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Abstract

Graphene nanoplatelets (GNPs) were used to reinforce wood polymer compos-
ites (WPCs) in order to achieve multifunctionality. Multifunctionality could be
achieved through the GNPs because of their excellent mechanical and electrical
properties. The research consists of two parts: HDPE/GNP/WF composites
and LLDPE/GNP composites. The HDPE part is a continuation of previ-
ous work. Here further mechanical characterisation was done (impact testing),
impurities in the composites were identified, the manufacturing process that
results in damaged wood particles was investigated and the Young’s modulus
of the composites were modeled. The impact strength was improved due to the
addition of GNPs. WF composites exhibited more brittle behaviour and there-
fore a lower impact strength. The impurities were identified as some form of
nanoclay introduced during the extrusion process. The particles were damaged
during the extrusion processes. Little can be done about this as different shear
configurations and/or screw speeds will result in a poor GNP dispersion and
distribution. Modeling of the Young’s modulus was the most accurate through
applying the laminate analogy and rule of thumbs. The rule of mixtures does
not represent the composites which have a preferred orientation. During the
previous work done, it was found that the HDPE composite were not elec-
trically conductive and therefore not multifunctional. The work was therefore
continued with LLDPE and GNPs. LLDPE has more branches and is less dense,
resulting in potential opportunities for the GNPs to form a network through the
polymer. This could lead to a better conductivity. Mechanical and electrical
characterisation was done of the LLDPE/GNP composites. Here multifunc-
tionality could also not be achieved as the composites were highly electrically
resistant. Mechanical testing indicated that the GNPs significantly enhance the
LLDPE matrix. Here an increase of up to 170% could be seen in tensile modulus
and an increase of 46% in tensile strength. Furthermore the GNPs improved
the flexural properties and increase the resistance to viscoplastic deformation
during residual strain testing. Overall the GNPs improve the mechanical prop-
erties significantly, but at 10 wt.% GNP contents, multifunctionality could still
not be achieved.
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Acronyms

CLT classical laminate theory.
CNTs carbon nanotubes.
CVD chemical vapour deposition.

EG exfoliated graphene.
EGNP exfoliated graphene nanoplatelet.

GNP graphene nanoplatelet.
GO graphene oxide.

HDPE high density polyethylene.

LA laminate analogy.
LDPE low density polyethylene.
LLDPE linear low density polyethylene.

MAPE maleic anhydride grafted polyethylene.
MAPP maleic anhydride grafted polypropylene.

PE polyethylene.
PP polypropylene.

RoM rule of mixtures.
RoT rule of thumbs.

SEM scanning electron microscopy.
SWPC smart wood polymer composite.

TR thermally reduced.

UG unmodified graphene.
UHMWPE ultra high molecular weight polyethylene.

WF wood flour.
WPC wood polymer composite.

6



1 Introduction

Increasing environmental awareness has led to the need to develop more sus-
tainable solutions. This coupled with increasing pressure on the Nordic forestry
industry to increase the added value of sidestream products has led to the ini-
tiation of the Smart Wood Polymer Composites (SWPC) project. The SWPC
project has been developed to use bio-based materials in advanced applications.
Wood polymer composites (WPC) are composites made of a polymer matrix
which are reinforced with wood. The matrix can be made from thermoset
polymers but thermoplastics are generally preferred for their ability to be re-
cycled. The wood reinforcements can be in the form of continuous fibers, chips
or flour [1]. Although WPCs have been in use for several years, real wood is
still the preferred construction material in many Scandinavian countries. For
this reason, it is important to create a more attractive, sustainable solution.
Graphene nanoplatelets (GNPs) can provide this through their exceptional me-
chanical, thermal and electrical properties, providing opportunities to create
a multifunctional composite. A composite can be defined as multifunctional
if different properties can be achieved as to apply the material to serve more
than one function [2]. Some of these properties can be seen in figure 1.1. De-
spite the exceptional properties GNPs provide, there are still some problems
with proper dispersion and sufficient interfacial bonding to utilize the benefits
GNPs can provide. Applications for SWPCs include mechanically reinforced
construction materials with good wear resistance, the thermal management of
buildings through the materials, heatable decking board (in icy or snowy envi-
ronments), electromagnetic shielding of electronics, etc. This project considers
the manufacturing methods used to produce composites for large scale produc-
tion. Most published work done considers composites produced at lab scale
which have greatly enhanced properties, but are not reproduceable for larger
scale applications.

Multifunctionality

Sensoring

function

Electrical

conductivity

Tribological

properties

Corrosion

resistance

Thermal

properties

Actuator

ability

Mechanical

properties

Figure 1.1: Material properties that could lead to multifunctionality when com-
bined. Reformatted from Friedrich [2]
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This project is the continuation of previous work where a high density polyethy-
lene (HDPE) matrix, reinforced with wood flour (WF) and GNPs was character-
ized [3]. The mechanical, tribological and moisture characterisation was done.
During this characterisation, it was realized that there are impurities in the
samples, that the wood particles are damaged during manufacturing and that
multifunctionality could not be achieved. One hypothesis for this is that the
dense structure of polymer chains in HDPE prevents a sufficient GNP network
from forming which leads to undesired electrical and thermal properties and
therefore limiting the multifunctionality of the composites. The first part of
this project is to investigate the impurities found in the samples, to determine
in which stage of the manufacturing process the wood particles are damaged
and to further investigate the mechanical properties of the HDPE-WPC, specif-
ically the impact properties. Modeling was also done of the Young’s modulus
as to further characterize the composites without testing. The second part
of this project will be to investigate the mechanical properties of a linear low
density polyethylene (LLDPE) composite reinforced with GNPs. Because of
the branched structure of LLDPE, it is believed that a GNP network can form
throughout the polymer, leading to better electrical and thermal properties. The
branched structure would prevent the formation of large crystals (spherulites)
which is another reason the 3D GNP network cannot form. The scope of this
part is to focus only on the addition of GNPs (no WF) as it is important to
see whether multifunctionality can be achieved. Once electrical conductivity,
as well as the enhancement of mechanical properties is witnessed, can the focus
be on the addition of WF. The main research question of this project is stated
below with focus on the goals stated after that:

1. Can multifunctionality be achieved in WPCs through the addition of GNPs?

1. HDPE/WF/GNPs:

(a) Identify the impurities in the HDPE WPC samples. Through iden-
tification, the sample manufacturers can make adjustments to have
purer samples.

(b) Identify the step in manufacturing which causes the collapse of wood
particles. By identifying the step causing the problem, the manufac-
turers can adjust their processes.

(c) Investigate impact properties. This, along with the characterisation
done in previous work, can be used as prediction and comparison of
the LLDPE composite.

(d) Model the Young’s modulus of the composites. Through modeling,
future testing can be reduced.

2. LLDPE/GNPs:

(a) Mechanical characterisation of composite. Tensile, flexural and loading-
unloading tests.
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(b) Electrical characterisation. Determine if the composites are conduc-
tive.

(c) Fracture surface analysis. By doing analysis of the fracture surfaces,
insight can be gained on the morphology of the composites. Further-
more information regarding the manufacturing, impurities, etc. can
be gained by doing visual characterisation.

The work presented in this report is limited in terms of manufacturing. The
composites are manufactured externally, and the scope of this project is to focus
on the characterisation of these composites. With the characterisation, advice
can be given on the production of the composites, should the manufacturing
have large impacts on the results. Furthermore, if the composites result in
enhanced electrical properties, and multifunctionality can be achieved, WF can
be included in future studies to investigate the overall multifunctional WPC.

This report outlines the supporting theory along with existing literature in chap-
ter 2. The experimental procedures that were used are outlined in chapter 3.
Here the materials used are described as well as detailed descriptions of the
characterization techniques. The results and corresponding discussions are pre-
sented in chapter 4. The project is concluded, and further outlook is given in
chapter 5. Supporting information can be found in the appendices.
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2 Theory

Composites consist of two materials, working together to enhance the properties
of the individual constituents in the composite. The matrix and reinforcements
used in this project are discussed in detail in this section.

2.1 Matrix

In composite materials, the matrix is commonly a polymer in the form of a
thermoplastic or thermoset. Thermosets are more often used in engineering
applications and their viscosity provides them with several advantages during
composite manufacturing. Thermosets are, however, not recyclable and can
release toxic gasses during manufacturing. Some common thermosets include
epoxy, polyester, melamine formaldehyde, etc. Thermoplastics, on the other
hand, are recyclable. Thermoplastics are more commonly used as commodity
plastics although there are some engineering applications for high performance
thermoplastics such as polyether ether ketone (PEEK) [4][5].

