 2. Annual production of natural fibers (Antov et al. 2017)

Natural fiber Annual production (metric tones)
Wood (hardwoods and softwoods) 1,750,000,000
Softwood kraft pulp 26,000,000
Sisal 378,000
Kenaf 970,000
Hemp 214,000
Bamboo 30,000,000
Wheat 720,000,000
Jute 2,300,000

Nevertheless, certain drawbacks, such as low thermal stability, the tendency to form
aggregates during processing, seasonal quality variations, and low water resistance, greatly reduce
the potential of wood fibers to be used as reinforcement for WPCs (Kim et al. 2006). The high
water absorption of wood fibers leads to swelling, which leads to low mechanical properties and
decreases the dimensional instability of WPCs. One of the major drawbacks of wood fibers is the
poor compatibility between the fibers and thermoset/thermoplastic polymers, which results in non-
homogeneous dispersion of fibers within the matrix. Most polymers, especially thermoplastics, are
nonpolar (hydrophobic) substances, which are not compatible with polar (hydrophilic), such as
wood fibers and, therefore, can result in poor adhesion between polymer and fiber in WPC (Ashori
2008).
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The processing temperature is another problem that restricts the option for the matrix
material in WPCs. Wood fibers are composed of cellulose, hemicellulose, and lignin, and therefore
their thermal treatment leads to a variety of physical and chemical alterations. Thermal
decomposition of wood fibers leads to low organoleptic properties and deterioration of their
mechanical properties. Thermal degradation also results in the generation of gaseous products
when using temperatures above 200°C, which can create low density, high porosity, and low
mechanical properties (Georgopoulos et al. 2005). Wood fibers used in WPCs have a large variety
of sizes, shapes, and characteristics, which determined the properties of the final product. The
surface chemistry and fiber aspect ratio, in particular, are also important characteristics that
determined the properties of WPCs. Aspect ratio means average length over the diameter of wood
fibers, which change from species to species. For example, hardwood fibers derived from aspen
or birch are more rigid compared to softwood fibers (spruce), which made hardwood not a good
option as a material for WPCs (Ashori 2008).

Other factors such as the size of fibers, chemical compositions, thickness, density, fiber
percentage, morphological structure, and amount and type of bonding agent are also important for
the mechanical properties of WPCs. The pulping process of wood determined the mechanical
properties of wood fibers even within the same species (Ren et al. 2014). There are two main
options of wood materials, i.e., wood flour and wood fibers. Wood flour and wood fibers are the
by-products or waste products of wood material. In fact, wood flour is much more widely available
than wood fibers. Besides, it is reportedly cheaper, free-flowing, and much easier to process than
wood fibers (Sihombing et al. 2012). The wood flour is available in many sizes, from 20 mesh
(coarse) to 400 mesh (extra fine). For WPCs manufacturing, a satisfactory result composition
based on criteria between price, performance, and ease of processing was the wood flour with a
size of 40 mesh (Table 3).

Table 3. Effect of wood flour particle size on the performance of WPCs made of wood and
polypropylene (Sihombing et al. 2012)

Mesh Size Notched Izod Impact Tensile Strength Bending Stiffness
J/M) (MPa) (GPa)
20 (841 microns) 27 233 2.98
40 (400 microns) 21 24.4 3.10
80 (177 microns) 19 24.8 3.12
120 (125 microns) 17 24.2 2.84

2.2. Plastics used to Formulate Wood-Plastic Composites

Because wood flour (WF) will be burnt when the processing temperature is above 200°C,
the use of plastic as the matrix in WPCs is limited. Polyethylene (PE), polyvinyl chloride (PVC),
and polypropylene (PP) are the most common matrix materials in WPCs. This is because the price
of these plastics is lower than that of other engineering plastics, and their processing temperature
is lower than 200°C.

2.2.1. Polyethylene (PE)

PE is a kind of thermoplastic polymer melting at about 80—130°C with density of 0.91-0.96
g/cm’. It is commercially produced from the polymerization of ethylene. PE is classified into low
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density polyethylene (LDPE), medium density polyethylene (MDPE), and high density
polyethylene (HDPE) (Homami et al. 2013).

The photo stabilizer could influence the properties of HDPE/WF composites Taib et al.
(2010). The study revealed that the addition of ultraviolet stabilizer (UVA) could limit and
minimized the adverse effect of natural weathering on HDPE/WF WPCs. In their research, Al
Maadeed et al. (2013) used LDPE, MDPE, and HDPE to examine the influence of chain structure
on the dispersion and adhesion in wood fiber reinforced polymer composites. The long chain
branching (LCB) in LDPE resulted in higher increases both in storage modulus in the melt and
elastic modulus in the solid state. They also found that the crystal domain of HDPE could increase
the tensile strength and less fiber pull out upon the addition of glass fibers.

The influence of moisture on the sorption characteristics of LDPE-based WPCs incorporated
with pineapple-leaf fibers (PALF/LDPE) has been studied by George et al. (1995) by immersion
of PALF/LDPE composite in distilled water at 28, 50, and 70°C. It was found that the
fiber/polymer matrix bonding was getting weaker with increasing moisture content, resulting in
interfacial failure and decreased mechanical properties.

The use of saline as a crosslinker in WF (pine wood flour) and HDPE has been studied by
Bengtsson et al. (2005). A hot water test followed by tensile testing showed that the crosslinked
WPCs were less susceptible to water absorption (WA) than non-crosslinked WPCs. Moreover, the
crosslinked WPCs did not significantly decrease tensile strength compared to the non-crosslinked
WPCs. Scanning electron microscopy (SEM) displayed better compatibility and adhesion between
the HDPE and WF for crosslinked WPCs.

2.2.2. Polyvinyl chloride (PVC)

PVC is another common plastic used in WPCs. Unlike HDPE and PP, the molecular
structure of PVC is such that it is hydrophilic. Therefore, PVC is more compatible with WF. In
addition, PVC contains chlorine which acts as a flame retardant in plastics. Because of this, the
flammability of PVC-based WPCs will be less compared with HDPE or PP-based WPCs.
However, PVC is often referred to as the “Poison plastic”, and this is due to the toxin (dioxins)
that can release when exposed to fire during manufacturing (Yeh 2007). The materials which
contain toxins can be harmful to the market of PVC-based WPCs.

