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Abstract

The increase in environmental awareness and stringent regulations from
concerned governing bodies are the main driving forces for the growing
interest in biomaterials. The development of environment-friendly bio-
composites and their application in various industrial sectors has steadily
increased during the last few decades. Wood-based, natural, and man-made
fibres are used to manufacture bio-composites. The polymer matrix can be
thermoset resins like epoxy (EP) or unsaturated polyester resin (UPR), or
thermoplastic polymers like polypropylene (PP), polyethylene (PE) and
polyvinyl chloride (PVC).

The primary resource to produce regenerated cellulose fibre (RCF) or man-
made cellulose fibres is wood. The regenerated cellulose fibres, which are
commonly named viscose or rayon, possess high purity, uniformity and
reproducibility of their properties. Compared to lignocellulosic fibres, the

benefit of man-made cellulose is that it is available in continuous filaments.

When it comes to the lignocellulosic fibre or regenerated cellulose fibre
reinforced composites, the interface between fibre and matrix polymer
plays a vital role. The hydrophilic wood-based fibres and hydrophobic
thermoplastic polymer composites result in structurally weak composites
due to the non-compatible interaction across the interface. Though the
chemical modification techniques for wood fibre based composites are
well-known, that of RCF-based composites requires more research. Few
studies report the use of the chemical modification of viscose fabric to be
used in composite production. The chemicals used in the modification step

necessitate waste treatment, which involves extra energy consumption,
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time and money. Hence an environmentally friendly and sustainable

approach to improve fibre-matrix adhesion is necessary.

In the Nordic countries with abundant raw material sources, the forest
industry explores new applications for the produced side-streams. The
building and construction, automotive and household commodities are the
primary markets for wood-plastic composites (WPCs). By exploring new
markets for WPC's, the composite industry and the forest industry will gain
larger markets and better commercial profits from wood and its by-
products. One approach for finding a new market for WPC's is to develop
extrinsically conductive composites containing conductive fillers. The
research in functionalising the WPC is in the developing stage, and it

requires profound research.

This thesis aims to improve the interfacial adhesion in viscose
fabric/thermoset resin-based composites by chemically modifying the
viscose fabric. In another approach, the thermoset resin (epoxy resin) is
modified with an appropriate silane coupling agent as an alternative to fibre
surface modification, and its effect on various properties of composites is
studied. Another objective of the study is to produce and characterise
wood-plastic composites containing electrically and thermally conductive
nanofillers. The effect of incorporating graphene nanoplatelets (GNP) on
various properties of polypropylene-based WPC is studied. These types of
composites can be a sustainable solution for the extrinsically conductive

polymer market.

The silane coupling agents such as 3-aminopropyltriethoxysilane (APTES),
3-methacryloxypropyltrimethoxysilane  (MPS) and also acetylation

Vi



treatment are adopted to modify the viscose fabrics. The unsaturated
polyester-based composites prepared from viscose fabric modified by
APTES in ethanol medium increased the flexural strength and notched
Charpy impact strength by 18% and 115%, respectively. The water
absorption studies revealed that the APTES modification significantly
delayed and reduced the total absorbed water compared to all other

composites.

As an alternative to the fibre modification method, epoxy resin was
modified by APTES to produce viscose fabric reinforced composites. The
epoxide content determination and FTIR results from this study show that
resin modification efficiency was better at 700C compared to modification
done at room temperature. The APTES was mixed directly into the epoxy
resin, eliminating any process waste in the modification stage. The tensile
strength and elongation at break of the composites prepared using APTES-
modified epoxy resin increased by 14% and 41%, respectively. The Charpy
impact strength of APTES-modified epoxy resin based viscose fabric

composites increased by 115%.

The effect of GNP on various properties of WPC was studied. The
addition of graphene into PP-based WPC yielded an anti-static/dissipative
WPC compound at a graphene loading of 15 wt%. The surface resistivity
of PP/wood/graphene composite decreased by several orders of
magnitude from 1014 Q/sq to 106 €Q/sq. While achieving the desired
electrical properties, the tensile strength of hybrid WPC decreased by 25%.
The thermal conductivity of WPC containing 20 wt% wood filler and 15
wt% GNP increased by 130% compared to WPC comprising 20 wt%

wood fillet.
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1 Introduction

A global action plan to avoid climate change by limiting global warming
has been set out in the Paris Agreement, which entered into force on No-
vember 2016 [1]. The European Union (EU) is already acting to achieve
the target by 2030 (2030 climate and energy framework) by reducing green-
house gas emissions by at least 40% [2]. The European Commission fore-
sees a competitive EU industry and circular economy as a critical enabler
to reduce greenhouse gas emissions [3]. By reducing the energy needs and
process emissions, by increasing recycling rates, and through new materials

like composites that can replace energy-intensive materials, this goal can be

reached [3].

Thermoset-matrix

composites

Thermoplastic-matrix

Unsaturated polyester, vinyl-
estet, epoxy, phenol-
formaldehyde, urethane-
acrylate

composites

Fibre reinforced plastics

Figure 1: Classification of fibre reinforced plastics based on the type of

polymer matrix

Polypropylene, polyethylene,
polyvinylchloride, polylactic
acid, polyhydroxybutyrate,
polyvinylalcohol




Composite materials are one of the most advanced and adaptable engineer-
ing materials known to man [4]. Composite materials are macroscopic
combinations of two or more distinct materials having a discrete and rec-
ognisable interface separating them [5]. A composite material consists of a
reinforcing phase embedded in a bulk phase called the matrix. While the
matrix gives the composite its shape, surface appearance, environmental
tolerance and overall durability, the fibrous reinforcement bears most of
the structural loads, thus primarily providing macroscopic stiffness and

strength [4]. The matrix may be metallic, ceramic or polymeric in origin.

The interface between the matrix and the reinforcing phase has a signifi-
cant role in determining the composite's mechanical properties. The inter-
face is the boundary between two phases of different chemistry and micro-
structure. Such boundaries mostly have chemical and mechanical interac-
tions, and therefore we can also define a separate region, called the inter-
phase, which is the volume of material affected by the interactions at the
interface [0]. The interphase is formed when a polymer matrix (grey) inter-
acts with the filler/fibre (black), as seen in Figure 2 (a). The interphase may
be a bulk matrix or have different properties formed from its interaction
with the matrix. When the volume fraction increases, as seen in Figure 2
(b), or if the size of the filler/fibre decreases at the same volume fraction
as shown in Figure 2 (c), it is possible that the interphase is now predomi-
nant and forms a continuous phase. In this case, the interphase acts as the
effective matrix material with the original bulk matrix seen as a discontin-

uous phase [0].



Figure 2: Interphase in polymer composites (a) at low-volume filler con-
tent, (b) at high-volume filler content and (c) small-size filler at high-vol-
ume content (Adapted from [6])

Polymer matrix composites are the most common because of their reason-
able cost, relative ease of manufacture and considerable weight savings.
They exhibit greater specific strength and specific modulus compared to
metal matrix composites [7]. The matrix binds the reinforcing materials
together and helps transfer mechanical loads from weak matrices to
stronger reinforcements. Polymer composites are mainly divided into ther-
moplastic and thermosetting composites based on their thermal processing
characteristics, as seen in Figure 1. The main type of thermoplastic com-
posites produced in Europe uses short glass fibre as reinforcement (1.47
mt in 2017) [8]. Polypropylene and polyamide are the most popular com-
mercial thermoplastic matrices for short glass fibre reinforced composite
production [8]. Thermosetting resins have superior bonding and forming
characteristics due to the chemistry involved. Thermosetting resins, avail-
able in liquid forms, offer a combination of low cost and ease in processing
compared to thermoplastics. Although most of the thermoset resins re-
quire high temperature for processing, some of the thermoset resins, in-
cluding the most commonly used unsaturated polyester resins, are pro-

cessable at room temperature. The most common thermoset resins used
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for composite production are phenolic, epoxy and unsaturated polyester

resins.

Biocomposites play an essential role in various industries, being an alterna-
tive to materials gathered from crude oil resources. Biocomposites are pro-
duced by embedding natural fibres of plant or animal origin in a bio-based
or synthetic polymer matrix. A market study conducted by the nova-Insti-
tute shows that the European production of biocomposites was 410,000
tonnes in 2018 (Figure 3) [9]. The production of glass fibre reinforced plas-
tics (GRP) reported in 2017 is 1.12 million tonnes, and it is predicted to
grow by 2.1% to a total volume of 1.14 million tonnes in 2018 [8, 10]. The

overall annual growth rate of biocomposites was about 3% in 2012 — 2017

[9]-

Furniture, consumer goods, rigid
packaging - injection moulding & 3D
printing

Automotive - compression moulding

Decking, fencing and cladding - extrusion

0 50000 100000 150000 200000 250000
Market share (tonnes pa)

n2018 m2012

Figure 3: Production of biocomposites in Europe in 2012 (blue) and 2018
(orange) (Adapted from [9])



Bio-based natural fibre reinforced polymer composites (NFRPs) are of
great interest, as natural fibres are abundant in nature, renewable, biode-
gradable, and reduce dependency on fossil fuel when considering the con-
ventional carbon fibre production [11, 12]. The NFRPs are also often char-
acterised as environment-friendly or green materials due to their origin.
Numerous studies in the literature focus on using various natural fibres to

produce reinforced polymer composites [13].

Applications of NFRPs are mainly for non-structural or semi-structural ap-
plications. Staiger and Tucker [14] defined semi-structural applications as
those that require the component to support its weight and bear external
loads such as soft loads or impacts. Due to the limitations of utilising the
full advantage of natural fibres' mechanical properties, the demand for bi-
ocomposites in structurally demanding applications is limited. These prop-
erties are not entirely achievable due to naturally occurring structural de-
fects within the fibre, defects introduced during processing of the fibre and
chemical incompatibilities with the polymer matrix. Conducting more re-
search on NFRPs, focused on improving their properties, is essential.
NFRPs have increasing market demand, especially among automobile
companies looking for lightweight materials with sound damping proper-
ties [15-17].

The new environmental regulations from the governing authorities have
forced the manufacturers to shift the focus from non-biodegradable raw
materials to more sustainable ones. In this context, abundant, renewable
and biodegradable natural fibres will be a better choice over non-degrada-
ble synthetic fibres in composite production. The classification of lignocel-
lulosic fibres based on the part of the tree/plant from where it is separated

is seen in Figure 4 [18].



e Seed/ fruit Coir, cotton, kapok
»n - Stem/bast Flax, hemp, jute, kenaf
&
(J:: . .
. % || Leaf Pmﬁapple, sisal,
Ee enequen
3
0
8 — Grass Bamboo, baggase
&
3

— Wood Softwood, hardwood

Natural: Spruce, pine,
aspen, birch

Man-made cellulose:
Viscose, Lyocell,
loncell, tencel

Figure 4: Classification of lignocellulosic fibres based on the part of the
plant/tree (Adapted from [18])

1.1 Viscose fibre reinforced composites

Regenerated cellulose fibres (RCF) production, such as viscose, has existed

since the late 19t century [19]. Although the conventional source for the

production of RCFs is wood [19], non-conventional sources such as bam-
boo [20], bagasse [21] and bacterial cellulose [22] are also utilised. The

wood cellulose for viscose production is prepared mainly through the Kraft

pulping process and sulphite process. The Kraft pulping process is an al-

kaline process in which sodium hydroxide and sodium sulphide are active

delignification agents [23]. The sulphite process utilises sulphur dioxide

with varying cation, liquor pH and cooking temperature for the




delignification of wood. The various processes involved in the pulping of

wood are well described by Lénnberg [23].

The traditional method of producing regenerated cellulose fibre is the vis-
cose process. The Lyocell process, which was introduced later, has several
environmental benefits compared to the viscose process. First patented in
1893, the viscose still maintains its unique position among man-made fi-
bres. The viscose process involves converting wood pulp into a spinnable
high-viscosity solution termed “dope” and then to longer filaments with
desired properties [24]. The pulp is first soaked in a strong alkali solution
of 17 — 19% sodium hydroxide to convert cellulose to alkali cellulose or
sodium cellulose. The obtained swollen mass is pressed to achieve a precise
alkali to cellulose ratio. In the next step, the alkali cellulose is aged under
controlled conditions of time and temperature to depolymerise the cellu-
lose by oxidation to the desired degree of polymerisation (DP). The aged
alkali cellulose is treated with carbon disulphide to form sodium cellulose
xanthate. The sodium cellulose xanthate is dissolved in dilute sodium hy-
droxide to yield a viscous orange-coloured solution, from which the name
viscose originated. After filtration, deaeration and ripening to the desired
coagulation point known as a salt index, the viscose solution is ready for
spinning. The viscose filaments form when the viscose solution extrudes
through the tiny holes of a spinneret into a spin bath consisting of sul-
phuric acid, sodium sulphate, zinc sulphate and water. Finally, the viscose
filaments are neutralised, bleached and washed before surface finishing is

applied [24].

The Lyocell process resulted from the high demand to develop a cellulose
fibre that exhibits an improved cost to performance ratio compared to the

viscose process. The increased environmental awareness also acted as a
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driver for developing the Lyocell process in the 1980s. Likewise, viscose
fibre, the source of Lyocell fibre, is also wood pulp. As described by White
[25], in the Lyocell process the wood pulp is directly dissolved in hot N-
methyl morpholine oxide (NMMO) by avoiding an intermediate step in the
process. This process also recovers >99% of the NMMO solvent to reduce

the effluent and is eco-friendlier than the traditional viscose process.

Regenerated cellulose fibres predominately used as textile fabric and cord
yarn in car tyres are currently emerging as reinforcement in thermoplastic
and thermoset biocomposites. Carrillo et al.[20] studied various properties
of short Lyocell fibre reinforced HDPE composites with respect to fibre
content and chemical treatment of the fibres. The tensile testing showed
that the Lyocell fibre reinforced composite's tensile modulus increased
with increasing fibre content (6.6 — 29.9 wt%) compared to neat HDPE.
They analysed the effect of the chemical modification of Lyocell fibre on
tensile strength and found that the strength of the composites made from
0.6 wt% Lyocell modified by PMMA grafting is higher and the results are
statistically significant compared to neat HDPE and HDPE/Lyocell com-
posite. The tensile strength of the composites made from untreated Lyocell
fibres decreased with increasing fibre content compared to neat HDPE.
Although the silane modification improved the tensile strength, it was still
below the tensile strength of neat HDPE. These results indicate a low ad-
hesion between fibre and matrix, even after chemical modification with the
silane coupling agent. The amount of silane (MPS) used in this study was
5 wt% (w.r.t. weight of fibre). The decreased adhesion might be due to the
excess amount of silane, forming a layer on the fibre surface and hence

preventing effective stress transfer.



Reinhardt et al. [27] prepared a bio-based composite using PLLA as the ma-
trix and unidirectional viscose fibre as reinforcement (50 vol%) via filament
winding and the film stacking method. The tensile strength and modulus
of continuous viscose-PLA composites increased by 127% and 133%, re-
spectively, compared to neat PLA. Elongation at break of continuous vis-
cose-PLA composites increased by 11% compared to neat PLLA. PLA- and
PBS-based viscose fibre composites were prepared with a fibre content of
10, 30 and 50 wt% [28]. The tensile test results showed that strength in-
creases with the increase of the fibre content in both PLLA and PBS com-
posites. This study reported that the viscose fibre reinforced composites
performed better in tensile strength than flax and hemp reinforced com-
posites. The main factor for improved strength of viscose fibre composites
as discussed in the article is the good dispersion of Cordenka fibres com-
pared to flax and hemp, which improved the fibre-matrix adhesion. The
impact strength of PLLA reinforced with viscose fibre significantly increased
compared to neat PLA. However, the same reinforcement resulted in de-
creased impact strength for PBS composites. This discrepancy is explained
by the brittle nature of both polymers. The viscose fibre reinforcement
improved the impact resistance of low-impact resistant PLLA. The ductility
of the viscose fibre is much higher than the flax and hemp fibre, which

results in increased impact strength.

Behners et al. [29] reported the photochemical surface treatment of viscose
fabric using pentaerythritol triacrylate or allyl diallylphthalate. The effect of
modification on vatious properties of viscose fabric/polypropylene com-
posites was studied. The modification of the viscose fibres and resultant
PP-based composites showed improved fibre-matrix adhesion and interfa-

cial shear strength, which improved tensile and impact strength compared



to untreated viscose fabric composites. The mechanical properties' im-
provement is explained based on the improved wettability and increased

affinity to non-polar polymers like PP.

Ramamoorthy et al. [30] studied the effect of silane and alkali treatment of
viscose fibre on lactic acid based thermoset composites' properties. They
reported that 10 wt% silane treatment increased the tensile strength from
80.86 MPa (untreated) to 91.43 MPa. The water absorption for the com-
posites decreased 10% after the silane treatment. The composites' impact
strength increased with the increase in silane content. The studies men-
tioned above point out the need for modifying the RCF fibres before using
them in the production of biocomposites. Mader et al. [31] studied the ef-
fect of surface properties and fibre-matrix adhesion on epoxy/viscose
composites' impact strength. They compared the variations in impact
strength of composites based on two different viscose fibres (with and
without oily avivage). They found that the avivage decreased the impact
strength by 6% due to increased fibre-matrix adhesion. The improved ad-
hesion resulted in shorter debond length and subsequently pull-out length,
resulting in lower energy absorption [31]. In another study, Santamala et al.
[32] compared epoxy/unidirectional Lyocell composites' mechanical prop-
erties to flax and glass fibre composites. The Lyocell composites showed
comparable tensile properties to flax composites. This study highlighted
the necessity of improving the adhesion through RCF fibre modifications

to achieve better mechanical properties than those found in their study [32].

The hydrophilic properties of RCFs lead to weak interphase in hydropho-
bic thermoplastic polymer composites, resulting in structurally weak com-
posites. When cellulose fibre based composites are exposed to water, the

water penetrates through voids in the composite and is absorbed due to
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the hydrophilic hydroxyl groups in the fibre. The composite properties di-
minish when the swelling of cellulose fibre creates stress at the interface
region, leading to the microcracking mechanism in the matrix around the
swelled fibre. Excessive exposure of composites to water finally results in
ultimate debonding between the fibre and the matrix [33]. Compared to
lignocellulosic fibres, RCF has a more amorphous region through which
water absorption can occur. Chemical modification of RCFs is essential to
reduce the water absorption and increase the interfacial adhesion between
fibre and matrix. Though the chemical modification techniques for wood
fibre based composites are well-known, those of RCF-based composites
require more research. Few studies, including those mentioned above, have
reported the chemical modification of viscose fabric used in composite

production.

1.2 Wood-plastic composites

Wood is a naturally abundant material. The cellulose fibres embedded in a
lignin matrix coupled with hemicellulose form a natural composite [34].
The wood-plastic composites are manufactured predominantly from syn-
thetic thermoplastic polymers and wood flour or fibres. Natural wood fibre
or wood flour can be extracted from a virgin source and is often a
byproduct of sawmills or recycled wood. The obtained materials are pro-
cessed further into a final filler-like form suitable for composite processing
by chipping and grounding if required. The wood flour is usually less than
1 mm in length and has a wide distribution of length to diameter ratio
known as the aspect ratio. Instead of long individual fibres, these particles

comprise bundles of short fibres. [35].

11



The wood flour is in particulate form or very short in length. The benefits
of wood flour compared to wood fibre is its relatively high bulk density,
free-flowing nature, low cost and the availability for manufacturing of
WPCs. Wood fibres as reinforcement will increase mechanical properties
such as strength, elongation and impact resistance [36]. Processing issues,
such as feeding and metering low bulk density fibres, limit the use of wood

fibres in WPC production.

Figure 5: Commercial wood-plastic composites products (a) hollow pro-
file for decking from UPM Biocomposites (b) kitchen utensils from Stora
Enso and (c) wood-plastic cutleries from Akvila (Source: Company web-

sites)

The wood species and size of wood particles highly influence the proper-
ties of WPCs. The commonly used wood species are aspen, spruce, pine,
maple and oak. Migneault et al. [37] investigated the effect of wood fibre
surface chemistry on the tensile properties, flexural strength and impact
resistance of WPC. The six different fibres used were trembling aspen
wood, black spruce wood, white birchwood, trembling aspen bark, black

spruce bark and bleached cellulose pulp. They stated that the fibres with
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higher carbohydrate content on the surface led to composites with high
strength compared to the fibres with more lignin or extractives. According
to the literature, the WPCs based on hardwood species performed better
in tensile strength than the softwood species’ wood filler [38]. The results
show an increase in tensile strength of 5%, 10%, 5% for 20 wt%, 30 wt%,
and 50 wt% filler loading, respectively, when compared to ponderosa pine.
The increase in tensile strength for hardwood fibre based WPC can be as-
sociated to the higher cellulose content when compared to softwood. Ac-
cording to Schwarzkopf and Burnard [39], another aspect related to the
wood species selection is the microstructure of the wood. The effective
surface area for interaction with the polymer and the polymer penetration

into the wood structure affect the composite properties.

Typically, both recycled and virgin grade thermoplastic polymers are used
in WPC production [40]. The polypropylene (PP) based WPCs dominate
the European WPC market [41]. Polypropylene is the most chosen virgin
grade of plastic, while polyethylene is in demand as recycled plastic in WPC
production [42]. The WPCs are used largely as decking, and PVC-based
WPCs are mainly used as the windows and doors [41].

Several chemical modification methods are employed to improve various
properties of WPCs. Yeh et al. [43] reported that the optimal maleic anhy-
dride grafted polypropylene (MAPP) content is 2% for WPC containing
50% wood filler. When the MAPP content was 2 wt%, the tensile strength
increased to 41 MPa from 22 MPa for WPC without MAPP. They studied
the synergistic effect of MAPP and SEBS-g-MA (styrene block copolymer
grafted with maleic anhydride) on tensile and impact strength. The combi-
nation of MAPP (2%) and SEBS-g-MA (1%) slightly decreased the tensile
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strength compared to MAPP alone, while considerably improving the im-
pact strength of WPC.

Wang et al. [44] investigated four different silanes' efficiency in improving
the polypropylene WPCs’ mechanical properties. Compared to WPC with
untreated fibre, the fibre treated with silane alone did not improve WPC
properties. But, in the presence of dicumyl peroxide, composites treated
with 3-methacryloxypropyltrimethoxysilane (MPS) and
allyltrimethoxysilane exhibited an increase of up to 90, 60 and 50% in flex-

ural, tensile and impact strength, respectively.

Poplar wood was modified with the alkyl ketene dimer (AKD) coupling
agent to prepare polypropylene-based WPC. In this study, Zhang [45] in-
vestigated the coupling agent's influence in improving mechanical proper-
ties. Compared to WPC with 70% fibre without any coupling agent, WPC
with 5% AKD as a coupling agent improved the tensile strength and mod-
ulus of WPC by 41% and 45%, respectively. The impact strength of WPC
with coupling agent increased 38% compared to WPC without a coupling
agent. The improvement in the performance of AKD-coupled composites
was attributed to the higher surface area coverage of the wood fibres’ sur-
face by the lactone groups and the long carbon chain, enhancing the inter-

facial adhesion between wood fibres and plastics.

1.3 Chemical modifications

As already discussed, the main drawback of natural fibres compared to
glass fibre and carbon fibre is the poor mechanical properties due to non-

uniformity in the fibre properties. Lignocellulosic fibres are hydrophilic in
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nature due to the presence of strongly polarised hydroxyl groups. These
non-treated hydrophilic fibres are incompatible with most of the hydro-
phobic polymers used in composites. The incompatibility is a critical issue
because when adhesion between fibre and matrix is weak, the stress trans-
fer is insufficient. Hence, strong interfacial adhesion is essential to achieve
better performance of the material. Various physical and chemical modifi-
cation methods can improve interfacial bonding. The primary approach to
enhance the interfacial adhesion is to modify the fibre's surface by different
chemical treatments [13, 46-48] and by physical methods such as corona

treatment and plasma treatment, to name a few examples [49, 50].

In general, the interfacial adhesions between a fibre and a matrix resin in
fibre reinforced composites are chemical, physical or mechanical adhesion
[51]. The chemical adhesion proceeds through the formation of chemical
bonds between fibre and matrix. The primary approach for improving the
chemical bonding between fibre and matrix resin is the surface modifica-
tion of fibre through chemical treatment methods such as alkali treatment,

acetylation and coupling agent treatment [52-55].

1.3.1  Fibre modifications

The hydroxyl groups present in the glucose units building up the cellulose
polymer are available for modification. The cellulose fibre has a hydrophilic
surface which is chemically modifiable by reactions with the hydroxyl
groups. Through the chemical treatments, these hydroxyl groups undergo
reaction and introduce new chemical moieties which could effectively in-
teract with the matrix. Mercerisation, isocyanate treatment, permanganate
treatment, acrylation, acetylation, silane treatment, peroxide treatment,

benzoylation treatment and maleated coupling agents are examples of the
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chemical treatments adopted for modification of the natural fibres [56-58].
In general, after chemical treatment, the fibre-matrix adhesion in the pro-
duced fibre reinforced composites is improved. Among the chemical treat-
ments, mercerisation, acetylation, and silane coupling agent treatments are
the most reported fibre modification methods in the literature. The acety-
lation and silane coupling agent modifications of lignocellulosic fibres are

briefly discussed below due to their relevance to this study.

Acetylation is an attractive method for modifying the surface of natural
fibres. It involves making them more hydrophobic by introducing acetyl
groups. Acetylation, first used in hardwood, showed that it reduced the
swelling of wood in water. This method is studied more than any other
modification methods for lignocellulosic fibres. The reaction occurs be-
tween hydroxyl groups of cellulose fibre with the acetyl group (Figure 06).
This substitution reaction renders fibre into a hydrophobic state. The hy-
droxyl groups in the crystalline region of cellulose do not react, as the
acetylating agent cannot access these. In contrast, the hydroxyl groups that
react with acetic anhydride are those of the lignin, hemicelluloses, and

those located in amorphous domains of the cellulose [53].