One commonly used group of thermoplastics is the polyolefin group. This group
is most commonly used in the manufacturing of wood polymer composites [1].
Polyolefins are the group of thermoplastic polymers consisting of polypropy-
lene (PP), (CH2-CH(CH3))n and polyethylene (PE), (CH2-CH2)n. These ther-
moplastics are produced through the polymerisation of olefin monomer units:
propylene and ethylene, respectively. These plastics are semi-crystalline com-
modity plastics which are very versatile. They are commonly used for toys,
appliances, packaging, construction, etc. They are categorized as commodity
plastics as they have low mechanical properties and low thermal properties but
they are cheap, they have a low moisture absorption and a good chemical re-
sistance [6][7]. There are several types of PE which are classified according to
their density:

• Low density polyethylene (LDPE) is produced in a way so that the poly-
mer has a structure with long and short branches. These branches prevent
the molecules from packing close together. This results in a very flexible
material with a low density [7].

• Linear low density polyethylene (LLDPE) has a similar structure to LDPE.
The difference between these PEs is that LLDPE has a linear backbone
with short and uniform branches. These two plastics have similar appli-
cations and properties, but the main advantages to LLDPE is that its
production requires less energy and that the properties are easily altered
during production [7].

• High density polyethylene (HDPE) has no branches which allows for the
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dense packing of chains. This results in a dense, highly crystalline polymer
with high strength [7].

• Ultra high molecular weight polyethylene (UHMWPE) can be categorized
as an engineering plastic. It has long chains with high molecular mass.
These long chains can transfer loads more effectively to the polymer back-
bone, resulting in a tough material [7].

PP has the lowest density of the polyolefin group. PP has greater mechanical
and thermal properties than PE but it is more susceptible to chemical attacks
[6].

These polyolefins are most commonly used in WPCs due to their low cost,
recyclability, low processing temperatures and easy of manufacturing [8].

2.2 Reinforcement

2.2.1 Wood Flour

Pine (Pinus Resinosa) and Spruce (Picea Abies) are soft woods. A study by
Bledzki et al. [9] showed that softwood is preferred to hardwood in WPCs. This
is due to the higher lignin content in softwood which acts like a thermoplastic
and enhances the stiffness. Softwood has about 28% lignin while hardwood has
20%. Hardwood, however produces composites with higher strength due to a
higher cellulose content. Wood is very hydrophilic and does not combine well
with hydrophobic matrices such as PE. This and the different polarities of the
materials requires a coupling agent to compatabilize the two constituents. One
such coupling agent is maleic anhydride grafted polyethylene (MAPE). MAPE
accommodates the bond formation between the hydroxyl groups of the WF and
the carbonyl groups of the PE matrix [10].

Although wood (a natural occurring composite with very good specific prop-
erties) can greatly enhance the mechanical properties of a polymer, it also has
some drawbacks. The hydrophilic behavior of wood results in high moisture
absorption which results in the degradation of its properties. The hydroxyl
groups in wood facilitate moisture absorption through hydrogen bonding and
swelling causes cracks in the matrix which ultimately leads to failure. Further-
more, when the WPC is re-dried, the shrinkage of the wood results in spaces
that are susceptible to fungal attacks and the interfacial adhesion is weakened.
WF tends to have large variations in its quality. Wood is highly anisotropic;
trees undergo constantly changing conditions such as moisture, growing space
and soil quality. As a result of this, manufacturers of WPCs have little or no
control on the quality of wood reinforcements [11][12].

11



2.2.2 Graphene Nanoplatelets

Graphene is a one-atom thick, two-dimensional allotrope of carbon. It consists of
sp2 hybridized carbon atoms that are arranged hexagonally. One graphene sheet
is approximately 0.34nm thick [13]. Graphene can be stacked to form graphite
(three-dimensional), rolled to form carbon nanotubes (CNTs) (one-dimensional)
or folded to form fullerene (zero-dimensional) [14] (see figure 2.1). Graphene
nanoplatelets (GNPs) are sheets of graphene stacked together with no more
than 10 layers of graphene. The classification between graphite and graphene is
a grey area. The main difference between graphite and graphene is the amount of
layers stacked on top of each other but the production of single layer graphene
composites is essentially irrealistic and therefore several layers of graphene is
also commonly called graphene [15][13]. Graphene was first produced using the
Scotch tape method in 2004 by Novoselov et al. [16] and it has been trending
in the field of material science since then due to its significant properties. Due
to this large aspect ratio, small percentages of GNPs can result in significant
property enhancements when properly dispersed in the matrix as a large surface
area is available for polymer-GNP interactions. GNPs can act as nucleation sites
for crystallization. This enhances the mechanical properties of the composites
even further. When too many layers are stacked or agglomerations form, the
aspect ratio is reduced and therefore also the enhancement it provides as a filler.
The more layers stacked together, the lower the inter-layer strength is. Large
particles act as inclusions which result in defects in the composite.

Figure 2.1: Forms of carbon nano products. Reformatted from Creative Diag-
nostics [17]

Synthesis of Graphene

There are several methods to synthesize graphene. chemical vapour deposition
(CVD) is a fairly simple method which concerns the thermal decomposition
of hydrocarbon gasses which are then deposited on a substrate. This method,
however, results in the deposit of metal catalysts which requires removal. A
commonly used method for producing graphene is through the reduction and ex-
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foliation of graphite oxide. Graphite oxide contains hydroxyl, carboxyl, epoxide
and carbonyl functional groups which can be chemically or thermally reduced.
Exfoliated graphite results in the large scale production of graphene whereas the
exfoliation of graphite oxide results in graphene oxide (GO). Exfoliation occurs
through the top-down milling where the van der Waals forces between layers
are broken. GO is also known as functionalized graphene which can enhance
interfacial bonding with the matrix, it is however, less thermally stable and has
a lower electrical conductivity, making pure graphene preferable [14].

Graphene Nanocomposites

GNPs have a layered structure which allows polymer chains to penetrate the
layers. When considering the interaction between the GNPs and matrix, the
morphology needs to be considered. There are three states of interaction: con-
ventional, intercalated and exfoliated. Ideally, only the exfoliated morphological
state is preferred as this provides the best matrix-GNP interface. Realistically,
all three states will be present [18]. The states can be seen in figure 2.2.

The final properties of the composites depend on the technique of mixing used
during fabrication which will determine the degree of exfoliation. Methods such
as in-situ polymerisation and solvent mixing have proven to create composites
with uniform distribution and dispersion. These methods, are however, only
suitable for lab-scale applications, they release toxic gasses and they are costly.
For large scale manufacturing, melt compounding is more economic and more
eco-friendly but it does pose some problems when considering a uniform disper-
sion. Furthermore the shearing during extrusion can result in the destruction of
the GNPs and/or polymer chains [19]. A two step melt compounding method
has proven to enhance the effectiveness of dispersion. By mixing a master batch
with a large weight percentage (up to 60%) with the polymer through extrusion
and then creating the samples by completing another process of melt compound-
ing has proven to be effective [20].

+

Polymer GNPs

Conventional Intercalated Exfoliated

Figure 2.2: Morphological states of a polymer and GNPs. Reformatted from
Bensadoun et al. [18]
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2.3 Literature Review

This section considers the work done in this research field by other researchers.
This work is presented as to create an overview of the expected results, problems
that occur with these composites, why these problems occur, and how they can
be avoided.

Literature on mechanical properties

Table 2.1 presents the tensile and flexural results obtained by other researchers.
As can be seen from the table, plenty of tests have been done on WPCs and
polyolefins reinforced with graphene materials. The work done on the combi-
nation of WF, graphene materials and polyolefins, however, is limited. In most
cases, it can be seen that the addition of WF to polyolefins has a positive im-
pact on the mechanical properties of WPCs. The addition of WF makes the
composites more brittle, which results in a high tensile modulus and, often, a
reduction in the tensile strength. This is because the WF restricts the move-
ment of the polymer chains, which prevents plastic deformation. In the study
by Mengeloglu et al. [21], this reduction can be witnessed. Where Mengeloglu
et al. uses HDPE with a MAPP coupling agent, could be a reason for this
reduction as MAPP is not a compatible coupling agent for PE WPCs. This
reduction is, however, also witnessed in their PP study. Most studies show an
increase of up to approximately 100-200% in the tensile modulus, an increase of
approximately 40% in the tensile strength, an increase of approximately 100%
in the bending modulus and a increase of about 60% in the bending strength.
Most of the WPCs in these studies have been produced through extrusion and
WF contents between 40 and 60 wt.% are used.

