%/lj § I EI' A International Information and

7 Engineering Technology Association

Role of Wood Flour on Physical and Mechanical Properties in Polymer Matrix Composites- A)

A Critical Review

Lalit Ranakoti!, Pawan Kumar Rakesh?, Brijesh Gangil?>

Check for
updates

1 Department of Mechanical Engineering, NIT, Uttarakhand 246174, India
2 Department of Mechanical Engineering, H.N.B. Garhwal University, Srinagar Garhwal 246174, India

Corresponding Author Email: brijesh.gangil@hnghbu.ac.in

https://doi.org/10.18280/rcma.310203

ABSTRACT

Received: 9 July 2020
Accepted: 11 December 2020

Keywords:
polymer composites, wood flour, nanoparticle

Green and sustainable material is the utmost prerequisite for the advancement of a healthy
society and fulfilling the necessary for the improvement in material science. Naturally
obtaining wood flour has the competence to be reinforced as a filler substance in the
polymer composite. The present article deals with the usage of wood flour as a filler in
the polymer composite. The article comprises properties, characteristics, occurrence, the
structure of wood, and the techniques implemented in the manufacturing of wood flour

polymer composites. In addition, critical parameters and causes that can bring changes in
the properties like tensile, flexural, impact and hardness of polymers are also discussed
with the addition of wood flour alone and with nanoparticles. The advantages of using
wood flour as a filler in the thermoset and thermoplastic polymers discussed, and its
hybridization with various natural fibers was also discussed in the present study.

1. INTRODUCTION

Every composite fabricated in the society of research
possess a uniqueness for which it is acclaimed and appreciated
[1]. Synthetic and natural fiber composites can be
manufactured for various purposes in various combination
with or without fillers. These purposes can be strength base,
tribological base, environment base, economic base or any
other purpose that can contribute to the improvement of the
society. The contribution made by any research can be small
or big but opens a variety of options for the upcoming
generation to decide or understand the present situation of the
domain [2]. The composite material was introduced around
4000 BC, long time ago and till now thousands of
papers/articles have been reported and implemented in the real
world of composite material for the confirmation of the
feasibility of the results. In this respect, relative to metals and
ceramics, many have reported that they have produced
polymer composites that perform well in many applications,
but not in all areas. Taking this as a challenge to fill the dearth
remains in the field of composite material, several
improvements have been made in the development of
composite material. These changes may be fiber type (natural
or synthetic), fiber shape, fiber size (short fiber or long fiber),
filler addition or polymer used (natural or synthetic).
Researchers have used various natural fibres/fillers with
different manufacturing technique like hand lay-up,
compression molding, injecting molding, etc. To obtain
optimum wear, low cost, and low density per unit volume with
adequate specific strength [3]. Wood flour (WF) is a novel
filler, naturally available in large amount and widely used for
the development of polymer composite. It is also cheap, easily
available, easy to process and highly compatible with most of
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the polymers. Polymer composite based on wood flour is
generally praised for its low cost, renewability and comparable
strength. It also possesses high thermal stability as compared
to natural fiber composite due to presence of high percentage
of lignin in the wood. The future of wood flour composite
greatly depends on the composites manufactured in the past.
The results presented in the past literature would be very much
helpful in the understanding of the crucial aspect such as filler
loading, fabrication technique, filler percentage, etc., while
manufacturing upcoming wood flour composites. Bring forth
all these aspects the present investigation discusses the
dimensionality of WF in the field of composite structure which
have been manufactured and being manufactured till date with
or without the reinforcement of natural and synthetic fiber.

1.1 Wood flour

Wood is naturally abundant around the globe. It is found
nearly everywhere on Earth, but the percentage varies
concerning the area, as illustrated in Figure 1 [4].
Commonwealth of independent states (CIS) has the largest
share of softwood of 50%. It is because softwoods mainly
contain woods which are found in the evergreen forest, for
example pine, Bruce and balsa. These evergreen forests mostly
found in countries like Estonia, Lithuania, Armenia, Ukraine,
Romania etc. North America is the second-largest countries in
terms of softwood followed by Europe and Asia. Hardwood is
the wood mostly found in the region of temperate and tropical
forests which is generally found in countries of South America
followed by Asia and North America. Most commonly
hardwood found in these regions is Oak, Maple, Birch etc. Its
wideness witnesses its characteristics that have made wood in
several categories in which many are still unknown to mankind
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[5]- Some commonly known types of wood are listed in Table pines, spruce, and larch. On the other hand, Hardwoods are

1 and Table 2, along with their mechanical and physical distinguished by the broadness of their leaves and found where
properties [6]. Majorly, wood can be classified into two groups the climate conditions are more deciduous and also known as
as softwood or hardwood. Softwoods are also known as angiosperm, example includes maple, oak, cherry, teak, etc.
gymnosperm, which is used in the manufacturing of window, Generally, hardwoods are used in the manufacturing of
door, building construction, etc., example includes cedar, fir, massive constructions like the bridge, parts of dams, etc.