The thermal decomposition, mechanical properties, and fire retardancy of PVC-WF/zinc
borate (ZB) composites were investigated by Fang et al. (2013). The authors stated that WF
exhibited better flame retardancy but had little effect on smoke suppression. The incorporation of
ZB did not significantly increase the flame retardancy of the WF-PVC composite, and some
negative effects on the strength properties of WPCs were observed. In another research, Bishay et
al. (2011) studied PVC-based WPCs’ mechanical and thermal properties loaded with different
concentrations of aluminium powder. It was found that mechanical strength values decrease with
increasing the aluminium powder content. They also observed that the thermal stability of
composite samples increases with increasing aluminium content.

2.2.3. Polypropylene (PP)

PP occupies a prominent role in the WPC market. The advantage of PP is that it possesses
slightly higher stiffness than HDPE (Yeh and Gupta 2008). PP-based WPCs simply offer another
choice for WPCs. Arao et al. (2014) used fire retardants to improve the fire performance of PP/
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WF (pine wood flour) composites. The study revealed that the tensile strength and modulus of the
composites decreased with the loading of retardants. Bhaskar et al. (2012) evaluated the properties
of PP/WF (pine wood flour) wood-plastic composites. They concluded that the incorporation of
maleic anhydride grafted polypropylene (MAPP) coupling agent in composite formulation
improved the interfacial bonding between matrix and wood flour and the stability of WPC. Fabiyi
et al. (2008) investigated the effects of outside and accelerated weathering on the chemical change,
and the visual appearance of WPC formulations based on HDPE and PP were investigated. The
researchers believe that the HDPE-based WPC decreased lightness, carbonyl concentrations, and
wood content loss compared to PP-based WPC.

Effect of bark flour content on mechanical properties of WPC based on PP/WF and bark
flour from Abies wood were studied by Kord (2011). Results indicated that flexural properties and
impact strength of PP/WF composites decreased with increasing bark flour loading (Table 4).
Some other plastics which have processing temperature lower than 200°C, such as acrylonitrile
butadiene styrene (ABS) and polystyrene (PS), have not been widely used in WPCs due to their
limited ductility (impact strength < 35 J/m and elongation at break <2.5%). Fillers that exist in the
polymer act as stress concentrators and can decrease the impact strength of plastics (Yeh 2007).
ABS may have more opportunities in WPCs due to its hydrophilic nature, and its mechanical
properties are much better than those of HDPE, PVC, and PP. The problem here is that cost of
ABS is higher than that of the other plastics (Griswold 2006).

Table 4. Summary of material properties for WPC (assuming a 50 or 60% WF) (Gardner and

Murdock 2002)
Matrix Flexural MOE Flexural MOR Tensile Shear Hardness
(mm psi) (psi) strength (psi)  strength (psi) (Ibs)
PE 0.1-0.26 1500-3700 200-2200 200-800 N/A
PP 0.6-0.8 4,000-5,000 1700-1800 1300-1400 3,000
PVC 0.7-0.8 5,000-6,000 3,000-4,000 1500-1700 2500

2.3. Coupling Agents

The chemical structure of cellulose contains enormous amounts of hydroxyl groups. These
hydrophilic hydroxyl groups absorb water molecules easily and swell the wood fiber (Wang 2007).
As shown, the hydroxyl groups on different wood fibers form hydrogen bonds and, as a result, WF
aggregates easily. Chemical “coupling” or “compatibilizing” agents have been employed to
improve the dispersion, adhesion between wood fibers and thermoplastic matrices in production
and affinity (Kim et al. 2006). Chemical coupling agents are polymers used in small quantities to
treat a surface so that bonding occurs between it and other surfaces, e.g., WF and thermoplastics.
Coupling agents contain polar and non-polar groups that can react or interact with hydroxyl groups
of WF and thermoplastics. They could reduce the surface energy of WF and alter it to non-polar,
more similar to the plastic matrix (Rude 2007). They act as linkages that connect WF and
thermoplastics by forming covalent bonds and secondary bonding (such as hydrogen bonding)
(Rude 2007). Coupling agents promote the adhesion and the dispersion of WF in the thermoplastics
polymer matrix, besides improving mechanical properties (Sihombing et al. 2012). Therefore,
chemical treatments can be considered to modify WF properties (Yang et al. 2014).
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2.3.1. Silanes coupling agents

Silanes are efficient coupling agents that are extensively used in WPCs and adhesive
formulation. Xie et al. (2010) considered Silanes (Trialkoxysilanes) as the most useful and
effective coupling agent because it forms strong covalent bonds with wood-OH groups. The
addition of Trialkoxysilanes to the matrix can improve the interfacial adhesion between WF and
thermoplastics polymer matrix and enhance the resulting WPCs’ exterior mechanical performance
(Xie et al. 2010). The incorporation of Trialkoxysilanes increases the crystallinity of the
composites (Salmah et al. 2007). Metin et al. (2004) used 3- aminopropyltriethoxysilane
(AMPTES), methyltriethoxysilane (MTES), and 3- mercaptopropyltrimethoxysaline (MPTMS) at
four different concentrations (0.5 —2 wt%) in PP based WPCs. Saline treatment showed significant
enhancements in the mechanical properties of the WPCs. SEM studies also exhibited better
dispersion of saline-treated filler particles in the PP matrix.

2.3.2. Maleic anhydride polypropylene (MAPP)

MAPP is one of the coupling agents used in the WPCs because of its availability and ability
to enhance WPCs’ properties (Li et al. 2007). Cellulose-MAPP copolymers provide a covalent
bond across the interface in the WPCs. Ashori and Nourbakhsh (2011) used MAPP as a coupling
agent for the surface modification of poplar WF. It was found that the use of 5 and 7.5 wt% of
MAPP leads to better interaction, decreases in the water absorption, and slow penetration of
moisture in the composites. Asgary et al. (2013) studied the effect of MAPP coupling agent on the
old newsprint/PP nanocomposites. The authors observed that 3 wt% loadings of MAPP in the
composites resulted in much greater mechanical properties than the samples without MAPP. It was
also found that WPCs with 3 wt% MAPP significantly improve flexural strength and modulus
compared to the control. The tensile strength of pure PP was improved when MAPP was added.