The addition of GNPs to polyolefins has a positive effect on the mechanical
properties of the composites. In most cases, a increase of about 100% can be
witnessed for the tensile modulus. This increase is mostly at low filler contents
of around 7 wt.%. Many researchers have troubles with the distribution and
dispersion of the graphene as it tends to agglomerate. These agglomerates act
as inclusions which significantly weakens the composite. The dispersion and
distribution is also highly dependent on the preparation method used. Kim et
al. [22], for example, achieved good tensile mechanical properties at a loading of
20 wt.% exfoliated graphene (EG), but prepared the composites using solution
mixing. This is not realistic for large scale production as discussed in section
2.2. Two studies achieved mechanical property enhancements by preparing the
composites using extrusion. In the study by Jiang et al. [15], high flexural
properties are obtained at a GNP loading of 15 wt.%. The enhancements of
these properties are likely as a result of the GNPs which were coated by a
layer of wax. With this the authors believed, they contributed to a better
matrix-reinforcement interface and a better dispersion. They state that the wax
enhances the steric repulsive forces between the GNPs. Preceding this study,
similar work was done on the effects of GNPs on WPCs (see appendix B) [3].
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In this work, it was found that creating a masterbatch (through extrusion) with
very high contents of GNPs can be re-extruded to achieve the required, lower
GNP contents. This additional step of extrusion results in a better distribution
and dispersion of the reinforcements [20]. As can be seen from table 2.1, high
mechanical properties were achieved. In addition to the manufacturing method,
the treatment of the graphene also affects the mechanical performance. In
the study by Zheng et al. [23], exfoliated graphene and unmodified graphene
was compared. Here it can be seen that the exfoliated graphene results in
slightly higher mechanical properties. Although the modification of graphene
can lead to increased mechanical properties, it usually comes at a sacrifice of
other properties such as thermal and electrical conductivity. This is especially
the case for graphene oxide [24]. However, the treatment of graphene is mostly
done to improve dispersion which can eventually lead to a better network of
graphene for sufficient load transfer, electrical and thermal conductivity.

The combination of WF and graphene in composites has been studied by three
researchers as well as the work done by this research group previously. From
table 2.1, it can be seen that the combination of these two reinforcements do
not have a synergistic effect in enhancing the mechanical properties further.
Enhancement is in line with the composites containing just WF or just graphene.
The scatter in the data is quite large and the properties are highly dependent on
the preparation method, testing method and goal of the researchers. Again the
literature shows high moduli and lower strengths due to the brittle behaviour
of the WF and graphene which limits the plastic deformation by reducing chain
mobility. What can be seen from literature is that the improvement in results
due to the addition of these reinforcements is still very high. This means that
the mechanical properties are enhanced and focus can be put on the thermal,
electrical and tribological properties.

In table 2.2 the impact results from researchers can be seen. Here the WF
results in a reduction of the impact strength, GNPs, in most cases, results in
the increase of impact strength. At high GNP loadings (15 wt.%) in the study by
Jiang et al. [15], a reduction can be seen. This is likely due to agglomerates and
poor interfacial adhesion. In the studies of Sheshmani et al. [25] and Beigloo et
al. [26] the addition of WF and GNPs results in an increase in impact strength,
which is most likely due to the addition of GNPs.
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Table 2.1: Tensile and flexural properties from literature

Ref. Matrix Reinf. Cont.1 Reinf. Size CA ET σT EF σF Proc.

[wt.%] %∆ %∆ %∆ %∆

[27] HDPE WF 6 354µm - 45 -14 80 30 -

[21] HDPE WF 50 - MAPP 2 wt.% - -40 300 - Extr.

[3] HDPE WF 40 200-400µm MAPE 1.5 wt.% 113 44 116 91 Extr.

[28] PP WF 40 75-600µm - 100 60 114 56 -

[21] PP WF 50 - MAPP 2 wt.% - -49 131 - Extr.

[29] PP WF 60 - MAPP 5 wt.% 225 39 475 87 Extr.

[30] LDPE GNPs 5 6-8nm - 28 15 - - Extr.

[31] LDPE EGNPs 7.5 6-8nm - 100 15 - - Extr.

[32] LLDPE GNPs 4 1-5nm - - 50 - - Extr.

[22] LLDPE EG 20 10nm - 122 17 - - Sol. Mix

[33] LLDPE TR GO 4 - - 55 - - - Extr.

[34] LLDPE TR GNPs 7 - - 96 25 - - Extr.

[23] HDPE EG, UG 3 - - 17, 10 4, 7 - - -

[34] HDPE TR GNPs 7 - - 44 5 - - Extr.

[15] HDPE GNPs 15 5-10nm - - - 400 36 Extr.

[3] HDPE GNPs 15 20nm - 113 44 116 91 Extr.

[34] PP TR GNPs 7 - - 44 -7 - - Extr.

[35] PP GNPs 9.3 5nm - 51 31 - - Extr.

[36] PP EGNPs 1 - - 75 75 - - Extr.

[37] PP GNPs 3 - - 100 81 - - Extr.

[26] HDPE WF, GNPs 30, 0.5 210µm, 60nm MAPE 3 wt.% - - 9 22 Extr.

[3] HDPE WF, GNPs 40, 15 200-400µm, 20nm MAPE 1.5 wt.% 140 26 243 82 Extr.

[25] PP WF, GNPs 20, 0.8 250µm, 12nm MAPP 3 wt.% 100 -3 80 53 Extr.

[38] PP WF, GNPs 30, 0.1 420µm, 12nm MAPP 3 wt.% 60 40 42 9 Extr.

1Content resulting in highest mechanical properties. Proc.-Processing Method, Extr.-Extrusion, Sol. Mix.- Solvent Mixing

Reinf.-Reinforcement, CA-Coupling Agent, ET -Tensile Modulus, σT -Tensile Strength, EF -Flexural Modulus, σF -Flexural Strength

Table 2.2: Impact Properties from literature

Ref. Matrix Reinf. Cont.1 Reinf. Size CA Impact Strength Method Proc.

[wt.%] %∆

[39] LLDPE WF 30 150µm - 42 Izod Extr.

[21] HDPE WF 50 - MAPP 2 wt.% -22 Izod Extr.

[28] PP WF 40 75-600 MAPE 5 wt.% -50 Izod Extr.

[21] PP WF 50 - MAPP 2 wt.% -2.2 Izod Extr.

[40] LDPE EG 0.2 - - 11.8 Izod Extr.

[41] LLDPE GNPs 20 5-10nm - 62.5 Charpy Extr.

[15] HDPE GNPs 15 5-10nm - -50 Izod Extr.

[26] HDPE WF, GNPs 30, 0.5 210µm, 60nm MAPE 3 wt.% 60 Izod Extr.

[38] PP WF, GNPs 30, 0.75 420 µm, 12nm MAPP 3 wt.% -2.3 Izod Extr.

[25] PP WF, GNPs 20, 0.8 250 µm, 12nm MAPP 3 wt.% 30 Izod Extr.

1Content resulting in highest impact properties
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Literature on electrical properties

In table 2.3, the electrical properties can be seen as found in literature. The
conductive nature of graphene allows for a significant increase in conductivity
of the composites. As can be seen from the literature, trends show that a higher
graphene content does not necessarily mean a higher conductivity [41] [15]. The
standard content seems to be around 10 wt.% with percolation thresholds be-
tween 10 and 15 wt.%. From the literature, it can be said that the preparation
method has no real effect on the conductivity. It is, however, still important
to consider the preparation method in order to achieve sufficient dispersion so
that a network of graphene can be formed through the composite. Furthermore,
wood has a very low conductivity and is therefore not studied in combination
with graphene and polyolefin composites.

Table 2.3: Electrical properties from literature

Ref. Matrix Reinf. Cont.1 Thickness Conductivity Perc. Thres. Proc.

[wt.%] [nm]
[
S
cm

]
[wt.%]

[33] LLDPE TR GO 4 - 10−4 - Extr.

[22] LLDPE EG 10 10 10−3 12 to 15 Sol. Mix.

[41] LLDPE GNPs 20 5-10 10−6 12 to 15 Sol. Mix., Extr.

[32] LLDPE GNPs 10 1-5 10−4 4 Extr.

[23] HDPE EG, UG 10 - 10−4 3, 5 Extr.

[15] HDPE GNPs 15 5-10 10−6 10 to 15 Extr.

[42] PP TRG 10 5 5.3−3 5 Extr.

1Content resulting in highest electrical properties

Literature on the modeling of short fiber composites

The methods for modeling short fiber composites have been used for many
decades. The most commonly used method is the rule of mixtures (RoM). The
RoM, originally developed for aligned, long-fiber composites, has been adapted
to compensate for the fiber orientation and length differences. The rule of mix-
tures simply state that the composite modulus depends on the fiber and matrix
moduli and their respective volume fractions. Madsen et al. [43][44][45] and
Andersons et al. [46] have further adapted the RoM to account for porosity
in natural fiber composites. In the work of Andersons et al. the modeled re-
sults using the RoM are slightly higher than the experimental values but in
acceptable range. Other methods such as the rule of thumbs (RoT) has also
been widely used. This method was developed by Lavengood and Goettler in
1971 [47] and it models the modulus through approximate averaging. Fu et
al. [48] have found that this method is only applicable at fiber lengths larger
than 0.1 mm. Another more commonly used method is the laminate analogy
(LA) which splits the random oriented short fiber composites into layers with
individual orientations. These stacked layers then combine to create a laminate
where the classical laminate theory (CLT) can be used to determine the com-
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posite properties. An illustration of this can be seen in figure 2.3. Work by
Fu et al. [48] shows that this method is largely dependent on the fiber orienta-
tions, lengths and volume fractions. These methods described are the simplest
method available. For more accurate predictions, it is required to consider the
exact orientation and length distributions in the considered composites.