OH + acetic anhydride — lﬂ( 'OCH; + CH.COOH

Figure 6: Schematic representation of acetic anhydride modification of
lignocellulosic fibre [59, 60]

16



Silane coupling agents (SCA) have a general chemical structure of R(4-n)—
Si—-R"X)n (n=1, 2), where R is alkoxy, X is an organic functional group and
R' is the alkyl bridge connecting the silicon atom and organic functional
group. This bifunctionality of organosilanes facilitates an effective coupling
between cellulosic fibres and polymer matrices. In natural fibre composites,
the most commonly used silanes are trialkoxysilanes [52, 59] with amino,

mercapto, glycydoxy, vinyl or methacryloxy organic functional groups.

T . ¢ 9
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Figure 7: Reaction between the silane coupling agent and lignocellulosic
fibre [59]

The mechanism for the coupling of organosilanes with cellulosic fibres in-
itiates through the hydrolysis of silanes in the presence of water, yielding
reactive silanol groups (Figure 7). During the hydrolysis, the silanols' self-
condensation can also occur; however, it is advisable to control the self-

condensation to leave the silanols available to be adsorbed with hydroxyl



groups of cellulosic fibres. The reactive silanols are adsorbed to the hy-
droxyl group on the cellulosic fibre surface through hydrogen bonding. Fi-
nally, under high temperature, the hydrogen bonds between silanols and
the fibre hydroxyl group get converted to covalent —Si—O—C— bonds while
liberating water [52, 59]. The effective interaction of silane-treated fibre is
highly dependent on the reactivity and compatibility between organo-func-

tionality of silane and reactivity of resin.

1.3.2 Resin modifications

Resin or matrix modification is another approach to improve fibre/matrix
adhesion in polymer composites. Numerous studies related to modifying
the thermoplastic polymers through the grafting method are reported in
the literature [61-63]. The post-modification of polyolefins with polar or
functional groups is common in producing polyolefins with functional or
reactive chemical groups. The grafting of reactive groups onto thermoplas-
tics decreases hydrophobicity and improves the compatibility with the fibre
reinforcement. Among various methods, high shear rate reactive extrusion
is widely used for producing grafted thermoplastics [64]. The grafting of
maleic anhydride onto polypropylene involves; (1) thermal decomposition
of peroxide and formation of primary radicals; (2) PP macroradical for-
mation through hydrogen abstraction predominantly from tertiary carbon
of PP backbone; (3) covalent bonding of maleic anhydride onto PP; (4)
termination of reaction through hydrogen abstraction from another tertiary
carbon [65]. Several studies report the usage of grafted polymers as a
compatibiliser in NFRP [66-68].

Thermoset resins like unsaturated polyester (UPR), vinyl ester (VE) and

epoxy (EP) are the main type of resins used to manufacture thermoset
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composites. The modification of thermoset resins can be done by selecting
the appropriate modifying agent compatible with the resin's available reac-
tive chemical groups. SCA can act as a modifying agent that will react with
thermoset resin functionality and the fibre surface via chemical bonding or
physical attraction. Reactive groups with a higher chemical affinity towards
fibre hydroxyls are introduced into the matrix resin through the resin mod-
ification. The SCA's organic functionalities can form chemical bonds with
compatible reactive groups in the matrix resin, while the hydrolysable
alkoxy groups can react with the fibre surface. Thus, an improved fibre-
matrix adhesion is achievable through the matrix resin modification ap-

proach [69].

Mostly, the chemical modification of thermoset resin is done to improve
the toughness of the resin. Aziz et al. [70] modified unsaturated polyester
resin to improve its compatibility with kenaf fibre in the composite. The
reference (type A) used in this study was a commercial polyester resin
named Crystic 2-406PA. Compared to type A resin, type B resin was hy-
drophilic in nature. The type C and type D resins contained additional
monomers, 2,3-epoxypropyl methacrylate and 2-hydroxyethyl methacry-
late, respectively, to improve resin/kenaf fibre adhesion. They found that
the resin modification significantly increased the composite's mechanical

properties due to improved fibre-matrix adhesion.

Yang et al. [71] studied the mechanical properties of carbon fibre rein-
forced epoxy composites prepared from the resins modified with different
types of silane coupling agents (SCA). They found that matrix modification
improved the tensile strength and flexural properties of carbon fibre com-
posites by 4% and 44%, respectively. Wei-Gang et al. [72] modified epoxy

resins with SCA to improve the corrosion resistance and epoxy coatings'
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adhesion on the aluminium surface. The water resistance of epoxy coatings
on metal substrates improved after the silane treatment [73]. The potential
of SCAs, poly-siloxanes, silsesquioxanes, silica and silicates in the modifi-
cation of epoxy resin has been reported [74]. The research related to the
silane modification of epoxy resin is mostly in coatings to improve flexibil-

ity, adhesion, corrosion resistance and water resistance.

APTES
MN_gj—)

Ethoxy Amine

APTES-
modified 0— si — |

resin

Figure 8: Schematic representation of 3-aminopropyltriethoxysilane reac-
tion with epoxy resin [75]

1.4 Functional fillers in wood-plastic composite

Wood-plastic composite (WPC) material consisting of wood fibres and cel-
lulose fibre from pulp are used currently in industrial sectors like building
and construction for decking, railing, flooring, cladding, and window

frames, to name but a few. Demand for WPCs is also increasing in furni-
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ture, consumer goods, household electronics and automotive parts pro-
duction. WPCs' functionalisation will open new markets for WPCs, and
ultimately the composite and forest industry will benefit from this. Hybrid
composites are a combination of three or more materials to achieve spe-
cific properties. For example, the combination of glass fibre with carbon
fibre at an optimal ratio can result in composites with good mechanical
properties at a lower cost. The preparation of hybrid composites by com-
bining carbon and other inorganic fillers is another strategy [76, 77]. Com-
bining two or more fillers can be beneficial so that the final product's prop-
erties can result from synergistic effects between the fillers. Therefore, the
hybrid composites exhibit multi-functionality, since the two fillers' com-
bined properties can lead to new material production with quite a diverse
set of properties [76]. The hybridisation of WPC with functional inorganic
fillers and nanofillers is also of interest, since these fillers may impart ex-
ceptional functionality to the WPC by increasing the thermal or electrical
conductivities of otherwise low conductive WPC. However, the lack of
interaction between the synthetic fibres/inorganic filler/nanofiller, wood
fibres, and matrix limits the effective reinforcement. A better understand-
ing of the interaction between these components in hybrid WPC is the

subject of both scientific and practical interest.

Song et al. [78] studied the effect of varying graphite loading from 10-40%
on the flexural properties and impact strength of the WPC based on 30%
of bamboo flour. The flexural strength of the hybrid composite decreased
with increasing graphite content. The composites' flexural strength de-
creased from 38.8 MPa to 30.5 MPa at a graphite content of 40 wt%. The
flexural modulus of the hybrid composite doubled compared to the
HDPE/bamboo flour composite, indicating the improvement in the
WPC's stiffness due to the graphite's addition. The HDPE/bamboo flour
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composites with 40 wt% of graphite exhibited a volume resistivity of 31.2
Q.cm. Among the different graphite loading, only 40% of graphite showed
an EMI-SE of 20 dB in the frequency range of 30 — 3,000 MHz.

Lei et al. [79] studied the effect of different concentration of graphitic car-
bon nitride (GCN) on the 40% wood flour filled WPC's properties. The
results from their study showed that the composite's tensile modulus in-
creased by 142.9% compared to WPC containing 5 wt% of GCN. The
tensile strength of the hybrid composite with 3 wt% of GCN exhibited a
4% increase compared to WPC, whereas the flexural strength showed a
decreasing trend with increasing GCN content. The flexural strength of
WPC was 47.4 MPa and it decreased to 43.8 MPa when the GCN content

was 10 wt%.

Faruk et al. [80] used two different approaches to incorporate nanoclay in
WPC. Nanoclay reinforced HDPE was used as a matrix for the wood-
plastic composite to improve the composite's mechanical properties. The
flexural strength of WPC increased from 28.9 MPa to 33.5 MPa through
the addition of 5 wt% of nanoclay. The flexural modulus of the hybrid
WPC increased compared to neat WPC. The coupling agent improved the
flexural strength and the modulus of both neat and hybrid WPC. They
found that using the HDPE/nanoclay as a WPC matrix is the best ap-

proach to incorporate the nanoclay into WPC.

Lee et al. [81] incorporated nanoclay into the WPC to improve various
properties. The addition of 1-phr nanoclay increased the tensile properties
(16.4 MPa to 33.7 MPa) and the impact strength (5.5 kJ/m? to 8.8 kJ/m?)

when compared to neat WPC. The increase in tensile properties was at-
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tributed to the higher dispersion and exfoliation of nanoclay in the PP ma-
trix achieved after the addition of MAPP. The drastic increase in the impact
strength of WPC containing 2 phr nanoclay and 3% MAPP was ascribed
to the coupling effect of MAPP at the interfaces.

Graphene has received much interest in recent years due to its exceptional
mechanical, thermal and electrical properties. Graphene is a two-dimen-
sional allotrope of carbon made up of a single layer of sp? hybridised car-
bon atoms [82, 83]. The structures with several layers of carbon atoms are
called graphene nanoplatelets (GNP), which are used as nanofillers to im-
prove the various properties of polymer nanocomposite [84]. Different
methods, such as in-situ, solution casting and melt mixing, are used to pre-
pare thermoplastic polymer-based nanocomposites [83]. Since melt mixing
is a well-established processing technique in the plastic industry, many re-
ports on graphene and graphite-based polymer nanocomposites produced
by this method are found in the literature [85, 86]. Those studies indicate
that graphene's addition improves the nanocomposites' mechanical prop-
erties at a lower filler content. However, for the nanocomposites prepared
by the melt mixing method, the electrical percolation threshold is reached
at a higher GNP loading. Hence the electrical conductivity in graphene-
based nanocomposites is achieved by sacrificing mechanical properties up

to a certain degree [83].

Some studies have reported the influence of GNP on the various proper-
ties of WPC. Most of those studies focused on the effect of GNP on me-
chanical and thermal properties. Sheshmani et al. [87] studied the polypro-
pylene/wood/GNP system and reported that the tensile and flexural prop-
erties of the hybrid composites increased at 0.8 wt% of GNP content. They
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also found that by increasing GNP content to 3-5 wt%, the strength de-
creased due to agglomeration. The composites’ electrical conductivity or
thermal conductivity was not studied. In another study, researchers devel-
oped PVC/wood/GNP composites to be used as electromagnetic intet-
ference shielding material [88]. This study showed that maximum electro-
magnetic interference shielding (26 dB) for composites was achieved with
GNP loading of 9 wt%.

1.5 Justification

The hydrophilic nature of lignocellulosic fibres is due to the non-crystalline
cellulose, hemicellulose, pectin and the fibres' porous morphology [89].
The hydrophilic nature of fibre can result in incompatibility with hydro-
phobic matrix resins like polypropylene [90]. This results in natural fibre
composite's inferior mechanical propetties, which can be significantly evi-
dent in the long-term-used application. The water uptake by natural fibres
can be associated with the amorphous regions of the cellulose and with the
hydrophilic non-cellulosic components. Due to the close packing of the
cellulosic chains and the hydrogen bonding between the hydroxyl groups,
there are less accessible hydroxyl groups in the crystalline region, which

eventually decreases water absorption in the crystalline region of fibres.

The degree of crystallinity for viscose fibres is in the range of 27-41% [91],
which is lower than that of some other natural cellulose fibres like flax and
hemp. RCFs, similar to lignocellulosic fibres, absorb moisture through the
amorphous cellulose hydroxyl groups in the fibre [92]. This results in rela-

tively increased water uptake by viscose fibres and points out the necessity
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of interfacial modification in viscose fibre based polymer composites. In
order to be considered in semi-structural and structural applications, the
RCF composites need to overcome the polymer incompatibility issues by
controlling RCF fibres' hydrophilicity. The chemical modification of fibres
can generate waste from the modification process, requiring waste treat-
ment. Also, some of the fibre chemical modification methods are time-
consuming and expensive. As an alternative to the chemical modification
of fibre, a resin modification approach that is quicker and generates less
process waste can also be utilised. Thus, research on conventional thermo-
set resins (epoxy, unsaturated polyester) based RCF composites suitable

for automotive and other structural applications is highly relevant.

The interest in environment-friendly wood-plastic composites (WPC) has
been steadily increasing in various industrial sectors over the last few dec-
ades [93]. The primary market for wood-plastic composites is building and
construction, the automotive industry, and the furniture industry [93].
Wood-plastic composites are used to produce non-load bearing products
like household appliances and load-bearing products similar to decking. In
Finland, the forest industry is strong and growing steadily [94]. The
sawmills generate by-products, including wood chips, wood flour and bark
[95]. These by-products are utilised primarily for energy recovery and for
producing fibre board, particle board and WPCs [95].

Incorporating functional properties such as thermal and electrical proper-
ties will open a new market for WPCs in addition to the current applica-
tions. The hybridisation of WPC with conductive fillers and nanofillers is
of interest, since these fillers may impart unique functionality to the WPC
by increasing the thermal or electrical conductivity of otherwise insulative

WPC. However, the lack of interaction between the conductive fillers,
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wood fibre/flour and matrix limits the effective reinforcement. A better
understanding of the interaction between these components in hybrid

WPCs is the subject of both scientific and practical interest.

This thesis falls in line with global and EU (2030 climate and energy frame-
work) demand for limiting global warming. The thesis research has studied
and developed lightweight composite materials that could be a prospective
replacement for automotive parts, materials for building and construction,
and ESD-safe WPC products. The research focuses on the interfacial mod-
ification in thermoset composites via fibre surface modification and ther-
moset resin modification. The study will also develop wood-plastic com-
posites (WPCs) with functional properties that can open a new market for
WPCs.
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2 Aim of the study

This thesis aims to study various properties of environment-friendly and
light-weighted composites with viscose fabric and wood flour as reinforce-
ment and conventional thermoset resins (epoxy and unsaturated polyester)
and thermoplastic (polypropylene) as a matrix. The obtained findings
should allow the development of biocomposites for automotive applica-

tions and ESD-safe products, and for thermal management.
The more detailed aims are the following:

» 'To understand the chemistry behind the modification of viscose
fabric by acetylation and silane coupling agents. The effect of
such chemical modifications on thermoset composites’ various
properties will be studied.

» The modification of thermoset resin by the addition of modifying
agents into the resin that yields less process waste will be evalu-
ated as an environmentally friendly alternative, considering the
environmental impact of the process waste after the fibre chemi-
cal modification. The effect of resin modification on the various
properties of resin and composites will be studied.

» 'To study the possibilities of expanding wood-plastic composites'
utilisation in applications requiring electrical and thermal conduc-
tivity. Graphene nanoplatelets (GNP) will be used as conductive
filler to produce conductive wood-plastic composites using the
conventional melt processing method. The effect of conductive
fillers on various properties of composites will be studied.

27



The main research questions are the following:

1. What is the influence of fabric modification on various prop-
erties of viscose fabric/unsaturated polyester resin compo-
sites?

2. How protective is gelcoat coating for viscose fabric rein-
forced thermoset composites?

3. Can the resin modification method be better or an alternative
to the fabric modification method?

4. How does the incorporation of graphene nanoplatelets influ-
ence various properties of WPCs?
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3 Experimental

3.1 Materials

3.1.1  Viscose fabric based composites

Reinforcement - The fabric used in the production of thermoset compo-
sites is made from Cordenka 610F viscose yarn with the twist Z40, 2440
dtex linear density and 1,350 filaments (Cordenka, Germany). The yarn was
processed into unidirectional fabrics with a surface weight of 223 g/m? by

warp knitting (Engtex, Sweden), as seen in Figure 10 (Article I, IT & III).

Figure 10: Warp-knitted fabric with the thick weft yarn in the horizontal

direction and the thin polyester yarn in the vertical direction [59]

Thermoset resins - An unsaturated polyester resin (Envirez®M8600 TA)
with a biomass content of 13% was purchased from Ashland Inc, Finland.
The density of the resin given by the supplier was 1.1 g/cm?. Methyl ethyl
ketone peroxide (MEKP) was used as a catalyst. The gelcoat surface resin

used in the accelerated water absorption study was based on unsaturated
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polyester (Maxguard®NP) (Article I). Prime 201V, an epoxy resin manu-
factured by Gurit Ltd, was used to produce viscose fabric composites (Ar-
ticle IT & IIT). An amine hardener (Prime 20LV slow) was used to cure the

castings and composites.

Chemicals — 3-aminopropyltriethoxysilane (APS; 99% purity) from Acros
Organics was used as a coupling agent to modify the viscose fabric surface
(Article I, II, III). 3-methacryloxypropyltrimethoxysilane (Sigma Aldrich)
was another SCA used to modify the viscose fabric (Article I). Acetic an-
hydride obtained from Merck was used for the acetylation of the viscose
fabric (Article I). All the chemicals used for the titration method to deter-
mine the epoxide content of the epoxy resin was of reagent grade and used
as received (Article 1T & IIT).

3.1.2 Functionalised wood-plastic composite

WPC masterbatch — The WPC masterbatch containing 50% (by weight)
wood flour and polypropylene (PP) was purchased from a masterbatch
producer. The softwood flour consists of spruce and fir with a maximum
size of 500 um. About 3% (by weight) of additives are included in the
composition (Article IV).

GNP masterbatch — The graphene nanoplatelet (GNP) masterbatch con-
taining 30% (by weight) of GNP in polypropylene (PP) was purchased
from NanoXplore, Canada. The masterbatch GNP is heXo-G V20 with
an average thickness of 20 nm (40 layers) and a flake size of 50 um. The
PP used in the masterbatch is an impact copolymer 4220H from Pinnacle
Polymers (Article IV).
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Polypropylene — The PP in WPC masterbatch and the PP used to dilute
the WPC masterbatch was Moplen EP240H, an impact-resistant
copolymer produced by LyondellBasell. The main properties of both
Moplen EP240H and 4220H are tabulated in Table 1.

Table 1: Physical properties of two impact-resistant polypropylene used
in this study

Properties Moplen EP240H 4220H
Density (g/cm?) 0.9 0.9
(ISO 1183) (ASTM D1505)
Tensile modulus 1100 -
(MPa) (ISO 527-1-2)
Tensile Stress at 23.0 24.2
Yield (MPa) (ISO 527-1-2) (ASTM D638)
Tensile Strain at 8.0 6.0%
Yield (%) (ISO 527-1-2) (ASTM D638)
MFR (g/10 min) 2.0 20.0
(230°C/2.16 kg) (ISO 1133) (ASTM D1238)
3.2 Methods

3.21 Viscose fabric modification

The viscose fabric was chemically modified using 3-aminopropyltriethox-
ysilane (APTES), 3-methacryloxypropyltrimethoxysilane (MPS) and acetic
anhydride.

APTES: APTES was added either to an ethanol/distilled water solution

or distilled water to yield a 2 vol% silane concentration in the solution.
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Fabric dipped in the silane solution for 5 min was then dried at room tem-

perature for 30 min. Then, the fabrics were oven-dried at 110°C and kept

in sealed plastic bags until composite preparation (Article I, IT & III).

Table 2: Modification of viscose fabrics and designations for composites

Code Fabric = modification | Composites Resin
method code

APS 95-5 | Fabrics treated with 2 | C-APS1 (Article | Unsatu-
vol% APS in (95:5) etha- | I) rated poly-
nol/distilled water solu- ester
tion (v/v) RS0-FS2-C (Ar- | Epoxy

ticle I & II)

APS 50-50 | Fabrics treated with 2 | C-APS2 Unsatu-
vol% APS in (50:50) eth- rated poly-
anol/distilled water solu- ester
tion (v/v)

APS water | Fabrics treated with 2 | C-APS3 Unsatu-
vol% APS in distilled wa- rated poly-
ter. ester

MPS Fabrics treated with 0.5 | C-MPS Unsatu-
vol% MPS silane in dis- rated poly-
tilled water ester

Acetyla- Acetic anhydride treat- | C-acetylation Unsatu-

tion ment rated poly-

ester

MPS: The viscose fabric was treated in an aqueous solution with an MPS
concentration of 0.5 vol%. The MPS was dissolved in distilled water acid-
ified with acetic acid to maintain the pH at 4.5. The solution was stirred
well for 15 min to form a clear homogeneous solution. Then the fabric was

immersed in the solution for one hour. Finally, the fabric was dried for 24

33



h at 60°C to remove traces of methanol resulting from the methoxy silane's
hydrolysis (Article I).

Acetylation: The fabrics pre-dried at 70°C for 16 h were dipped into a
glass beaker with acetic anhydride for 1 min. The excess anhydride was
drained off by placing the fabrics on a stainless-steel mesh for 3 min. Fi-

nally, the treated fabrics were dried at 110°C for two hours (Article I).

3.2.2 Epoxy resin modification

The epoxy resin was mixed with 1, 3, and 5 wt% of APTES. No solvents
or catalysts were used in the modification of resin. The modification was
done for one hour at room temperature and 70°C. Epoxy resin and the
appropriate amount of silane was weighed into a plastic container equipped
with a magnetic stirrer and stirred for one hour at room temperature. The
resin and an appropriate amount of silane were weighed into a round bot-
tom flask equipped with a reflux condenser for the modifications done at
a temperature of 70°C. The stirring continued for one hour in a water bath

maintained at a temperature of 70°C (£3) (Article II & III).

Table 3: Reaction conditions for modification of epoxy resin and designa-

tions

APTES | Temperature | Designation
(wt%) | (°C) Resin Castings Composites
0 - RSO RSO-CC RS0-C
1 23 RS1-RT RS1-RT-CC | -

70 RS1-70 RS3-RT-CC | RS§1-70-C
3 23 RS3-RT RS3-RT-CC | -

70 RS3-70 RS3-70-CC | RS3-70-C
5 23 RS5-RT RS5-RT-CC | -

70 RS5-70 RS5-RT-CC | RS§5-70-C
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3.2.3 Preparation of unsaturated polyester-based composites

The composites were fabricated through the vacuum-assisted resin infu-
sion method. The whole process overview is shown in Figure 11. Three
replicated composites were made from each type of modified viscose fabric
by using identical process conditions. Before the infusion, the fabrics used
for lamination were dried in an oven at 70°C for 16 h. The viscose fabrics
were stacked as straight as possible on each other to form a unidirectional
four-layer lay-up [£0]4. A vacuum pressure of -0.3 bar was applied, and it
was ensured that there was no leakage in the vacuum bag. The resin was
then mixed with 1.2 vol% of MEKP and added to the resin container to
start the infusion. The infusion process was completed in approximately
15-20 min at room temperature. The composites were first cured for 24

hours at room temperature and then post-cured at 70°C for 3 hours.

Composites were also made to evaluate the effectiveness of the protective
gelcoat surface resin in preventing water absorption. The gelcoat was ap-
plied on the glass plate before the fabrics' lay-up for the vacuum infusion
process. The gelcoat used here is a white-coloured unsaturated polyester
resin used to form the composite surface in contact with the environment.
The application of gelcoat was done in a dustless and well-ventilated place
at 18°C-25°C. The gelcoat was applied by using spacers to achieve a layer
thickness of approximately 0.5 mm. The gelcoat was mixed with 1.5 wt%
of MEKP and cured for 4 — 5 hours at room temperature after forming
the layer. The vacuum infusion was done one day after the gelcoat applica-
tion by following the procedure mentioned above. These composites were
made with viscose fabric, which has not undergone any chemical modifi-
cations. The composite's surface without gelcoat and the edges were cov-

ered with two topcoat layers, applied with a paintbrush. Similar to gelcoat,
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the topcoat also forms the composite surface that protects the composite
against weathering and chemicals. When gelcoat is applied in the mould,

topcoats ate used as a finish coat on the composite part's inner side.

L Reinforcement
Unsaturated polyester Catalyst - Warp knitted
Envirez MBE00 TA MEKP unldlrectflaugrallc\.uscuse
&5 ¢J U
Mixing Pre-drying
Time: 16 hours
Temp: 700C
74 Iyl
Yacuum

Resinmix Mould preparation { bagging

accessories
Q Vacuum infusion

Wacuum pressure: -0.3 bar
Time: 3 hours
Temperature: 230C

Curing process
24 hours at room temp
3 hours at 700C

Il

Viscose fabric
composites

Figure 11: An overview of unsaturated polyester resin/viscose fabric
composite production [59]

3.24 Preparation of epoxy-based castings and composites

The cured castings (without fibre reinforcement) and epoxy/viscose fabric

composites were prepared from epoxy resin modified by APTES. For
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comparison, the composites were also prepared from unmodified epoxy
resin and APTES-modified viscose fabrics. Cured castings and composites
with unmodified viscose fabric as reinforcement were prepared from un-

modified epoxy resin as a reference.

Cured castings: Cured castings were prepared using a metal mould with
dimensions specified for a dog-bone shaped tensile specimen (ISO 527-2)
[96]. After proper mixing, the resin was poured into the metal mould and
left for curing. The epoxy resin was mixed with the hardener in a 100:26
ratio (by weight). The curing was done for 7 hours at 65°C and later post-
cured at 80°C for 2 hours.

Composites: Modified epoxy-based composites were prepared through
the vacuum-assisted resin infusion method. Four layers of warp-knitted
unidirectional viscose fabric were carefully laid [£0/+90/£0/190] on top
of each other in four layers on the mould surface. Later, the vacuum bag-
ging was completed and the resin infusion was done. The resin infusion
was done in a climate chamber at 65°C and by applying a vacuum pressure
of 0.1 bar. The composites were cured the same way as cured castings, and
the same amount of hardener was used for curing the composites. The
fibre weight and volume percentage in the composites were 38—42% and

31-35%, respectively. The thickness of the composites was 2.2-2.4 mm.