Oceania, 08 b

Figure 1. Percentage of wood flour naturally found around the world (a) Softwood (b) Hardwood

Table 1. Properties of softwood

Compress

ion Modulus
Species Modulus of Shear arallel Compression perpendicular to of Specific
P elasticity(psi) strength(psi) ,E) rain the grain(psi) rupture( gravity
o psi)
(psi)
Pine, red 1281 686 2730 259 820 0.42
Fir, grand 1250 739 2939 475 5839 0.35
Spruce,
Engelmann 1029 637 2180 197 705 0.33
Redwood 1177 803 4210 424 500 0.39
Fir, white 1161 756 2902 491 5854 0.37
Douglas fir, 1560 904 3784 700 7665 0.45
coast type
Larch, western 1458 869 3756 676 7652 0.48
Pine, sugar 1032 718 2459 214 893 0.34
Pine, longleaf 1586 1041 4321 804 8538 0.54
Pine, lodgepole 1076 685 2610 252 490 0.39
Cedar;ezasmm 649 1008 3570 700 30 0.46
Fir, balsam 1251 662 2631 187 517 0.32
Pine, ponderosa 997 704 2450 282 130 0.39
Fir, noble 1380 802 3013 478 6169 0.37
Cedar;ggeﬁem 939 M 2774 244 184 0.31
P'”ev'v‘r’]"if;tem 1193 677 2434 192 688 0.35
Pine, shortleaf 1388 905 3527 573 7435 0.47
Spruce, black 1382 739 2836 242 118 0.38
Pine, loblolly 1402 863 3511 661 7300 0.47
Spruce, Sitka 1230 757 2670 279 660 0.38
Fir, Pacific silver 1420 746 3142 414 6410 0.39
Hemlock, 1307 864 3364 457 6637 0.42
western
Hemlock, 1073 848 3080 359 420 0.39
gastern
Waste obtained after the cutting of wood is globally termed filling between the cardboard or making of cardboard when
as wood flour (WF). These wastes WF are generally used in combined with gum-like resin, and if the available is enormous,
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then it is used as roofs and decks where a large number of
woods are cut [7]. These limited applications of WF have led
to piling up of the large amount of WF in the Earth crust, which
is not a severe problem for the environment point of view since
WF is biodegradable natural dust, but much space required for
the disposal of WF [8]. The problem of space cannot be
resolved entirely but can be reduced to some extent. This can
be made possible by using WF in composite material which

can contribute to the mechanical and tribological properties of
the final composite [9]. WF, which is generally found in
pulverized form, has size vary from fine powder to grain of
wheat. Cutting of wood does not produce the uniform size of
WEF. Hence aspect ratio generally deviates from 1-5 (length to
diameter ratio). Metering and facilitation during the
processing of WF hence become simple due to these low
aspect ratios when compared with wood fiber.

Table 2. Properties of hardwood

Compressi
on Modulus
. Modulus of . Compression parallel to Shear of Specific
Species . . perpendicu . . . .
elasticity(psi) lar to the grain (psi) strength(psi) rupture(p gravity
grain (psi) si)

Yellow-poplar 1222 269 2660 792 950 0.4
Ash, white 1436 667 3990 1354 500 0.54
Sweetgum 1201 367 3040 991 110 0.46

Beech,

American 1381 544 3550 1288 570 0.57

Oak, white 1246 671 3560 1249 300 0.6
Cottonwood, 1013 196 2280 682 260 0.37

eastern

Oak, P;’Jthem 1353 614 3440 1214 300 0.56
Sycamore,

American 1065 365 2920 996 470 0.46
Maple, silver 943 369 2490 1053 820 0.44
Tupelo, black 1031 485 3040 1098 40 0.47

Hackberry 954 399 2650 1070 480 0.49

Alder, red 1167 250 2960 770 540 0.38

Basswood, 1038 170 2220 599 960 0.32

American
Birch, paper 1170 273 2360 836 380 0.48

EIm, American 1114 355 2910 1002 190 0.46

Maple, sugar 1546 645 4020 1465 480 0.57
Oak, ﬁ:(‘;them 1141 547 3030 934 920 0.53
1.2 Characteristics of wood flour degraded easily. However, frequent polymerization takes
place, which is tens or hundreds of repeating units.
Wood comprises mainly cellulose, lignin, and

hemicellulose. Ash and extractives are also found in wood but
very meagre quantity. It is approximately 70% cellulose, 20%
lignin, 5% extractives, and 0.25% ash, as shown in Figure 2.
These compositions are not fixed but vary from species to
species [10].

Being the highly abundant, cellulose is considered the most
important and main structural element of wood. Cellulose has

a linear structure that comprises carbon, oxygen, and hydrogen.