Figure 2.3: Laminate analogy illustration
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3 Experimental

3.1 Materials

3.1.1 HDPE Composites

HDPE (MG9647S), purchased from Borealis AG (1220 Vienna, Austria), with
a density of 0.964g/cm3, was obtained in the form of pellets. The pellets were
fed through an extruder with the filler materials to obtain the required con-
stituent contents. GNPs were provided by NanoXplore (Montreal, Canada) in
two batches, namely the heXo HDPE1-V20/35 (further called the heXo mas-
terbatch) and GrapheneBlack masterbatch. These masterbatches have differ-
ent characteristics as can be seen in table 3.1. The GNPs were delivered in
the form of a masterbatch which is pellets of pre-extruded HDPE and GNPs.
The masterbatches contained 35 wt.% GNPs and 25 wt.% GNPs for the heXo
and GrapheneBlack masterbatches respectively. The market for the compos-
ites tested in this paper are mainly Scandinavian countries and with increasing
pressure on the Nordic forestry industry to increase the added value of forestry
waste products, local, commonly occurring pine and spruce wood flour (WF)
was used (a waste product from sawmills). The WF had 75% of particles in the
size range 200-400µm. Maleic anhydride grafted polyethylene (MAPE), E265
(DuPont), with similar densities to that of HDPE was used. An overview of the
HDPE samples can be seen in table 3.2. Note that the GrapheneBlack master-
batch samples are denoted with an N as prefix to the sample names, whereas the
heXo masterbatch samples have no prefix. The composites were fed through an
twin co-rotating extruder ZSK25 (Krupp Wener & Pfleiderer GmbH, Germany)
with more HDPE and/or WF as to achieve the contents required. The extruder
temperature was between 180-200◦C and the mass flow was 8 kg/h. A screw
speed of 120rpm was used. The extruded material was heated at 220◦C for 30
minutes and then compression molded at 100 bars.The samples were cut from
the compression molded plates.

Table 3.1: GNP masterbatches and properties

heXo HDPE1-V20/35 GrapheneBlackTM Unit
Platelet Thickness 20 5 [nm]
Nr. of Layers 40 6-10 [-]
Flake Size 50 38 [µm]
Bulk Density 0.24 0.18 [g/cm3]
GNP Content 35 25 [wt.%]
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Table 3.2: Sample nomenclature and constituent content

Content (wt.%)

Sample HDPE WF MAPE heXo GNPs GrapheneBlack GNPs

HDPE 100 - - - -
HDPE2 98 - - 2 -
NHDPE2 98 - - - 2
HDPE6 94 - - 6 -
NHDPE15 85 - - - 15
25WPC 74 25 1 - -
40WPC 58.5 40 1.5 - -
25WPC10 63.9 25 1.5 9.6 -
40WPC7.5 50.9 40 1.5 7.6 -
N40WPC7.5 50.9 40 1.5 - 7.6
40WPC15 43.5 40 1.5 15 -

3.1.2 LLDPE Composites

NOVAPOL R© GI-2024-A LLDPE pellets were purchased from NOVA Chem-
icals (Calgary, Canada). This grade of PE has a density of 0.924 g/cm3.
GrapheneBlackTM (see table 3.1) with 30 wt.% GNPs in the masterbatch was
used from NanoXplore (Montreal, Canada). Maleic anhydride grafted polyethy-
lene (MAPE), E265 (DuPont), with similar densities to that of LLDPE was
used to investigate whether it can create a better coupling with the GNPs and
HDPE matrix. An overview of the composites, their constituent contents and
their labeling can be seen in table 3.3. The composites were fed through an
twin co-rotating extruder ZSK25 (Krupp Wener & Pfleiderer GmbH, Germany)
with more LLDPE as to achieve the contents required. The screw configuration
contained four extra kneaders for stronger shearing. The extruder temperature
was between 190-200◦C and the mass flow was 8 kg/h. A screw speed of 200rpm
was used. The extruded material was heated at 220◦C for 30 minutes and then
compression molded at 100 bars. The samples were cut from the compression
molded plates.

20



Table 3.3: Sample nomenclature and constituent content

Content (wt.%)

Sample LLDPE MAPE GNPs

L 100 - -
L4 96 - 4
L6 94 - 6
L8 92 - 8
L10 90 - 10
M4 92 4 4
M6 88 6 6
M8 84 8 8
M10 80 10 10

3.2 Characterisation Techniques

3.2.1 HDPE Composites

Impact Testing
Impact tests were carried out on a mini pendulum impact tester from VEB
Werkstoffprüfmaschinen Leipzig. This pendulum has a weight of 2.035 kg and a
length of 380 mm. Specimen of dimension 127 x 12.7 x 4 mm were notched and
tested after the equipment was calibrated. ASTM D6110 standard test method
for determining the Charpy impact resistance of notched specimens of plastics
were followed. Five specimen of each material were tested. An overview of the
sample and test configuration can be seen in figure 3.1.

SupportSupport

Pendulum

Strike

45

4

127 1
0
.
1
6

1
2
.
7

Figure 3.1: Impact specimen dimensions

The impact energy was calculated using the measured breaking energy (ES),
the total correction energy of the breaking energy (ETC) and the cross sectional
area of the sample (A). This can be seen in equation 3.1.

EI =
ES − ETC

A
(3.1)
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The total correction energy is then calculated (equation 3.2) with the first and
second energy correction for windage of the pendulum (EA and EB respectively),
the maximum angle the pendulum will travel (βMAX) and the actual angle the
pendulum travels (β).

ETC =

(
EA − EB

2

)(
β

βMAX

)
+
EB
2

(3.2)

The first and second energy correction for windage (EA and EB) is recorded by
swinging the pendulum and recording the energy of the swing twice (without
resetting the meter) without the sample. The maximum angle the pendulum
will travel (βMAX) is expressed in equation 3.3.

βMAX = cos−1

(
1 −

[
hM
L

(
1 − EA

EM

)])
(3.3)

Here EM is the full-scale reading for the pendulum (or windage), hM is the
height from which the pendulum swings and L is the length of the pendulum
arm. The actual angle the pendulum travels (β) is given in equation 3.4.

β = cos−1

(
1 −

[
hM
L

(
1 − Es

EM

)])
(3.4)

Elemental Analysis
Elemental analysis was carried out in scanning electron microscope (SEM), the
JEOL JSM-IT300. Low vacuum and low voltages were used as the samples were
not sputtered with a conductive layer.

Optical Microscopy
A Nikon Eclipse MA200 optical light microscope was used to analyse the mate-
rial after the extrusion process and after the pressing process.

3.2.2 Modulus Modeling

For the modeling of the Young’s modulus, the 40WPC composite was consid-
ered. It was decided to consider only one reinforcement in the initial stages of
modeling. The modeling process was started with the simplest method, namely
the rule of mixtures (RoM). This method showed to not accurately represent
the Young’s modulus of the composite (see further on) and therefore it was de-
cided to consider the Rule of Thumbs (RoT) method developed by Lavengood
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and Goettler [47] and the laminate analogy method (LA). For these methods,
several assumptions were made. These were:

1. There are no impurities in the composites.

2. The fibers were cylindrical, with a circular cross-section.

3. The matrix-fiber interface was perfect.

4. Hooke’s law was followed in the stress-strain relationship of the composite.

5. All fibers were in-plane.

6. Fibers were uniformly distributed.

Before the modeling was done, CT scans were taken of a 2 x 2 mm sample by
Prof. Roberts Joffe. Ten scans were taken at 0.2 mm intervals where the fiber
length, radius and orientation were recorded. This was done in the software
called Digimizer. An example of such an image can be seen in figure 3.2.

Figure 3.2: CT scanned image and processed image

The data from these scans can be seen in image 3.3 as well as in Appendix B for
the scanning direction perpendicular to these scans. The two scanning directions
are called “Surface” (through-thickness in compression moulded direction) and
“Edge” (through-width).
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Figure 3.3: Orientation, length and aspect ratio distributions from CT scans in
“Surface” direction
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As can be seen from these distributions, there is a preferred orientation of 20◦C-
30◦C. The fiber lengths correspond to the information provided by the producers
with a majority of the fiber lengths between 300 and 500 µm. The distributions
indicate an aspect ratio of around 4 for the majority of the fibers. This is not
ideal, as a higher aspect ratio is preferred. This does, however indicate that the
wood flour consists of fibers and not just particles.