Researchers have also investigated the influence of the incorporation of MAPP as a coupling
agent on the properties of jute/PP-based WPCs (Doan et al. 2006). They observed that 2 wt%
MAPP addition to PP matrix could significantly enhance the adhesion strength with jute fibers and
in the mechanical properties of WPCs. Khalid et al. (2006) have investigated the use of MAPP as
a coupling agent for the PP-oil palm empty fruit bunch fiber (OPEFB) based WPCs. The
incorporation of 2 wt% MAPP concentrations gives the best result for the PP-OPEFB based WPCs.
There was a significant increase in tensile and impact strength of PP-OPEFB based WPCs than
the control sample. However, further loading of MAPP from 2 to 7 wt% decreased the tensile and
impact properties of WPCs. Ndiaye and Tidjani (2012) studied the effect of MAPP addition into
oxidized polypropylene (OPP) on the thermal properties of WF/PP-based WPCs. They observed
that 3 wt% MAPP loading in the composites improved the thermal behavior of the composites
than the OPP coupling agent.

In another study, Zhou et al. (2013) used MAPP as a coupling agent to study the effect of
coupling agent on the rheological behavior of bamboo powder-PP foamed composites. The
incorporation of MAPP in WPCs enhanced the rheological behavior of bamboo powder-PP-based
WPCs. Fourier-transform infrared spectroscopy (FTIR) and X-ray spectrometry (XRS) results
revealed that the interfacial compatibility of the MAPP-treated composites was enhanced. X-ray
diffraction analysis (XRD) results showed that the degree of crystallinity increased from 21.05 %
to 26.52% after modification with MAPP.
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2.4. Wood-Plastic Composites Prepared with Nanofillers

Nanoparticles or nanofillers are presently considered materials with great potential as fillers
for the amendment of physical and mechanical properties of WPCs (Njuguna et al. 2008). The
term nanometer is used to define nanometer-scale items (10 m). A nanometer is equivalent to a
billionth of a meter, nearly 80,000 times thinner than a human hair. The nanometer is smaller than
the wavelength range of visible light but larger than many atoms (Kamel 2007). As the nano-scale
fillers are generally free from defects, their application in the field of composites set up new trends
to overwhelm the limitations of the conventional micrometer scale (Azeredo 2009). Nanofillers
offer a larger effective surface area than microfillers. As a result, there is more interphase region
in nanocomposites than in micro composites (Schadler et al. 2007). Nanofillers have high aspect
ratios thus show better reinforcement for WPCs manufacturing (Magaraphan et al. 2001).

2.4.1. Graphene

Graphene is made by single layer of carbon atoms and bonded by SP? orbitals into hexagonal
two-dimensional crystal lattice allotrope of carbon (Sheshmani and Ashori 2013). The fabrication
of WPCs using Graphene nanoplatelets (GNPs) was studied by Sheshmani and Ashori (2013). The
influences of GNPs as a reinforcing agent on the physical, mechanical, and thermal properties of
WPCs were studied. The addition of GNPs moderately increased the impact strength of WPCs.
Tensile and flexural properties of WPCs reached their maximum values when 0.8 wt% GNPs were
added. The incorporation of GNPs also reduced the average WA and thickness swelling by 35%
and 30%, respectively, compared to the WPCs without GNPs. WPCs filled with GNPs degraded
at a higher temperature compared to PP-based WPCs and control samples.

In another study, Chaharmahali et al. (2014) explored the influence of GNPs on the
mechanical and physical properties of PP-based WPCs. The tensile and flexural properties reached
maximum values when 0.1 wt% of GNPs was added, while the notched impact strength was
slightly decreased. Adding GNPs did not change the average WA and thickness swelling (TS)
compared to the control WPCs. Yue et al. (2014) mixed carbon nanotubes (CNTs) and GNPs into
an epoxy matrix at different ratios and studied the effect of CNTs and GNPs ratios on the properties
of the WPCs. The combination of CNTs and GNPs synergistically increased flexural properties
and decreased the electrical percolation threshold for the WPCs.

2.4.2. Carbon nanotubes (CNTs)

CNTs are among the most studied nanomaterials due to their unique functional properties
such as good mechanical strength, high chemical, and water-resistance as well as high thermal and
electrical conductivity (Kordkheili et al. 2012). CNTs have gained huge application in most of the
areas of science and technology and have been widely used as reinforcement in polymer, wood,
and cement-based composites. CNTs have two types, single cylindrical walls carbon nanotubes
(SWCNTs) and multiple walls carbon nanotubes (MWCNTs) (Kordkheili et al. 2013).

Mechanical and physical properties of experimental composites fabricated from LDPE, WF,
and SWCNTs were studied by Kordkheili et al. (2013). It was found that the WA and TS of the
composites reduced with the increased amount of SWCNTs from 1 to 3 wt% and (Maleic
anhydride polyethylene) MAPE (3 wt%) in the composites. The mechanical properties of LDPE-
based WPCs were significantly enhanced with the higher addition of CNTs and MAPE in the
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composites. WPCs containing 2 wt% of SWCNTs and 3 wt% of MAPE showed the highest impact
strength.

In another study, Asgary et al. (2013) investigated the effect of multi-walled carbon
nanotubes (MWCNTs) as a reinforcing agent on the physical and mechanical properties of old
newsprint (ONP)/PP composites. The results of strength measurement indicated that 1zod impact
strength improved significantly when 1.5 wt% MWCNTs was loaded while flexural and tensile
properties reached their maximum when 2.5 wt% MWCNTs was added in the composites. Both
physical and mechanical properties were improved when 3 wt% MAPP coupling agent was
applied. In this work, MWCNTs were compounded with PVC, WF (Populus deltoides WF), and
foaming agent in an internal mixer by Farsheh et al. (2011). The results indicated that because of
MWCNTs, the density of foamed composites was not affected by the chemical foaming agent.
Tensile strength and modulus were increased by up to 20% and 23%, respectively. Also, WA and
thickness swelling were decreased as compared with control samples (without MWCNTs).

Ashori et al. (2012) investigated the effects of MWCNTSs as a reinforcing agent on the
mechanical and physical properties of bagasse/HDPE composites. MAPE was added as a coupling
agent. The authors are of the opinion that tensile and flexural properties were improved when 1.5
wt% MWCNTs were added. The incorporation of MWCNTs reduced the mechanical properties
and WA of the composites. Both physical and mechanical properties were enhanced with the
incorporation of 4 wt% MAPE. Kordkheili et al. (2012) developed cement composites from
MWCNTs and bagasse fibers and evaluated the mechanical and physical properties of
experimental cement panels. The results of measurement showed that panels having 0.5 wt%
MWCNTs exhibited the highest impact strength and flexural modulus. WA and thickness swelling
reduced with the increasing amount of MWCNTs in the composites.