These three elements are arranged in units of B-D- glucose to
form long and linear chains. Cellulose has a molecular weight
ranging from 5000-2500000, which depends on the genesis of
the sample. Most of the proportion of cellulose is crystalline,
which is clutch together by the intermolecular hydrogen
bonding. Reactivity of cellulose depends upon the hydroxyl
groups which are present not only between the cellulose and
hydroxyl group and but also between the cellulose and water
groups. Cellulose is polar due to which it is easily attracted to
water and forms hydrogen bonding. The degree of reactivity
with water depends upon the number of free hydroxyl groups
and clearly describes the penetration of water which is not
found in crystalline sites but takes the amorphous sites. This
water penetration causes swelling in wood but can be limited
by chain movement [11]. Structure of hemicellulose is similar
to cellulose but relatively short in chains due to which it gets
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Figure 2. Chemical composition of wood

Fibers of cellulose are held together by lignin. Lignin is
brittle which bound and provides stiffness to fibers. Lignin is
thought to be a wall of inert material which allows the transfer
of stress from the fiber to the matrix. Lignin is generally found
more in softwood than in hardwood. It is about 30-35% in
softwood and 20-25% in hardwood. Lignin composed of



phenolic material which is combined in several ways and
comes up with a three dimensional highly branched structure
thus forming an isotropic substance [12]. Structure of lignin
consists of stable benzene ring having 6 members of carbon
atoms. Moreover, the occurrence of hydroxyl atoms found to
be very low, making it less reactive than cellulose.

Extractives present in woods are organic elements which are
generally extracted from the wood surface using some kind of
solvents. Waxes, tannins, oils, carbohydrates, fats, gums,
resins, and acids are some of the known extractives which are
found in wood. Extractives play their part in the properties like
permeability, durability and hygroscopic. Extractives do not
form a strong bond with the wood surfaces and therefore can
be easily removed. Extractives, found in wood can be
classified into three groups [13]. These are aliphatic
compounds, phenolic and terpenes compounds. Aliphatic
contains waxes, fatty alcohols, esters, and fatty acids. Resin
and turpentine are the compounds that belong to the category
of terpenes while lignans, stilbenes, flavonoids, and tropolones
are the compounds belong to the phenolic compounds. From
the literature survey, it comes to know that many processes
have identified to remove these extractives such as ether
extraction, steam distillation, water extraction and alcohol
extraction. Terpenes and fatty alcohols are extracted by steam
distillation and ether extraction, respectively. Some
extractives are water and alcohol soluble and can be easily
removed though. These are tannins, carbohydrates and
inorganic compounds.

1.3 Structure of wood

Structure of wood can be classified as ring formation, which
takes place year by year. The formation of the ring starts from
the inner core to the outermost layer. As these rings are
exposed to a different environment for a different period,
hence possess different structural, chemical and physical
properties. The formation of several rings and its properties
vary from species to species. Rings of wood are broadly
classified in earlywood and latewood. Earlywood is those
inner parts of the wood which grow during the early stage of
the plant. Outer rings which formed at later period of the
growing season are called latewood [14]. Early woods have
less interaction with the environment and least affected by the
variation of season hence remain soft, weak and light in weight
than latewood. Every cell of wood is unique based on their
structure and alignment elongated, ends with pointed edges
and have oriented with the axis of the stem. Dissimilarity in
the size of the cells can be seen for the earlywood or latewood.
As thin walls with large cavities are found in earlywood while
vice versa for latewood. Wood structure composed of cells that
are concentrically arranged and differ in chemical
characteristics and orientation [15]. Figure 3 shows different
layers of cell wall, which are stick together by a substance
called middle lamella (ML). ML is free of cellulose and has a
property of gluing two phases.

Layers shown in Figure 3 are recognized by the orientation
of cellulosic fiber present in the wall. Layers present in the cell
of wood are called by their name, as shown in Figure 2. These
are P, S1, S2, and S3. P is primary wall and S1, S2, S3 are
called secondary wall 1, 2 and 3 respectively. Arrangement of
fibers in these walls is different to one another for example in
P wall crossing of cellulosic fibers can be seen while in S1,
and S2 fibers arranged in slight slope and roughly aligned for
the direction of fiber respectively [16]. Percentage of cellulose
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in P and S3 found to be less than the other two layers, but the
S3 layer has a large amount of substance which is non-
structural. Substance, which bound the cavity in the cell wall,
is known as lumen. Earlywood and latewood have different
wall thicknesses which depend on the thickness of layer S2.
S2 is the layer where the majority of cellulose is present,
having an average density of about 1.49 g/cm?. Almost 90%
of the volume of wood contains cells of softwood aligned in
the axial direction called tracheids. On the other hand, cells of
hardwood consist of fibers, vessels and parenchyma cells. On
an average length of softwood varies from 1 to 10 mm while,
length of hardwood fibers limit to 1.2 mm [17]. The higher
amount of cellulose provides strength to the wood while lignin
contributes in maintaining the thermal stability, while high
number of aliphatic groups works as a binding agent. These
features of wood enable us to implement the wood as a filler
or fiber in the polymer composites, which can serve a future
composite material with a touch of renewability.

Lumen

S3 layer

cellulose
microfibres

middle lamella

Figure 3. Structure of wood

2. MANUFACTURING OF WOOD FLOUR
COMPOSITE
Primarily, wood flour polymer composites are

manufactured by using techniques such as injection molding,
extrusion, thermoforming or compression molding. While,
Laser sintering and fused layer modeling are some new
manufacturing processes which include additives.