Rule of Mixtures
The rule of mixtures simply state that the composite modulus depends on the
fiber and matrix moduli and their respective volume fractions. This however
only applies to uni-directional, long fiber composites. In order to apply the
model to short, random-oriented composites, a length efficiency factor (ηl) and
a orientation efficiency factor (ηθ) need to be considered. The modified RoM
formula can be see in equation 3.5. Here the volume fraction of the porosity
(Vp) is also considered.

Ec = (ηlηθEfVf + EmVm) (1 − Vp)
2

(3.5)

Here E represents the modulus and V the volume fraction of the constituents.
The constituents are noted with f and m for fiber and matrix respectively where
as the composite properties are denoted with the letter c.

In the initial stages of modeling, it was decided to neglect the porosity and
assume there is none. This corresponds well with the optical microscope images
taken (see later section 4.1.3) where the lumen of the wood is filled with HDPE.
There is however other sources of porosity such as delaminations and bubbles
due to extrusion, but these are considered insignificant. The value Vp is therefore
considered as 0.

The orientation efficiency factor represents the typical fiber orientation distribu-
tions in composites as developed by Krenchel [49]. For 3D random composites
ηθ = 1

5 . The fiber length efficiency factor can be calculated using equation 3.6.
Here the shear lag parameter (β) as well as the fiber length (taken as lf=450µm
from the CT scans) is included.

ηl = 1 −
tanh

βlf
2

βlf
2

(3.6)

Where the shear lag parameter is given by:

β =
1

rf

√√√√ 2Gm

Ef ln
(
R
rf

) (3.7)
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Here rf is the fiber radius (taken as 50µm from the CT scan distributions), Gm
the matrix shear modulus (see equation 3.9) and R is:

R =

√
r2f
Vf

(3.8)

Gm =
Em

2 (1 + νm)
(3.9)

Here νm is the Poisson’s ratio of the matrix which is assumed to be 0.33.

The volume fractions in equation 3.5 were calculated using the densities (ρ) and
weight fractions (W ):

Vf =
Wfρm

Wfρm +Wmρf
(3.10)

Rule of Thumbs
The so-called “rule of thumbs” method was developed by Lavengood and Goet-
tler in 1971 and it is an approximate averaging technique to calculate the mod-
ulus for a 2D random oriented fiber composite. It states that the composite’s
modulus is a combination of the longitudinal and transverse modulus (EL and
ET respectively):

Ec =
3

8
EL +

5

8
ET (3.11)

Where the longitudinal and transverse moduli can be calculated with the for-
mulas in equations 3.12 and 3.13.

EL = Em + Vf (Ef − Em) (3.12)

ET = Em
2Vf (K − 1) + (K + 2)

Vf (1 −K) + (K + 2)
(3.13)

26



Where

K =
EfT
EmT

(3.14)

Laminate Analogy
A method that is widely used for the modeling of short fiber composites is
the laminate analogy model. The LA model states that the short, random
oriented composite can be represented by splitting the composite into laminae
that, when stacked (to form a laminate), represent the original composite. This
model makes the important assumption that all fibers in the composite are in-
plane. Using the separate layers, the classical laminate theory (CLT) could be
used to determine the composite properties.

The individual layers with orientations were taken from the CT scan orientation
distributions as presented earlier in figure 3.3. The layer thickness represent the
amount of fibers present for each orientation. This resulted in a laminate as
presented in figure 3.4.

Z

Symmetry Plane

-10°, t=0.04mm

-20°, t=0.12mm

-30°, t=0.1mm

-40°, t=0.04mm

-50°, t=0.04mm

-60°, t=0.06mm

-70°, t=0.01mm

-80°, t=0.01mm

90°, t=0.02mm

80°, t=0.01mm

70°, t=0.03mm

60°, t=0.08mm

50°, t=0.1mm

40°, t=0.09mm

30°, t=0.23mm

20°, t=0.22mm

10°, t=0.05mm

0°, t=0.1mm

Figure 3.4: Layer orientations and thicknesses

With the layer thickness and orientations determined, the individual layer prop-
erties could be determined. This was done using the RoM for the longitudinal
modulus and major Poisson’s ratio as illustrated in equations 3.15 and 3.16.
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E1 = ηlEfVf + EmVm (3.15)

Where ηl can be found from equation 3.6

ν12 = νfVf + νmVm (3.16)

The transverse modulus and shear modulus could be found using the Halpin-
Tsai approximations in equations 3.17 and 3.20. The minor Poisson’s ratio was
calculated using equation 3.22

E2 = Em
1 + ξηEVf
1 − ηEVf

(3.17)

Where:

ηE =

Ef

Em
− 1

Ef

Em
+ ξ

(3.18)

and

ξ =
lf
rf

(3.19)

G12 = Gm
1 + ξηGVf
1 − ηGVf

(3.20)

Where:

ηG =

Gf

Gm
− 1

Gf

Gm
+ ξ

(3.21)

and Gf = 1.29 from literature, and:

ν21 = ν12
E2

E1
(3.22)
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Once these properties were determined, the stiffness matrix of each layer could
be calculated using equations 3.24-3.27.

σ1σ2
σ6

 =

Q11 Q12 0
Q21 Q22 0

0 0 Q66

ε1ε2
ε6

 (3.23)

Q11 =
E11

1 − ν12ν21
(3.24)

Q12 =
E11ν21

1 − ν12ν21
(3.25)

Q22 =
E22

1 − ν12ν21
(3.26)

Q66 = G11 (3.27)

The matrix shown in equation 3.23, is applicable to unidirectional composites.
For random oriented composites, this Q-matrix needs to be converted. This is
done using equations 3.28-3.30.

QRND
11 = QRND

22 =
1

8

(
3QUD

11 + 3QUD
22 + 2QUD

12 + 4QUD
66

)
(3.28)

QRND
12 =

1

8

(
QUD

11 +QUD
22 + 6QUD

12 − 4QUD
66

)
(3.29)

QRND
66 =

1

8

(
QUD

11 +QUD
22 − 2QUD

12 + 4QUD
66

)
(3.30)

Once the stiffness matrix was calculated for each layer, it could be transformed
to the orientation of the overall composite. This was done using the transfor-
mation matrix as shown in equation 3.31
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[
Q
]

=


m4 n4 2m2n2 4m2n2

n4 m4 2m2n2 4m2n2

m2n2 m2n2 m4 + n4 −4m2n2

m2n2 m2n2 −2m2n2 (m2 − n2)2

m3n −mn3 mn3 −m3n 2(mn3 −m3n)
mn3 −m3n m3n−mn3 2(m3n−mn3)



Q11
Q22
Q12
Q66

 (3.31)

where m = cos θ and n = sin θ. θ is the local orientation of each layer.

Having done these calculations for all of the layers, the extensional stiffness
matrix or A matrix could be calculated for the entire laminate. This was done
using equation 3.32.

[
A
]
kj

=

n∑
i=1

[
Q
]
i
ti (3.32)

Where, for example, A11 is the sum of the Q11 value times the corresponding
layer thickness of all layers.

The A-matrix could then be used to calculate the laminate stiffness matrix and
compliance matrix. The composite Young’s modulus is then determined using
equation 3.35.

[Q]
LAM

=
1

t
LAM

[A] (3.33)

[S]
LAM

=
(

[Q]
LAM

)−1

(3.34)

Ex =
1

S11
(3.35)

The input values described in this section were either known or assumed from
literature. These values are presented in table 3.4.