2.4.3. Nanoclay

Nanoclays are layered mineral silicates with nanometer size. Nanoclays are produced by the
disintegration and chemical decomposition of rocks with particle sizes less than 2 microns.
Nanoclays are organized into several classes such as montmorillonite (MMT), bentonite, kaolinite,
hectorite, and halloysite based on their morphology and chemical decomposition (Singh-Beemat
and Iroh 2012). MMT is among the widely used reinforcement for nanoclay-polymer composites
(Yadav et al. 2020).

The substantial increase in the mechanical properties with the addition of less amount of
nanofiller (< 10 wt%) is one of the main advantages of using nanoclay particles in a polymer matrix
(Chavooshi et al. 2014). Lee et al. (2008) mixed nanoclay (Cloisite® 15A) into WF/PP-based
WPCs in the presence of MAPP coupling agent. They found that the incorporation of nanoclay
increased the thermal stability of the WPCs. Tensile strength and modulus indicated maximum
values when 3 wt% nanoclay was loaded in the composites.

The influence of nanoclay (Cloisite® 20A) and MAPP loading on the mechanical properties
and WA of PP/WF (Poplar WF) based WPCs were examined by Ashori and Nourbakhsh (2011).
The maximum tensile and flexural strength (increased by 46% compared to the pure PP) were
achieved in the composites when 3 wt% nanoclay and 7.5 wt% MAPP were added. It was also
found that the incorporation of nanoclay lowered the WA of WPCs. Another study by Chavooshi
et al. (2014) studied the effect of nanoclay (Cloisite® 15A) incorporation, such as 0%, 2%, 4%,
and 6%, on long-term mechanical and physical properties of PP/Medium density fiberboard
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(MDF) dust based WPCs. The results revealed that long-term WA and thickness swelling (TS)
decreased as the nanoclay content increased. Maximum withdrawal strength of fasteners (screws
and nails) was obtained in the samples reinforced with 2 wt% nanoclay.

Kord and Kiakojouri (2011) explored the effect of nanoclay (Cloisite 30B) dispersion on the
mechanical and physical properties of PP/WF (beech tree WF)/glass fiber composites. They
determined that the tensile properties of composites increased with the increase of nanoclay up to
4 wt% and then decreased. However, the water uptake and impact strength of composites reduced
with increasing the nanoclay contents. Long-term WA behavior of PP/WF (beech tree
WF)/nanoclay (30B) hybrid nanocomposites was evaluated by Ghasemi and Kord (2009), In the
presence of MAPP coupling agent. The result showed that the WA reduced by increasing nanoclay
and MAPP (4 wt%) contents. The mechanism of WA of the composites followed under the study
of the kinetics of a Fickian diffusion process. Deka and Maji (2010) blended HDPE, LDPE, PP,
and PVC (in the ratio of 2:2:2:1) with Nals (Phragmites karka) WF and different contents of
nanoclay to determine the effect compatibilizer and nanoclay on the properties of polymer
blend/WF composites. Polyethylene co-glycidyl methacrylate (PE-co-GMA) was used as a
compatibilizer. Composites incorporated with 3 wt% nanoclay and 5 wt% compatibilizers showed
the highest mechanical properties. Hardness, thermal stability, and water uptake improved
significantly with the loading of nanoclay to polymer/WF composites.

Chemical foaming agents, such as Azodicarbonamide (AZD) and nanoclay (Cloisite 15A)
content affected the mechanical-physical and foaming properties of HDPE/wheat straw flour
(WSF) based WPCs (Babaei et al. 2014). Increasing the AZD content from 2 to 4 phr (parts per
hundred) increased the average cell density and size, whereas the foam density exhibited a
reduction to 21.7%, and by adding nanoclay up to 5 phr, the cell size reduced, and density
increased. The WA and TS were getting higher to 19.3% and 26.5%, respectively when the AZD
contents increased from 0 to 4 phr. The mechanical properties of HDPE/WSF composites were
decreased by loading AZD, and it was improved by incorporating 2 phr of nanoclay.

Alamri and Low (2013) exploited the fact that moisture affects the mechanical properties of
nanoclay (30B) filled with recycled cellulose fiber (RCF) reinforced epoxy hybrid WPCs. The
incorporation of 5 wt% nanoclay reduced the WA of RCF/epoxy-based WPCs. Exposure to
moisture for a long time resulted in a significant reduction in flexural strength, flexural modulus,
and fracture toughness due to the decomposition of the fiber-matrix interface. The presence of
nanoclay slightly reduces the effect of moisture on the mechanical properties.

2.4.4. Nanoclay modification

The hydrophilic nature of nanoclays and hydrophobic behavior of thermoset/thermoplastic
polymers are not compatible in their original states. Therefore a modification of either the nanoclay
or polymer is essential for intercalation, exfoliation and dispersion of nanoclay in the polymer
matrix. Surface modification of nanoclay is an option that has widely been used to obtain greater
compatibility of the polymer and nanoclay. The ion exchange method is a way to modify the
surface of nanoclay by exchanging Na* or Ca®* gallery cations in nanoclay with alkylammonium
ions. The organic treatment is usually carried out through ion exchange between inorganic sodium
cations on the clay surface with the desired organic cation that is more reactive such as the primary,
secondary, tertiary, and quaternary octadecylamine cations (Lubis and Park 2020). In the ion
exchange process, the inorganic (sodium) ions are exchanged with more voluminous organic
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onium cations, and it results in widening the gap between the single sheets. The polymeric
movements are enabled through this, and the properties of every single sheet are altered from being
hydrophilic to hydrophobic.

Alkylammonium or alkylphosphonium cations in organic silicates (OLS) help to reduce the
surface energy of the inorganic host and enhance the wettability and exfoliation with the polymer
matrix, which eventually results in larger interlayer spacing. Furthermore, functional groups of
alkylammonium or alkylphosphonium cations can react with the polymer matrix, or in some cases,
initiate the polymerization to enhance the strength of the interface between the inorganic and the
polymer matrix. There are several types of modification that can be done, such as treating the
silicates with transition metal ions or clay surface treatments using quaternary ammonium salts
(Yadav et al. 2020).