2.1 Injection moulding

Parts having complex geometries and require no finishing
are generally manufactured by Injection molding. In injection
molding process wood flour can be blended with the variety of
polymers like polypropylene, polystyrene, and polyethylene.
In addition to the polymers, fibers like flax, palm waste, and
rice husk can also be added to the blend. In this process wood
flour or fiber is mixed with the polymer is maintained at a
certain temperature. The mixture is then poured in the die and
pressure is applied through the ram so that the material can
take the required shape. Using wood flour in injection molding
leads to high energy savings; this is because of the flow of
wood flour —polymer takes place at relatively low temperature
and pressure. The temperature during processing kept between
180°to 200 “centigrade. Products manufactured by injection
molding possess uniformity in color and dispersion [18].
Special attention is required when the mixture is filled in the



die due to its shear sensitivity. Post cap of guard rail structure
is the most common application. Molecular foams of wood
flour composite are also being targeted to be manufactured by
injection molding.

2.2 Extrusion process

The extrusion process manufactures a large number of wood
flour composites. The purpose of the extruder, which is the
most important part of the extrusion process, is used in the
mixing of wood, polymer, and additives if any. This mixing is
called compounding. This mix is then transferred to the die for
further processing. Four types of extrusion process are known
for the manufacturing of wood flour polymer composite.
These are:

(1) Single screw, (2) co-rotating twin-screw, (3) counter-
rotating twin-screw and (4) Woodtruder.

A single screw is simplest among all. It consists of a barrel
having a 34:1 ratio of length to diameter. The process is carried
out in two steps i.e., melting and metering. There is one vent
section which is used to exhaust volatile matters. The material
used in the single screw is in the form of pellet filled with fiber.
These pellets are dried with the help of drier. Feeding of
material is carried out by gravity. Mechanism of screw shear
and the heating barrel is used for mixing and melting
respectively [19]. Capital investment is low for a single screw
which is one such advantage, but high material cost and lower
output rates make this technique least prefer for the
manufacturer. Moreover, higher risk of the decomposition rate
of fiber and maintaining of adequate temperature are some
issues which make this technique least suitable.

Wood-plastic composites can also be easily manufactured
by coupling parallel co-rotating twin-screw extruder having
L/D ratio of 40:1 with holt melt single screw extruder (L/D:
10:1). Wood flour/fiber with raw polymer or additives can be
easily used without pre-blending. The gravimetric feeder is
used for the feeder mechanism. Additional screw speed is
added to barrel heat and screw mixing for melting and mixing
process. Both atmospheric and vacuum vents are used for the
removal of moisture. The extruder is accompanied with inbuilt
drier and blending. Thus, pre-drying and proper mixing can be
achieved with additional operations [20]. High screw speed,
absent of screw cooling, complex venting mechanism and
need of a peripheral system for feeding are some
disadvantages for co-rotating twin-screw extruder.

Polymer like polyvinyl chloride (PVC) which is highly
heated sensitive, fibers or foam which are processed at low
extrusion temperature, blends of powder also known as non-
compounded material, materials in which feeding is very much
tricky and those which require degassing are generally
processed with counter-rotating twin screw extrusion. Both
conical and parallel screw configuration can be used in
counter-rotating twin-screw extrusion. Fibers are first dried
before mixing them with the polymer and additives usually of
size 250 to 400 pm. Crammer feeder is used for feeding
mechanism. Melting and mixing mechanism is same as in
single screw extruder. Vacuum venting is used for the removal
of moisture. Low shear in mixing, low screw speed, and its
proven technology are some advantages of counter-rotating
twin screw extrusion [21]. On the other hand, the use of drier,
mechanism of size reduction during feeding, the requirement
of the pre-blending system are the additional necessities of the
system.

Woodtruder is another manufacturing technique used for
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making wood-plastic composites. It consists of counter-
rotating twin of L/D ratio of 28:1 with 75 mm single screw
extruder. It also includes a blender control system, sprays
cooling tank, blending unit, travelling cut off saw and a table
for runoff. During the processing, wood flour/fiber with some
initial moisture content is kept in the feeder and is dried with
the help of twin-screw. In the meantime, the plastic is under
preparation to melt. The melting of the polymer ensures no
burning of fiber. The mechanism of melting and mixing is the
same as in the case of a single screw extruder. The mixing of
material then carried out, and moisture is removed by vacuum
venting. Pre material preparation is not required in this system,
and feeding mechanism is carried out by Gravimetric feeder.
Execution of process at the ambient moisture content (5 to
8 %), independent processing of wood fiber and polymer,
efficient mixing of fiber and polymer, adequate cooling rate,
excellent venting mechanism, high flexibility are some
advantages of this system. While disadvantages include higher
initial set up cost, lower product throughput, etc. [22].