3.2.3 LLDPE Composites

Tensile Testing
Tensile tests were performed on an Instron 3366 universal tester, equipped with
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Variable Label Value Unit Note

Input

Fiber weight fraction Wf 0.4 for 40WPC
Matrix weight fraction Wm 0.6 Ass. no impurities
Matrix density ρm 0.964 g

cm3 From datasheet [50]
Fiber density ρf 1.5 g

cm3 Measured
Composite density ρc 1.125 g

cm3 Measured
Matrix Poisson’s ratio νm 0.33 Assumed for polymers
Matrix Young’s modulus Em 2000 MPa From testing
Fiber Poisson’s ratio νf 0.4 From CES Edupack [51]
Fiber Young’s modulus along grain EfL 10300 MPa From CES Edupack [51]
Fiber Young’s modulus across grain EfT 900 MPa From CES Edupack [51]
Average fiber length l 0.4 mm From CT scans
Average fiber radius rf 0.05 mm From CT scans
Fiber orientation efficiency factor ηθ 0.2 For 3D random
Fiber shear modulus Gf 1290 MPa From CES Edupack [51]

Output from formulas

Fiber volume fraction Vf 0.32 Equation 3.10
Matrix volume fraction Vm 0.68 1 − Vf
Matrix shear modulus Gm 752 MPa Equation 3.9
Outer radius of composite R 0.13 mm Equation 3.8
Shear lag parameter β 6.7 1

mm Equation 3.7
Fiber length efficiency factor ηl 0.98 Equation 3.6
Fiber-Matrix Transverse Modulus ratio K 0.45 Equation 3.14
Longitudinal Young’s Modulus E1 4598 MPa Equation 3.15
Major Poisson’s ratio ν12 0.3524 Equation 3.16
Transverse Young’s Modulus E2 1628 MPa Equation 3.17

ηE -0.085 Equation 3.18
Fitting parameter ξ 6 Equation 3.19
Shear Modulus G12 1431 MPa Equation 3.20

ηG 0.35 Equation 3.21
Minor Poisson’s ratio ν21 0.124 Equation 3.22

Table 3.4: Modeling input and output values
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a 10 kN load cell. Here the ASTM D638 standards were used as guidelines
and adapted to the sample material and shapes. The samples were cut to
rectangular-shaped specimen with dimensions 200 x 15 x 2 mm. The sample
gauge length is 100 mm with an extensometer attached the the center with a
gauge length of 50 mm. The sample dimensions can be seen in 3.5. A loading
rate of 5 %/min (5 mm/min cross-head speed) was applied to the nanocompos-
ites. A loading cycle was applied first until 0.2% strain, the samples were then
unloaded to calculate the modulus without subjecting the sample to damage
and finally reloaded until breakage. The loading profile can be seen in figure
3.6. A total of five samples were tested per composite.

Extensometer

Gauge

Clamp

Clamp

50

25

1
5

200

2

Figure 3.5: Tensile specimen dimensions
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Loading Rate: 5%/min
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Figure 3.6: Loading profile for tensile testing

The load and extension data during testing was processed to calculate the
Young’s modulus in the linear region of the stress-strain curve within the strain
interval 0.2%-0.05% (see equation 3.36), the stress (see equation 3.37) and the
yield strength and strain.

E =
σ

ε
(3.36)

Where E is the Young’s modulus, σ is the stress and ε is the strain. This is
essentially the gradient of the linear part of the stress-strain curve.

σ =
P

A
(3.37)

The stress (σ) is the load (P ) divided by the cross sectional area of the sample
(A).

Fracture Surface Analysis
Freeze-fracture surfaces were analysed using a JEOL JSM-IT300 SEM. This was
done to obtain visual results to support the mechanical results. Through SEM
imaging, the morphological states, dispersion, distribution and crack formation
could be determined. The samples were immersed in liquid nitrogen for 30
minutes and then broken. Images were taken under high vacuum conditions
with a probe current of 50A and a voltage of 20kV. Secondary electrons were
used to investigate the topography of the sample surface.

Flexural Testing
Flexural tests were performed on an Instron 4411 equipped with a 500N load cell.
The three point bending tests were done according to ASTM D790 standards.
The cross-head motion rate (R in mm/min) of each sample was calculated using
equation 3.38. This equation considers the thickness of the sample (t in mm),
support span (L in mm) which is 16 times the specimen thickness (16t), and
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the rate of strain (Z in mm/mm/min). The rate of strain were 5 %/min for the
nanocomposites. The samples were of dimensions 40 x 16 x 2 as can be seen in
figure 3.7. A total of five samples were tested per composite.

R =
ZL2

6t
(3.38)

L

40

1
2
.
7

2

Figure 3.7: Flexural specimen dimensions and three point bending setup

From the tests, the load and extension was recorded. With this the flexural
stress, strain and modulus could be calculated; see equations 3.39, 3.40 and
3.41 respectively.

σf =
3PL

2wt2
(3.39)

Where P is the load, L is the support span, w is the width of the sample and t
is the thickness.

εf =
6Dt

L2
(3.40)

Here D is the maximum deflection of the center of the beam and L and t are as
defined earlier.

EB =
L3m

4wt3
(3.41)
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In this equation, m represents the slope of the tangent to the initial straight-line
portion of the load-deflection curve.

Residual Strain Characterisation
Loading-unloading tests were performed on an Instron 3366 universal tester,
equipped with a 10 kN load cell. This test was done in order to obtain the
viscoplastic strain of the materials at an increasing applied strain. The samples
were cut to rectangular-shaped specimen with dimensions 200 x 15 x 2 mm. The
sample gauge length is 100 mm with an extensometer attached the the center
with a gauge length of 50 mm. The sample dimensions can be seen in 3.5. A
loading rate of 2 %/min (2 mm/min cross-head speed) was applied. A loading
cycle was applied first until 0.2 % strain, the samples were then unloaded to
calculate the modulus without subjecting the sample to damage. The samples
were then loaded to 0.4% strain, unloaded and left for recovery. This cycle was
repeated for strains 0.6%, 0.8%, 1.0%, 1.5%, 2.0%, 3.0%, 4.0%, 5.0% and 6.0%.
The loading ramp can be seen in figure 3.8. The test took approximately 8
hours which meant that only one sample was tested per material due to time
limitations. Here the samples containing MAPE were neglected as the effect of
MAPE was witnessed to be of little signifigance during tensile testing.

t1 t2

16t1

16t2

Modulus

Measurement

Straining

Recovery

Figure 3.8: Loading and unloading profile

The modulus was calculated for each increasing strain step using equation
3.36. Furthermore the residual strains in each sample was determined from
the stresses and strains.
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Electrical Property Characterisation
Electrical characterisation was done using a four probe measurement setup. A
schematic of this setup can be seen in figure 3.9. The sample is connected
to a power supply which fed a constant current through the material. A 30V
power supply was used. A volt meter is connected to the sample as shown
and the drop in voltage is measured to determine the sample resistance (R)
using equation 3.42. Here V is the measured voltage drop and I is the supplied
current. Several methods were used to prepare the samples. The M10 and
L10 samples were tested as their high GNP content provide a larger chance of
conductivity. Samples with dimensions 40 x 16 x 2 mm were tested as well as
samples with dimensions 40 x 16 x 1 mm. These thinner samples were also
tested as they allow for a better in-plane GNP network to form throughout the
sample. The connection method is crucial for measuring the conductivity in the
materials and therefore different connection methods to the sample used. The
following connection methods were tried: the connections were soldered on, the
wires were directly melted into the sample, conductive carbon cement (LEIT-C,
Plano GmbH) as well as silver conductive paint (Agar Scientific) was used to
bond the wires onto the samples, and the wires were connected to screws which
were inserted into the samples.

R =
V

I
(3.42)

A

Sample

V

Voltmeter

Ammeter
Power 
Supply

Figure 3.9: Four point probe setup

36



4 Results and Discussions

4.1 HDPE Results

4.1.1 Impact Test Results

The impact strength measured is presented in figure 4.1. Here several compar-
isons can be made. The effect of GNP content (neglecting the GrapheneBlack
masterbatch) shows that the impact strength increases with the addition of
GNPs. When looking at the masterbatches, it can be seen that the GrapheneBlack
masterbatch has a higher impact strength than the heXo masterbatch. The
increase in GNP content does not, however, result in an increase in impact
strength for the GrapheneBlack. At higher contents, this is not the case which
is most likely due to poor interfacial bonding and agglomerates that form as a
result of poor dispersion and distribution. Agglomerates act as inclusions (the
full GNP benefits are not utilized due to a poorer aspect ratio) which act as
weak points in the composites. The addition of WF results in a reduction in
the impact strength. The addition of 10 wt.% GNPs to the 25WPC sample sees
a slight increase in the impact strength, however, for the 40WPC composites,
no increase can be seen with the addition of GNPs. The results from literature,
presented in table 2.2, indicate a variety of trends. In most cases, the addition
of GNPs result in an increase. WF, on the contrary, results in a reduction in
the impact strength. Work by Beigloo et. al [26] shows an increase of up to
60% in impact properties with the addition of 0.5 wt.% GNPs. In this study,
however, an increase of only 6% can be seen for the 40WPC15 sample and a
reduction of 10% for the 40WPC7.5 sample.
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Figure 4.1: Impact Results
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4.1.2 Elemental Analysis

The impurities that were detected in the 40WPC samples had to be identified.
The first step in doing so was to do elemental analysis. From SEM images
(and the CT scans in figure 3.2), it could be seen that all the impurities had
rod-like shapes of approximately 200µm in length. One of the rods can be
seen in figure 4.2. The elemental analysis of two of the spectra indicated in
figure 4.2 are presented in figure 4.3. From the analysis, it can be seen that
the impurities consist of mostly oxygen and silicon. There is some calcium,
aluminum and magnesium also present. The presence of oxygen and silicon
indicates some form of silicate or silicon dioxide. One possible of the origin of
such chemical compounds is from the WF from the sawmills. Over the lifetime
of a tree, it absorbs chemicals present in the soil. This could be a byproduct
in the wood flour after machining. Looking at the dimensions and quantity of
these rods present in the composites, it is unlikely that they are present because
of this. A more likely explanation is that these impurities where introduced into
the composites during the extrusion process. A combination of these elements
suggests that the impurities are some form of nanoclay. Nanoclay commonly
contains stacked silicates, one example is halloysite rods (Al2Si2O5(OH)4) [52].
These could easily have been introduced into the composites if the extruder
was not cleaned properly. The dimensions of these impurities are not of nano-
dimensions, but they could be agglomerates of the nanoclay. One final step
to verify these impurities is to do X-ray diffraction of them so that the exact
chemical phase can be determined. It is important to identify these rods as they
could affect the density and mechanical properties of the composites.