37



Figure 12: Schematic representation of (a) vacuum bag and (b) composite

preparation by vacuum-assisted resin infusion in an oven [69]

3.2.5 Preparation of hybrid wood-plastic composites

The hybrid WPCs were prepared through two-stage melt compounding in
a co-rotating intermeshing twin-screw extruder, ZSK 18 MEGAlab, from
Coperion, Germany. The extruder's barrel length was 72 mm, and the outer
diameter of the screw was 18 mm (D,/D; = 1.55).

150 rpm Feeder 1 Side feeder f i

— ! vent £, Vent| | vent
— 190°C | 190°C | 190°C | 190°C | 200°C| 200°C|200°C | 200°C | 200°C
—

1

2 3 4 5 6 7 8 9 10
N AN

Figure 13: Extrusion set-up and screw configuration for processing hy-

brid wood-plastic composites

The pre-mixed wood-plastic composites containing 24 wt% (WPC1), 30
wt% (WPC2) and 40 wt% (WPC3) wood flour were prepared by diluting
WPC-MB (50 wt% wood flour) with Moplen EP240H. In the second stage,
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WPC1 (83.5 wt%)/GNP-MB (16.5 wt%), WPC2 (66.6 wt%)/GNP-MB
(33.4 wt%) and WPC3 (50 wt%)/GNP-MB (50 wt%) were melt mixed to
produce PP-W20-G5, PP-W20-G10 and PP-W20-G15, respectively. The
pre-mixed WPC was fed from the main feeder and GNP-MB was fed from
the side feeder. The compounding was done at a screw speed of 150 rpm
and the total feed rate was 5 kg/h. The extruder temperature was set
1900C-200°C as seen in Figure 13. The extrudate was cooled in water and
finally pelletised and saved for further use. The designations and composi-

tion of hybrid wood-plastic composites are listed in Table 1 (Article IV).

Table 4: Designations and composition of hybrid wood-plastic compo-

sites
Composites PP Wood flour | GNP
(wt%) | (wt%) (wt%)

PP 100 0 0
PP-W20 80 20 0
PP-W20-G5 75 20 5
PP-W20-G10 70 20 10
PP-W20-G15 65 20 15

The WPC plates were made by hot pressing the PP-W20 and hybrid WPC
pellets (Figure 14). The pressing was done in a manual hydraulic hot press
at a temperature of 220°C for 3 min with a press load of 3.5 MPa. Initially,
a pre-heating time of 15 min was given before the load was applied to re-
move the moisture. The plates' size was 200 mm x 200 mm, with a 3.6 —

3.8 mm thickness. These plates were later CNC machined to test specimens.
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Figure 14: The wood-plastic composite pellets containing 20 wt% of
wood flour (PP-W20) and wood-plastic composite pellets containing 20
wt% wood flour and 15 wt% graphene nanoplatelets (PP-W20-G15)

3.3 Characterisation

3.3.1  Tensile properties

Tensile properties of unsaturated polyester resin/viscose fabric composite
were determined in accordance with ISO-527-2 [96] by using a Messphysik
tensile testing machine equipped with a 10 kN load cell. The test was done
at ambient conditions at a test speed of 5 mm/minute. The sample thick-
ness was in the range of 2-3 mm, depending on the modification of the
fibre utilised. Tensile strength, modulus and elongation at break are re-

ported from an average of five specimens (Article I).

The tensile properties of modified epoxy cured castings were done in ac-
cordance with ISO-527-2 [96] by using a Tiratest 2705 tensile tester
equipped with a 5 kN load cell. The average thickness of the casting was 4

mm and the test was conducted at a speed of 2 mm/minute (Article II).
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The tensile testing of epoxy/viscose fabric composite was done using a
Tinius Olsen H10KT tensile testing machine. The test was conducted in
accordance with ISO 527-2 [96]. The average thickness of the specimen
was 2.3 mm. The tensile properties are reported from an average of six
specimens (Article IIT). The tensile test was performed in a Tiratest 2705
tensile testing machine equipped with a 5 kN load cell. The test was carried
out at room temperature with a speed of 5 mm/minute. The length of the
sample was 150 mm and the length of the narrow portion was 80 mm. The
thickness of tensile specimens was 3.6 mm — 3.8 mm. Tensile properties
are calculated as an average of six specimens. Tensile modulus is calculated
from the stress-strain curve slope in the strain interval between 0.05% and

0.25% using the chord slope method.

3.3.2 Flexural properties

The flexural properties of the unsaturated polyester resin/viscose fabric
composite were done in accordance with ISO 178 [97] (Article I). The
Messphysik MIDI 10-20/4 x 11 tensile tester equipped with a 1 kN load
cell was used to do the three-point bending test. The dimension of the
specimen used for testing was 80 mm (I) x 15 mm (w) x 2 mm (h). The
span length was 50 mm. The test was carried out at ambient condition with
a 2 mm/min crosshead speed, and the average values from five specimens

are reported.

The three-point bending test for epoxy resin/viscose fabric was done ac-
cording to the ISO 14125:1998 [98] standard using a Tinius Olsen H10K'T
universal testing machine (Article III). The dimensions of the specimens

were 80 mm x 15 mm (length x width). The thickness of the specimen was
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2.3 mm. The test was done at a speed of 10 mm/minute. The span length

was 64 mm.

3.3.3 Charpy impact test

Impact resistance of unsaturated polyester resin/viscose fabric composite
was measured using a CEAST Resil 5.5] impact testing machine, in accord-
ance with ISO 179 [99] (Article I). The dimension of the specimen was 80
mm (I) x 10 mm (w) x 2 mm (h). The test was done edgewise with a 2 mm

notch. The results are presented from an average of three specimens.

The Charpy impact test of epoxy tesin/viscose fabric composite was done
using Cometech QC-639D testing machines. The test was done in accord-
ance with ISO 179 (Article III). The test was done edgewise without a
notch. The dimension of the specimen was 80 mm (I) x 10 mm (w) x 2.3

mm (h). The results are presented from an average of five specimens.

3.3.4 Dynamic mechanical analysis

The dynamic mechanical properties of epoxy resin/viscose fabric compo-
site were analysed using Netzsch DMA 242 (Article IIT). The measurement
was done in tensile mode at a frequency of 1 Hz. The dimension of the
specimen was 30 mm () x 5 mm (w) x 2.3 mm (h). The free length of the
specimen was 10 mm. The test temperature ranged from 25°C to 130°C at

a heating rate of 2°C/min.

42



3.3.5 Water absorption test

The gravimetric water absorption test was done in accordance with ISO
62: 2008 [100] to evaluate the performance of unsaturated polyester/vis-
cose fabric composite (Article I). The test was done at room temperature.

The weight gain percentage was calculated from Equation (1).
C = [(m2 — m1)/m;i x 100] 1

NB: m; — the mass of the specimen before immersion in water; mz — the

mass of the specimen after immersion in water for a specified time.

The dimension of the specimen was 90 mm x 90 mm. For each batch of
composite, three specimens were tested, and the average value is reported.
The edge of the specimens was sealed with topcoat paint. The test was
continued until the specimen was saturated or until 102 (2,448 hours) days.
An accelerated water absorption test was done to evaluate surface gelcoat
and topcoat performance in preventing water absorption. The samples af-
ter the test were visually analysed for changes or blister formation on the
gelcoat and topcoat surface and deformation of the composite after testing.
Weight gain during the test was determined to study the protection effi-
ciency of the gelcoat on the water absorption of the composite laminates.
The side of the composite without gelcoat and the edges were sealed with
a topcoat. The composites were cut into 100 mm x 100 mm specimens
with 2.3 mm thickness. One set of specimens with the dimensions men-
tioned above was drilled to make three circular holes in the middle of the
specimen to study the water absorption. Another set without holes was

evaluated for any blister formation or deformation in the composite after
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an accelerated water absorption test. The container was placed in a climate

chamber at 65°C for four weeks to accelerate the water absorption.

3.3.6  Epoxide content of the epoxy resin

The epoxide content of modified epoxy resin was determined according to
manual titration procedures in accordance with ASTM D1652-11 [101]
(Article II). The neat or modified epoxy resin was dissolved in methylene
chloride and then titrated with standard perchloric acid in the presence of
an excess of tetraethylammonium bromide. The sample (0.4 g) was titrated
with a perchloric acid reagent to a sharp blue to the green endpoint, stable
for approximately 30 s. The volume of perchloric acid consumed during
titration was recorded. The weight percent epoxide and epoxy equivalent
weight were calculated according to Equation (2) and (3). The value re-

ported is the average of two measurements.
E=43xVxN/W @)
Weew = 43 x 100/E 3)

NB: E — weight percent epoxide; Wegw — epoxy equivalent weight; V — the
volume of perchloric acid reagent used to titrate the sample (ml); N - not-
mality of perchloric acid reagent; the constant 4.3 is the theoretical molec-
ular weight of the epoxide ring 43 adjusted to 4.3 for the calculation to
percent epoxide; W — the weight of the epoxy resin (g) (Article II).
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3.3.7 Viscosity of epoxy resin

The viscosity of the neat and modified epoxy resin was measured using an
Anton Paar MCR 301 rheometer (Article II). The test was done at a tem-
perature range of 25°C — 65°C at a constant shear rate of 10 s-1. The meas-
urement was done using a 25 mm plate-plate spindle configuration with a
gap distance of 1 mm. The value reported is the average of two measure-

ments.

3.3.8  Wettability of cured epoxy castings

The wettability of cured epoxy castings was evaluated by measuring the
contact angle of the castings' surface using a contact angle measurement
instrument, OCA20 from Dataphysics Gmbh (Article II). The static con-
tact angle of ultra-pure water on cured epoxy was measured at room tem-
perature by a sessile drop method. The contact angle value was taken 10 s
after depositing the drop on the epoxy surface. The results are reported as

the average of five measurements with a corresponding standard deviation.

3.3.9 FTIR spectroscopy

APTES-modified epoxy resin, cured castings and epoxy/viscose fabric
composites were measured by ATR-FTIR spectroscopy (Article II). The
spectra from resins and cured casting surface were recorded on an ATR
PerkinElmer-Spectrum One spectrometer. Signals of eight scans at a reso-
lution of 4 cm™ were averaged before the Fourier transformation. The
spectrum was recorded over a range of 4,000-650 cm!. The spectra from
the epoxy/viscose fabric composites' surface were recorded on a Bruker

Optics-Tensor 27 spectrometer equipped with a diamond ATR accessory.
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Signals of 32 scans at a resolution of 4 cm! were averaged over a range of
4,000—400 cm-.

3.3.10 Differential scanning calorimetry

The glass transition temperature of cured epoxy castings was determined
using a Netzsch DSC 204. The samples were heated from 25°C to 250°C
at a rate of 10°C/minute and then cooled. In the second heating scan, the
sample was heated from 25°C to 250°C at a rate of 10°C/minute. The sam-
ple size was 10—11 mg and the test was conducted in a nitrogen atmosphere.
The glass transition temperature from the second heating scan of the cured
castings is reported (Article II). The effect of cooling rate on melting and
crystallisation behaviour of the hybrid wood-plastic composites containing
20 wt% wood flour and 15 wt% GNP was determined using a Netzsch
DSC 204 in a nitrogen atmosphere. The sample mass for all the composites

was 10 mg (£2). The first heating was done from a temperature of 25°C to
220°C at a rate of 40°C/min, followed by isothermal heating for 20 min
representing the press time of the composites. The cooling was done at
two different cooling rates of 2°C/min or 40°C/min. The second heating
was performed at 40 °C/min (Article IV).

3.3.11 Scanning electron microscopy

The tensile fractured surface of epoxy/viscose fabric composites was in-
vestigated by FE-SEM (Jeol JSM-7600F) at 5 keV using a below-the-lens
(LEI) secondary electrons detector (SE) to minimise charging on the fibres
(Article IT). The impact fractured surface of epoxy/viscose fabric compo-
sites was studied with a scanning electron microscope (SEM; JSM-5800,

Jeol Inc., Tokyo, Japan) operating at a low accelerating voltage (5 keV) to
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minimise the beam damage of the polymer (Article III). The examination
of the platinum-coated tensile fracture surface of hybrid wood-plastic com-
posites was performed on a JEOL JCM-6000 Neoscope scanning electron
microscope with an electron acceleration voltage of 15 kV. For polished
cross-section surfaces of hybrid wood-plastic composites, the examination
was made without a coating and an acceleration voltage of 1 kV to reduce
the charging of the surface on the Zeiss EVO 50VP scanning electron mi-
croscope (Article IV).

3.3.12 Thermogravimetric analysis

The thermal decomposition of epoxy/viscose fabric was studied using a
thermogravimetric analyzer, Netszch TG 209C. The test was conducted in
a nitrogen atmosphere by heating from 25°C to 800°C at 10°C/minute.
The sample mass for all the composites was 20 mg (£2) (Article I1I).

3.3.13 Burning rate test

The burning rate test was done in accordance with ISO 3795:1998 [102],
which describes the method to determine the burning behaviour of interior
materials in road vehicles, tractors, and machinery for agriculture and for-
estry (Article III). The sample was held horizontally in a U-shaped holder,
and the free end of the sample was exposed to a low-energy flame for 15 s
in a combustion chamber. The test is finished when the flame extinguishes,
or within the time in which the flame passes a measured distance. The
specimen dimensions for epoxy/viscose fabric were 138 mm (I) x 60 mm
(w) x 2.3 mm (h) and for functional WPC 138 mm (I) x 60 mm (w) x 4 mm

(h). The result is reported from an average of three specimens.

47



Figure 15: A viscose fabric/epoxy composite sample tested for determin-

ing the burning rate

3.3.14 Surface resistivity

The surface resistivity measurement of hybrid wood-plastic composites
was done according to ASTM D257 — 07: Standard Test Method for DC
Resistance or Conductance of Insulating Materials [103] (Article IV). Sur-
face resistivity was measured by applying a voltage potential across the in-
sulator sample's surface and measuring the resultant current (I). The elec-
trode system is a circular flat metal plate type concentric ring electrode
Vermason H108C (upper electrode) and H116BC (lower electrode). The
power supply was a TRACOPOWER MHV12 — 0.5 K6000P, 500 volts.
The voltmeter used was a Fluke 45 Dual display multimeter, and the am-
meter was a Keithley model 6485 Picoammeter. The measurement was
done at 500 V and in a room maintained at a temperature of 21°C *2. The
current reading from the picoammeter was noted 60 s after the start of

measurement. The surface resistivity measurement of all other samples was
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done following the same procedure. Two plates, each with 100 mm x 100
mm and 3.6 — 3.8 mm thickness, were measured for all the samples. The
results are an average of four measurements done from both surfaces of
the two plates. The surface resistance of PP-W20-G15 prepared by slow
and fast cooling was measured following the same procedure explained
above, except that the thickness of test samples was 2 mm and the test
voltage was 100 V. The surface resistivity was calculated from Equation (4).
o _ m(D1+D2)
Surface resistivity ps = 021 Rs 4
Where D1 is the outer diameter of the inner ring in cm; D2 is the inner

diameter of the outer ring in cm; Rs is measured resistance in ohms.

3.3.15 Thermal conductivity

A Netzsch LFA 467 device with Proteus LFA software was used to meas-
ure the samples' thermal diffusivity and CP(T) at 25°C (Article IV). Before
the measurements, the surface of the sample was coated using a graphite
spray. The samples' rear surface was heated by exposing a short light xenon
laser pulse on the rear surface, and the temperature change of the opposite
side of the sample was detected using an infrared detector. The thermal

diffusivity was calculated using Equation (5) [104].
a=0.1338 /1> 5)

where a = the thermal diffusivity; 4 = thickness of the sample, and #A/2 =

time at the half signal height.
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K(T)=a(T) X oo(T) X p(T)  (6)

The thermal conductivity of the samples was computed at 25°C using
Equation (6). Where k(T), «(T), cp(T) and p(T) are the thermal conductivity,
thermal diffusivity, specific heat capacity and experimental density of the
sample, respectively. The density of PP, PP-W20, PP-G15 and PP-W20-
G15 was measured as 0.90, 0.94, 0.97, and 1.04, respectively.
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4 Results and discussion

The most important findings from this study are presented and discussed
in Chapter 4. The first section analyses and discusses the effectiveness of
the viscose fabric's chemical surface modification in improving vatious
properties of the unsaturated polyester-based composite. The second sec-
tion will discuss the resin modification method's viability as an alternative
to the chemical surface modification method. The third section focuses on

evaluating and discussing the results of hybrid WPCs.

41 Unsaturated polyester/viscose fabric composite

411 Mechanical properties

In terms of flexural strength, the C-APS1 composite performed best
among all the epoxy/viscose fabric composites studied in this thesis (Fig-
ure 16). Compared to the C-untreated composite, improvement in flexural
strength (22%0) was visible from the results. The C-APS2 and C-APS3 com-
posites also exhibited an increase of 6% and 7%, respectively. The C-MPS
composites exhibited lower flexural strength among all the composites
tested. As expected, the flexural strength of all the composites decreased

after water absorption.
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Figure 16: Effect of chemical modification on flexural strength of unsatu-
rated polyester/viscose fabric composite [59]

The improvement in the flexural strength might be due to improved adhe-
sion between viscose fabric and UP-resin caused by possible chemical
bonding between the modified viscose fabric and the UP-resin. APTES
silane might have undergone physical and chemical reactions with the re-
active sites in unsaturated polyester resin, resulting in good adhesion be-
tween fibre and the unsaturated polyester matrix. The amine reaction with
polyester may occur by adding the hydrogen atom of the amino group to
the carbon atom in the carbon double bond, with the balance of the amine
adding to the other carbon. Since polyester contains free carboxyl groups,
part of the amine may also remain combined as a salt [105]. The amine in
APTES may react with the carbon double bond in the polyester. This re-
action is more favoured at 20°C to 150°C [106]. The cure temperature and
post-cure temperature used to prepare composites were 23°C and 70°C,
respectively. Thus, it is assumed that the reaction between APTES and UP-

resin resulted in an improvement of properties. The better flexural strength
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of C-APS1 after water immersion can be ascribed to the improved water

resistance of the modified fabric.
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Figure 17: Effect of chemical modifications on the impact resistance of
unsaturated polyester/viscose fabric composite [59]

The tensile strength of the C-APS1 composite decreased by 25% (114 MPa)
compared to the C-untreated composite (152 MPa). It has been reported
in the literature [107] that the tensile strength of single fibres is reduced
after chemical treatment with amino-functional silane. During the chemical
modification of cellulose, the reaction occurs at the amorphous region or
in the crystalline region's border. The diffusion of modification reagent
into the celluloses’ crystalline domain is impossible. However, the reagent
can react with the cellulose molecule chain ends close to the surface of
crystallites by opening some of the hydrogen-bonded cellulose chains [108].
Thus, new amorphous domains are formed from the crystalline region. The
decrease in crystallinity results in reduced tensile properties of the fibre

[107]. Therefore, it can be assumed that the chemical treatment with
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APTES decreased the crystallinity of the fibre, leading to a decrease in the

tensile strength of the composites.

The Charpy impact strength of UPR/viscose fabric composites increased
when using APTES-modified viscose fabric (Figure 17). Three different
APTES modification methods adopted in this study resulted in a two-fold
increase in impact strength. Among the three APTES modification meth-
ods, APS1 showed the most improvement. The regenerated cellulose fibres
are proved to be very tough materials, which manifests as a high work to
fracture and high failure strain [109]. In literature, it is found that the frac-
ture toughness of composites with knitted fabric reinforcement is in-
creased due to the uniaxially inlaid yarns in the fabric [110]. Therefore, the
structure of the reinforcement has influenced the impact strength of all the
composites under study. The notable improvement in the fracture tough-
ness of APTES silane-modified composites can be ascribed to improved

fibre-matrix interactions.

41.2 Water absorption test

All the composites reached saturation point in the duration of the test time
(102 days). The composites, with the exception of C-APS1, showed a rapid
increase in water absorption in the test's initial period. The improved water
resistance of C-APS1 is seen in Figure 18. The mass gain at the end of the

test for C-APS1 was 2% less when compared to C-untreated composites.

54



12.0

10.0 : T = I z
— = : S p o x
* ]
= 8.0
.l T
bo .4
w
§ 60
s !
L
4.0 = C-untreated
—m— C-acetylation
20 § C-MPS
—=—C-APS1
0.0
0 500 1000 1500 2000 2500 3000

Hours

Figure 18: Effect of chemical modifications on the water uptake of un-
saturated polyester/viscose fabric composite [59]

The improvement in water resistance of C-APS1 justifies the results from
the 3-point bending test of composites done after water immersion. The
decrease in flexural strength was smaller in C-APS1 compared to any other
composites. This indicates the effectiveness of APTES modification in re-
ducing water absorption. C-APS1 composites were prepared by using vis-
cose fabric modified with the APS 95-5 treatment. This finding points out
that the modification in the ethanol/water medium modified the fibre sur-
face and penetrated the yarn filaments, making the fabric more resistant
towards the water. The reaction between the cellulosic fabric and the
APTES may proceed via hydrolysis of the ethoxy groups in silane, which
further form highly reactive silanols. Silanols form a hydrogen bond with
the hydroxyl group of fabric, and after that, in the presence of heat, a co-
valent bond is formed between fabric and silane. The amino group present

in the silane is supposed to form a chemical or physical bond with unsatu-
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rated polyester resin, thus forming a bridge between the fabric and the pol-
ymer. A deformation in the tested plates, except for C-APS1 composites,
was observed by visual inspection after the test. This observation ascertains
the improvement in water resistance characteristics of the C-APS1 com-

posite after silane modification of viscose fabric.

The APTES modification of viscose fabric was successful in improving
various properties of its UP-resin based composites. The bending strength
and the composites' impact resistance increased notably when compared
to composites based on untreated viscose fabrics. The APTES modifica-
tion of fabric is an excellent method for improving the water resistance of

UP-resin based composites.

4.2 Epoxyl/viscose fabric composites

4.2.1 Modification of epoxy resin

The effectiveness of APTES in modifying epoxy resin was evaluated by
determining the epoxide content of modified resin. The weight percent
epoxide decreased by increasing the content of APTES in the modification
(Figure 19).

The epoxide content decreased by 2.6% and 3.4% for RS5-RT and RS5-
70, respectively, compared to RSO resin (unmodified). The epoxy equiva-
lent weight (EEW) increased to 211 g/mol for RS5-70 from 184 g/mol for
RSO resin. The decrease in epoxide content indicates the grafting of
APTES onto the epoxy resin by the reaction between amine in silane and

epoxide in the resin.
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Figure 19: Effect of APTES modification on the epoxide content of
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The reaction is assumed to proceed through a primary amine in APTES
reacting with the epoxy oxirane ring, forming a secondary amine and a hy-
droxyl group. The formed secondary amine will further react with another
oxirane ring, resulting in the silane grafting, as shown in Figure 20 [73, 111].
Similar observations are made by other researchers about the modification
of epoxy resin by APTES [112]. This finding is supported by an increase
in the viscosity of modified resins. The viscosity of the RS5-70 resin dou-
bled when compared to RSO resin. The reaction between APTES and
epoxy resin is assumed to be similar to the reaction between the epoxy
resin and amine hardener. During the cure reaction of epoxy resin, the vis-
cosity increases with time and temperature due to the cross-linked network
formation [113]. The increase in viscosity of modified resin supplements

the results obtained from the epoxide content determination test.

The FTIR spectra of RSO resin and RS5-70 are seen in Figure 21. The
spectra of modified resins seem to be similar to that of RSO resin, with a
few variations. A new absorption band appears at 1,077 cm! for resins
modified with 5 wt% APTES (RS5-70). Previous studies assign this band
to Si-O-C linkage, indicating that the ethoxy group in the APTES silane
remains unreacted in the modified resin [114]. The absence of an absorp-
tion band in a range of 1,040 cm! to 1,020 cm! and 990 cm! to 945 cm'!
confirms that silanols (Si-OH) are not present in the modified resin. The
absence of an absorption band corresponding to siloxane in the region also
confirms that the ethoxy group is unreacted. The major observation from
Figure 21 (b) and (c) compared to Figure 21 (a) is the disappearance of the
absorption band at 1,077 cm! which is assigned to the unreacted ethoxy
group in modified resin. This indicates that during curing, the resin's eth-
oxy group has reacted, forming an improvement in the fibre-matrix adhe-

sion.
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4.2.2 Tensile properties

The tensile strength of cured epoxy castings is shown in Figure 22. The
tensile strength decreases with an increase in APTES content irrespective
of the temperature used in the modification. Compared to resin modifica-
tion at room temperature, the tensile strength of resins modified at 70°C
decreased. The epoxide content determination test results point out that
there is less oxirane oxygen in the modified resins compared to unmodified
epoxy resin. Therefore, during the cure reaction with amine hardener, com-
paratively less oxirane is available for crosslinking reaction with an amine.
The decreased cross-link density might have decreased the tensile strength
of the cured epoxy castings. In general, thermoset resins with low cross-
link density exhibit low tensile strength [115]. It is observed that there was
no significant change in terms of elongation at break of the modified cured

castings when compared to RSO-CC.
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Figure 22: Effect of resin modification on tensile strength of cured cast-

ings [75]
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The tensile strength of epoxy/viscose fabric composites is shown in Figure
23. The tensile strength of RS3-70-C and RS5-70-C increased by 14% and
11%, respectively, compared to RSO-C composites. Meanwhile, the tensile
strength of RSO-FS2-C decreased by 22%. The ethoxy group's presence
after modification of resin was evident from the FTIR analysis (Figure 21.a).
However, the FTIR analysis of composites shows that the absorption band
around 1,077 cm, corresponding to the ethoxy group found in modified
resins, disappeared in the case of composites. This observation indicates
that the ethoxy group grafted to the epoxy resin has undergone reaction
during the composites' curing. As discussed above, it is essential to note
that the modification of epoxy resin with 3 wt% and 5 wt% of APTES
decreased the tensile strength of the cured castings. A notable difference is
found when the same resins are used to prepare viscose fabric reinforced
composites. The tensile strength of RS3-70-C and RS5-70-C increased by
14% and 11%, respectively. The increase in composites' strength is obvi-
ously due to the improved adhesion between viscose fabric and modified

epoxy resin.
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Figure 23: Effect of resin modification on tensile strength of epoxy/vis-
cose fabric composites [75]
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The elongation at break of the composites is shown in Figure 24. The elon-
gation seems to be increasing with increased APTES content in epoxy resin.
Compared to the RSO-C composite, the elongation at break of RS3-70-C
and RS5-70-C increased by 29% and 41%, respectively. In contrast, there
was a 40% decrease in elongation of the RS0-FS2-C composite. The elon-
gation of the reinforcing fibre influences more the elongation at break.
Compared to native lignocellulosic fibre, the elongation at break of viscose
fibre used in this study is significantly higher [116]. The improved fibre-
matrix adhesion also has contributed to the improvement in elongation at

break of the composites.
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Figure 24: Effect of resin modification on the elongation of the
epoxy/viscose fabric composites [75]
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The percentage of change in tensile properties of composites fabricated
with chemically modified fibres are tabulated and compared with the re-
sults obtained from this study (Table 5). The literature data for comparison
is restricted to those studies that have reported improved tensile properties
after chemical modification. The improvement in tensile strength of com-
posites prepared from APTES-modified epoxy resin is similar to compo-

sites prepared from chemically modified lignocellulosic fibres [117, 118].