3. WOOD FLOUR COMPOSITES

WF is reinforced with varieties of products which are
generally processed at a temperature lower than 200°C for
example amendments in soil, absorbents for explosive, glues
extenders, etc. Initially, WF was used as filler with phenol-
formaldehyde but, later polymer like polyamides, polyesters,
polypropylene, polyethylene, and polystyrene have
experimented with WF for the fabrication of composite [23].
Products of high strength in WF composites are generally not
achieved because of its low thermal stability and its
hydrophilic nature but to enhance the mechanical properties
and adhesiveness of WF based composites, various
Compatibilizers and coupling agents have been used. Maleic
anhydride-modified polypropylene (MAPP) is the most
common compatibilizer that has been used with WF composite
and showed improvement in the strength of WF polymer
composite. Silane, Zirconate, and titanate are some coupling
agents which, when treated to WF improves the adhesive
property, and sometimes water is used in place of coupling
agents to provide compactness to WF. The content of moisture
can define the adhesive property of WF it retains as more
moisture affects the final mechanical property of WF
composite. Moreover, the shape and size of the WF also play
a very critical role in deciding the mechanical property of the
WF composite.

Research and development in the field of WF polymer
composite are now considered at a higher level by various
academicians. An approach of making compatible the WF
with various polymers is now taking place at every level of
composite technology. These approaches are manufacturing
process, polymer matrix, percentage of WF, types of WF,
shape, and size of WF, treatment of WF and so on. Availability
of WF and its low cost also the reason of greater attention
towards WF polymer composites.

3.1 Mechanical properties of wood flour plastics

Composite of wood pulp and light density polyethylene
(LDPE) was manufactured and investigated for mechanical
properties. In  addition, poly (ethyleneco-glycidyl
methacrylate) was used as compatibilizers [24]. Results show
that the addition of compatibilizers achieves higher tensile and
impact strength.



Tensile and flexural strength of various WF polymer
composites treated with coupling agents is shown in Figure 4
and Figure 5, respectively. It can be observed that MAPP and
silane are commonly applied coupling agents and providing a
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Several composites of WF were also manufactured with the
high-density polyethylene (HDPE). Blends of ionomer and
HDPE with wood flour filler was investigated for weathering
and mechanical properties.

It was demonstrated that the addition of pigments and
ultraviolet absorber improves the resistance of composites
against degradation. Similar composition with the WF filler

percentage of 60% was reported for the toughness and strength.

It was stated that immiscibility of ionomer and polymer plays
an important role in load transfer efficiency of the composite.
Residue made up of agro-waste are sometimes beneficial to
use as filler material in place of WF. Composite made up of
wheat straw-HDPE polymer exhibit higher mechanical
properties when compared with WF-HDPE composite. Water
absorption capability of WF-HDPE composite has always
remained an issue which can be sort by the addition of
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compatibilizers. In this regard, WF filled HDPE composite
treated with Maleic Anhydride polypropylene (MAPP), silane
and alkaline resulted in higher flexural, impact and greater
resistance to moisture absorption [40]. One of the most
common and durable polymers that exist in the market is
polypropylene (PP). Several composites have been analyzed
and investigated for WF filled polypropylene composite. For
instance, WF-polypropylene composite at 60% wt. Percentage
of WF exhibit superior impact strength. Results reported in the
study are dependent on the fiber length and the physical
property of the wood.

Enhancement in the creep modulus is observed with the
addition of MAPP. MAPP has come in various form with
different molecular weight, but it is suggested that MAPP
having the higher molecular weight and lower functionality is
a better coupling agent for the composite with higher strength.
Apart from MAPP, m-isopropenyl-o, a-dimethylbenzyl-
isocyanate is one such coupling agent who brings improved
mechanical properties in the WF-PP composite [41]. The
problem of high moisture absorption is always associated with
the WF composite, which generally resulted in poor
mechanical strength. Moisture absorption of WF composites
can be reduced by using coupling agents or by changing the
manufacturing techniques i.e., injection molding with high
screw rotation. Various experiments have been carried out
with WF-polyvinyl chloride (PVC) composites. WF-PVC
composites modified with silane coupling agent exhibit good
tensile and impact strength as compared to untreated
composites. Impact strength of various polymer with WF is
illustrated in Table 3. Effect of various compatibilizer, fire
retardant and lubricant are reported in Table 3. For instance,
cross-linking of PP results in 209.5 J/m of impact strength at
70 wt. % WF while HDPE based WF composite show impact



strength of 80 J/m at 40 wt.% WF. PP based composite gives
much lesser impact strength than HDPE, PVC and polyester at
almost equal content of WF. The reason may be the property
of plastic as it belongs to the thermoset plastic, which is not as
strong as thermoplastic. Meanwhile, the impact strength of
various polymers based WF composite with varying degree of
WF content treated or untreated can be seen in Table 3. Table
3 also conveys that treatment of WF along with chopped
carbon fiber leads to maximum impact strength.