Figure 4.2: SEM image of impurity in sample

38



Figure 4.3: EDX Analysis of 40WPC Sample

4.1.3 Optical Results of Manufacturing Processes

During manufacturing, some of the wood cells were damaged (see figures 4.4 and
4.5. The lumen in wood cross-section were collapsed and deformed. Optical mi-
croscope images indicate that these deformed cells were present after extrusion
as well as after compression moulding. This indicates that the most likely oc-
currence of damage is in the extrusion process. To avoid this, different shear
configurations and screw speeds could be tested. This will, however, come at the
cost of poor distribution and dispersion of the GNPs. Since the GNPs account
for the majority of mechanical enhancement and that agglomerates still formed
at the current extrusion parameters (see reference [3]), the collapsed wood cells
might not seem crucial to the material behaviour. In addition to the deformed
wood fibers, some intact wood fibers were witnessed with the lumen filled with
matrix. This indicates that the amount of porosity present in the composite is
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limited.

(a) Deformed wood cells

(b) Intact wood cells, filled with polymer

Figure 4.4: Microscope images of samples after extrusion process
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(a) Deformed wood cells

(b) Intact wood cells, filled with polymer

Figure 4.5: Microscope images of samples after pressing process

4.2 Modeling Results

The results from the three modeling methods described in Section 3 are pre-
sented in figure 4.6. The 25WPC modeling was done by adjusting the volume
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fraction of fibers as CT scans of the 25WPC composite were not available at the
time of modeling. From the three methods, it can be seen that the RoM was
the least accurate in representing the experimental results whereas the RoT and
LA was more accurate. The RoT proved to be a slightly better model. This
model is, however, and approximation whereas the LA represents the compos-
ite more accurate as it considers more factors in the composite. Scans in both
“surface” and “edge” directions resulted in similar values. The LA modeling
results was off by approximately 25%. This difference could be due to the im-
purities present, but most likely because the LA method does not consider out
of plane fibers. Furthermore, the quality of the CT scans was not high enough
to consider the smaller fibers. When considering these, the fiber length, ra-
dius and orientations could change drastically, resulting in different modeling
results. At lower fiber volume fractions, the modeled results are a better fit to
the experimental results. This can be seen in figure 4.7. Here it can be seen
that at lower volume fractions, the matrix modulus is dominant in determining
the properties. One reason for a poorer fit at higher volume fractions is that
the assumptions made for the fiber properties in table 3.4 is not an accurate
representation of the actual fibers. Furthermore it can be seen that the RoM
model only increases by approximately 24 MPa at a full volume fraction. This
is due to the orientation efficiency factor which was assumed to be 0.2, which
does not represent this composite which has a preferred orientation. The next
step in modeling is to try and combine through averaging the “surface” and
“edge” moduli.
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Figure 4.6: Modulus modeling results
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4.3 LLDPE Results

4.3.1 Tensile Test Results

The tensile results are presented in figure 4.8. Here it can be seen that the
addition of GNPs results in an increase in both the stress and modulus. The
addition of 10 wt.% GNPs (L10), shows a 46% increase in stress at 5% strain
and a 170% increase in stiffness. The addition of MAPE shows a further increase
in the tensile properties for the samples. With MAPE the maximum stress and
modulus increase is 52% and 177% respectively for the M10 composite. This
further 8% increase due to the addition of MAPE in both stress and modulus
is visible in all samples. This indicates that the MAPE slightly improves the
interfacial bonding between the GNPs and polymer matrix. In other studies
considering thermoplastics and GNPs, it was found that higher GNP contents
usually results in poor distribution and dispersion [26][25][38], but this seems to
have been overcome by the preparation method of having a masterbatch with
GNPs already distributed and dispersed, utilizing the high mechanical proper-
ties of GNPs. The higher GNP contents corresponds with a higher modulus as
the brittle behaviour of GNPs contributes to the overall stiffness of the material.
This is also present in the stress-strain curves presented in figure 4.9. At higher
GNP contents, the material exhibits more brittle behaviour although higher
stresses and strains can be achieved. The yield stress, indicating the start of
plastic deformation, is also higher at higher GNP loadings. This is expected
as the GNPs restrict the movement of the polymer chains, preventing plastic
deformation. This point is at 0.6% strain for all composites. The pure LLDPE
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sample has lower yield stress at a strain of 0.8%. The enhanced properties wit-
nessed in these results are due to efficient load transfer between the constituents
of the composites. Efficient load transfer is a result of strong interfacial adhe-
sion between the constituents which is largely due to a good dispersion and
distribution.
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Figure 4.8: Tensile stress and modulus
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Figure 4.10: Tensile yield stress and strain

The tensile results are supported when analysing the fracture surfaces under
an SEM. These images can be seen in figure 4.11. In figure 4.11a, it can be
seen that there are smaller GNPs well dispersed (Box 1) but there are also
agglomerates (boxes 2 and 3). It is likely that all morphological states present
as discussed earlier (figure 2.2). These agglomerates weaken the material, and
the smaller aspect ratio results in poor utilization of the full potential of GNPs.
Furthermore it can be seen that the GNPs have very smooth surfaces and edges.
This indicates poor interfacial bonding. Poor interfacial bonding can also be
seen in the spacing between the GNPs and matrix. The tensile results, however,
still show an increase in tensile properties at a 10 wt.% loading, indicating that
the exfoliated states dominate. At higher loadings, agglomerates are more likely
to form. In figure 4.11b, the sample containing MAPE, it can be seen that the
agglomerates still have a smooth surface, but there are no distinct gaps between
the GNPs and matrix, indicating better interfacial adhesion. This supports the
tensile results presented in figure 4.8.
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(a) L10 fracture surface

(b) M10 fracture surface

Figure 4.11: SEM images of fracture surfaces
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4.3.2 Flexural Test Results

The flexural results are presented in figure 4.12. The addition of GNPs results
in an increase in both flexural stiffness and stress. An increase of 44% in stress
and an increase of 112% in modulus can be seen for the L10 sample. On the
contrary to the tensile results, the flexural results show no benefits through the
addition of MAPE. In some cases a slight improvement can be seen (L6 and
M6) but for the majority of the samples, there is a slight decrease in flexural
properties. In figure 4.13 the maximum deflection at the corresponding max
load can be seen. The maximum deflection seems to be constant for all samples
at around 5 mm whereas the maximum load increases with the increase of GNP
content. This is as the GNPs strengthen the LLDPE to withstand higher loads.
Here the addition of MAPE is also not beneficial.
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Figure 4.12: Flexural stress and modulus
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Figure 4.13: Deflection at max load

4.3.3 Residual Strain Test Results

The loading-unloading tests produce results in the form of stress-strain curves
during one loading and unloading cycle (figure 4.14), residual strains that build
up due to viscoplastic deformation (figure 4.15) and modulus reduction at an in-
creasing strain applied (figure 4.16).The stress-strain curves indicate that higher
stresses can be achieved at higher GNP loadings. This supports the tensile re-
sults discussed earlier. Due to time limitations, only one sample per composite
was tested. Due to this, it can be seen that L6 has a slightly higher stress-strain
than L8. It is likely that the current L8 sample had some defects or a higher
concentration of agglomerates, resulting in lower properties. In general the L6,
L8 and L10 provided in very similar stress-strain curves.
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Figure 4.14: Stress-strain curve of one loading and unloading cycle

The residual strain is essentially the amount of irreversible viscoplastic defor-
mation and damage in the sample at increasing stress levels. In figure 4.15 it
can be seen that higher GNP contents result in lower residual strains at higher
stresses. The highest resistance to viscoplastic deformation is seen in the L10
sample where the GNPs accommodate viscoelastic deformation but resist vis-
coplastic deformation.
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Figure 4.15: Residual strains due to viscoplastic deformation
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A very slight degradation in stiffness can be seen with an increase in strain. This
is an indication of the absence of severe damage. The residual strain in figure
4.15 are therefore mostly due to viscoplastic deformation. Here no clear trends
can be seen through the addition of GNPs except that the general modulus level
is higher at higher GNP loadings. The reduction in modulus, does not seem to
be affected by the addition of GNPs. At GNP additions of 6 wt.% and higher,
there is a jump in 0.2 GPa from the lower contents of 4 wt.% and pure LLDPE.
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Figure 4.16: Modulus reduction as a function of strain level