Organically modified MMT with dodecylammonium chloride to synthesis
polymer/nanoclay composites has been reported in published work (Lubis and Park 2020). This
modification of the clay surface leads to an increase of around 75%, from 10.33A° to 18.21A°, of
the distance between silicate interlayers. The thermal properties and stability of the
nanocomposites are also improved. The organophilic nature of the nanoclay can be altered into an
organophobic one with the introduction of small molecular weight alkyl chain ions. The octadecyl
ammonium cations are about 2.4 nm in length, fully extended, and replace the exchangeable
cations in the nanoclay galleries. The exchange rate of the cations by organic modifiers is around
95-98%. This resulted in about one organic modifier for every square nanometer, showing that
nanoclay gallery spaces were successfully intercalated with dodecylamine. The addition of
dodecylamine to the silicate layers has been reported to enhance clay swelling in the HDPE matrix.

3. Fabrication Processes of WPCs

The manufacturing of WPCs is followed by extrusion, injection molding, compression
molding, and pultrusion (Gebhardt 2011). Drying of wood fibers or wood flour is an important
prerequisite of WPCs production since the water content of wood will affect the processing and
final product quality of WPCs significantly.

3.1. Extrusion Process

The extrusion process is the main process in the WPC manufacturing system. The objective
of extrusion is to melt the polymer matrix and to mix the polymer, wood flour/wood fibers, and
additives in a process called compounding. The extruder conveys the compounded wood-polymer
mixture through the die. There are four types of extrusion systems mainly used in WPC
manufacturing, namely (1) single screw, (2) co-rotating twin-screw, (3) counter-rotating twin-
screw, and (4) Woodtruder (Gardner et al. 2015). The extrusion process was based on drying of
wood flour (pine WF) to reach a moisture content of 0.03% (Bengtsson and Oksman 2006). As an
example, the dried WF and HDPE granules were fed to the co-rotating twin-screw extruder at a
temperature varying from 165 to 200°C. At the end of the extruder, a rectangular die was used,
and the extrudates were then cooled at ambient temperature. During the extrusion process, silane
was added to improve the product properties.

Manufacturing of WPCs from HDPE, WF (oak), and glass fibers using a twin-screw
extruder was done by Zolfaghari et al. (2013). The result exhibited an outstanding improvement
in all mechanical properties of extruded WPCs. In another study, a twin-screw extruder was used
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to mix HDPE with up to 70 wt% wood flakes (pine) in WPC manufacturing (Balasuriya et al.
2001). The high tensile and flexural strength of twin-screw compounded composites showed that
melt mixing is a better processing method than mechanical blending. The melt mixing enhanced
flake wetting and consequently increased the mechanical properties of the WPCs.

Owing to periodic and desorption of moisture, WPCs can undergo cyclic dimensional
alteration. The resulting loss of mechanical integrity can be improved by adding a coupling agent.
A twin-screw extruder can be used as another solution to produce PP-based WPCs (Yeh and Gupta
2008). The mechanical properties were seen to be similar at a 40 wt% wood content. But using
high screw rotation speeds and long residence time decreased the rates of WA even in the absence
of a coupling agent (Table 5).

Table 5. Rate of water absorption (WA) of and equilibrium moisture content (EMC) of WPCs
(Yeh and Gupta 2008)

PP-g-MA to Co-rotation Pass Rate of WA EMC

wood (Wt%) speed (rpm) (Wt%/day) (wWt%)
0 85 1 0.234 (0.001) 12.81 (0.01)
0 85 2 0.203 (0.002) 12.57 (0.06)
0 150 1 0.141 (0.0005) 11.25 (0.03)
2 85 1 0.099 (0.001) 12.02 (0.03)
2 85 2 0.090 (0.001) 11.87 (0.02)
2 150 1 0.068 (0.001) 10.76 (0.01)
4 85 1 0.081 (0.001) 12.06 (0.03)
4 85 2 0.068 (0.0003) 11.84 (0.0002)
4 150 1 N/A N/A

3.2. Compression Molding Process

The compression molding process is a molding method in which preheated polymer and
cellulosic material are molded into a heated mold cavity. A top plug and pressure are applied to
force the materials to contact all areas of the mold. Throughout the process, the pressure and heat
are maintained until the polymer reached the curing state. Compression molding has been utilized
and investigated for many years in the manufacture of automobile composite parts (Holbery and
Houston 2006). The compounding step can be eliminated, thus mixing and molding can be
performed in one step in the compression molding process (Jayaraman 2003). This will minimize
the length reduction of the fibers and lower the compression time of fibers at elevated
temperatures. Using this method, the cellulosic fibers get distributed evenly between polymer
films, and then the WPCs are created by pressing in a compression molder at sufficient time and
temperature.

The compression molding process has been used to produce WPCs from wetlaid lyocell,
wood flour, and PP (Johnson et al. 2008). Lyocell fiber-PP-based WPCs that manufactured with
compression molding process revealed comparable tensile and flexural properties as melt-
processed (injection-molded) rayon-reinforced PP composites. However, the unsolved and often
studied problem during compression molding is the reorientation of the fibers during processing.
The formation of the surface void is still a major drawback, particularly for the automotive
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industry. Such voids need further treatment to obtain a good appearance after painting (Odenberger
et al. 2004). It i1s essential to understand the mechanism of reorientation since the final fiber
orientation and distribution have a strong influence on the strength properties. A properly designed
mold can ensure greater unidirectional alignment avoiding void formations.

3.3. Injection Molding Process

Production of WPCs parts containing complex geometries and requiring no finishing step
always involves the injection molding process. An example of WPCs injection molded part is a
post cap for guard rail structures. The injection molding process for WPCs has gained limited
focus research compared to the extrusion process, but the topics tend to be identical and focus on
material compositions and properties (Kuo et al. 2009). There have also been reports examining
injection molding to produce WPCs microcellular foams (Gosseling et al. 2006) as well as
injection molding to produce WPCs made of biopolymers (Sykacek et al. 2009).

Karmaker and Youngquist (1996) manufactured composites from PP and jute fibers using
the injection molding technique. Injection molding caused high fiber attrition resulting in an
average fiber length of 390 and 350 um for compositions with and without coupling agent.
Migneault et al. (2009) examined the effects of the processing method on the structure and
properties of WPCs. Composites were manufactured using both extrusion and injection molding
techniques. The injection molding technique resulted in better composite mechanical and physical
properties than the extrusion technique, but higher density was obtained with the extrusion process.
In this study, foamed WPC based on post-consumer HDPE/PP (85:15) blends and yellow birch
wood fibers were injection molded to evaluate the relation between the processing condition and
final morphology. Microscopic analysis indicated that skin thickness and cell size increased
significantly with wood content but were relatively unaffected by mold temperature. In contrast,
actual fiber length was decreased during processing (Gosseling et al. 2006).