Further, including organo-modified montmorillonite
(OMMT) in the composite leads to enhanced fire retardancy
of the composites. Advancement in the mechanical property of
the composite is accredited to the improvement in the adhesion
between the filler and the matrix [42]. Composite made up of
waste PVC, and WF was investigated for cyclic loading in
extrusion milling cycles. Improvement in the flexural
properties is observed, but no change noticed in other
mechanical properties at 20 cycles. Further, the decline in the
degradation temperature and improvement in the impact
strength is observed at 20 cycles for the composite [43]. WF

in the PVC matrix does not bring any change in the surface
tension and flexibility with the change in the percentage of WF
in the composition; however, the formation of smoke and heat
quantity is significantly affected. Moreover, char formation
increases appreciably in the composite with the addition of WF
in the PVC matrix. It will be worth saying that loading
percentage, particle size, and concentration of filler have their
significance in the deciding mechanical properties of the
composite. WF-polystyrene composite with the filler
percentage of 30% having the mesh size of 60 grafted with
silane and isocyanates coupling agents exhibit superior
mechanical properties as compared to untreated composite.
Sometimes it becomes mandatory to fabricate a lighter weight
composite which solely depends on the density of the final
composite. WF filled Expanded polystyrene grafted with
maleic anhydride can be manufactured with low density and
comparable mechanical strength [44]. Inclusion of fiber in the
WF-polystyrene composite is also a beneficial move for the
composite to fabricate. The incorporation of glass fiber
observes better flexural strength and hardness to the composite.

Table 3. Impact strength of WF-polymer composites [45-55]

S. Matrix Wood flour Impact Comment Application
No. (Wt. %) (Wt. %) strength pp
1 XLPE (68%) 30 2095 J/m Polymer was cross linked with WF via silane Window lining
technology
. . . High strength
Polymer was cross linked with WF via silane .
0, 2
2 HDPE (70%) 30 10.5 KJ/m technology along with 4% fire retardant cardbcr)]z;\;(riisnl;sed i
3 PP (58%) 40 46 J/m PP was treated with 2 wt. % of Maleaic Anhydride Doors and decking
PP was treated with 2 wt. % of Maleaic Anhydride .
0,
4 PP (58%) 40 36 J/m along with treatment of WF by 1% zinc borate Doors and decking
5 HDPE (55%) 35 4.2 KJ/m? 5% mineral particles were added in the composite Boards and lumber
6 PP (44%) 47 557 I/m 3 wt. % malaeic anhydride, 4% fire retardant and 2% Parts for marine
' lubricant were added in the composite engineering
i i 0,
HDPE (40%) 60 80 I/m Sodium ionomer was added @ A_fO/o of the total Boards and lumber
volume of composite
8 PPC (80%) 20 14.2KJ/m? PPC was grafted with maleaic anhydride Frames and trims
0 ) . .
9 Polyester (75%) 10 13 15% gum rosin was usbe(;:in:joine;hanced the interfacial Building materials
0
10 HDPE (40%) 58 59 J/m 2 wt. % MAPE was used and effect of WF geometry 1o tive industries
of mesh size 20 was analyzed
0
11 HDPE (40%) 58 63 J/m 2 wt. % MAPE was used and effect of WF geometry 1o tive industries
of mesh size 60 was analyzed
6.25 KJ/m? (un
notched), . . . .
12 PP (40%) 30 1.5 KJ/m?2 Fire retardant @ 30% was used in the study Furnishing materials
notched
13 PVC (70%) 30 26.5 KJ/m? WF was treated with 2% lignin amine packaging
14 PVC (70%) 30 26 KJ/m? Wood flour was treated with 1% lignin amine packaging
15 HDPE (70%) 30 1.12 KJ/m? Fire retardant was used @ 4%
16 Recycled PP 50 3.45 KJ/m? WF was treated with 9 wt. % of ethylene acetate Equipment’s for
(39%) showcase
Significant improvement of about 39.4% was
0,
17 PP (70%) 2 26.5 J/m observed with the addition of 5% MAPP Doors and panels
AR . o
18 PP (520%) 40 20 I/m Treated with 5% MAPP along with the addition of Doors and panels
3% organ clay
Recycled . - .
23.8% increase was observed in impact strength due Equipment for
19 Pol()ésotgg;e ne 50 5.2 J/m to recycling of Polystyrene showcase
3% MAPP, 2% lubricant was used along with 10
20 PP (22%) 63 3.3 KJ/m? wt. % of chopped carbon fiber leads to reduction in Chairs and tables
19. 51% in impact strength
3% MAPP, 2% lubricant was used along with 10
21 PP (22%) 63 3.8 KJ/m? wt. % of fiber leads to reduction in 7.31% in impact Chairs and tables

strength

87



s Shore (D)

70 %g smm Vickers (VHN) n
2
50 %g w) Rockwell (HRF) -
:
- i : —e=Wood flour (%)
& ~
£ 50 gg - % EUPS
- e . Pt
S E i 1 H
LI N BN «&
s 3
= S
= 30 i i 4 30
O % | &
i ; :
20 §§ éﬁ i 20
4 i 3
o N | ”
N 20 B |
0 & | ] B ?’ :ﬁ 0
w HDPE PP Recycled PP PP Polyester with  Polyester

gum rosin

Figure 6. Hardness of composite with varying percentage of
WF with PP, HDPE and Polyester [56-58]