Table 5: A comparison of the influence of fibre modification and resin
modification approaches on the tensile strength of corresponding com-
posites [75]

Composites Chemical Change in
modification tensile
strength (%)
Grewia tilifolia/epoxy | NaOH (5 wt%) | 5.8
Flax/epoxy NaOH (5 wt%) | 21.9
Bamboo/epoxy NaOH (5 wt%) | 32.8
Grewia tilifolia/ APTES (1 14
epoxy vol%) in ace-
tone
Bamboo/epoxy MPS (0.5 wt% 15.1
in deionised wa-
ter)
Viscose/epoxy APTES (2 vol% | -22.0
in ethanol/wa-
ter)
Viscose/modified APTES (3 wt%) | 14.0
epoxy
Viscose/modified APTES (5 wt%) | 10.8
epoxy
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4.2.3 Tensile fractography

The tensile fracture surfaces of the RSO-C and RS5-70-C composites are
shown in Figure 25 and Figure 26, respectively. The filament bundle pull-
off in the non-load-bearing 90° layers of RSO-C can be seen from 25 (a).
The single filaments in the 90° layer bundle appear to be clean, with the
less resin-covered region and fibre splitting. The resin-rich region seems
smooth and shiny, but the resin region near polyester knit yarn exhibits
micro-textures resembling river lines. The load-bearing 00 plies are ob-
served to be more rugged. The internal cracking within the bundle and
bundle de-bonding along the fibre—matrix interface is visible from Figure
25 (b). The image analysis of RSO-C composites indicates that the adhesion

between viscose yarns and the epoxy resin is weak.
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Figure 25: Tensile fracture sutface of the reference epoxy/viscose fabric

composite made from unmodified resin and unmodified fabric [75]

The tensile fracture surface of RS5-70-C is shown in Figure 26. The 90°
layer bundle filaments are well embedded in the matrix resin with less split-
ting than the RSO-C composite. This indicates an improved fibre-matrix

adhesion in RS5-70-C. The internal cracking within the bundle and the

64



splitting in load-bearing 0° layers are less in the case of RS5-70-C when
compared to RSO-C composites. The resin-covered 00 layer bundles can be

seen in Figure 26 (b).
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Figure 26: Tensile fracture surface of epoxy/viscose fabric composite
prepared from epoxy resin modified by 5% APTES and unmodified fab-
ric [75]

In general, failure modes like fibre fracture, delamination between the lay-
ers, ply splitting or matrix cracking can occur in cross-ply laminates [119,
120]. When under tension, the first failure in a cross-ply laminate is the ply-
cracking in the non-load-bearing 90° layers [121]. On the other hand, the
fibre breakages and internal bundle cracking are the main failures occurring
in the load-bearing 0° layers. The failure modes discussed above are ob-
served from the fracture surface of the composites obtained in this study.
In general, a lack of matrix resin on the fibre surface, a higher degree of
filament pull-out, and matrix cracking within the fibre bundles are taken as
evidence of insufficient fibre—matrix adhesion [122]. When the fibre—ma-
trix adhesion improved after resin modification, the degree of de-bonding

was lower in the case of RS5-70-C composites. The presence of knit yarn
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in the boundary of the bundle initiated the de-bonding in that particular
region. The knit yarns are reported to act as initiation sites for damage de-
velopment in composites with knitted fabric as reinforcement [123]. The
observations made from the SEM analysis indicate an improved fibre-ma-
trix adhesion, and it also supplements the tensile results discussed in the

previous section.

4.2.4 Charpy impact strength

The Charpy impact strength of epoxy/viscose fabric composites is shown
in Figure 27. The strength of RS1-70-C and RS3-70C increased by 18%
and 37%, respectively, compared to the RSO-C composite. The impact
strength of RS5-70-C doubled when compared to RSO-C. On the other
hand, the impact strength of RSO-FS2-C decreased by 48% compared to
RS0-C composites.
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Figure 27: Effect of modifications on Charpy impact strength of
epoxy/viscose fabric composites [69]
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There are several factors governing the impact resistance of the composite
materials. Among those, strength and stiffness of fibre, matrix toughness,
thickness, lay-up, impact velocity, and support conditions are of major im-
portance [124]. When a composite is tested under impact, a part of the
energy related to the impact is used for elastic deformation of the compo-
site. The remaining energy is dissipated through different failure mecha-
nisms like fibre breakage, fibre—matrix de-bonding, delamination, and ma-
trix resin cracking [124]. The impact fracture surface analysis through SEM
is supposed to provide the information on the type of fractures occurred

in the composites.

The fractography analysis (Figure 28) supports the experimental results ob-
tained from the Charpy impact testing. Among the modified resin-based
composites, the impact strength of RS5— 70-C composites almost doubled
compared to RSO-C composites. The improvement in the toughness of the
resin is evident when comparing the resin-rich areas of the RSO-C compo-
sites and RS5— 70-C composites. The resin-rich region in the RS5-70-C
composite was much more impact-resistant when considering the matrix
crack formation observed in the RSO-C composites. Also, the microtex-
tures indicating the shear failure in the resin-rich region is also indicating
the improved impact resistance of the epoxy composite after the APTES
modification. The impact failure surface with evidence of shear failure
shows improved impact resistance. Thus, it is assumed that the epoxy resin
modification with compatible SCAs like APTES improves the toughness

of the resultant composite.
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Figure 28: SEM images from impact fracture surface of (a) RSO-C and (b)
RS5-70-C

The damping factor tan & is often associated with the impact resistance of
the natural fibre composites [125]. A high tan & value indicates that the
material is more viscous and has high energy dissipation potential, whereas
a low tan § is associated with a highly elastic material capable of storing
energy within its structure. Several authors have explained the increase in
impact resistance of NFRP composites based on an increase in area and
height of the tan & peak [125]. A large area under the tan 8 peak indicates
a great degree of molecular mobility, which translates into better damping
properties, meaning that the material can better absorb and dissipate en-
ergy. As seen from Figure 29, the area under the tan 8 curve for RSO-FS2-
C is smaller among all the other composites. This explains the lowest im-

pact resistance of RSO-FS2-C when compared to other composites.

A shift in glass transition temperature is observed in the composites after
the APTES modification. There was a decrease of about 7°C in T, of the
RS1-70-C composite with respect to the RS0-C composite. The glass tran-
sition temperature T, of the RS3-70-C and RS5-70-C composites in-
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creased 16°C when compared to the RSO-C composite. There was an in-
crease of 6°C in T}, of the RSO-FS2-C composite with respect to the RSO-
C composite. The increase in glass transition temperature of the composite
can be taken as a measure of interfacial interaction. The higher the T}, the
stronger the fibre—matrix adhesion. Similar kinds of observations for nat-
ural fibre reinforced composites have been reported in the literature [125,
126]. In addition to the polymer and the fibre, the interfacial adhesion be-
tween the fibres also has significant influence on the impact resistance of
composites. The results obtained in this study indicate that the impact re-
sistance of the viscose fibre based composites increases with improved in-
terfacial adhesion, as seen from the increase in the glass transition temper-

ature.
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Figure 29: Effect of modifications on the tan d value of the viscose fabric
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4.2.5 Burning properties

The burning rate of epoxy/viscose fabric composites can be seen in Figure
30. The burning rate of the RS5-70-C composite increased by 18% com-
pared to the RSO-C composite. A general trend observed from the results
is that with an increase in APTES content in the modification of resin, the
composites' burning rate increased. The composite prepared from APTES-
modified viscose fabric (RSO-FS2-C) exhibited the lowest burning rate
among all the composites. There was a decrease of about 8% in the burning
rate for the RSO-FS2-C composite compared to RSO-C composites. This
shows that APTES fabric modification has effectively reduced the burning
rate of the composite. The deformation of samples after the test was prom-
inent in RS3-70-C and RS5-70-C composites.
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Figure 30: Effect of modifications on the burning behaviour of
epoxy/viscose fabric composites [69]

The tan & curve in Figure 29 shows an increase in T, for RS3-70-C and

RS5-70-C composites, and an increase in T} is correlated to an increase in
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cross-link density. Since high energy is required to break highly cross-linked
structures, the chamber's maximum temperature recorded during the test
for RS3-70-C and RS5-70-C composites was higher compared to other
composites. The flame-retardant properties of composites are adversely af-
fected by the increase in cross-link density [127]. High crosslink density
can make the network structure too rigid to produce charred layers during

combustion, thus increasing its flammability.

The T, of the RSO-FS2-C composite is lower than RS3—70-C and RS5-70-
C composites. Therefore, the cross-link density is assumed to be low in
RS0-FS2-C composites compared to RS3—70-C and RS5-70-C composites.
However, the low burning rate of RS0-FS2-C composites can be more in-
fluenced by the modification of viscose fabric by APTES. The decrease
(62.8% to 55.6%) in crystallinity of sisal [128] and Lyocell fibres [129] after
APTES modification is reported in the literature. The decrease in crystal-
linity in cellulose fibre results in a reduction of levoglucosan, which is
evolved as highly flammable fluid tar. One recommendation made by Ko-
zlowski and Wladyka-Przybylak [130] to decrease the flammability of the
cellulose fibre is to decrease the crystallinity of the cellulosic fibres. There-
fore, the APTES modification of viscose fabric is expected to play a vital
role in reducing the burning rate. According to ECE Reg. No 118 and di-
rective 95/28/CE, the result of the horizontal burning tests conducted ac-
cording to ISO 3795 shall be satisfied if the burning rate is not more than
100 mm/min [131]. Therefore, all the epoxy/viscose fabric composites can

be assigned as satisfactory in the burning test irrespective of modifications.
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4.3 Hybrid wood-plastic composite

4.3.1 Tensile properties

The tensile strength of neat PP, PP-W20 and PP-Wood-GNP hybrid com-
posites is shown in Figure 31. The strength of hybrid composites decreased
gradually by increasing the GNP content. The strength of PP-W20-G10
and PP-W20-G15 decreased by 10% and 20%, respectively, when com-
pared to PP-W20.
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Figure 31: Effect of increasing GNP loading on the tensile strength of
hybrid WPC [83]
GNP's capability in enhancing the tensile properties of composites is ex-
plained based on the effect of graphene structure, dispersion of fillers, and
filler-matrix adhesion [76]. The analysis of hybrid composites indicates that
GNP fillers' presence influences the composites' tensile strength. The
strength of PP-W20-G10 and PP-W20-G15 decreased (approx. 2 MPa and
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4 MPa, respectively) when compared to the tensile strength (18 MPa) of
PP-W20. However, given the total filler content of PP-W20-G10 and PP-
W20-G15 composites are 30 wt% and 35 wt%, respectively, the decrease
in tensile strength is quite apparent. Idumah and Hassan [132] studied the
kenaf fibre/ GNP/PP composite system and reported using 5 wt% MAPP
improved polymer for kenaf fibre adhesion. However, GNP's adhesion to
polymer was weak due to the lack of any chemical bond formation between
GNP and MAPP. A similar observation is made from the tensile fracture
surface analysis of the wood fibre/ GNP/PP composite system under this
study. The tendency of graphene to agglomerate has created stress concen-
tration in the composite that leads to failure of composites in tensile load.
The decrease in tensile properties due to GNP's restacking at 5 wt% load-
ing has been reported elsewhere [132]. In this study, the GNP loadings in
hybrid WPC are above 5 wt%. Thus, the decrease in tensile strength can
be attributed to the agglomeration of the GNP and lack of chemical inter-
action between GNP and polymer.
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Figure 32: Effect of increasing GNP loading on tensile modulus of hy-
brid WPC [83]
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Young’s modulus of hybrid composites increased 35% compared to PP
neat and 14% compared to PP-W20, as seen in Figure 32. The graphene is
a two-dimensional layer of carbon that possesses high stiffness [133]. The
reinforcing effect of graphene increases with increasing graphene content
up to 10% by weight and then decreased. When compared to PP-W20, the
elastic modulus of hybrid composite has improved. This indicates that the
incorporation of GNP into wood-plastic composite improved the stiffness
of composites. The tensile modulus of graphene is 1 TPa [134], and the
increase in stiffness with GNP incorporation up to an optimal concentra-
tion of filler in nanocomposites and hybrid composites are also reported
in the literature [135, 136]. The enhancement in the modulus can be at-
tributed to the stiffness difference between the polymer and the graphene.
The increase in stiffness with GNP incorporation up to an optimal con-
centration of filler in hybrid composites is also reported in the literature

[135].

SEM images from the tensile fracture surface are shown in Figure 33 (a-f).
The surface of wood flour in the wood-plastic composite containing 20 wt%
flour seems to show good compatibility with PP (Figure 33 a & b). The
wood flour surface appears to be rough and wetted with the polymer. Also,
there is no fibre pull-out observed from the SEM analysis. These observa-
tions indicate good adhesion between PP and wood flour in the presence
of MAPP as a compatibilising agent. The study of the surface of both PP-
G15 and PP-W20-G15 revealed clusters of agglomerated particles appear-
ing in different sizes. The GNP's surface was clean without any polymer
covering, indicating low compatibility between the polymer and the GNP.
Figure 33 (f) shows that the partially pulled out and broken fibres seem to
be coated with the polymer, indicating better adhesion between wood flour

and PP in the hybrid composites. Simultaneously, the GNP surface is
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found to be without any polymer covering, which means low compatibility
with the PP in PP-W20-G15. A similar observation can be made from Fig-
ure 33 (d).
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Figure 33: SEM images from the tensile fractured surface of (a), (b) PP-
W20 (c), (d) PP-G15 and (e), (f) PP-W20-G15 [83]
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4.3.2 Surface resistivity

The sutface resistivity of PP/GNP and hybrid WPCs is listed in Table 6.
The percolation threshold is reached with a filler loading of 15% by weight
in PP/GNP and hybrid composites. The surface resistivity of PP/GNP
and hybrid composites decreased several orders of magnitude to 108 /sq
and 106 Q/sq, respectively. The results from surface resistivity measure-

ments indicate that the surface conductivity increased by incorporating
GNP in both PP and WPC containing 20% by weight of wood filler.

Table 6: Effect of GNP on the surface resistivity of PP/GNP and hybrid

WPCs [83]
Composites | Surface resis- | SD
tivity (£2/sq)

PP neat 1.19E+14 5.34E+12
PP-W20 1.08E+14 6.19E+12
PP-G5 1.05E+14 7.25E+12
PP-G10 1.00E+14 3.55E+12
PP-G15 8.83E+08 8.43E+08
PP-W20-G5 | 4.96E+14 0.67E+12
PP-W20- 4.48E+14 1.90E+13
G10

PP-W20- 2.90E+06 2.05E+06
Gl15

The electrical conduction mechanism in the insulating polymer/conduc-
tive filler composites is described based on percolation theory. The electri-
cal conductivity in those composites is due to free electron movement

through conductive fillers' conductive path at a critical filler loading. There
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is a sudden increase in electrical conductivity at this critical filler loading,
after which it gets saturated. This critical filler concentration is known to

be the electrical percolation threshold concentration [137].

In general, an uncoated insulator sample accumulates charge during the
examination. SEM images from a cross-section of GNP-filled PP-G15 and
PP-W20-G15 acquired with 1 kV show brighter areas (Figure 34 ¢ & d).
This observation can be explained as the “reverse” charging characteristic,
where the local field effect in a conductive composite enhances the relative
secondary electron emission in the isolated conductive grains [138]. Similar
observations in polymer/carbon nanofiller filled composites ate reported
elsewhere [139, 140]. Due to this phenomenon, the conductive filler is seen
brighter in a dark insulating matrix. Due to a low acceleration voltage of 1
kV, both the penetration depth of primary electrons and escape depth of
secondary electrons (SE) are low, and only near-surface information is ob-
tained. The brighter GNP (15 wt%) is seen in Figure 34 (c) and (d). In
Figure 34 (d), the GNP is seen to be even better distributed in the presence
of 20 wt% wood flour. The charging phenomenon directly represents the
GNP's electrically conductive path in the PP matrix. The results from the
SEM analysis support the findings from the surface resistivity measure-

ments.
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Figure 34: SEM images from polished surface of (a) PP neat (b) wood-

plastic composite — PP-W20 (c) antistatic composites filled with GNP

(PP-G15) (d) anti-static/dissipative wood-plastic composite filled with
wood flour and GNP (PP-W20-G15) [83]

It is worth noting that the WPC containing 20% (by weight) is more con-
ductive than PP with the same loading (15% by weight) of GNP. The total
insulating components (PP and wood) in both PP-G15 and PP-W20-G15
are 85 wt%. With the total amount of conductive filler in both PP/GNP
and hybrid composite being the same, the decreased surface resistivity of
hybrid composite is due to the good distribution of GNP in the presence
of wood filler. Good distribution of GNP helped in forming a more effec-
tive conductive path in the PP-W20-G15 hybrid composite. Based on the
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results obtained and according to the literature [141], the PP filled with 15
wt% of GNP and WPC containing 15 wt% GNP can be used as anti-static
packaging for sensitive electronics and in wood-plastic composite products

to prevent the build-up of static electricity.
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Composites

Figure 35: Effect of cooling rate on the surface resistivity of hybrid
WPCs [83]
The surface resistivity of PP-W20-G15 was found to be influenced by the
processing conditions during the hot pressing. The effect of varying cool-
ing rate during the compression moulding was studied by using two differ-
ent cooling rates; (1) fast cooling in which the composites were cooled at
a rate of =14°C/minute by running water and air through the channels in
the top and bottom platens in the hydraulic press and (2) slow cooling at a
rate of =0.7°C/minute, in which the composites were left in the press to
cool down to 23°C without using cooling water or air. The composite pro-
duced under slow cooling exhibits low surface resistivity (6.97E+05) com-
pared to the composite made under fast cooling (2.52E+07), as seen in

Figure 35. Since there is no variation in GNP or wood flour content in the
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two composites, the lowering of resistivity can be related to polypropyl-

ene's crystallisation behaviour.

DSC analysis was done on the granulates of neat polymer and composites
to study the effect of fast and slow cooling on its thermal behaviour. A
cooling rate of 2°C/minute and 40°C/minute was used to represent slow
cooling and fast cooling, respectively. It should be noted that the result
presented in Table 7 does not precisely represent the processing conditions
used in this study. When comparing two different cooling rates, a notable
difference in crystallisation temperature and the degree of crystallinity of
PP can be observed from Table 7. The decrease in surface resistivity of PP-
W20-G15-Slow produced using slow cooling can be correlated to the in-

crease in the degree of crystallinity.

It is documented that the formation of the conductive path is easier in
highly crystalline thermoplastics compared to those with a higher amor-
phous phase [142]. According to Kalaitzidou et al. [143], the degree of crys-
tallinity and the type of crystals, the size of the crystals, and nucleating ef-
fect of GNP can affect the percolation threshold and electrical resistivity
of PP-based composites. They found that the slow cooling resulted in
larger but fewer crystals than fast cooling, in which a large number of small
crystals were formed [143]. A similar observation about decreased resistiv-
ity in slow cooled PP/CNT composites was made by Wang et al. [144].
They reported that most of the CNT was prevented from participating in
the nucleation of PP crystals by using an external nucleating agent, and

therefore more CNT was available for forming a conductive path.
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Table 7: Effect of cooling rate on the melt temperature, crystallisation
temperature and degree of crystallinity [83]

Composites | Ty, (°C) T. (°C) x (%)

Fast | Slow | Fast | Slow | Fast | Slow
PP neat 169 | 170 106 128 30 34
PP-W20 172 | 169 104 129 29 34
PP-G15 175 | 174 106 131 30 37
PP-W20-G15 | 170 | 172 108 132 30 36

Therefore, the decreased resistivity of PP-W20-G15-Slow compared to
PP-W20-G15-Fast is due to an increase in crystallinity and fewer but large
crystallites formed during slow cooling. It is assumed that the wood flour
participated in the nucleation of PP crystals, allowing most of the GNP to
form a conductive path in slow cooled PP-W20-G15 by decreasing the

surface resistivity.

4.3.3 Thermal conductivity

The thermal conductivity of polypropylene (PP neat) and composites is
shown in Figure 36. The incorporation of 15 wt% GNP in wood-plastic
composites with 20 wt% wood filler has significantly increased thermal
conductivity by 130% (PP-W20-G15). The increase in thermal conductiv-
ity is attributed to the better distribution of GNP in hybrid composites in

the presence of wood flour, as seen from Figure 30.

The GNP has high thermal conductivity, and it is reported that incorpora-
tion of GNP in the polymer matrix can lead to an increase in thermal con-
ductivity [145]. The main factors affecting the heat conduction in polymer

composites containing GNP are lateral size and thickness, interfacial ther-
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mal resistance, GNP dispersion, surface functionalisation and GNP con-
centration [146]. The heat transfer in polymer composites containing low
GNP, where fillers cannot connect, depends on the interfacial interaction
of graphene and polymer [1406]. Effective interaction between polymer and
graphene can decrease the interfacial thermal resistance and improve the
phonon transfer between polymer and graphene. In polymer composites
with higher GNP loading, like those used in this study, the heat conduction
is through the thermally conductive path formed by the GNP-GNP con-
tact. Once the composite makes contact with the heat source, the heat
transfers quickly through the GNP's thermal conduction path. There was
no critical loading or percolation threshold identified in the case of
PP/GNP and PP/GNP/wood flour hybrid composites. An increase in the
thermal conductivity in both systems containing 15 wt% of GNP was ob-
served. Although there was an increase in PP and WPC's thermal conduc-
tivity after the addition of 15 wt% GNP, these materials are still not suita-

ble for use in applications requiring heat dissipation.
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Figure 36: Effect of GNP loading on the thermal conductivity of wood-
plastic composites [83]
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5 Conclusions and future work

This thesis's main objective was to investigate the suitability of different
chemical modification methods in improving the fibre-matrix adhesion in
viscose fabric reinforced thermoset composites. From the results in this
thesis, it is evident that the interfacial adhesion between matrix resin and
fibre reinforcement plays a vital role in determining the properties of nat-
ural fibre composites. The effectiveness of acetylation and silane coupling
agents to surface modify the viscose fabric was studied to address research
question 1 (Article 1). The results showed that the 3-aminopropyltriethox-
ysilane (APTES) treatment was best among the fibre modification methods
chosen in this study. APTES modification significantly improved mechan-
ical and water resistance of viscose fabric/unsaturated polyester compo-
sites (VF/UPR) through improved fibre-matrix adhesion. The use of gel-
coat and topcoat reduced the water uptake in VF/UPR composites, as seen

from the accelerated water absorption test (research question 2).

To address research question 3, the effectiveness of epoxy resin modifica-
tion as an environmentally friendly alternative for the chemical fibre mod-
ification method was studied (Article II and III). The epoxy resin modifi-
cation by APTES decreased the tensile strength of cured resin. However,
the tensile strength and elongation at break increased when APTES-mod-
ified epoxy resin was used to fabricate viscose fabric/epoxy composites. It
is worth mentioning that the impact strength of viscose fabric/epoxy com-
posites doubled after APTES modification of epoxy resin. These results
indicate that modifying the resin with coupling agents compatible with the
chemical functionality of thermoset resin is an alternative to conventional

chemical methods for modifying regenerated cellulose fibres.
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Another objective of this thesis was to develop anti-static wood-plastic
composites (WPC) suitable for ESD-safe applications. Research question
4 was addressed by studying the influence of graphene nanoplatelets on
tensile properties, surface resistivity and thermal conductivity of wood-
plastic composites produced by the melt compounding method (Article
IV). The anti-static WPC with a surface resistivity of 10 Q/sq was devel-
oped with a decrease in tensile strength and improved stiffness. The ther-
mal conductivity of anti-static wood-plastic composites almost doubled
when compared to polypropylene. The presence of wood flour helped
achieve a better distribution of GNP compared to composites containing
GNP alone. The developed anti-static WPC can be used to produce anti-
static containers and ESD-safe chairs for the electronic industry, and for

making anti-static pipes that are exposed to a less humid environment.