A comparison between extrusion and injection molding processes for producing WPC has
been explored by (Migneault et al. 2009). Both processes use screws to convey, pump, and blend
the mixed component. It is also found that melting, shaping, and cooling are the common steps in
both extrusion and injection molding processes. However, the process parameters such as
residence time, temperature, pressure, shear rate, shear stress, and cooling rate are different
between extrusion and injection molding processes. Moreover, the pressure and shearing in
injection molding are higher than en extrusion regardless of the process parameters. WPCs
composed of 50% WF and HDPE have been produced from extrusion and injection molding and
exhibited the same flexural modulus (Stark et al. (2004). However, the density and flexural
strength of injected parts were higher. The study reported that this could be resulted by enhancing
interfacial contact in injection molding between wood and polymer, encapsulating wood particles
within the polymer matrix, and resulting in higher density and greater strength.

Concerning physical properties, Clemons and Iback (2004) conducted a moisture sorption
behavior comparison for WPC, composed of 50% of 40-mesh pine flour and HDPE, and concluded
that water-soaked extruded samples absorbed and swelled more water than injection molded
samples.
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3.4. Pultrusion Process

A WPCs profile is produced by pulling material through a stationary die in the pultrusion
process. The process consists of entrance and final sections, which are tapered to the size of the
final dimension of the profile. Briefly, the raw material enters the constant geometry section, where
the polymer is melted. The blended materials then pass through a cooling section where the
thermoplastic polymer hardens. The main requirement of a pultrusion process is that the blended
material is capable of flowing through the die. Therefore a consistent product is produced after
pultrusion (WRAP 2003).

4. Challenges for Wood-Polymer Composites
4.1. Interphase

The prime disadvantage encountered while the loading of natural fibers or any
lignocellulosic materials into a thermoset/thermoplastic matrix is the weak interfacial bonding
between the components, which results in low physical, mechanical, and thermal properties of
WPCs. Generally, natural fibers have polar hydroxyl groups on its surface, which creates a
difficulty to form a well bonded interphase with a relative nonpolar matrix. There are two major
approaches to improve bonding between natural fibers and matrix (Kordkheili et al. 2012). On the
one hand, the natural fibers can be treated with acetylation, silane treatment, heat treatment, and
treatment with sodium hydroxide to improve the internal bonding. Furthermore, the incorporation
of nanoparticles, such as nanoclay and CNTs, improves the internal bonding as well as overall
properties of WPCs because of their high surface area, high Young modulus, and low density (Lei
et al. 2015).

4.2. Moisture Absorption

Moisture absorption is widely recognized as one of the main reasons for the long-term failure
of wood-polymer composites when exposed to the atmosphere or in contact with an aqueous
media. Natural fibers are made of cellulose, hemicellulose, and lignin, and it has pores on its
surface. WA nature of natural fibers leads to undesirable effects on mechanical properties and
dimensional stability of composites. Therefore, it is necessary to study the moisture uptake nature
of natural fibers in order to estimate not only the durability of the wood-polymer composites
insight the water but also the negative effects that the absorbed moisture may cause. Generally,
moisture enters into the composites by three different mechanisms. Briefly, the first mechanism is
a diffusion of water molecules into the nano and micro-gaps between the polymer chains. The
second mechanism is the capillary transport of water into the gaps, which interfaces between the
fiber and the polymer matrix owing to incomplete wettability and impregnation. The third
mechanism involves the transport of micro-cracks in the matrix, formed either due to fiber swelling
or during the compounding process (Clemons and Iback 2004).

5. Properties of WPCs

WPCs exhibit hybrid properties of plastic and wood. Generally, loading wood to a
thermoplastic matrix improves the thermal and mechanical properties when compared to solid
thermoplastics. In contrast, the addition of thermoplastic to the wood decreases the WA and
swelling as compared to wood and traditional wood composites.
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5.1. Mechanical Properties of WPCs

The hardness of a material can be increased by enhancing its potential to deform plastically
by means of initiating a very large number of microscopic events (Dobreva et al. 2006). The
initiation of a large number of micro cracks by short fibers or inorganic particles, initiation of small
plastic zones induced by stress concentration of particles, and cavitation at the surface of (or inside)
particles are the way to enhance the hardness of materials. Low dispersion and weak adhesion of
particles initiate a number of small and stable voids, thus allowing further deformation of the
polymer matrix between the particles. Coupling agents such as MAPP can be incorporated to
improve the interfacial bonding between cellulosic materials and a thermoset/thermoplastic
polymer matrix (Balasuriya et al. 2001).

Dobreva et al. (2006) studied the mechanical and deformation mechanisms of PP/WF-based
WPCs modified by styrene-butadiene rubber (SBR) in the presence of MAPP as an impact
modifier and compatibilizer. The mechanical properties of WPCs can be improved remarkably
with the addition of 10 wt% wood-loaded composites with 10 wt% MAPP, such as yield stress of
23.5 MPa, impact strength of 14.2 kJ/m?, and young modulus (Ei1) of 1220 MPa. In general, a
higher stiffness of MAPP can improve the modulus of WPCs but cause a dramatic reduction in
elongation at break.

Effects of wood fiber characteristics on mechanical properties of WF (pine WF)/PP
composites were investigated Stark and Rowlands (2003). MAPP was used as a coupling agent.
Wood flour particles (30, 70, 120, and 235 mesh) were compounded at 40 wt% with PP. They
observed that the tensile and flexural properties were increased with increasing aspect ratios.
Notched impact energy increased with increasing particle size, while unnotched impact energy
reduced with increasing particle size. Grafting of m-isopropenyl-a, a-dimethylbenzyl-isocyanate
(m-TMI) onto isotactic PP in a twin-screw extruder can be used as a novel compatibilizer which
consists of (m-TMI-g-PP) with an isocyanate functional group. The influence of filler
concentration on the mechanical properties of WPCs that incorporated with m-TMI-a-PP
compatibilizer was investigated by Karmarkar et al. (2007). The incorporation of compatibilizer
indicated greater reinforcement of composites. Flexural and tensile properties of composites were
increased by 85% and 45%, respectively.