The hardness of PP, HPPE and Polyester with various
percentage of WF has been shown in Figure 6. Shore hardness,
Rockwell hardness and Vickers hardness are shown in Figure
6. Inclusion of wood flour in the polymer matrix enhances the
hardness due to the increase in the rigidity and surface texture.
Being light in density wood flour settles mostly at the surface
of the composite which brings the changes in the surface
properties of the composite, especially hardness. Shore
hardness of the PP based wood flour composite was found to
be maximum at 40-50% WF content that shows the more
aggregation of the wood flour at the surface than at the core
while it decreases as the wood flour content increases beyond
60 wt. % that must be attributed to the inability of polymer to
saturate wood flour in it thus leads to a decrease in shore
hardness. Figure 6 also shows that Shore hardness of HDPE
based WF composite is almost equivalent to the PP based WF
composite. Increasing WF content in the polyester lead to
increases in the Rockwell hardness number, but the Vickers
hardness number decreases as the WF content increase in the
PP. The hardness of the wood flour-based composite generally
depends on the filler content and size. It has been best hardness
is usually obtained at 35 wt.% of filler content and a further
increase in the filler content in the polymer matrix may lead to
a reduction in the value of hardness. On the whole, it can be
summarized that the maximum impact of WF is observed for
shore hardness among all the hardness because of the amount
of WF and maybe testing parameters, as shown in Figure 6.

3.2 Mechanical
nanocomposite

properties of wood flour polymer

The literature has shown that the WF filled polymer
composite typically exhibits comparatively low mechanical
characteristics. The explanation for this is the weak adhesion
of the WF to the matrix. In addition, earlier studies have shown
that wood as a fibre has a higher tensile and flexural strength
than wooden flour in the polymer matrix. To increase the
mechanical strength of WF polymer composite, the
introduction of nanofillers is very much a beneficial move in
the history of WF-polymer composites. Thoroughly dispersed
nanofillers have higher surface area; thus, act as a medium for
a better stress transfer between the filler and the matrix. To
analyze the inter chemistry of the structure due to the addition
of nano-filler in the WF polymer composite various testing
techniques are available such as X-Ray diffraction (XRD),
scanning electron micrographs (SEM), Transmission electron
microscope (TEM), etc. In this regard, several nanoparticles
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have been implemented for the manufacturing of WF polymer
nanocomposite. Higher mechanical properties, together with
higher thermal stability, can be acquired by introducing
nanoparticles of silica in the WF-LDPE composite [59]. The
problem of dispersion of silica nanoparticles can be eliminated
by the use of dicumyl peroxide (DCP). DCP also enhances the
interaction between WF and matrix in the composite. Most
commonly known nanofiller organic- montmorillonite
(OMMT) enhanced the tensile and impact strength of the WF
polymer composite by the amount of 9.7% and 15.4%
respectively [60]. TEM results suggested that improvement in
the strength may be attributed to the effective dispersion of
OMMT into the matrix. Increasing the OMMT % to 3% leads
to the agglomeration of nanofiller, which in turn reduces the
impact strength. A similar observation can be seen in the case
of the nano-filler of clay. Improper distribution of nano-fillers
into the WF polymer composite results in a reduction in
mechanical strength but the use of coupling agents can
improve the dispersion of nano-filler, thus enhancement of
interfacial adhesion. Better impact strength, tensile strength,
and toughness can also be achieved by the incorporation of
organically modified cloister nano clay to the WEF-PE
composite. Findings reported in the investigation indicated
that cloister shed off easily in the matrix due to opposite
polarities and higher clay density, resulting in increased
interfacial adhesion but not much improvement observed in
the moduli of the composite. In the presence of MAPP nano
clay has other phenomena to discuss. Increasing the
percentage of nano clay to 20% in the WF —PP composite
result in a reduction in impact strength and tensile strength.
Probably the reason for the reduction may be increased
viscosity and restriction in the movement of a chain of the
matrix, but loading nano clay in WF-PP composite beyond
20% enhanced the tensile strength and toughness slightly [61].
Sometimes it is observed that nano clay put detrimental effects
on WF polymer composites in regards to fracture energy and
strain at break. This lowering of property is attributed to the
weakening in interfacial bonding beyond the clay loading of
10%. Moreover, nanoparticles of clay promote the stress
concentration, which further encourages the crack formation
[62].

Nanoparticles have a significant effect on hybrid
composites. It has been found that clay percentage of 1 to 5%
in hemp-PP composite result in improved tensile strength and
elongation at break but compromising the impact strength [63].
Similar observations can be seen in the case of the bagasse-PP
composite as clay improves the tensile modulus and yield of
composite with the increment of 26 % and 15 % respectively.
Use of different types of nanoparticles such as TiO,, SiO,,
Zn0,, clay, etc. together in WF-polymer composite also
produces greater tensile strength and flexural strength as
compared to the WF-polymer composite without nanoparticles
[64]. Tt should be noted that the weight content of
nanoparticles should not exceed beyond 5%. Organically
modified nano clay particles have also been investigated with
WEF-LDPE composites. Increase in Young's modulus was
observed with the enhancement in the WF- matrix adhesion.
Further, including the 5 wt. % MAPP in the WF-HDPE
composite result in improvement in flexural strength of the
composite [65]. Pristine form of nano clay in the WF-PP
composite also increases the flexural and tensile strength
significantly. Carbon nanotubes (CNT) and micro cellulose
are some other nanoparticles which have incorporated in WF-
polymer composites in a substantial number of studies to