Although this thesis's findings act as a basis for developing wood-based
fibre reinforced polymer composites with improved mechanical, physical
and electrical properties, there are a few aspects that require further re-
search. It is worth studying suitable coupling agents to modify commonly
used thermoset resins like unsaturated polyester resin and vinyl ester resin.
Based on laboratory experiments, it was estimated that less process waste
is generated in the resin modification method compared to fibre chemical
modification methods like acetylation, alkali treatment and silane coupling
agent modification. The environmental impact of both fibre modification
and the resin modification approach needs to be validated by conducting a
life cycle assessment study. Since the melt processing technique was se-
lected, a relatively high graphene content was used to reach the desired

electrical resistivity for anti-static WPC. When considering the economy,
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studies are needed to improve melt processing conditions to reach the per-
colation threshold at lower graphene content. Alternatively, cost-efficient

conductive fillers to develop anti-static WPC need to be selected.
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Abstract

Viscose fabric-reinforced unsaturated polyester composites were successfully prepared through vacuum infusion pro-
cess. Unidirectional viscose fabric was modified by two different organosilane coupling agents and by acetylation treat-
ment. The main objective was to study the influence of fabric treatment on the mechanical and water absorption
properties of the composites. Flexural, tensile and impact properties of composites were studied. The results from
mechanical testing of composites pointed out that 3-aminopropyltriethoxy silane treatment increased the flexural and
impact strengths of the composites with respect to untreated fabric composite. The impact strength of 3-aminopropyl-
triethoxy silane-treated fabric composites almost doubled compared to the value of untreated fabric composite. Among
all the composites under study, those with fabrics treated by 2 vol% 3-aminopropyltriethoxy silane in ethanol/water
(95:5) solution exhibited significant improvement in water uptake resistance. An unsaturated polyester gelcoat and
topcoat were applied as the outer surface on the composites with untreated fabric. This was done in order to investigate
the visual surface appearance and evaluate the gelcoat and topcoat effect on water absorption after accelerated water
immersion test. The regenerated cellulose fibre as reinforcement shows high potential to be used as an alternative for
natural bast fibres, especially, when toughness of material matters. Chemical treatment of regenerated cellulose fibres
could result in improvement in properties of polymer composites, considering that the appropriate treatment method is
selected for the corresponding fibre—matrix system.

Keywords
Viscose fibre, regenerated cellulose, chemical modification, silane coupling agent, fabric composite, mechanical proper-
ties, gelcoat, water absorption

Introduction composites. The regenerated cellulose fibres, which

are commonly named as viscose Or rayon, possess
high purity, uniformity and reproducibility of their

Natural fibre reinforcement offers many advantages
over its synthetic counterpart and is usually used in
the form of short and continuous fibre reinforcement.
Short fibre-reinforced thermoplastic and thermoset
composites are widely explored research areas.'
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properties.” They are also available as continuous fila-
ments, which can be processed into woven or warp-
knitted textile fabrics. Since the regenerated cellulose
fibres could form composites without compromising
the benefits provided by natural fibres and considering
that it can overcome the drawback of natural fibre in
certain aspects, regenerated cellulose fibres could be a
better alternative or a parallel choice for lignocellulosic
fibres in composite manufacturing.®

Lignocellulosic fibres are mainly composed of cellu-
lose, hemicellulose, pectins, lignin and waxes. These
fibres are hydrophilic due to the hydrophilic nature of
the hemicelluloses, pectin and also due to the porous
morphology of the fibres. This hydrophilic nature can
result in incompatibility between these fibres and the
matrix resin, which is commonly hydrophobic polymer,
for example polypropylene. This indeed leads to infer-
ior mechanical properties of the natural fibre compos-
ite, which can be, especially, evident in long-term-used
application. The absorption of water by natural fibres
can be related to the amorphous regions of the cellulose
and to the hydrophilic non-cellulosic components. In
the crystalline region, there are less available hydroxyl
groups, due to the close packing of the cellulosic chains,
and the hydrogen bonding between the hydroxyl
groups, eventually resulting in lesser water absorption.
The degree of crystallinity for viscose fibres, as reported
in literature, is in the range of 27-41%,”® which indi-
cates rather high water absorption and higher hydro-
philicity. Hence, the modification of the hydroxyl
groups on the viscose fibre is an essential factor when
fabricating a composite with lower water absorption
and good fibre-matrix interaction. A chemical modifi-
cation of the viscose fibre may improve the compatibil-
ity with reactive thermoset resins like unsaturated
polyester resin. Several chemical methods utilized for
the modification of natural fibres have been reported
in literature. Methods such as acetylation,”!'® peroxide
treatment' 2 and usage of silane coupling agents!> !
might also be suitable for viscose fibre treatment.
Eventually, the chemical modification reduces the
hydrophilic nature of the cellulosic fibres through func-
tionalization of the free hydroxyl groups in the fibre.
For instance, in the organosilane coupling agents the
silane alkoxy group reacts with the hydroxyl group on
the cellulose, while the organofunctional group on the
other end of the silane is available for reaction with the
matrix resin in the composite.

Organosilanes have a general chemical structure of
Ri_yy-Si~«(R'X), (n=1, 2), where R is alkoxy, X is any
organofunctionality and R’ is the alkyl bridge connect-
ing the silicone atom and organofunctionality. This
bifunctionality of organosilanes facilitates an effective
coupling between cellulosic fibres and polymer matri-
ces. In natural fibre composites, most commonly used

silanes are trialkoxysilanes'® with amino, mercapto,
glycydoxy, vinyl or methacryloxy groups as the organic
functionality. The mechanism for the coupling of orga-
nosilanes with cellulosic fibres is initiated through
the hydrolysis of silanes in presence of water yielding
reactive silanol groups. During the hydrolysis, self-con-
densation of the silanols can also take place; however, it
is advisable to control the self-condensation in order to
leave the silanols available to be adsorbed with hydro-
xyl groups of cellulosic fibres. The reactive silanols are
adsorbed to the hydroxyl group on cellulosic fibre sur-
face through hydrogen bonding. Finally under higher
temperature, the hydrogen bonds between silanols
and fibre hydroxyl group get converted to covalent —
Si-O—-C— bonds while liberating water.'® The effective
interaction of silane-treated fibre is highly dependent on
the reactivity and compatibility between organofunc-
tionality of silane and reactivity of resin.

Vacuum-assisted resin infusion techniques have
become popular in manufacturing polymer composites.
In literature, vacuum infusion is known under different
names that basically involve similar technology in
which the impregnation of a dry reinforcement is
done by a liquid polymer resin transported under
vacuum.'® In this process, the resin is drawn into a
preform by external air-pressure, which forces the
resin to flow into the mould, from which the air has
been evacuated by vacuum. The low cost tooling and
scalability to very large structures has made vacuum
infusion method a very attractive fabrication technol-
ogy. It also minimizes the void contents inside the
moulded composites, reduces volatile organic com-
pound emissions and results in less production waste
than other moulding techniques.'’

Regenerated cellulose fibre-reinforced thermoplastic
composites have been investigated with mostly bio-
degradable polymers as matrix material.'®!® Reports
related to conventional thermoplastics reinforced
with regenerated cellulose composites are also seen in
literature.?>*' However, the studies on regenerated cel-
lulose fibre/thermoset composites are very few.%?> 24
Chemical modification of regenerated cellulose fibre-
based fabrics and the study of its influence on the prop-
erties of composites are seldom found in literature.?®
This study reports the effect of two different silane cou-
pling agents and acetylation modification of warp-
knitted unidirectional viscose fabrics on the mechanical
and water absorption properties of unsaturated polyes-
ter composites. An unsaturated polyester-based gelcoat
and topcoat were applied on the surface of the compos-
ites reinforced with untreated viscose fabrics. The inten-
tion was to evaluate the effect of these protective
coatings on the visual appearance of the composite
surface and the water absorption properties through
accelerated water absorption test.
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Experimental
Materials

Viscose yarn with the twist Z40, 2440 dtex linear dens-
ity and 1350 filaments (Cordenka® CR) was obtained
from Cordenka GmbH, Germany. The yarn was pro-
cessed by warp knitting into unidirectional fabrics
(Figure 1) with a surface weight of 223 g/m? (Engtex,
Sweden). An unsaturated polyester resin (Envirez®
M8600 TA) with a biomass content of 13% was pur-
chased from Ashland Inc, Finland. Density of the resin
given by the supplier was 1.1g/em’. Methyl ethyl
ketone peroxide (MEKP) was used as a catalyst. The
gelcoat was based on unsaturated polyester
(Maxguard® NP) and topcoat was supplied by
Ashland Inc, Finland. The chemicals used for fibre sur-
face modification were 3-aminopropyltriethoxy silane
(APS; 99% purity) obtained from Acros Organics,
3-methacryloxypropyltrimethoxy silane (MPS)
obtained from Sigma—Aldrich and acetic anhydride
obtained from Merck. All the other chemicals used in
this study were of analytical grade and were used with-
out further purification. For the vacuum infusion, seal-
ant tapes, peel-ply fabric, injection fabric, plastic film
for vacuum bagging and mould releasing agent
(Chemlease® manufactured by Chem Trend) were sup-
plied by Kevra Oy, Finland. The plastic connecting
tubes used in vacuum infusion process were obtained
from Etra Oy, Finland.

Chemical treatments

Two different organosilanes were used for the fibre sur-
face treatment, APS and MPS. Different treatment

Figure |. The fabricated warp-knitted fabric with the thicker
weft viscose yarn in the horizontal direction, and the thin poly-
ester warp yarn in the vertical direction.

procedures were opted to carry out the treatments
and those are listed in Table 1. Acetylation of the
fabric was done with acetic anhydride. A general reac-
tion method for silane modification of fibre is shown
in Figure 2.

APS treatment. APS was added either to an ethanol/dis-
tilled water solution or to distilled water, according to
the corresponding treatments (Table 1) to yield a 2
vol% silane concentration in solution. Fabrics were
dipped in a plastic container containing the silane solu-
tion for Smin and then dried at room temperature.
After 30min, the fabrics were oven-dried at 110°C
and kept in sealed plastic bags until composite prepar-
ation. The reaction between the cellulosic fabric and the
APS silane may proceed by hydrolysis of the organosi-
lane ethoxy groups which further form highly reactive
silanols. Silanols form hydrogen bond with hydroxyl
group of fabric, and thereafter in the presence of
heat, a covalent bond is formed between fabric and
silane. The amino group present in the silane is sup-
posed to form chemical or physical bond with unsatur-
ated polyester resin, thus forming a bridge between
fabric and the polymer.

MPS treatment. Fabrics were treated in aqueous solution
with 0.5 vol% MPS concentration. The reaction solu-
tion was prepared by dissolving MPS in distilled water
acidified with acetic acid to maintain the pH at 4.5. The
solution was further stirred for 15min to form a clear
homogeneous solution. Then the fabrics were immersed
in the solution for 1h. Finally, the fabrics were dried
for 24 h at 60°C to remove traces of methanol resulted
from hydrolysis of the methoxysilane.?**” A general
reaction mechanism for the silane modification of the
fabric is given in Figure 2. The unsaturation in MPS
may react with styrene in the presence of the initiator

Table I. Details on different kinds of chemical treatment.

Treatment Treatment condition

APS 95-5 Fabrics treated with 2 vol% APS in
(95:5) ethanol/distilled water
solution (v/v)

APS 50-50 Fabrics treated with 2 vol% APS in
(50:50) ethanol/distilled water
solution (v/v)

APS water Fabrics treated with 2 vol% APS in
distilled water.

MPS Fabrics treated with 0.5 vol% MPS
silane in distilled water

Acetylation Acetic anhydride treatment
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Figure 2. Organosilane coupling agent reaction with a cellulosic natural fibre.'>

l OH + acetic anhydride —> lO('O( H; + CH;COOH

Figure 3. Acetylation of a cellulosic natural fibre using acetic
anhydride.29

during the curing of unsaturated polyester resin, thus
forming a stable chemical bond with the resin.

Acetylation treatment. Fabrics pre-dried at 70°C for 16 h
were dipped into glass beaker with acetic anhydride for
I min. The excess anhydride was drained off by placing
the fabrics on a stainless steel mesh for 3 min. Finally,
the treated fabrics were dried at 110°C for 2h.*®
Figure 3 represents the reaction mechanism for the
acetylation of cellulose with acetic anhydride.
Hydroxyl groups present on the surface of the fabric
are supposed to be substituted with a carbonyl group
through an esterification reaction.

Preparation of composites through vacuum infusion
method

The composites were fabricated through vacuum infu-
sion method, which is an efficient method to prepare
high-quality composites. The whole process overview is
shown in Figure 4. Three replicated composites were
made from each type of modified viscose fabric, by
using identical process conditions. The laminate was
laid up with four layers of fabric and a flow-enhancing
fabric was used on the peel ply to enhance resin flow

and distribution through the viscose fabrics. This
helped in achieving better wettability at low vacuum
pressure for viscose composites. Before infusion, the
fabrics to be used for lamination were dried in an
oven at 70°C for 16h. It is assumed that by drying
the fabric, it is easier to remove any moisture present
in the fabric. If moisture is present in the fabric, it
might evaporate during the infusion process and leads
to formation of voids.

The fabrics were laid-up on high-glossy glass plates
with the dimensions of 250 mm x 300 mm. After clean-
ing the glass surface, a release agent was applied on it.
Then a two-sided sealant tape was attached on four
sides of the glass plate in order to fixate the vacuum
bag film. In the space formed by the sealant tape, four
layers of viscose fabric were placed and stacked as
straight as possible on each other to form a unidirec-
tional lay-up [+0°/40°/40°/40°]. Then, the resin flow
enhancing fabrics followed by the peel-ply fabric were
placed on the top of viscose fabrics. Since rectangular
lay-up was used, the connection tubes for vacuum and
resin were fixed parallel to each other as shown in
Figure 5(a). Finally, the fabric lay-up was covered
with vacuum bag plastic film sealed to the two-sided
sealant tape attached to the glass plate edges, thus
making a closed system, which can be evacuated by
vacuum. The vacuum infusion setup is shown in
Figure 5(b). The infusion process was carried out in a
well-ventilated place. Vacuum tubes were connected
from resin vessel to the inlet tube and further to resin
trap and to the vacuum pump. A vacuum pressure was
applied near to —0.3 bar. After ensuring that there was
no leak in the vacuum bag, the resin was mixed with 1.2
vol% of MEKP and added into resin vessel. The resin
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Matrix:
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polyester (Envirez
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Figure 4. Schematic overview of the used preparation process for the viscose fabric composite.

was then allowed to flow through the tubes and
through the fabrics. Any excess resin coming out
from the impregnated fabrics was collected in resin
trap. After infusion was completed and the fabrics
were fully impregnated, the resin inlet tube was closed
with a clamp. The connected vacuum pump was left
working for 3 h after completing the infusion to achieve

constant vacuum pressure and to remove still remaining
air bubbles in the composite. The whole infusion pro-
cess took approximately 15-20min at ambient condi-
tions. The laminates were kept at room temperature for
24h and then at 70°C for 3h to completely cure the
resin. The designation of each composite and corres-
ponding treatment method is tabulated in Table 2.



Rajan et al.

1421

Figure 5. (a) Mould ready for infusion and (b) whole vacuum infusion setup.

Table 2. Designation of viscose fabric composites and
respective chemical treatments.

Composite Treatment

C-untreated Composite with viscose fabric without

treatment

C-APSI Composite with APS 95-5 treated viscose
fabric

C-APS2 Composite with APS 50-50 treated viscose
fabric

C-APS3 Composite with APS water treated viscose
fabric

C-MPS Composite with MPS treated viscose fabric

C-acetylation Composite with acetylated viscose fabric

Composites with gelcoat and topcoats

The preparation of viscose composite laminates coated
with a protecting gelcoat and topcoat was also part of
this study. The gelcoat and the topcoat are unsaturated
polyester resins, which are applied in the process, so
that they form the outermost surface. The aim was to
investigate their effect on the water absorption and
visual appearance of the laminates before and after
their exposure to water at accelerated conditions. This
is of particular practical interest, as unsaturated poly-
ester resin composites are commonly used in applica-
tions where the surface is exposed to water or humidity.
Prior to the lay-up of the fabrics for the vacuum infu-
sion process, the gelcoat was applied on the glass plate.
To get a good quality gelcoat surface, it is important
to have a perfectly clean mould with no defects.
The gelcoat was, therefore, applied in a dustless

and well-ventilated place at 18-25°C temperature.
Normally, thickness of the gelcoat layer is between
0.5 and 3mm, and in this study 0.5mm thickness was
applied. In order to achieve this thickness, a 0.5-mm
metal sheet was placed parallel on the mould. After
applying the releasing agent, gelcoat thoroughly
mixed with 1.5wt% of MEKP was spread carefully
with a plastic tool on the mould and rolled with a stain-
less steel ruler as uniform as possible. Gelcoat was left
to cure for 4-5h at room temperature, until the surface
was non-sticky. The vacuum infusion was done one day
after gelcoat application. Procedure for vacuum infu-
sion was exactly same as the one described above for
the composites. In this part of the study, viscose fabric
without any chemical treatment was used, and the resin
used was the same (Envirez M8600 TA). The surface of
the composite without gelcoat and the edges of com-
posite were covered with two layers of topcoat, which
was applied with a paintbrush. After vacuum infusion
and curing period, laminates were cut into size
of 100 mm x 100 mm for the accelerated water absorp-
tion tests.

Characterization of viscose fabric
composites

Flexural properties

The flexural properties of the composites before and
after water immersion were determined by a three-
point bending test method according to ISO 178
standard. Messphysik MIDI 10-20/4 x 11 tensile test-
ing machine equipped with 1-kN load was used
for the testing. The specimens with size of
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80mm x I15mm x 2mm (length, width and average
thickness) were used for testing. The test was carried
out at ambient temperature with a crosshead speed
of 2mm/min and with a span length of 50mm.
Flexural strength and modulus were determined from
five test specimens and average values were calculated
and reported.

Tensile properties

Tensile properties were determined according to ISO
527-1 by using Messphysik tensile machine equipped
with a 10-kN load cell. Tensile test specimens were
machined in a shape of dog bone through laser.
Dimensions of the testing area were 70 mm of length
of narrow portion, 10 mm of width of narrow portion
and 2-3 mm of an average thickness. Overall, length of
the specimens was 150mm and gauge length was
50 mm. The test was carried out at ambient temperature
with a testing speed of 5mm/min. Tensile strength,
modulus and elongation at break, was taken from aver-
age of five specimens and is reported.

Charpy impact strength

Impact strength is defined as the ability of a material
to resist fracture under stress applied at high speed
and is directly related to the toughness of material.
Toughness means the ability of the material to
absorb applied energy. Charpy impact tests for viscose
composite specimens were carried out using CEAST
Resil 5.5J impact testing machine. Tests were done
according to ISO 180 standard. It was very challen-
ging to test the impact properties of the viscose com-
posites due to their very tough nature. First, impact
test was carried out with the specimens in size of
80mm x 15mm x 2mm. However, the specimens did
not break even with 50J loading, which forced to
make the specimens thinner with a width of 10 mm.
Notches were also machined according to standard
in depth of 2mm. Finally, impact test was
carried out with specimens having dimensions of
80mm x 10mm x 2mm with 2mm notches. Impact
loading was done using a 5] non-instrumented
hammer, and edgewise. Three specimens each for dif-
ferent viscose composites were tested. As this is less
number of the test specimens than which is recom-
mended in the standard, the result may be influenced
by this. The impact strength (kJ/m?) was calculated
following equation (1) considering the remaining
width after notching

acy = E./hby x 10° )

where ‘E.’ indicates the corrected energy absorbed by
breaking the test specimen (J), ‘4’ is the thickness of the
test specimen in millimetres and ‘by’ is the remain-
ing width of the test specimen in millimetres after
notching.

Wiater absorption test of composites

A gravimetric water absorption test was carried out in
accordance with ISO 62 to determine water absorption
behaviour of the viscose composite specimens at room
temperature. The water content of each test specimen
was determined by calculating their change in mass
during the testing time. The weight gain percentage
was calculated according to the Equation (2).

¢ =my —my/m; x 100% 2)

where ‘m;’ is the mass of the test specimen in milli-
grams after drying and before immersion in water
and ‘m,’ is the mass of the test specimen after immer-
sion at selected time periods. The composites were
cut into 90mm x 90 mm square-shaped plates, and
for each composite type, three specimens were
made. After that, the edges of the specimens were
sanded and sealed with topcoat paint. This was
done in order to prevent water absorption through
the cut edges into laminates through the fibres.
Before starting the test, all the specimens were con-
ditioned to constant mass by keeping in an oven at
504+2°C for three days, and then specimens were
allowed to cool in a desiccator for two days at
room temperature. After the conditioning, the speci-
mens were placed in a container filled with distilled
water at 23 +2°C. The first weighing was done after
2h, and this was repeated 11 times; the last weighing
was done after 102 days (2448 h). Each weighing was
done to the nearest 0.1 mg within a minute of being
removed from water, and the specimens were wiped
off with lint-free tissue paper before placing it on the
scale. It was seen that weighing after 2 and 6h was
necessary, because the composites have a high diffu-
sion coefficient for water. The test continued until the
saturation was reached, or until 102 days, if the test
specimens did not reach saturation point completely.
After finishing the test, the test specimens were dried
in an oven at 50°C for 24h and cooled in a desicca-
tor for 2h, and finally weighed to compare their
weight difference to initial weight of the test speci-
mens before water immersion.

Accelerated water absorption/aging test

An accelerated aging test was carried out for the com-
posites which were coated with gelcoat and topcoat.
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The aim of this test was to study the visual appearance,
blister formation on the surfaces and deformation of
the composite after testing. Weight gain during the
test was determined in order to study the protection
efficiency of the coatings on the water absorption of
the composite laminates.

The blistering formation on the gelcoat surface is the
most common phenomena caused mainly by osmosis. It
is a common problem in marine applications, in which
exterior surface of boat hulls are coated with gelcoat
being exposed to water for a long period of time. The
gelcoat-covered composites were cut into size of
100 mm x 100 mm specimens, and two-layered topcoat
was applied on the side with no gelcoat. The cut edges
of the specimens were also covered with the topcoat in
order to prevent the water absorption through the
edges. One set of specimens were drilled to make
three circular holes in the middle of the test specimen
in order to study the effect of cut holes on water uptake.
This was done as it is common to fast other compo-
nents by bolts in drilled holes, and these might cause
water absorption. The specimens were weighed before
they were placed in a container with 12 L of distilled
water. The container was placed in a climate chamber
at 65°C for four weeks, in order to accelerate the water
absorption. These conditions are far by the conditions
marine composite products are exposed to. Distilled
water was used due to its more aggressive properties
compared to sea water. Keeping the gelcoat specimens
immersed in water at 50°C for 50 days corresponds to
exposure conditions at 19°C for 30 days. If the tem-
perature had been lowered, the test might have taken

even years. Weight of the specimens was taken after
four weeks, when the test was finished.

Results and discussion
Flexural properties

Flexural strength of the prepared viscose composite
specimens before and after water immersion test
along with flexural strength of cured Envirez M8600
is shown in Figure 6. Before water immersion, the
C-APS1 composite exhibits the highest strength
(133.9 MPa) among all the composites. There is an
increase in strength of 22% when compared to
untreated fabric composite (C-untreated). In compari-
son with untreated fabric composite, the C-APS2 and
C-APS3 composites show an increase of 6% and 7%,
respectively. The MPS treated fabric composite
(C-MPS) shows the weakest flexural strength
(98.3MPa). The flexural modulus is shown in Figure
7. Untreated viscose composite (C-untreated) and
acetylated viscose fabric composites (C-acetylation)
exhibit similar flexural stiffness with 5.5 and 5.3 GPa,
respectively. Among the different APS treatments, APS
95-5 treated fabric composite (C-APS1) shows higher
flexural modulus than for C-APS2 and C-APS3 com-
posites. The composites made from the MPS treated
viscose fabric (C-MPS) exhibit the flexural stiffness of
4.7GPa. Water immersion test was conducted for
C-untreated, C-APS1, C-MPS and C-acetylation com-
posites. The flexural strength of all composites
decreased after water immersion test. The percentage
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Figure 6. Flexural strength of composites made from differently treated viscose reinforcements.
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of reduction compared to non-immersed samples for C-
untreated, C-APS1, C-MPS and C-acetylation compos-
ites are 30.4%, 28.9%, 27.6% and 20.7%, respectively.

The flexural strength results indicate that the APS
95-5 treatment significantly improved flexural strength
for composites compared to composites made from
untreated viscose (C-untreated). This indicates an
improved adhesion between matrix and fibre modified
with organosilane containing amino functional group.
It could be assumed that the APS silane has undergone
physical and chemical reactions with the reactive sites
in unsaturated polyester resin, thus resulting in a good
adhesion between fibre and unsaturated polyester
matrix. The reaction of amine with polyester may
occur by the addition of the hydrogen atom of amine
group to the carbon atom in the carbon double bond
and balance of the amine adds to other carbon.* Since
polyester contains free carboxyl groups, part of the
amine may also remain combined in as a salt.*' C-
APS2 and C-APS3 composites exhibit lower flexural
properties compared to C-APS1 composites. The
results from this study point out the significance of
the ethanol concentration in the reaction medium for
APS silane treatment. The higher the concentration of
alcohol, the higher is the effect of modification on fibre
and finally improving the properties of resultant com-
posite. Against the expectations, MPS silane treatment
of fabrics lowered the properties of C-MPS composites
compared to C-untreated composites. It is reported
that MPS silane is more compatible with unsaturated
polyester matrix than APS.>** The results from this
study shows that the fibre treatment in water medium
for MPS was not effective to form a better interaction
between fibre and polyester resin. It is possible that the
concentration of MPS silane used was excess for the
modification of fibre and could be considered that a

physisorbed MPS layer is formed on the surface of
chemisorbed layer. This layer acts as a lubricant, and
failure occurs in this region through slippage of physi-
sorbed MPS chains.> It is also possible that the physi-
sorbed layer prevents the chemisorbed silane from
reacting with resin,®” thus resulting in a composite
with inferior properties.