Bouafif et al. (2009) reported that the composites filled with higher wood fiber size produced
higher strength and elasticity but lower energy to break and elongation. Increasing wood fiber load
improved the strength and stiffness of the composites but reduced elongation and energy to break.
In another study, Kuo et al. (2009) was evaluated the effects of material compositions on the
mechanical properties of WPCs manufactured by injection molding. Using a ratio of WF
(Cunninghamia lanceolata)/plastic matrix/MAPP/zinc stearate of 47:47:3:3, the tensile strength
(TS) and modulus of rupture (MOR) of WPCs prepared from LDPE and PP were seen to be larger
than those of LDPE and PP themselves. The MOR, TS, and storage modulus of WPCs prepared
from PP mixed with 47% WF and 3-4% MAPP was larger than those of the other WPCs
manufactured in this work.

The addition of flame retardants (magnesium hydroxide) in WF (poplar)/PP composites
affects the mechanical properties of the composites. Marginal reduction in the mechanical
properties of PP/WF composites was seen with the addition of flame retardants (magnesium
hydroxide) (Sain et al. 2004). Espert et al. (2004) prepared natural fiber/PP composites and water
uptake in them was studied by immersion of the samples in water at three different temperatures,
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23, 50, and 70°C. A decrease in tensile properties of the composites was demonstrated, indicating
a high loss in mechanical properties of the water-saturated samples than the dry samples.

5.2. Physical Properties of WPCs

New applications and end uses of WPCs for flooring, decking, outdoor facilities, window
frames, and various construction materials, and their exposure to atmosphere or contact with
aqueous media have made it essential to investigate the physical properties of these materials.
Physical properties like WA, thickness swelling, biological resistance, flame retardancy, and
density. Physical properties are generally connected to material structure and performances, so the
measurement of physical property changes can be used to evaluate material structural changes.
Physical properties are the most important characteristics of WPCs exposed to the environmental
conditions that determine their end-use application (Markarian 2008).

Kamdem et al. (2004) studied some physical properties of WPCs made of recycled HDPE
with and without CCA (Chromated copper arsenate) treated red pine WF. The authors found that
the biological durability and the photo-protection were improved for samples loading CCA-treated
WEF. In their study, Ghasemi and Kord (2009) investigated the long-term WA of WPCs
manufactured from PP/WF (Beech)/nanoclay (Cloisite® 30B)/MAPP. The long-term WA of the
composites was evaluated by their immersion in water at room temperature for a long period (3000
h). The result showed that WA of composites reduced with increasing nanoclay content and adding
MAPP (Table 6).

Table 6. Maximum water absorption for different formulations (Ghasemi and Kord 2009)

Sample code Maximum water absorption
(PP/WF/MAPP/Nanoclay) (%)
50P/50W 14.28
50P/50W/2M 14.05
50P/50W/4M 13.75
50P/50W/3N 14.16
50P/50W/2M/3N 13.87
50P/50W/4M/3N 13.61
50P/50W/6N 14.02
50P/50W/2M/6N 13.40
50P/50W/4M/6N 13.25

The effects of species, wood type, and fiber size on the WA of WPCs were evaluated by
Bouafif et al. (2009). Researchers found that the WA of WPCs slightly varied among species and
increased with increasing fiber size but to a negligible extent as compared with other wood-based
composites and solid wood. This study dealt with the fabrication of composites from sawdust and
recycled polyethylene terephthalate (PET) at different ratios by a flat-pressed method. The water
absorption and thickness swelling were measured after 24 hours of immersion in water at 25, 50,
and 75°C temperature. It was seen that the water absorption and thickness swelling increased when
PET content reduced in the composites and testing water temperature increased (Rahman et al.
2013).
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Ayrilmis et al. (2011) studied the effect of a thermal-treatment method on the dimensional
stability of flat-pressed WPCs containing wood fiber (eucalyptus). The study that the WA and
thickness swelling of WPCs samples significantly reduced with increasing treatment temperature
and time. Jordens et al. (2010) employed time-domain spectroscopy (THz-TDS) to investigate the
sorption of water into WPCs. The dielectric properties of the samples were determined for
frequencies between 0.2 and 1.0 THz for varying water contents. The result suggests that this
technique is an ideal tool for a non-destructive, contactless determination of the water content.
Stark et al. (2010) used oxygen index and cone calorimeter tests to study the fire performance of
WF (pine)/PE composites and compared the results with unfilled PE and solid wood. Researchers
then studied the effect of five additive-type fire retardants on the fire performance of WPCs.
Ammonium polyphosphate and magnesium hydroxide highly improved the fire performance of
WPCs as compared to bromine-based and zinc borate fire retardants.

The WA and decay resistance of HDPE-based WPCs manufactured from poplar, Douglas-
fir, black locust, white oak, and ponderosa pine were evaluated by Fabiyi et al. (2011). The
dimensional stability of WPCs made from poplar was poor, whereas black locust performed well.
However, Trametes versicolor (white rot) produced significantly higher weight losses on
HDPE/poplar composites, while HDPE/Douglas-fir composites were less susceptible to this
fungus. Alamri and Low (2013) evaluated the effect of WA on the mechanical properties of
nanoclay (Cloisite® 30B) filled recycled cellulose fiber epoxy hybrid nanocomposites. The WA
decreased as increased in the nanoclay content. Fracture toughness and flexural properties
significantly decreased as a result of low WA. Interestingly, the impact toughness and impact
strength were seen to increase after exposure to water.

A fire retardant (ammonium polyphosphate) and a light stabilizer (HALS) were added to
improve the fire retardancy and durability of the composites. The fire retardant worsened the
outdoor durability. However, WPCs with stabilized fire retarded indicated much lower fading than
non-stabilized non-fire retarded composites (Garcia et al. 2009). Stark et al. (2004) have
investigated the weathering characteristics of WF (Pandora pine)/HDPE composites. The samples
were weathered in a xenon-arc weathering apparatus for 1,000, 2,000, and 3,000 h and then
analyzed for color fade and loss of flexural strength. Results indicated that composites with a large
wood component at the surface experienced a higher percentage of total loss in flexural strength
after weathering.