achieve higher mechanical strength. CNT in WF-PVC
composites with the addition of 5 wt. % CNT increases
flexural modulus and flexural strength. Single wall carbon
nanotubes (SWCNT) can be applied in WF-LDPE composites
to obtain better mechanical properties [66]. It should be noted
that the percentage of SWCNT is kept below 3 wt. %. In the
case of Nanofibers of carbon (CNF), a composite made of WF-
PP- MAPP does not exhibit any substantial change in strength.
Poor dispersion and low interfacial adhesion of CNF in the
composite is less or more be the reason and may be attributed
to the hydrophobicity of the CNF. Higher-strength can also be
achieved by the incorporation of microcrystal cellulose (MCC)
in the WF-polymer composite [67]. Loading up to 5 wt. %
MCC in the WF-PP composite led to enhancement in tensile,
flexural and impact strength.

4. APPLICATIONS AND FUTURE
POLYMER COMPOSITE

SCOPE OF WF

Wood is now being recognized as a commercial commodity
in different types of applications such as constructions,
furniture, automotive and consumer products etc. In the
current scenario, WF polymer composites are also gaining
popularity in applications like window, decking, door lineal,
railing, fencing, tables, playground types of equipment,
roofing etc. WF polymer composites are also playing a bigger
part in the construction of interior parts of automotive sectors.
However, the applications of wood flour polymer composites
largely depend on the polymer matrix, size of wood flour,
manufacturing method and coupling agent [68]. For instance,
profiles having uniform cross-sections are mostly extruded
such as windows profile, decking and railing while products
with the complex profile are manufactured by injection
molding or compression molding process for example
household products, furniture and products for decoration.
Parts for the automotive industries are being manufactured by
thermoforming. Product manufactured from WF-poly vinyl
chloride composites having mesh size of 140 has shown good
weatherability which can perform in extremely humid
conditions. WF-PLA composites are showing prominence in
the market due to the renewability and good mechanical
properties. Window and door lineal, roofing, picnic tables and
benches, fencing, landscape timbers, patios, gazebos, pergolas,
auto parts, and playground types of equipment are also being
manufactured from wood flour polymer composites. Besides,
structural components are being fabricated with WF-polymer
composites. The expansion of WF in the field of the structure
has been successfully accomplished by the addition of
coupling agent like alkali solution in the WF-polymer
composite [69] which decreased the affinity of WF towards
moisture and improved the mechanical properties for a longer
time.

Expansion of WF polymer composites can be achieved by
continue research and developments that can help in
penetration in the global markets. Injection moulding is the
most preferred techniques for the manufacturing of toys and
packaging. Fixing hooks, fan boxes, gloves boxes and sound
system are some other applications of WF polymer composites
that can be made by injection moulding.

Futuristic growth can be expected in WF polymer
composites in the heavy structural applications. Research is
under process for the enhancement of stiffness, strength and
creep performance of WF polymer composites. WF can be
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cross-linked with PE in the presence of coupling agent like
silane can increase toughness and durability. Structural
properties can also be increased by the use of nanoparticles in
the WF polymer composites. Solid metals are now being
replaced by WF polymer composites that have applications
like gazebos and pergolas [70].

5. CONCLUSION

Wood flour (WF) is an industrial waste forms during the
processing of wood, and it is used as a natural filler for the
manufacturing of filler-polymer composite. The ease of
availability of WF, abundance and its low cost is an important
reason for greater attention of the academicians towards WF
polymer composites. Enhancement in the tensile strength can
be achieved at 40 and 30 wt. % WF for PLA and thermoplastic
starch. Whereas, higher flexural strength can be achieved by
the inclusion of nano clay in WF- PP composite. cross-linking
of polymers dramatically helps in the improvement of impact
strength. Addition of compatibilizers also plays a vital role in
the enhancement of impact strength of the WF composites. An
approach of making compatible the WF with various polymers
is now taking place at every level of composite technology.
These approaches are manufacturing process, polymer matrix,
percentage of WEF, types of WF, shape, and size of WF,
treatment of WF and so on. The percentage of WF in the
composite may be up to 60%. The wood flour polymer
composites are manufactured using techniques such as
injection molding, extrusion, thermoforming or compression
molding, Laser sintering and fused layer molding. To enhance
the mechanical properties and adhesiveness of WF various
Compatibilizers and coupling agents have been used. The
pigments and ultraviolet absorber are also used to enhanced
resistance of composites against degradation. It was reported
that nanoparticles such as TiO,, SiO,, ZnO,, clay, etc. together
in WF-polymer composite exhibited greater tensile strength
and flexural strength as compared to the WF-polymer
composite without nanoparticles.
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