The water absorption during 102 days resulted in a
weak fibre-matrix interface, thus resulting in the reduc-
tion of flexural properties after water immersion test.
The decrease in properties with increase in water
absorption is ascribed to the formation of hydrogen
bond between the water molecules and cellulose fibre.
Viscose fibers have typically low moisture resistance;
however, the APS 95-5 silane treatment of the viscose
fabric have obviously reduced the number of free
hydroxyl groups on the surface of fibre and therefore
made it more resistant to water absorption. The water
absorption of composites also depends on possible
defects formed during manufacturing, such as voids.
Through voids, water uptake is easily initiated, which
negatively influences the properties of composite.

Tensile properties

Tensile testing results are presented in Table 3. The
value for neat unsaturated polyester is taken from
manufacturer data. It is seen that the untreated fabric
gives composites showing highest tensile strength
(152.2MPa) among all composites. The composites
made form acetylated fabrics (C-acetylation) proved
to give best tensile strength (148 MPa) among the trea-
ted fabric composites. MPS treated fabric composites
(C-MPS) exhibited the lowest value (98 MPa), while
APS 95-5 treated fabric composite (C-APS1) shows
a 25% reduction in tensile strength compared to

7.0

Flexural modulus (GPa)

C-untreated C-acetylation

C-MPS

Composite

C-APS1 C-APS2 C-APS3

M Before water immersion
After water immersion

Figure 7. Flexural modulus of viscose composites.
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Table 3. Tensile properties of viscose/unsaturated polyester composites.

Tensile
modulus (GPa)

Elongation
at break (%)

Tensile
Composite strength (MPa)
Neat unsaturated polyester 55
C-untreated 1522 £5.2
C-acetylation 1489 +£7.3
C-MPS 989+ 6.4
C-APS| 114.1+£2.5

3.4 2.6

49+1.8 9.6 0.5
48+19 10.1 £0.4
42+1.8 13.1£ 1.1
37% 1.1 10.0£0.4

untreated fabric composites (114.1 MPa). It is seen
from the results that all silane treatments have reduced
the tensile strength, while acetylation does not seem to
make any improvement in the tensile strength of com-
posites. A similar trend is also seen in the results of
tensile  modulus.  Untreated fabric composite
(C-untreated) and acetylated fabric composites (C-acet-
ylation) exhibit the highest values, 4.9 and 4.8 GPa,
which are very close to each other. However, APS 95-
5 treated fabric composite (C-APS1) exhibits the lowest
tensile modulus, 3.7 GPa. Standard deviation is high in
each case. There was an obvious yield point in the
stress—strain curves of viscose composites, which indi-
cates the tough nature of the composites. Elongations
at break are also presented in Table 3. All the compos-
ites show similar values, except the MPS treated fabric
composites (C-MPS), which exhibits improved elong-
ation at break.

The tensile properties of the composites largely
depend on the properties of the reinforcement fibre.
The tensile strength of single lignocellulosic fibre has
been reported to be reduced after treatment with
amino functional silanes and after acetylation.>® In
the chemical modification of cellulose, the reaction
takes place at amorphous region or at the edge of crys-
talline region. Since the reagent is not able to diffuse
into the crystalline region, it reacts with the chain ends
close to the surface of crystallites resulting in opening
up of some of the hydrogen bonded cellulose chains
and consequently new amorphous domains are
formed from the crystalline region.’” The decrease in
crystallinity will reduce the fibre tensile properties.® As
already mentioned, the degree of crystallinity for vis-
cose fibre is in range of 27-41%. It could be then
assumed that the formation of additional amorphous
domains through the chemical treatment of viscose
fabric will reduce the tensile properties of the viscose
yarn. Since the tensile properties of composite were
studied in the direction of inlaid viscose yarn, the infer-
ior tensile properties of yarn might be a reason for
decrease in tensile properties of composite except for
elongation at break. The elongation at break for the
inlaid viscose yarn (Cordenka CR®) is reported to be

much higher than for the lignocellulosic fibre.® The
reinforcing effect of the viscose yarn is seen from the
value for elongation at break from all the studied com-
posites. It should be noticed that tensile properties for
the untreated viscose yarns or for warp-knitted fabrics
were not studied in this investigation. Another factor
which might have influenced the results is the machin-
ing of the tensile specimen. The number of viscose
yarns in the narrow test region varied from 6 to 7 in
each layer of fabric through the length in test direction
because the inlaid yarns were not aligned straight.
Moreover, four layers of warp-knitted fabrics were
not stitched together, and the viscose yarn was not
held tightly enough by the polyester yarn.

Charpy impact test

Notched Charpy impact strength of viscose composites
are shown in Figure 8. All the composites reinforced
with APS silane-treated fabric shows a significant
increase in the notched impact strength value. Impact
strength of C-APSI composite is 143.3kJ/m?, while
impact strength of untreated composite is 67.6 kJ/m?>.
There is an increase of 53%, 44% and 49% in impact
strength of C-APS1, C-APS2 and C-APS3 composites,
respectively, when compared to untreated composites.
An improvement of 14% is seen for C-MPS fabric com-
posites against C-untreated composites. However,
acetylated and untreated composites have almost simi-
lar impact strength values.

The regenerated cellulose fibres are proved to be very
tough materials, which are shown as high work to frac-
ture and as a high failure strain. The impact strength is
clear advantage when using viscose fabric reinforce-
ments, and viscose is highly recommended to use,
when great fracture toughness is needed in a composite
product.®® These results also indicate a good interaction
between the chemically modified viscose fibres and the
unsaturated polyester resin which improves the impact
strength of the composites significantly. It could be
assumed that APS silane is a good surface modifier
for viscose fibre and thereby can be utilized as
reinforcement in polymer composites including
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Figure 8. Charpy impact strength of viscose composite specimens.

unsaturated polyester matrix. In general, the knitted
structure of fabric used in this study is thought to exhi-
bit improved mechanical properties of composites
owing to the uniaxially inlaid yarns in the fabric.*
The fracture toughness of knitted fabric composites is
also reported to increase with the number of layers used
in the composite in contrast to composites with one
layer of fabric.** Thus, both the structure of the
reinforcement and the APS silane treatment have
favoured the production of composites with increased
impact resistance.

Gravimetric water absorption

The composite test specimens were kept immersed in
water for 2448h (102 days). During that time, the
weight of the test specimens was taken at particular
interval of time. The test was stopped at the saturation
point, at which the weight of the specimens reached
equilibrium through water absorption.

The mass gain for the composites as a function of
water exposure time in hours is illustrated in Figure 9.
Water absorption showed a sharp increase at the begin-
ning of the test and attained equilibrium after three
months. All the tested specimens reached the water
absorption equilibrium point during the testing
period. C-untreated and C-acetylated fabric composites
show similar water absorption behaviour, with a pretty
fast absorption during the first eight days. Water
absorption of C-APS1 composite is obviously slower
and is not showing a sharp mass gain at the beginning
of the test as the other composites did. The total mass
gain at the end of the test was the lowest in C-APS1
composite with water absorption of 7.44%. C-MPS

composite has the highest water absorption of 9.7%.
The improvement in water resistance of C-APS1 com-
posite may be related to the effective modification of
viscose fabric with APS silane. The APS 95-5 treat-
ment, in which APS was dissolved in a (95:5) ethanol/
water solution might have modified not only the surface
of yarns but also may have penetrated into the yarn
filaments, therefore making the fabric more resistive
against the water uptake. Bending of the test specimens
was visible for all the composites except C-APSI1. It is
considered that higher the water absorption, higher is
the chance of structural deformation of the specimen.
The results obtained from water absorption studies
point out the formation of good interaction between
the unsaturated polyester resin and the APS silane-
modified viscose fabric.

Blister formation on gelcoat and topcoat viscose
fabric/Unsaturated polyester composites

Accelerated water absorption test was carried out for
composites coated with gelcoat and topcoat to study
blister formation on the composite surface. The thick-
ness of the gelcoat layer was 0.5 mm. Figure 10(a) and
(b) represents photographs of gelcoat surface on the
viscose composite specimens before (a) and after (b)
test. No blisters were observed on the gelcoat surface
after four-week immersion in water at 65°C. However,
a noticeable observation is the patterns of viscose fab-
rics, which are visible on the gelcoat surface after the
test period. This is probably due to the very thin gelcoat
layer. There were no remarkable changes on the top-
coat surface; however, large number of cracks on the
edges of the specimen which was covered with topcoat
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Figure 9. Mass gain (%) of viscose composite specimens as a function of time after 2448h (102 days).

Figure 10. Digital photograph of gel-coat surface (a) before test and (b) with pattern of viscose fabric visible after test.

were visible. This could have influenced on the water
absorption.

Landowski et al.*! have studied the effect of the dif-
ferent thicknesses of the gelcoat on the blister forma-
tion. In the study, it was reported that the number of
blister was the same regardless of gelcoat layer thick-
ness. They have also concluded that the use of 1 or
1.5mm thickness for the gelcoat could provide a
better protection for the laminate against water absorp-
tion, even though blistering rate remains same.

The mass gain of viscose composite immersed in
water at 65°C for four weeks is presented in Figure
11. It is observed that the mass gain of composites

with gelcoat is much lower compared to the gravimetric
water absorption test of treated and untreated compos-
ites discussed in preceding section, even though the
testing conditions are different (discussed in ‘gravi-
metric water absorption’ section). The untreated
fabric composite (C-untreated) without gelcoat and
topcoat attained 5% water absorption after two days
of water absorption at ambient conditions. Although
the untreated fabric composite with gelcoat and top-
coat took four weeks to attain same level of water
absorption and in latter case, it is worth to note that
test was done at accelerated conditions. It can therefore
be assumed that gelcoat and topcoat have provided a
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rather good protection against water uptake through
the laminate surface. As expected, the mass increase
was the lowest in the viscose composite specimens with-
out any drilled holes. The water absorption in these
composites might have been initiated through the
edges on which topcoat was applied. One explanation
for this is the formation of cracks on the edges of the
specimen during the test period, which could have pro-
vided fast water absorption through the edges. Thicker
gelcoat layer could have provided a better protection
against water absorption. This was also studied by
Landowski et al.*! According to their studies, water
uptake in specimens with the thicker gelcoat layer was
less than the specimens with a gelcoat layer of 0.5 mm.

Conclusions

Chemically modified unidirectional warp-knitted vis-
cose fabrics and unsaturated polyester resin composites
were successfully prepared through vacuum infusion
method. Silane and acetylation treatment of the viscose
fabrics has resulted in a significant improvement in
mechanical properties, such as the flexural and impact
strengths, and also improved the water resistance prop-
erties of unsaturated polyester composites. From these
results, it could be concluded that the amino functional
silane, APS is suitable for modifying the viscose fibre.
This study also points out the influence of higher con-
centration of ethanol in the reaction media for modifi-
cation with the trialkoxysilanes containing ethoxy
groups. It is worth to note that the regenerated cellulose
fibre has a clean surface with many reactive sites for an
effective modification compared to lignocellulosic fibre.
The reduction in water absorption of APS 95-5 treated
composite was more efficient than for other chemically
treated fabric composites. The gelcoat surface of the
composite contained no blister formation and also the
use of gelcoat and topcoat reduced the water uptake
as was seen from accelerated water absorption test.
It could be concluded that chemical treatment of

regenerated fibres could result in improvement in prop-
erties of composites, considering that the appropriate
treatment method is selected for the corresponding
fibre-matrix system.
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Abstract The modification of epoxy resin by 3-aminopropyltriethoxysilane
(APTES) to improve the tensile properties of warp knitted viscose fabric composites
is reported in this study. The study evaluates the efficiency of modification methods
adopted to modify the epoxy resin and the influence of the resin modification on
various properties of the cured castings. The influence of matrix resin modification
on the tensile properties of viscose fabric composite is compared to those prepared
from chemically modified fibre. The efficiency of the modification was determined
through titration method to determine the epoxide content of epoxy resin, viscosity
measurement and FTIR. The effect of APTES modification on various properties of
cured castings is studied through differential scanning calorimeter, contact angle
measurement and tensile testing. The addition of APTES into the epoxy resin
decreased the epoxide content in the resin as evident from the titration method. The
tensile strength of cured castings decreased after the resin modification. The tensile
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strength and elongation at break of the viscose fabric composites prepared from
modified resin, increased up to 14 and 41%, respectively. The improved adhesion of
APTES-modified epoxy resin to the viscose fibre is confirmed from SEM analysis of
tensile fracture surface.

Keywords Epoxy - Modification - APTES - Silane coupling agent - Viscose -
Tensile - Composites - Regenerated cellulose

Introduction

The mechanical performance of a composite depends on the properties of the
constituents and on the interfacial bonding between the fibre and the matrix. The
fibre—matrix adhesion determines how much external stress can be transferred to the
load bearing fibres [1]. Thus, the stress concentrations are reduced which result in
the improvement of the overall mechanical properties of composites. The interfacial
adhesion between a fibre and a matrix resin can be classified as chemical adhesion,
physical adhesion, or mechanical adhesion [2]. The chemical adhesion proceeds
through the formation of chemical bonds between fibre and matrix. The main
approach for improving the chemical adhesion between fibre and matrix resin is the
surface modification of fibre through wet chemical treatment methods such as alkali
treatment, acetylation, coupling agent treatment or reactive gas treatment methods
such as corona treatment and cold plasma treatment [3—7]. These surface treatment
methods can improve the adhesion between the fibre and the matrix by bringing
their surface energy to comparable values. In both cases, this is achieved by
incorporating suitable functional groups and by changing the surface morphology
by etching. Wide ranges of chemical modification methods to modify fibre to
improve the physical properties of composites are discussed in literature [1, 8, 9].

Among various chemical methods available, silane coupling agent modification
is a commonly utilised method to modify the glass fibre surface [10, 11] and
lignocellulosic fibre surface [4, 12, 13]. Silane coupling agents have a general
chemical structure of R.,—Si~(R'X), (n =1, 2), where R is alkoxy (ethoxy,
methoxy), X is any organofunctional group such as amino, methacryl, epoxy, or
vinyl and R’ is the alkyl bridge connecting the silicon atom and the organofunctional
group [5, 12]. Trialkoxysilanes are the type of organo-functional silanes commonly
used in the surface modification of lignocellulosic fibres [12]. The alkoxy group in
the silane can form a chemical bond with the lignocellulosic fibre surface. The
completion of coupling reaction of the silane grafted on the fibre surface depends on
the reactivity between the organo-functionality of silane and the matrix resin. There
are several studies which report the lignocellulosic fibre surface modification with
silane coupling agent [14, 15]. These studies reported that the fibre modification
with silanes had resulted in the improvement of various physical properties of the
thermoplastic and thermoset composites.

The present study differs from the practice of prior art in a way that the silane
coupling agent is not used as a fibre surface modifier. Instead, it is directly mixed in
the thermoset resin to prepare an alkoxy silane containing thermoset resin. From the
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composite processing point of view, this is a benefit, as resin modification can be
done much easier compared to a surface treatment of a reinforcement. It is well
understood from the literature that the chemical surface modification deteriorates
the strength of natural fibres [16—18]. Direct mixing of silane coupling agent with
epoxy resin and using it in composite preparation is assumed to be eco-friendly and
energy efficient. The direct mixing of silane coupling agent with resin and using the
modified resin in composite preparation creates less process waste compared to the
fibre modification method. The alkali solution or silane solution used to modify the
fibre requires waste treatment, which includes additional cost and consumes more
energy. Through the matrix resin modification, reactive sites are introduced in the
backbone of matrix resin with a higher chemical affinity towards the hydrophilic
cellulosic fibre surface without deteriorating the strength of the cellulosic fibre. The
organic functionalities such as amino, methacrylate, epoxy, or vinyl groups present
in the silane, are capable of forming chemical bonds with compatible reactive
moieties in the matrix resin, while the hydrolysable alkoxy groups are capable of
reacting with the fibre surface. Thus, it is anticipated to have a good fibre—matrix
adhesion through the modification of thermoset resins by silane coupling agents.

Several approaches to modify epoxy resins have been reported in the literature
[19-22]. Most of those studies are focused on improving the toughness of the epoxy
resin. To improve the crack resistance and prevent interlaminar failure, the epoxy
resin has been toughened with elastomers, thermosets, thermoplastics, particulates
or by other miscellaneous methods [19-24]. Epoxy resins have been modified by
silane coupling agents to improve the corrosion resistance and the adhesion of
epoxy coatings on the aluminium surface [25]. The water resistance of epoxy
coatings on metal substrates has been improved through silanes [26]. The potential
of silane coupling agents, polysiloxanes, silsesquioxanes, silica and silicates in
modification of silane has been reported [27]. Most of the studies related to the
silane modification of epoxy resin are in the area of coatings to improve the
flexibility, adhesion and/or corrosion resistance. The modification of epoxy resin by
silane for use as matrix resin in polymer composites are rarely found in literature.
Epoxy resins have been modified with different types of silane coupling agents and
the resulting mechanical properties of its composite with carbon fibre were studied
by Yang et al. [28]. They reported that the matrix modification improved the tensile
strength and flexural properties of carbon fibre composites by 4 and 44%,
respectively. Kaynak et al. [29] modified epoxy resins by hydroxyl-terminated
polybutadiene and reported improvement in mechanical properties, especially the
toughness of the composites.

Modification agents, which are specifically used to improve a particular property,
can adversely affect other important resin characteristics, which are relevant for
composite manufacturing. Thus, studies on the effect of modification on various
properties of silane coupling agent modified epoxy resin, cured castings and
composites are of special interest. The studies on modification of epoxy resin by
silane coupling agent for using it as the matrix resin in regenerated cellulose fibre
reinforced composites are rarely reported. The main objective of this investigation
was to modify an epoxy resin with an amino functional tri-alkoxysilane and to
assess the effect of the modification on the various properties of the resin and cured
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castings. In addition, the tensile properties of modified epoxy/viscose fabric
composites are compared with the epoxy/modified viscose fabric to identify the best
approach to improve fibre-matrix adhesion.

Experimental
Materials

Prime 20LV, an epoxy resin manufactured by Gurit Ltd was used for modification
and composite preparation. An amine hardener (Prime 20LV slow) was used to cure
the castings and composites. The main properties of the Prime 20LV resin as given
by the manufacturer are listed in Table 1 [30]. The silane-coupling agent for epoxy
resin modification was 3-aminopropyltriethoxysilane (APTES; 99% purity). All the
chemicals used for the titration method to determine the epoxide content of the
epoxy resin was of reagent grade and used as received. The fabric used as the
reinforcement in the preparation of composites for the tensile test was based on
Cordenka 610F viscose yarn with the twist Z40, 2440 dtex linear density and 1350
filaments (Cordenka, Germany). The yarn was processed by warp knitting into
unidirectional fabrics with a surface weight of 223 g/m* (Engtex, Sweden).

Resin modification method

The epoxy resin modification was done by mixing the epoxy resin with 1, 3, and
5 wt% of APTES. No solvents or catalysts were used in the modification of resin.
The modification was done for 1 h at room temperature and at 70 °C. Epoxy resin
and the appropriate amount of silane were weighed into a plastic container equipped
with a magnetic stirrer and were stirred for 1 h at room temperature. For the
modifications done at 70 °C, the resin and an appropriate amount of silane were
weighed into a round bottom flask equipped with a reflux condenser. Stirring was
done for 1 h in a water bath maintained at a temperature of 70 °C (£3).

Table 1 Properties of epoxy

resin and its cured castings Properties of resin Resin Hardener
according to the resin supplier Mix ratio (by weight) 100 2%
Viscosity at 25 °C (cP) 600-640 15-17
Density (g/cm®) 1.123 0.936
Properties of cured castings
T,Ult (DMTA) (°C) 87-89
HDT (°C) 68
Tensile strength (MPa) 73
Tensile modulus (GPa) 3.5
Strain to failure (%) 3.5
Cured density (g/cm’®) 1.144
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Viscose fabric modification method

The viscose fabric modification was done following the procedure explained in our
previous study [5]. APTES was added to an ethanol/distilled water (95:5) solution to
yield a 2 vol% silane concentration in solution. After 15 min, the fabrics were
dipped in a plastic container containing the reaction solution for 5 min and then
dried at room temperature. After 30 min, the fabrics were oven-dried at 110 °C for
30 min and cooled in a desiccator.

Preparation of cured castings

A metal mould with dimensions specified for dog-bone shaped tensile specimen
according to the ISO 527-2 was placed on the polished glass plate and the edges
were sealed with two-sided sticky tape. After proper mixing, the resin was poured
into the metal mould. The castings were cured at 65 °C for 7 h and post-cured at
80 °C for 2 h. The epoxy resin was mixed with the hardener in 100:26 ratio (by
weight).

Preparation of composites

Composites were prepared by vacuum assisted resin infusion method. The mould
release agent was applied on a steel mould. The mould was then polished and used
after another 30 min. Four layers of warp knitted unidirectional viscose fabric were
carefully laid (£0/£90/£0/£90) (Fig. 1) one after another on the mould surface
and finally the vacuum bagging was completed and the infusion was done. The
infusion was done in a climate chamber at 65 °C and by applying a vacuum pressure
of 0.1 bar. The composites were cured same way as in the case of cured castings and
the same amount of hardener was used for curing the composites. The fibre weight
percentage in the composites was 38—42%. The thickness of the composites was
2.2-2.4 mm. The details of the modification and designations of the modified resin,
cured castings and composites are given in Table 2.

Fig. 1 Schematic
representation of fabric lay-up in
viscose fabric composite
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Table 2 Details of modification and designations of resins, castings, and composites

Modification Designation

Silane Description Resin Cured castings Composites
0 wt% No modification RSO RS0-CC RS0-C

1 wt% Resin modified at room temperature RS1-RT RS1-RT-CC NA

3 wt% Resin modified at room temperature RS3-RT RS3-RT-CC NA

5 wt% Resin modified at room temperature RS5-RT RS5-RT-CC NA

1 wt% Resin modified at 70 °C RS1-70 RS1-70-CC RS1-70-C
3 wt% Resin modified at 70 °C RS3-70 RS3-70-CC RS3-70-C
5 wt% Resin modified at 70 °C RS5-70 RS5-70-CC RS5-70-C
2 vol% Fabric treated at room temperature NA NA RSO0-FS2-C

and dried at 110 °C

Characterization
Epoxide content of epoxy resin

The epoxide content of the epoxy resin was determined according to manual
titration method described in ASTM D1652-11. The resin was dissolved in
methylene chloride and then titrated with standard perchloric acid in the presence of
an excess of tetraethylammonium bromide. The hydrogen bromide generated in situ
by the reaction of the perchloric acid with the quaternary ammonium halide rapidly
opens the epoxide ring. Therefore, the quantity of perchloric acid consumed can be
taken as a measure of epoxy content. The sample was titrated with a perchloric acid
reagent to a sharp blue to green end point which was stable for approximately 30 s.
The volume of perchloric acid consumed during titration was recorded. The weight
percent epoxide and epoxy equivalent weight were calculated according to Egs. (1)
and (2), respectively.

E=43xVxN/W (1)

Wgew = 43 x 100/E (2)

where, £ and Wggw are weight percent epoxide and epoxy equivalent weight,
respectively. V is the volume of perchloric acid reagent used to titrate the sample
(ml), N is normality of perchloric acid reagent, the constant 4.3 is the theoretical
molecular weight of the epoxide ring 43, adjusted to 4.3 for the calculation to
percent epoxide; and W is the weight of the epoxy resin used (g). The value reported
is average of two measurements.

Viscosity measurements

The viscosity of unmodified RSO and silane modified epoxy resins was measured
using an Anton Paar MCR 301 rheometer at a constant shear rate of 10 s~' from 25
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to 65 °C. The measurements were done with a 25 mm plate—plate measuring system
at a gap distance of 1 mm. The values reported are average of two measurements.

Contact angle measurements

The contact angle of the surface of the castings was measured to determine the
wettability of the cured epoxy resin after silane modification. The measurements
were done using a contact angle measurement instrument, OCA20 from Dataphysics
Gmbh. The static contact angle of ultra pure water on cured epoxy was measured at
room temperature by a sessile drop method. The contact angle value was taken 10 s
after depositing the drop on the epoxy surface. The results are reported as the
average of five measurements with corresponding standard deviation.

FTIR spectroscopy

ATR-FTIR spectroscopy was used to characterise the APTES silane modification of
the epoxy resin and to characterise the surface of modified cured epoxy castings and
composites. The spectra from resins and cured casting surface were recorded on an
ATR PerkinElmer-Spectrum One spectrometer. Signals of eight scans at a
resolution of 4 cm™' were averaged before Fourier transformation. The spectrum
was recorded over the range 4000-650 cm™'. The spectra from the surface of
epoxy/viscose fabric composites were recorded on Bruker Optics-Tensor 27,
spectrometer equipped with diamond ATR accessory. Signals of 32 scans at a

resolution of 4 cm™" were averaged over the range 4000-400 cm™".

Differential scanning calorimetry (DSC)

The glass transition temperature from the cured castings was determined using a
Netzsch 204 DSC. The samples were first heated from 25 to 250 °C at a rate of
10 °C/min and then cooled. The second heating was run from 25 to 250 °C at a rate
of 10 °C/min. Heating of cured epoxy resin samples to remove any prior thermal
history and then cooling before second heat cycle was reported elsewhere [31]. The
sample size was 10-11 mg and test was conducted in a nitrogen atmosphere. The
glass transition temperature from the second heating scan of the cured castings is
reported.