5.3. Morphological Properties of WPCs
5.3.1. Scanning Electron Microscopy (SEM)

SEM is widely used to study morphology, structural and surface properties of fractured
WPCs surfaces. SEM uses secondary electrons generated from either thermal or field emitting
cathode (Segerholm 2007). SEM is an imaging technique for research where high-resolution
images are important to be obtained for the analysis of morphological features. The SEM images
of the fractured surfaces were usually used to analyze the interfacial features and predict the
bonding strength (Ray et al. 2002). SEM images of the exposed surfaces of WPC specimens before
and after broken are important for analysis, and the results are qualitatively correlated to the
damage resulted from weathering process (Stark et al. 2004). Tong et al. (2014) manufactured
WPCs from recycled HDPE and rice husk and studied the morphology of the composites. SEM
micrographs exhibited better interfacial bonding between the fiber and polymer matrix.
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5.3.2. Transmission Electron Microscopy (TEM)

TEM is an important microscopy technique where a beam of electrons is transmitted through
an ultra-thin specimen. An image is produced from the interaction of the electrons transmitted
through the specimen. It is a widely used tool to determine the extent of intercalation or exfoliation
of nanoclay in WPC. Nanoclay reinforced HDPE/WF (maple) composites were prepared by Faruk
and Matuana (2008). They used TEM to study the degree of nanoclay intercalation in HDPE-
based.

5.3.3. Optical microscopy

Traditional optical microscopy was often used to study the influences of environmental
degradation on WPCs. The depth of the surface layer that has different colors from the core
material was considered as the depth of degradation, and was measured from an optical
microscopic image of a cross-section specimen (Lundin et al. 2001). Micro images of the exposed
WPCs samples surfaces were evaluated to qualitatively characterize the degradation by the fungal
attack (Clemons and Iback 2004).

5.4. Thermal Properties of WPCs

Thermal behavior and stability of the WPCs is a very important parameter for the processing
and uses of WPCs. The manufacture of WPCs requires the mixing of WF and
thermoset/thermoplastic polymeric matrix at elevated temperature, so the decomposition of the
cellulosic materials can produce undesirable effects on the properties of WPCs. The most widely
used techniques for thermal analysis are Thermogravimetric analysis (TGA) and Differential
Scanning Calorimetry (DSC). Ndiaye and Tidjani (2012) have studied the effect of coupling agent
(MAPP) on the thermal behavior of WF (pine)/PP composites. The thermal degradation behavior
of the composites (7, Tp, and T.) was characterized by DSC. The result indicated that the
degradation temperature of the composites shifted to slightly higher values after the addition of a
coupling agent in the composites.

The effect of hexagonal boron nitride (h-BN) on thermal properties of injection molded
WPCs prepared from WF (poplar) and HDPE with 3 wt% coupling agent (MAPE) was evaluated
by Ayrilmis et al. (2014). The DSC analysis showed that the crystallinity, melting enthalpy, and
crystallization enthalpy of WPCs increased with increasing h-BN content. Farhadinejad et al.
(2012) introduced nano wollastonite in WF/PP-based WPCs to investigate the effect of nano
wollastonite on the thermal properties of WPCs. Thermal properties of the WPCs were
characterized by different techniques such as TGA, DSC, limited oxygen index, and oxidative
induction time. They observed that the introduction of nano wollastonite increased thermal
stability as well as crystallinity in the composites because of the high specific area of nano
wollastonite.

In another work, 30% particles of iron wood (Xylia xylocarpa) were mixed with recycled
polypropylene foam (RPPF) with two different additives glycerol as a plasticizer, and MAPP as a
compatibilizer. The thermal behavior of composites was characterized by TGA. The result showed
that composites containing plasticizer and compatibilizer had been shown a great influence on the
thermal behavior of composites as compared to a composite without these additives (Tajan et al.
2008). Ratanawilai et al. (2012) determined the thermal properties of oil palm wood sawdust
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(OWS) reinforced post-consumer polyethylene composites using the TGA technique. It was found
that the thermal stability of the composites slightly decreased with higher OWS content (Table 6).
Gwon et al. (2010) prepared WPCs from PP, chemically treated WF and talc to investigate the
thermal behavior of WPCs using the DSC technique. It was found that melting enthalpy was
decreased by the addition of fillers because of the decreased amount of the crystallizable resin and
the interference of the fillers for the crystallization process. Li et al. (2014) used bamboo charcoal
(BC) to enhance the thermal property of LDPE/WF WPCs. Researchers used the TGA technique
to analyze the thermal behavior of composites. They concluded that the addition of BC improved
30% and 50% wt loss temperature.

Table 6. Weight percentage of OWS/PCR-HDPE composites at different temperatures
(Ratanawilai et al. 2012)

Temperature Weight (%)
(°C) OWS (30%) OWS (40%) OWS (50%)
100 98.8 98.4 97.7
200 98.4 97.8 96.9
300 93.4 91.5 89.2
400 80.9 74.0 67.7
500 38.8 36.2 34,5
600 9.6 11.8 14.4

6. Conclusions

The selection of polymer matrix is the most important factor in the development of WPCs.
The selected polymer matrix should be available at low cost, good in performance, and non-
hazardous to the environment. PP is widely used in WPC because of its better properties and
availability. PP has a slightly higher stiffness than HDPE. The higher strength and stiffness of
wood fibers/flour make them good candidates as plastic reinforcements. However, the thermal
instability nature of WF places an upper limit on the processing temperature. Other intrinsic
properties such as quality variation and low resistance to moisture also limit the applications of
WF. The most important problem is the low compatibility between the hydrophilic WF and
thermoset/thermoplastic polymeric matrices, which results in non-uniform dispersion of fibers
within the matrix and poor mechanical properties. As a way to improve compatibility between WF
and thermoset/thermoplastic polymeric matrices, coupling agents, such as MAPP and silane, have
been employed. Coupling agents are polymers that are used in small quantities to treat a surface
so that bonding occurs between it and other surfaces. MAPP coupling agent is popular in research
and industry because of its effectiveness and availability. Nanoparticles or nanofillers are presently
considered as great potential filler materials for the amendment of mechanical and physical
properties of wood-plastic composites. Nano-scale filler offers a larger effective surface area than
micro-scale filler. As a result, there is more interphase region in nanocomposites than in micro
composites. Among all nanofillers, nanoclays are widely used as nanofiller in WPCs because it is
eco-friendly, readily available in large quantity and inexpensive. Manufacturing methods like
compression molding, pultrusion have some limitations. Extrusion and injection molding are the
most widely used manufacturing processes in WPC due to their effectiveness.
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