4.3.4 Electrical Test Results

The samples containing higher contents of GNPs were tested first as these were
most likely to be electrically conductive. The L10 and M10 samples (for both
thicknesses: 1 mm and 2 mm) resulted in such a large voltage drop that it
was immeasurable by the available equipment. With this it could be concluded
that the material was not conductive and behaved more like a capacitor as the
current was contained in the sample, and not passed through it. From this it
can be concluded that the matrix, which has a very high resistance, does not
allow for a network of the GNPs to form throughout the composite which results
in no conductivity. It was not possible to overcome the percolation threshold
with the added amount of GNPs, and hence a network for electron transport
was not possible. Different connection methods were also tested. The silver and
carbon cement resulted in very poor connections where the wires came loose
during testing. The soldered connections were inconsistent as they connected
well in some cases, but came loose in others. When the wires were melted
in and screwed in, the connection was very reliable and sturdy. These different
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connections unfortunately did not result in changes in the electrical conductivity.

4.4 Comparison of HDPE and LLDPE Composites

In this section a brief comparison will be given between the LLDPE and HDPE
composites. The tensile results of the matrices and the composites with 6 wt.%
GNPs can be seen in figure 4.17. It is important to note that the GNP master-
batches are different in this comparison. In general the GrapheneBlack master-
batch provided composites with higher mechanical properties (see appendix B).
This comparison contain the normalized results, with LLDPE as reference. The
stress-strain curves can be seen in figure 4.18. It can be seen that pure HDPE is
a significantly stronger material than LLDPE. From the stress-strain curves, it
can be seen that HDPE presents more brittle behaviour. The linear, branched
chains of LLDPE allows it to be ductile (free-er movement of polymer chains
and sliding over each other), resulting in a very stretchy material that can be
used for plastic films, etc. Furthermore, HDPE is known to be more crystalline
than LLDPE. The addition of 6 wt.% GNPs results in a higher tensile property
increase in the LLDPE sample. There is also an increase in HDPE but not as
significant. This larger increase for LLDPE with 6 wt.% GNPs is because more
of the stress is absorbed by the GNPs, whereas in the HDPE sample with 6 wt.%
GNPs, the matrix can withstand more of the stresses and the enhancement of
GNPs is not that significant.
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Figure 4.17: Normalized tensile stress and modulus
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Figure 4.18: Stress-strain curve comparison
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5 Conclusion

This project concerned the multifunctionality of wood polymer composites (WPCs)
through the addition of graphene nanoplatelets (GNPs). The project was di-
vided into two parts: the first with HDPE as the matrix, and the second with
LLDPE as the matrix. The first part was a continuation of previous work done.
Further investigation was done into the impact properties of HDPE/WF/GNP
composites, as well as the investigation into the manufacturing process of the
composites. Furthermore the modeling of the composite Young’s modulus was
done. The second part (LLDPE matrix) concerned the mechanical and elec-
trical characterisation of the composites in order to achieve multifunctionality.
LLDPE was used as this multifunctionality could not be achieved in the HDPE
matrix due to the dense packing of HDPE polymer chains. The main research
question, with its sub parts, are concluded below:

1. Can multifunctionality be achieved in WPCs through the addition of GNPs?

By doing electrical characterisation, it was found that no electrical conductivity
could be achieved at GNP contents of 10 wt.% in the LLDPE/GNP composites.
This, it is concluded, is as the GNPs do not form a network throughout the
composite due to poor distribution and dispersion with the extrusion manufac-
turing process. A solution to this is to try different manufacturing techniques
such as solvent mixing or in-situ polymerisation. This, however, is not a sus-
tainable solution at large scale production. Another possible solution is to use
a different matrix such as thermoset polymers. Thermosets, however are not
recyclable. Other options of further treating the GNPs could result in a better
distribution and dispersion. With the current manufacturing techniques and
material choice, multifunctionality is not viable through electrical conductivity.
The mechanical properties were, however, enhanced significantly through the
addition of GNPs.

1. HDPE/WF/GNPs:

(a) Identify the impurities in the HDPE WPC samples. Through iden-
tification, the sample manufacturers can make adjustments to have
purer samples.
The impurities were identified as being some form of nanoclay. These
impurities are likely to have positive effects on the mechanical proper-
ties of the composites. They act as reinforcements. It was important
to identify them in order to consider them in the obtained results. To
fully understand and characterize the composites, it is best to avoid
these impurities. Having a thoroughly cleaned extruder will result
in fewer impurities but this is irrealistic at large scale manufactur-
ing, especially if the extruder is used to manufacture several different
types of materials.
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(b) Identify the step in manufacturing which causes the collapse of wood
particles. By identifying the step causing the problem, the manufac-
turers can adjust their processes.
The collapsed wood cells witnessed occurred during the extrusion
process. This could be avoided if different screw speeds and shear
configurations are used. This solution, will however, come at the
cost of a poor dispersion and distribution of the GNPs. GNPs con-
tribute to the majority of mechanical enhancement and are required
to achieved multifunctionality and therefore a sacrifice of distribution
and dispersion is not recommended.

(c) Investigate impact properties. This, along with the characterisation
done in previous work, can be used as prediction and comparison of
the LLDPE composite.
The WF resulted in a more brittle material. The WF does not eas-
ily absorb the impact stresses due to the pendulum strike, resulting
in a lower impact strength. The GNPs showed an increase in im-
pact strength with an increased content for the heXo masterbatch.
This indicates good interfacial bonding. At high contents in the
GrapheneBlack, likely due to agglomerates, the impact strength did
not exhibit a further increase, but also no major decrease.

(d) Model the Young’s modulus of the composites. Through modeling,
future testing can be reduced.
The three methods used for modeling the Young’s modulus showed
that the laminate analogy and rule of thumbs were the most accurate.
The composites have a preferred orientation which could be seen from
the CT Scans. This means that the rule of mixtures approximation
technique does not accurately represent the composites. Further in-
vestigation can be done into the smaller fibers and their contribution
to the composite properties. Furthermore it is important to further
investigate the combination of moduli in different directions as the
laminate analogy only considers in-plane fibers.

2. LLDPE/GNPs:

(a) Mechanical characterisation of composite. Tensile, flexural and loading-
unloading tests.
The addition of GNPs to the LLDPE matrix resulted in signifi-
cant increase in the mechanical properties. Even though properties
improved, it could be seen from SEM imaging that agglomerates
are formed at high loadings. Despite this, sufficient exfoliation is
achieved in the dispersion through extrusion that the properties are
enhanced. The GNPs have a sufficient interfacial adhesion with the
matrix to result in mechanical property increases. The addition of
MAPE to further increase this bonding only resulted in a slight in-
crease in tensile properties, and not in flexural properties. The GNPs
result in a more brittle material which has a higher resistance to the
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loads applied. Residual strain test results showed that the GNPs
restricts the viscoplastic deformation of the matrix.

(b) Electrical characterisation. Determine if the composites are conduc-
tive.
As stated previously, no conductivity could be achieved. The mate-
rial has such a high resistance that it acts more like a capacitor. With
the application of 30V of current, the drop in voltage was so high due
to the material resistance, that no readings could be obtained with
the available equipment.

(c) Fracture surface analysis. By doing analysis of the fracture surfaces,
insight can be gained on the morphology of the composites.
The SEM images obtained showed that all three morphological states
are present in the composites. There are several agglomerates of
GNPs present in the material which indicates that the manufactur-
ing techniques are not sufficient in utilizing the full potential of the
GNPs.

When comparing HDPE and LLDPE it can be said that HDPE, a more crys-
talline polymer, exhibits superior mechanical properties. The lack of side branches,
a more rigid backbone and the higher crystallinity are all reasons for this. The
increase in mechanical properties through the addition of GNPs is more ap-
parent for the LLDPE composites. This is because the GNPs carry a higher
percentage of the loads applied whereas in the HDPE composites, the polymer
can absorb higher loads before the GNPs are required.

Overall, the manufacturing techniques still pose a problem for composites rein-
forced with GNPs. Without proper dispersion and distribution, it is challenging
to utilize the full potential of GNPs.
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Appendix A: Distributions from CT Scans
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Figure .1: Orientation and length distributions from CT scans in “Edge” direc-
tion
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Appendix B: Mechanical results from previous
work
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Figure .2: Flexural Properties of HDPE composites
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Figure .3: Tensile Properties of HDPE composites
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