Tensile properties of modified cured castings

The tensile testing of the modified cured castings was conducted according to ISO
527-2:2012 using a Tiratest 2705 tensile testing machine equipped with a 5 kN load
cell. The cured casting specimen dimensions were 80 mm of the length of the
narrow portion, 10 mm of the average width of narrow portion and 4 mm of an
average thickness. The gauge length was 50 mm and overall length of the specimen
was 150 mm. The testing was carried out at ambient temperature with a testing
speed of 2 mm/min. The tensile properties are calculated as the average of five
specimens.
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Tensile properties of composites

Tensile tests for composites were carried out using Tinius Olsen HIOKT universal
testing machine. The load cell was 10 kN and test speed was 10 mm/min. Dumb-
bell shaped specimens were tested and ISO 527-2:2012 standard was followed.
Overall length was 150 mm with the parallel-sided portion of about 60 mm. The
width at the parallel-sided portion was 10 mm. The gauge length was 50 mm. The
tensile properties are calculated as an average of six specimens.

Scanning electron microscopy (SEM)

Samples for SEM observations were mounted perpendicular on Al-support base
with conductive tape, allowing observing the fractured surface. The conductive
amorphous carbon paint was used to make contacts with the upper surface;
afterwards the samples were coated with few nano-meters thick layer of amorphous
carbon (Balzers SCD 050 sputter coater) to achieve conductivity for electrons. The
fractured surface was investigated with FE-SEM (Jeol JSM-7600F) at 5 keV using
below-the-lens (LEI) secondary electrons detector (SE) to minimize charging on the
fibers.

Results and discussion
Epoxide content of modified resin

The modification of epoxy resin by APTES silane was verified by epoxide
content determination according to ASTM D1652-11. The results are shown in
Fig. 2. The weight percent epoxide of RSO resin, RS1-RT resin and RS1-70
resin was determined to be 23.4, 22.7, and 22.7%, respectively. Irrespective of
modification temperatures, the epoxide content of resin after modification with
1 wt% APTES decreased slightly when compared with unmodified epoxy resin.
Compared to RSO resin, a decrease of 1.9 and 2.1% in the epoxide content of
RS3-RT (21.5%) resin and RS3-70 (21.3%) resin, respectively, was recorded.
The epoxide content in RS5-RT resin and RS5-70 resin was 20.8 and 20.4%,
respectively. Compared to RSO resin, there was a decrease of 2.6 and 3.4% in
epoxide content of RS5-RT and RS5-70, respectively. Correspondingly, the
epoxide equivalent weight (EEW) increased to 211 g/mol for RS5-70 from
184 g/mol for RSO. The decrease in epoxide content and an increase in epoxide
equivalent weight after addition of APTES into epoxy resin confirms the grafting
of APTES onto the epoxy resin. The reaction is assumed to proceed by a
primary amine in APTES reacting with oxirane ring forming a secondary amine
and a hydroxyl. The formed secondary amine will further react with another
oxirane ring, resulting in the grafting of the silane as shown in Fig. 3 [26, 32].
Seraj et al. [33] modified epoxy resin by APTES to use in cathodic electro-
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Fig. 3 Coupling reaction between 3-aminopropyltriethoxysilane and epoxide in epoxy resin

coating application. They also made a similar observation that the reaction of
APTES with epoxide in resin increased the epoxide equivalent weight. It was
also noticed that the reaction was more favoured at 70 °C compared to room
temperature when the APTES content was 3 and 5 wt%.
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Viscosity of modified resins

The viscosity of RSO and modified epoxy resins exhibited a decreasing trend with an
increase in temperature, as shown in Table 3. The viscosity of the epoxy resin
increased with increase in silane content used in resin modification. At room
temperature and at the processing temperature (65 °C) the viscosity of 5% APTES-
modified epoxy resins was doubled when compared to the value for RSO epoxy
resin. During the cure reaction, viscosity of the thermoset resins will initially
decrease due to thermal effects and then eventually increase with rise in the time or
temperature due to the formation of cross-linked network [34]. Since the reaction
between APTES and epoxide is similar to that of epoxy cure reaction with amine
hardener, the increase in viscosity of APTES-modified epoxy resin is attributed to
the coupling reaction occurred between silane-amine and epoxide of epoxy resin.
The increase in viscosity of modified resin supplements the results obtained from
the epoxide content determination test, that a reaction occurred between the epoxy
resin and APTES.

FTIR analysis of resins, castings and composites

All the characteristic IR bands for epoxy resin are found in RSO resin. The
absorption bands at 1508 and 1608 cm ™' are assigned to the aromatic ring in epoxy
resin. The absorption band corresponding to stretching of C—H of the epoxide ring is
at 3057 cm™'. The absorption band at 914 and 830 cm™ " is assigned to the C—O and
C—O-C stretching of epoxide group [25, 35]. In epoxy resin, the broad band around
3500 cm ™' is assigned to O-H stretching of hydroxyl groups in epoxy resin
[33, 36]. It was observed that in the case of RS5-70, the intensity of band at
3481 cm ™! corresponding to hydroxyl group increased compared to that of RSO.
This indicates the formation of hydroxyl groups via epoxide reaction with silane-
amine, as shown in Fig. 3. Similar observation was made by Seraj et al. in their
study related to modification of epoxy resin by APTES [33]. A comparison of RSO
resin and RS5-70 resin spectra is shown in Fig. 4.

The spectra obtained for modified resins seem to be almost similar to RSO resin
with few variations. There is a new absorption band appearing at 1077 em™! for

Table 3 Effect of silane

modification on the viscosity of Modification Viscosity (cP)

€poxy resin 25 °C 65 °C
RSO 614 36
RS1-RT 704 38
RS1-70 716 61
RS3-RT 872 48
RS3-70 891 48
RS5-RT 1170 59
RS5-70 1185 61
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Fig. 4 FTIR spectra of RSO and RS5-70 resins and inset in the region 3954-2514 cm ™'

resins modified with 5 wt% APTES. Some previous studies assign this band to Si—
O-C linkage indicating that the ethoxy group in the APTES silane remains
unreacted in the modified resin [37]. The absence of absorption band in the region
1040-1020 cm™ ! and 990-945 cm ™! confirms that silanols (Si-OH) are not present
in the modified resin. The absence of absorption band corresponding to siloxanes
(Si—O-Si) in the region 1090-1010 cm ™' also confirms that the ethoxy group in
modified epoxy resin is unreacted [35]. The absorption bands corresponding to the
ethoxy and epoxide groups are shown in Fig. 5a. Generally, it is considered that the
peak around 914 cm ™" for epoxy resin corresponds to the epoxide group in epoxy
resin [25, 32]. It is seen from Fig. 5a that the intensity of the band at 914 cm™' is
decreasing in the case of RS5-RT resin and RS5-70 resin. However, compared to
RSO resin, no difference was noticed in the case of RS1-RT resin and RS1-70 resin.

The absorption bands which remain invariable in a reaction which corresponds to
the linkages that do not take part in the cure reaction is used as a quantitative
reference for analysing cure reaction of epoxy. This is because the absorption of
these bands does not change during the reaction [38—41]. Dividing the area of the
reactive band by the area of reference band corrects the variation in mass and
thickness of the sample. The normalized area ratio can then be used to compare
different spectra. In this study, the absorption band at 1508 cm™' corresponding to
the aromatic ring in the epoxy resin is used as a reference band. The peak area of
914 cm™"' corresponding to epoxide from all the spectrums were measured by
keeping the baseline and integration region constant at 928-883 cm™'. The area
ratio of the absorption band of epoxide (914 cm ™) to reference band (1508 cm™})
and the area of absorption band at 914 cm™' are shown in Table 4. The peak area
corresponding to epoxide for RS1-RT and RS1-70 resins does not change compared
to RSO resin. However, peak area for RS5-RT and RS5-70 resins decreased
considerably when compared to RSO resin. The decrease in the area of the reactive
band (914 cm™") and the decrease in the area ratio, especially for RS5-RT and RS5-
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Table 4 Peak area for resins at

. . —1
914 em~" and area ratio of Resin Peak area Area ratio (914 /1508 cm™ ')
reactive band and reference RSO 243 045
band

RS1-RT 2.40 0.44

RS1-70 2.38 0.45

RS5-RT 2.00 0.40

RS5-70 1.98 0.39

70 resins compared to RSO resin confirm that the epoxide reacted with an amine in
the APTES by resulting in a reduction of epoxide in the modified resins. The results
from ATR-FTIR is supporting the results obtained from the epoxide content
determination test.

Figure 5b, ¢ compares the FTIR spectrum of castings and composites
prepared from RS-0 and RS5-70 resins. The major difference in spectra of both
castings and composites was in the region 1140-840 cm™'. The disappearance
of the absorption band at 1077 cm™ ' in the case of RS5-70-CC castings and
composites can be seen in Fig. 5b, c. This absorption band is assigned to the
unreacted ethoxy group in modified resin (Fig. 5a). The tensile test results of
composites which will be discussed later, shows significant improvement in
tensile properties which indicate that the ethoxy group have undergone reaction
with viscose fabric. Another notable difference seen from Fig. 5b, c is the
disappearance of the absorption band at 914 cm™' corresponding to the epoxide
in epoxy resin. This indicates that both castings and composites prepared from
the modified resin have achieved proper cure as similar in the case of those
made from unmodified resin.

Glass transition temperature of cured castings

The glass transition temperature of cured castings is given in Fig. 6. The T, is
reported from the midpoint temperature of second heating scan. The ultimate 7, for
the castings made from 3 and 5% APTES silane modified epoxy resin slightly
decreased when compared to RSO-CC casting. The lowering of T, after silane
modification of epoxy resin has been explained based on the introduction of the
flexible silane molecule into the resin structure [42]. According to epoxide titration,
the epoxide content in epoxy resin decreased with increase in the APTES silane
content. The epoxide content is relatively lower in the modified resins and therefore,
less oxirane oxygen takes part in the crosslinking reaction with amine hardener
during the curing of the resin. This has resulted in cured castings with low degree of
crosslinking in the case of an epoxy resin modified with a higher concentration of
APTES silane. The crosslink density is considered to be influencing the 7, of the
thermoset resin. A cured system with lower crosslink density is supposed to have
lower glass transition temperature [43]. Please refer to Figure S7 and S8 for DSC
thermogram of unmodified and modified cured castings.
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Fig. 6 Effect of APTES modification on the glass transition temperature of cured castings

Contact angle measurements of cured castings

The contact angle measurement of modified epoxy castings was done to determine
the wetting properties of cured castings after modification. The contact angles
obtained for the modified and RSO-CC epoxy casting surfaces are given in Fig. 7.
The contact angle of water on silane modified cured castings seems to be increasing
with the silane modification. The contact angle gives an indication of wettability of

105

100

«©
a

90

85

Contact angle (%)

80

75

o oy o o fod & &
IS « S A G < <
S & A & S 2 Q
& > 2 > of & o
<& s & qf-’ Q.G-'
Castings

Fig. 7 Static water contact angle of modified and unmodified cured epoxy castings
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the used liquid on a solid surface. Although epoxy resins have good physical
properties, one of its main drawbacks comparing to other commonly used thermoset
resin such as unsaturated polyester resins are its low resistivity against water. The
water absorption of epoxy resin is related to the presence of hydroxyl groups formed
in the ring opening reaction of the epoxide with the amine hardener [44]. A possible
explanation for the hydrophobization by silane modification could be the migration
of hydrophobic silicon to the surface of cured resin. Honaman et al. [45] modified
epoxy coating with amino functional siloxanes and silanes including APTES. They
found that the modified epoxy coating has poor recoatability. This phenomenon was
explained based on the migration of silicon to the surface of amino functional silane
modified bisphenol A epoxy coating. It is widely considered that the more
hydrophobic a solid surface is the lower is its wettability. Considering these facts, it
could be assumed that the APTES silane modification has increased the
hydrophobicity of cured modified epoxy resin compared to the cured unmodified
resin.

Tensile properties of cured epoxy castings

The tensile strength of cured castings is as shown in Fig. 8. The tensile strength of
RSO-CC casting was determined to be 73 + 2.6 MPa. The tensile strength of the
castings prepared from room temperature modified resins decreased in an order of
RSI-RT-CC (72 £ 0.5 MPa) > RS3-RT-CC (69 £ 2.1 MPa) > RS5-RT-CC
(67 £ 1.6 MPa). There was no significant change observed in tensile strength of
RS1-70-CC (70 £ 2.8 MPa) castings when compared to RSO-CC castings. How-
ever, the tensile strength decreased with further increase of APTES content for
resins modified at 70 °C. The tensile strength recorded for RS3-70-CC and RS5-70-
CC are 67 £ 1.0 and 62 £ 2.1 MPa, respectively. Irrespective of the modification
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Fig. 8 Effect of APTES modification on the tensile strength of cured castings
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temperatures, the tensile strength of modified castings decreased with an increase in
APTES content. The effect of modification temperature on the tensile strength of
castings was found to be influenced by the APTES content. The change in tensile
strength among RS1-RT-CC and RS1-70-CC and RS3-RT-CC and RS3-70-CC was
less significant considering the standard deviation in the results obtained. Whereas,
compared to RS5-RT-CC, there is a small decrease in tensile strength of RS5-70-
CC.

According to the epoxide content determination test, the epoxide content of
epoxy resin decreased with an increase in APTES content, regardless of
modification temperatures. For this reason, a relatively low amount of oxirane
oxygen will take part in the crosslinking reaction with amine hardener in the case of
modified cured castings. This will result in cured castings with lower crosslink
density compared to casting prepared from RSO resin. Crosslink density is a critical
parameter governing the properties of the cured resins. Generally, thermoset resins
with lower cross-link density are considered to have lower tensile strength [46]. The
decrease in the tensile strength of cured castings with increasing APTES content is
correlated with the decrease in epoxide content of resin with an increase in APTES
content. Thus, it is deduced that lower tensile strength of modified cured castings is
due to low cross-link density induced by the APTES grafting on the epoxy resin.

The elongation at break of the APTES-modified cured castings is shown in
Fig. 9. The percentage of elongation at break of the RSO-CC castings was recorded
to be 10.5 = 1.7. Compared to RSO-CC castings, there was no difference observed
in the elongation at break of RS1-RT-CC (10.2 £ 1.2) castings. A small difference
in the elongation at break of RS3-RT-CC (9.4 + 2.0%), RS5-RT-CC (9.8 + 1.9%),
RS1-70-CC (9.9 £+ 1.2), RS3-70-CC (9.9 + 2.0) and RS5-70-CC (9.8 £ 2.0)
castings compared to RSO-CC are negligible considering the standard deviation.
There was no significant change observed for elongation when comparing RS1-RT-
CC and RS1-70-CC; RS3-RT-CC and RS3-70-CC; and RS5-RT-CC and RS5-70-
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Fig. 9 Effect of APTES modification on elongation at break of cured castings
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CC. This indicates that the elongational strength of cured castings was not affected
by the content of APTES or the temperature used for modification. Honaman et al.
[45] modified epoxy coatings by various silanes and siloxanes to improve the
flexibility. They reported that epoxy coatings containing silanes does not improve
the flexibility while the flexibility of epoxy coatings containing siloxanes improved.
Heng et al. [21] synthesized an epoxy resin containing siloxane bridge and found
that the elongation at break improved. The increase in elongation was explained
based on the siloxane bond formation. Both studies point out that siloxane bond
formation have an essential role in improving the elongation of the epoxy resin
modified by organo-silicon compounds. In this study, the modified epoxy resin
contains non-hydrolysed ethoxy group and hence siloxane bond formation is not
favoured. Thus, the elongation of resin is not affected by the APTES modification.

Tensile properties of composites

The tensile strength of the epoxy/viscose fabric composites is shown in the Fig. 10.
The tensile strength of composites prepared from unmodified resin and unmodified
fabric (RS0O-C) was found to be 71.1 %+ 2.3. The tensile strength of RS1-70-C, RS3-
70-C, and RS5-70-C composites was 70.9 £+ 1.5, 81.3 & 2.7, and 78.9 &+ 1.8,
respectively. The composites prepared from modified viscose fabric (RSO-FS2-C)
exhibited a tensile strength of 55.5 & 2.4. Compared to RSO-C, no significant
difference in strength was noticed for RS1-70-C composites. However, in
comparison with RSO-C, the strength of RS3-70-C and RS5-70-C composites
increased 14 and 11%, respectively. A trend observed among the composites
prepared from APTES-modified resins is that the tensile strength of composites
increases up to an APTES content of 3 wt% in modification and then slightly
decreases when the APTES content is 5 wt%. The tensile strength of RS0-FS2-C
decreased 22% in comparison to RSO-C composite. Compared to RSO-FS2-C, the
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Fig. 10 Effect of APTES modifications on tensile strength of epoxy/viscose fabric composites
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strength of RS3-70-C composite is found to be 46% higher. This clearly shows that
in this study, the matrix resin modification turns to be better than the chemical fibre
surface modification method used.

The elongation at break of the composites (Fig. 11) seems to be increasing with
increase in APTES content. Compared to RSO-C composites, the elongation at break
increased 29 and 41% for RS3-70-C composite and RS5-70-C composites,
respectively. While, there was a decrease of 40% in elongation of RSO-FS2-C.
When compared to elongation of cured resin, the elongation of composite depends
more on the properties of reinforcement. It could be considered that the elongation
at break of the composites is more influenced by the content and elongation of
reinforcing fibre [47]. This is reflected from the elongation of composites prepared
from modified and unmodified resins, which is lower compared to the RSO-CC.
However, the elongation at break for composites made from modified resins is
higher than for the epoxy composites reinforced with lignocellulosic fibres and glass
fibres. Compared to its lignocellulosic counterparts, the elongation at break of
viscose fibre yarns used to make the fabric utilised in this study is significantly
higher [48]. The increase in elongation in the case of composites made from
modified epoxy resins with respect to RSO-C indicate the improved fibre—matrix
adhesion attained after the APTES modification of epoxy resin.

The findings from this study suggest that the interfacial adhesion between a warp
knitted viscose fabric and epoxy resin improved after the modification of the epoxy
resin by APTES. The coupling mechanism can be explained based on the chemical
bond formation between the alkoxy containing epoxy resin and hydroxyl groups in
the viscose fabric. The presence of unreacted ethoxy (CH3CH,O-) after modifi-
cation of the resin with APTES was confirmed from FTIR analysis (Fig. 5a). The
FTIR analysis of cured castings and composites (Fig. 5b, c) show that the absorption
band around 1077 cm ™" corresponding to (Si—-O-C) the ethoxy group, disappears
after curing reaction of the epoxy resin. This indicates that the ethoxy groups in the
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Fig. 11 Effect of APTES modifications on elongation at break of epoxy/viscose fabric composites
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APTES-modified epoxy resin have undergone reaction during the curing of the
resin. The tensile strength decreased 8% for RS3-70-CC casting and 15% for RS5-
70-CC casting when compared to RSO-CC casting. However, the tensile strength of
RS3-70-C composite and RS5-70-C composite increased 14 and 11%, respectively.
The increase in strength of composites prepared from modified resins with respect to
cured castings is obviously due to the improved adhesion between viscose fabric
and epoxy resin.

The pre-hydrolysis of the alkoxy group and a temperature above 80 °C are
essential for silane modification of cellulose fibre [49]. The low reactivity of Si—-OR
towards cellulose—OH when compared to Si—OH of the glass surface, was explained
based on the poor acidic nature of cellulose—~OH [49]. In addition, it is seen in
literature that the non-hydrolysed alkoxy group (Si—OR) of silane reacted and
formed a chemical bond with glass Si—-OH [49, 50]. Instead of fibre modification,
matrix modification approach is used in this study and thereby the reaction
conditions are different from that of cellulose fibre modification. The modification
of resin was done in water free and non-humid conditions. Thus, the silane grafted
resin contains unreacted ethoxy group which was evident from the IR results. The
disappearance of the unreacted ethoxy group in modified resins after cure reaction
hints the possible reaction occurred during the curing of composites involving
ethoxy. This is evident from the improvement of up to 14% in tensile strength and
41% in elongation at break of the composites prepared from alkoxy containing
epoxy resin.

Since this study used only one chemical modification method to modify the
cellulose fibres, the obtained data is compared to the literature. Recently reported
data on the effect of the chemical surface modification on the tensile properties of
epoxy composites are compared with the results from the current study and are
tabulated in Table 5. Only those studies which reported improvement in the tensile
properties of epoxy composites are listed to compare the results from this study and
those without improvement is omitted. The percent change in tensile strength for the
modified epoxy/viscose fabric composites prepared in this study is similar to that of
the epoxy composites prepared from silane coupling agent modified lignocellulosic
fibres [52, 53]. Whereas, the elongation at break of the composites prepared from
modified epoxy resin shows significant increase. The percent change in tensile
strength of alkali treated fibre composites obtained from literature is in the range
5.8-32.8%. The results from the modified epoxy resin composites made in this study
come within this range of percent change.

The APTES modification of fabric adopted in this study seems to decrease the
tensile strength by 22% and elongation at break by 39.8%. The silane treatment
method which gave best result with unsaturated polyester resin (UPR) in our
previous study was adopted to modify the fabric [5]. This was selected assuming
that the chemical affinity of amine in the silane towards epoxy is higher than that to
UPR and was expecting to get better results. It is seen from the Table 5 that the
tensile strength of APTES-modified grewia tiliifolia/epoxy composites shows an
increase in strength when the silane content was 1 vol% in acetone. This might be
indicating that the 2 vol% APTES in ethanol/water solution used in this study was
excess for the modification. The excess silane is reported to form a physisorbed
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Table 5 A comparison on influence of fibre modification method and resin modification method on
tensile strength and elongation at break of epoxy composites

Composite Treatment Tensile Elongation References
strength at break
Modifier Content Time Drying change (%) change (%)
(h) time
(h)
Sugar palm/ NaOH 0.25 (M) 1 96 16.4 - [51]
epoxy
Grewia NaOH 5 (Wt%) 0.5 - 5.8 - [52]
tiliifolia/
epoxy
Flax/epoxy NaOH 5 (Wt%) 0.5 24 21.9 - [17]
Bamboo/epoxy NaOH 5 (Wt%) 0.5 24 32.8 - [17]
Grewia APTES 1 (vol%)in 6 1 14 - [52]
tiliifolia/ (acetone)
epoxy
Bamboo/epoxy  MPS 0.5 (Wt%) in 4.5 20 15.1 - [53]
deionized
water
Viscose/epoxy ~ APTES 2 (vol%) in 0.8 0.5 —22.0 —39.8 This study
95:5
ethanol/
water
Viscose/matrix ~ APTES 3 (wt%) 1 - 14.0 28.9 This study
modified
epoxy
Viscose/matrix ~ APTES 5 (wt%) 1 - 10.8 41.2 This study
modified
epoxy

layer on the chemisorbed silane layer. This layer can act as a lubricant and failure
occurs in this region through slippages of physisorbed silane chains [54]. On other
hand, the physisorbed layer can prevent the chemisorbed layer from forming
chemical bond with the matrix resin [55], which leads to inferior properties.

It is well accepted that chemical treatment methods improve the properties of
composites, considering that the optimum treatment conditions are met for each
fibre—matrix system under study. However, the established fibre chemical
treatment methods are more or less expensive and harmful to environment [56].
The overall time taken from the start of the chemical treatment to drying of the
fibres takes minimum 24 h to maximum of 4 days (excluding the time taken for
washing and neutralizing the fibres) (Table 5). The modified epoxy castings and
composites prepared in this study were fabricated after 24 h of resin
modification. Thus, in the matrix modification approach the processing time
from resin modification to fabrication of composites is same or even less
compared to fibre modification methods listed in Table 5. Since the resin
modification only takes 1 h (current study) and because there is no drying step
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involved, it is also possible to reduce the time after the modification until the
fabrication of composites. More research is needed to optimize the process time.
Moreover, the direct mixing of the silane into the resin and using the modified
resin in fabrication of composite creates less process waste compared to the
hazardous waste generated after the fibre modification. Hence, the improvement
in tensile properties of composites attained by resin modification approach
indicates that it can be used as an alternative for fibre modification approach.
Further research is needed to make both the process cost-effective and
environmental friendly.

Tensile fractography

SEM images from tensile fracture surface of composites are shown in Figs. 12,
13 and 14. The bundle pull-off in non-load bearing 90° layer of cross-ply
laminate can be observed from Fig. 12a. Single filaments in the 90° layer bundle
appears to be clean with less resin covered region and fibre splitting. The
polyester yarns used for knitting are also labelled. The appearance of resin rich
region is smooth and shiny, but the resin region near polyester knit yarn exhibits
micro-textures like river lines. The load bearing 0° plies are observed to be more
rugged. The internal cracking within the bundle and bundle de-bonding along
the fibre-matrix interface is visible from Fig. 12b. Therefore, from the image
analysis of RSO-C composites it is assumed that the adhesion between viscose
yarns and the epoxy resin is weak.

The SEM images from the tensile fracture surface of RS3-70-C and RS5-70-C
composites are shown in Figs. 13a—c and 14a, b, respectively. Similarly, as in the
case of RSO-C composites, pull-out of the non-load bearing 90° fibres and fibre
imprints are observed also in the case of RS3-70-C (Fig. 13a). The RS3-70-C
seems to be exhibiting surface features like river lines in the region of polyester
knit yarn and also in resin rich region. An improved fibre-matrix adhesion can be
seen in Fig. 13b through resin smeared bundle as marked. The internal cracking
within the bundle in the load bearing 0° layer is seen from the image, but the
bundle de-bonding along the fibre—matrix interface is less compared to RSO-C
composite as seen from Fig. 13a, b. Moreover, the fracture surface of RS3-70-C is
exhibiting more matrix deformations such as cusps and textured micro flow
patterns compared to RSO-C composites as seen from Fig. 13c. These observations
are indicating the improved adhesion of viscose fibre to APTES-modified epoxy
resin.

It can be seen from the comparison of Figs. 12a and 14a that both fracture
surfaces are found to be with fibre rich 90° layer. In the case of RS5-70-C
composites, the filaments in bundle are well embedded in the matrix resin with less
splitting occurring. This point out a better fibre—matrix adhesion in RS5-70-C
composite compared to RSO-C composite. As in the case of RSO-C composites,
internal cracking within the bundle and the splitting of the load bearing 0° layer are
visible from Fig. 14a, but in low degree. It is also seen that the polyester knit yarn
exhibit improved adhesion with 5% APTES-modified epoxy resin. This provide a
textured appearance of the resin rich area. The 0° bundle smeared with resin can be
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Fig. 12 SEM images from tensile fracture surface of RSO-C composites at different magnifications
a x40 and b x100

seen from the Fig. 14b. In addition, resin covered 90° bundle is visible. Although,
the fibre-matrix adhesion improved, it is also notable that the presence of the
polyester knit yarn has initiated bundle de-bonding in the polyester yarn rich region
surrounding the load bearing 0° bundle. From the observations made from the SEM
image analysis, it seems that both RS3-70-C and RS5-70-C composites exhibits
improved fibre-matrix adhesion compared to the RSO-C composite.

In cross-ply laminated composites, failure modes such as fibre fracture,
delamination between the layers, ply splitting or matrix cracking can develop
[57, 58]. Under tension, first failure occurring in a cross-ply laminated composite is
the ply cracking in the non-load bearing 90° layer. This takes place well before the
ultimate failure [59, 60]. In the case of the load bearing 0° layer, the main failures
observed are the fibre breakages and bundle internal cracking. Same events are
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Fig. 14 SEM images from tensile fracture surface of RS5-70-C composites at different magnifications
a x40 and b x100

assumed to have happened in case of all the composites under study with varying
degree of splitting. Generally, a lack of matrix resin on the fibre surface, higher
degree of filament pull-out, and matrix cracking within the fibre bundles are taken as
an evidence of poor fibre—matrix adhesion [61, 62]. In addition, a composite with
low fibre—matrix adhesion is supposed to exhibit less matrix deformation patterns
such as cusps and textured micro-flows like river lines [61-63]. Taking this into
account, it could be assumed that the fibre—matrix adhesion improved with the
APTES modification of epoxy resin when compared to RSO-C composite. The
improvement in fibre—matrix adhesion is evident from the SEM images corre-
sponding to the RS3-70-C and RS5-70-C composites which exhibits resin smeared
fibre surfaces with less fibre splitting and lower bundle de-bonding across the fibre—
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matrix interface. A notable observation was about the internal cracking within the
load bearing 00 yarns. This behaviour was exhibited by all the composites
irrespective of modification. This is ascribed to the architecture of the warp knitted
viscose fabric. In the case of knitted fabrics, each yarns tends to be fairly filament
rich with respect to the overall volume fraction of the composite [64]. Thus, it is
susceptible to bundle internal cracking as observed from the tensile fracture surface
images of composites. The bundle de-bonding is associated with the rapid change in
the compliance across the bundle boundaries [64]. When the fibre—matrix adhesion
improved after resin modification, the degree of de-bonding was found to be lower
especially in the case of RS5-70-C composites. However, the presence of knit yarn
in the boundary of the bundle initiated the de-bonding in that particular region. The
knit yarns are reported to act as initiation sites for damage development in
composites with knitted fabric as reinforcement [65]. The tensile strength of the
RS3-70-C and RS5-70-C composites were 14 and 11% higher than RSO-C
composite. SEM analysis alone could not provide evidences for fibre—matrix
adhesion in polymer composite materials. The observations made from the image
analysis are supplementing the results obtained from the mechanical testing of
composites. Thus, it is deduced that the tensile properties of the epoxy/viscose
fabric composite improved owing to the improved fibre—matrix adhesion attained
after APTES modification of the epoxy resin.

Conclusions

The potential of utilising y-aminopropyltriethoxysilane (APTES) as epoxy resin
modifier to improve the tensile properties of fibre reinforced polymer composites
was examined in this study.

e The modification of epoxy resin by silane coupling agent was confirmed through
a decrease in epoxide content of modified resin and through ATR-FTIR analysis.

e In comparison with RSO-CC castings, the tensile strength of cured castings
prepared from 3 and 5 wt% silane modified epoxy resin decreased 8 and 15%,
respectively. This is due to the decrease in crosslink density after resin
modification as evident from change in glass transition temperature.

e There was an increase of 14% in tensile strength and 41% in elongation at break of the
composites after the modification of resin with 3 wt% APTES. The improvement in
the tensile properties is attributed to the improved fibre—matrix adhesion attained after
the resin modification. The fracture surface analysis of tensile specimens also justifies
the results obtained from the tensile testing of the composites.

The improvement in the tensile properties of composites obtained by resin
modification approach is comparable to those attained by fibre modification
approach. Moreover, the direct mixing of silane into epoxy resin generates less
process waste compared to that generated after the chemical treatments such as
alkalization, acetylation and silylation. More research is needed to optimize both
resin modification and fibre modification methods to make it more cost-effective
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and eco-friendly. Mechanical, water absorption, thermal and burning properties of
the viscose fabric composites prepared from silane modified epoxy resin is currently
under evaluation. These studies are assumed to provide more insight into the overall
performance of these composites.
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ABSTRACT: The influence of epoxy resin modification by 3-aminopropyltriethoxysilane (APTES) on various properties of warp knitted
viscose fabric is reported in this study. Dynamic mechanical, impact resistance, flexural, thermal properties, and burning behavior of
the epoxy/viscose fabric composites are studied with respect to varying content of silane coupling agent. The results obtained for
APTES-modified epoxy resin based composites reinforced with unmodified viscose fabric composites are compared to unmodified
epoxy resin based composites reinforced with APTES-modified viscose fabric. The dynamic mechanical behavior of the APTES-
modified resin based composites indicates improved interfacial adhesion. The composites prepared from modified epoxy resin exhib-
ited a twofold increase in impact resistance. The improved adhesion between the fiber and modified resin was also visible from the
scanning electron microscope analysis of the impact fracture surface. There was less influence of resin modification on the flexural
properties of the composites. The 5% APTES modification induced early degradation of composites compared to all other compo-
sites. The burning rate of all the composites under study is rated to be satisfactory for use in automotive interior applications. © 2018
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46673.
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INTRODUCTION

The interest in natural fiber composites is increasing mainly for
its potential to replace synthetic fiber reinforced plastics due to
low cost, low density, high specific strength, and stiffness,
improved sustainability and due to strict environmental regula-
tions."” In literature, there are numerous studies which report
the use of short lignocellulosic fiber as reinforcement in poly-
mer composites.”™* Continuous fiber reinforcements like unidi-
rectional, non-crimped fabrics, and woven fabrics are a better
choice than the short fiber reinforcements when considering the
development of high-performance composites.” Regenerated cel-
lulose fibers (RCF) possess high purity, uniformity and repro-
ducibility of their properties compared to lignocellulosic fibers.®
These fibers are available as a continuous filament that can be
processed into woven or warp-knitted fabrics. RCF could form
composites without compromising the environmental benefits

© 2018 Wiley Periodicals, Inc.
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offered by the lignocellulosic fibers, while it can overcome the
drawbacks of lignocellulosic fibers. Thus, RCF can be a better
alternative or a parallel choice for lignocellulosic fibers in poly-
mer composite manufacturing,”®

The main approach to improve the interfacial bonding in a
composite is surface modification of reinforcement via wet
chemical methods and physical methods.”*'® The chemical
methods to modify cellulose fibers include alkali treatment,
acetylation, coupling agent treatment, and peroxide treatment
to name a few. Physical methods like steam explosion, heat
treatment, reactive gas treatment methods like corona treatment
and cold plasma treatment are also used to modify the fiber
surface.””"'™* Among the two methods, chemical modification
methods are studied in depth and well-known. The chemical
adhesion between a fiber and a matrix resin proceeds through
the formation of a covalent bond or hydrogen bonding between

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.46673
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reactive groups in fiber and the matrix. This is achieved by
incorporating suitable functional groups and by changing the
surface morphology.

Silane coupling agent (SCA) modification is a commonly uti-
lised method to modify the glass fiber surface'>™” and also lig-
nocellulosic fiber surfaces.”'*° SCAs have a general chemical
structure of R(4 — n)—Si— (R’X)n (n=1,2), where R is ethoxy,
methoxy, and so on, X is any functional group such as amine,
methacryl, epoxy, or vinyl and R’ is the alkyl bridge connecting
the silicon atom and the functional group.”' Trialkoxysilanes
are the main type of SCA used in the surface modification of
lignocellulosic fibers.'> The hydrolysable alkoxy group in the
SCA can form a chemical bond with the hydroxyl group in the
lignocellulosic fiber. The completion of coupling reaction of the
SCA on the fiber surface depends on the reactivity of the
organic functional group in SCA with the matrix resin. There
are several studies which report the lignocellulosic fiber surface
modification with SCA.'>'® These studies reported that the fiber
modification with SCA had resulted in the improvement of var-
ious physical properties of the thermoplastic and thermoset
composites.

The present study differs from the practice of prior art in a way
that the SCA is not used as a fiber surface modifier. Rather,
SCA is directly mixed in the thermoset resin to prepare an alk-
oxy silane containing thermoset resin. From the composite
processing point of view, this is a benefit, as resin modification
can be done much easily compared to the surface treatment of
a reinforcement. It is well understood from the literature that
chemical surface modifications weaken the strength of natural
fibers."” ™" Direct mixing of SCA with epoxy resin and using it
in composite preparation is assumed to be eco-friendly and
energy efficient. The direct mixing of SCA with resin and using
the modified resin in composite preparation creates less process
waste compared to the fiber modification method. The reaction
medium used to modify the fibers requires waste handling,
which includes additional cost and consumes more energy.
Through the matrix resin modification, reactive groups having a
higher chemical affinity towards hydrophilic cellulose fiber are
introduced into matrix resin without weakening the cellulosic
fiber strength. The organic functionalities in SCA can form
chemical bonds with compatible reactive groups in the matrix
resin, while the hydrolysable alkoxy groups can react with the
fiber surface. Thus, it is expected to have an improved fiber-
matrix adhesion by matrix resin modification approach.

Epoxy resins have been modified by SCA to improve the corro-
sion resistance and the adhesion of epoxy coatings on alumi-
num surface.”*> The water resistance of epoxy coatings on
metal substrates has been improved through silanes.”” The
potential of SCA, polysiloxanes, silsesquioxanes, silica, and sili-
cates in the modification of epoxy resin has been reported.**
The research related to the silane modification of epoxy resin is
mostly in coatings to improve the flexibility, adhesion, corrosion
resistance, and water resistance. Patent search using SCA; alk-
oxy; epoxy resin; modification as keywords yielded studies
which report the modification of epoxy resin with SCAs.*>"*
These studies involve dealcoholization condensation reaction
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Table I. Properties of Epoxy Resin According to the Resin Supplier

Properties Resin Hardener
Mix ratio (by weight) 100 26
Viscosity at 25°C (cP) 600-640 15-17
Density (g/cm?) 1123 0.936
Cured density (g/cm®) 1.144 —

between epoxy resin and hydrolyzable alkoxysilane which
requires catalysts and solvents. Also, none of these patents
report the influence of resin modification on various properties
of the fiber reinforced composites. The usage of solvent in the
reaction adds another step in composite processing which con-
sumes additional raw material, time, and energy. A recently
granted Chinese patent explains a simple method for modifica-
tion of epoxy resin by direct addition of SCA in to the resin.”’
This method of modification of epoxy resin is adoptable for
composite processing because of its simplicity. Since this patent
reports the application of modified epoxy resin as protective
coatings, viability for using the same kind of modification
method in the processing of fiber reinforced composites requires
an extensive study. The modifications of epoxy resin by SCA to
use as matrix resin in polymer composites are seldom found in
the literature. Epoxy resins have been modified with different
types of SCAs and the resulting mechanical properties of its
composite with carbon fiber were studied by Yang et al.’® They
reported that the matrix modification improved the tensile
strength and flexural properties of carbon fiber composites by
4% and 44%, respectively.

The studies on modification of epoxy resin by SCA for using it
as the matrix resin in RCF reinforced composites are rarely
reported. In a recent study,” we modified an epoxy resin with
y-aminopropyltriethoxysilane (APTES) and studied the proper-
ties of the resin and cured castings with respect to neat resin
and reaction conditions used. The viscose fabric composites pre-
pared from APTES-modified epoxy resin exhibited increased
tensile properties compared to the composites prepared with
unmodified epoxy/viscose fabric and APTES-modified viscose
fabric/epoxy composites. The main objective of this investiga-
tion is to study the effect of APTES-modification of epoxy resin
on the mechanical, thermal, and burning properties of epoxy/
viscose fabric composite. Finally, the properties of APTES-
modified epoxy/viscose fabric composites are compared with
the epoxy/APTES-modified viscose fabric to identify the best
approach to improve fiber-matrix adhesion.

EXPERIMENTAL

Materials

Prime 20LV, an epoxy resin manufactured by Gurit Ltd. was
used for composite preparation. An amine hardener (Prime
20LV slow) was used as curing agent. The main properties of
the Prime 20LV resin as given by the manufacturer are listed in
Table 1.** The silane-coupling agent for epoxy resin modifica-
tion was APTES (99% purity).

The fabric used as the reinforcement in the preparation of com-
posites was based on Cordenka 610F viscose yarn with the twist
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Figure 1. Warp-knitted fabric with thicker weft yarn in the horizontal
direction, and thin polyester warp yarn in vertical direction.

740, 2440 dtex linear density, and 1350 filaments (Cordenka,
Germany). The yarn was processed by warp knitting into unidi-
rectional fabrics with a surface weight of 223 g/m” (Engtex,
Sweden). The fabric used in the study is shown in Figure 1.

Modification of Resin and Fabric

The resin modification was done by mixing the epoxy resin
with 1, 3, and 5 wt % of APTES without using any solvents or
catalysts. An appropriate amount of resin and APTES was
weighed into a round bottom flask equipped with a reflux con-
denser. The mixture was slowly stirred for 1 h on a water bath
maintained at 70°C (*3). The reaction is assumed to proceed
by the primary amine in APTES reacting with oxirane ring
forming a secondary amine and a hydroxyl group. The formed
secondary amine will further react with another oxirane ring,
resulting in the grafting of the silane. More description of the
reaction efficiency and scheme can be found from our previous
study.”!

The viscose fabric modification was done according to a
method described in our previous study.” APTES was added to
an ethanol/distilled water (95:5) solution to yield 2 vol % (2.3
wt %) silane in solution. The silane solution was set aside in a
plastic container for 15 min. Then the viscose fabrics were

APTES
Mosgi—M

Ethoxy Amine
APTES- m_ . _l_|
modified Si
resin —k)
APTES-
modified _LII-L Si—)
fabric

Figure 2. Schematic representation of APTES reaction with epoxy resin
and viscose fabric.
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immersed in the solution for 5 min and dried at room tempera-
ture for 30 min. The fabrics were further dried at 110°C for 30
min to complete the reaction. The reaction between the viscose
fabric and the APTES proceed by hydrolysis of the ethoxy
groups and forming highly reactive silanols. The silanols form a
hydrogen bond with hydroxyl group on the surface of the fab-
ric. On application of heat, a covalent bond is formed between
fabric and APTES. The APTES modification of viscose fabric
improved mechanical and water absorption properties of the
unsaturated polyester composites.” Thus, it is assumed that the
APTES modification of fabric will improve the properties of
epoxy/viscose fabric composites since the amino group present
in the APTES is compatible with epoxy resin. A schematic rep-
resentation of the reaction between APTES with epoxy resin
and viscose fabric is shown in Figure 2.

Preparation of Composites

All the composite specimens were prepared by vacuum assisted
resin infusion method. The steel mold was cleaned and mold
releasing agent was applied. Later the mold was polished and
used after 30 min. A two-sided sealant tape was attached on the
four sides of the mold to fixate the vacuum bag film. Four

Figure 3. Schematic representation of (a) vacuum bag and (b) composite
preparation by vacuum-assisted resin infusion at higher temperature.
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Modification
APTES Details Designation
0 wt % No modification RSO-C
1wt % Resin modified at 70°C for 1 h RS1-70-C
3wt % Resin modified at 70°C for 1 h RS3-70-C
5wt % Resin modified at 70°C for 1 h RS5-70-C
2 vol % (2.3 wt %) Fabric modified at room temperature and dried at 110°C RS0O-FS2-C

layers of warp knitted unidirectional viscose fabric were care-
fully placed one over another inside the space formed by sealant
tape (+£0/£90/%0/%90). Then peel-ply fabric was placed on the
top layer of viscose fabric and a flow enhancing fabric was laid
on the top of the peel-ply fabric. The connection tubes for the
resin inlet and vacuum were placed parallel to each other as
shown in Figure 3(a). Finally, the mold was carefully sealed
using vacuum bag film and vacuum bagging was completed.
The sealed mold was placed in a climate chamber having an
opening through which the tubes were connected to resin trap
to which the vacuum pump was connected. After confirming
that there is no leakage, the door of the climate chamber was
closed and was heated to 65 °C.

The epoxy resin was mixed with hardener in the ratio 100:26
(by weight). The plastic container containing the resin mix was
placed open for 5 min in the climatic chamber heated to 65°C
to remove the trapped air bubbles. Later the resin mix was
transferred into the resin vessel which was connected through a
flexible plastic tube to the mold. The clamp used to close the
resin inlet tube was opened and the resin mix gradually impreg-
nated the viscose fabric layers. The excess resin after proper
impregnation was collected in the outlet tube to resin trap or in
resin trap. The vacuum pressure applied was 0.1 bar and the
temperature in the chamber was maintained at 65°C for 7 h
after the impregnation. After completion of this period, the
temperature in the chamber was raised to 80°C and the compo-
sites were post-cured for 2 h. The fiber weight percentage in the
composites ranged between 38% and 42%. The thickness of the
composites was 2.2-2.4 mm. The designations and the corre-
sponding modification of the viscose fabric composites are
listed in Table II.

Characterization

Dynamic mechanical properties of the viscose fabric composites
were analyzed using Netzsch DMA 242 analyser. The measure-
ment was conducted under tensile mode at a frequency of 1 Hz.
The sample dimension was 30 X 5 mm (length X width).The
free length of the sample was 10 mm and thickness was in range
2.2— 2.4 mm. The testing temperature ranged from 25-130°C at
a heating rate of 2 K/min. The three-point flexural test was
done according to ISO 14125:1998 standard using Tinius Olsen
H10KT universal testing machine. The dimensions of the speci-
mens were 80 X 15 mm (length X width). The load cell was 10
kN and rate of loading was 10 mm/min. The support span was
64 mm. Charpy impact test was performed on un-notched
specimens according to ISO 179 standard. The specimens were
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tested edgewise. Tests were carried out on mechanical impact
tester (QC-639D, Cometech testing machines, Taichung Hsien,
Taiwan). The dimensions of test specimens used for different
tests are shown in Figure 4.

Thermal degradation of the epoxy/viscose fabric composites
were studied using a thermogravimetric analyser, Netszch DMA
242. The test was conducted in a nitrogenatmosphere by heating
from 25 to 800°C at 10°C/min. The sample mass for all the
composites was 20 mg (*2). Considering the prospects of vis-
cose based fiber composites in automotive application, the
burning rate test for all the composites were conducted accord-
ing to the ISO 3795:1988. The standard describes the method to
determine the burning behavior of interior materials in road
vehicles, tractors, and machinery for agriculture and forestry. A
sample is held horizontally in a U-shaped holder and the free
end of the sample is exposed to a low-energy flame for 15 s in
a combustion chamber. The test determines when the flame
extinguishes or the time in which the flame passes a measured
distance. The test sample was 138 in length and 60 mm in
width (Figure 5). Three specimens per composites were tested.
The measurement starts at the moment when the foot of the
flame passed first measuring point. The side (upper or bottom)
which burns faster was selected to observe the flame propaga-
tion. The measurement completes when the flame reaches the
end of the sample. The distance from the first measuring point
to the end of the sample was 100 mm.

B="1x60 1)
t
@?'
N 7
5# F"’Hﬂl

Impact

Figure 4. Dimensions of 3-point bending, DMA, and impact test

specimens.
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Figure 5. Dimension of test specimen for burning test (left) and a sample under testing (right). [Color figure can be viewed at wileyonlinelibrary.com]

The burning rate B, in mm/minute, is calculated from eq. (1)
whereas, s is burnt distance in millimetres and t is the time in
seconds taken to burn distance s.

The morphology of the impact fractured samples was studied
by scanning electron microscope (SEM; JSM-5800, Jeol Inc.,
Tokyo, Japan), operating at a low accelerating voltage (5 keV)
to minimize beam-damage of the polymer. Prior observation
samples were mounted onto Al-support stubs with conductive
carbon paint, perpendicular to the support stubs in order to
expose the fractured surface. To improve conductivity the sam-
ples were sputtered with a thin layer of amorphous carbon
(Balzers SCD 050 sputter coater). For observation of the surface
of the sample, we used Everhart-Thornley type detector for low-
energy (<50 eV) secondary electrons (SE), generated by inelas-
tic scattering interactions with primary (beam) electrons. Due
to their low energy, SE originates only from the depth of few
nm from the sample surface. While scanning the electron beam
in a raster mode over the sample, the intensity map of the sig-
nal is constructed, where the number of SE emitted from the
surface of the sample is directly related to the angle between the
primary electron beam and the sample, resulting in contrasted,
well-defined 3D images with a large depth-of-view.

RESULTS AND DISCUSSION

Dynamic Mechanical Analysis
The dynamic storage modulus (E), is an important property for
estimating the load-bearing capacity of the composite material.
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Figure 6. Effect of modification on storage modulus of epoxy/viscose fab-

ric composites. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6 shows the effect of resin and fabric modification on the
storage modulus of epoxy/viscose fabric composites as a function
of temperature. In comparison to RS0-C, the storage modulus
above the glass transition temperature improved after resin and
fabric modification. At 40°C the storage modulus increases in
of RS0-C < RS1-70-C < RS3-70-C = RS5-70-C < RS0-
ES2-C. The storage modulus of all the composites decreases with
increase in temperature and the drop is prominent in the transi-
tion region. The effect of resin modification by 1% APTES seems
to be negligible because its storage modulus in both glassy and
rubbery region is unaffected compared to RSO-C. The storage
modulus at 120 °C for RS0-FS2-C composites made from modi-
fied fabrics is higher than RS0-C and RS1-70-C, but it is relatively
lower than RS3-70-C and RS5-70-C.

order

The increase in storage modulus for the APTES-modified com-
posites compared to RSO-C composites in glassy region and
above the glass transition temperature indicates the chemical
bond formation between the fiber and matrix. The storage
modulus is generally related to Young’s modulus and determines
the material stiffness.”> The stiffness in glassy state is more
influenced by the intermolecular forces and the packing of poly-
mer chains. The improved stiffness of the composites above the
T, after modification is ascribed to the hindered mobility and
deformability of the matrix after APTES-modification.
Improved fiber-matrix adhesion is thought to be restricting the
molecular mobility resulting the composite to be stiffer.’* The
increase in storage modulus of the thermoset composites in
glassy region and above the T, after the modification of fiber
and epoxy resin was reported elsewhere.”>™’

During the softening of a glassy polymer, intermolecular forces
are not suddenly overcome by thermal motions because molec-
ular chains undergo different types of motions. Once the tem-
perature is above the T, the micro-Brownian motion becomes
so prominent in crosslinked polymers that the material softens
and can be deformed by external forces.”® Thus, the decrease in
storage modulus near T, for all the composites can be ascribed
to the increased micro-Brownian motion of the crosslinked seg-
ments in the matrix. In the transition phase, the storage modu-
lus of APTES-modified composites except RS1-70-C increased
than RSO-C. This is due to the restricted chain movement
owing to improved interfacial adhesion. The increase in storage
modulus at 120°C for RS3-70-C and RS5-70-C can be related
to the change in the structure of epoxy after grafting of alkoxy-
silane.
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Figure 7. Effect of modifications on the loss modulus of the viscose fabric
composites. [Color figure can be viewed at wileyonlinelibrary.com]

The effect of resin and fabric modification on loss modulus of
the epoxy/viscose fabric composites as a function of temperature
is shown in Figure 7. Loss modulus (E”) or dynamic loss mod-
ulus is a measure of energy dissipated or lost and is in fact
regarded as the viscous response of the material. In the glassy
region, APTES-modification increased the E” of the composites
with respect to RSO-C. There was a notable increase in loss
modulus of the RS5-70-C composites in the glassy region.
Below the glass transition temperature, the energy dissipated or
lost as heat per cycle of sinusoidal deformation increased in the
order of RS0-C < RS1-70-C < RS3-70-C < RS0-FS2-C < RS5-
70-C. The loss modulus of RS0-C, RS1-70-C, and RS0-FS2-C
composites at 120°C is almost similar whereas, the loss modu-
lus E” of RS3-70-C and RS5-70-C composites is significantly
higher at 120°C. The E’ peak of the composites increased in
the order of RS1-70-C <RS0-C <RS0-FS2-C  <RS5-70-
C < RS$3-70-C. The broadening of the E’ peak is seen from Fig-
ure 7 and it is wider in the case of RS5-70-C, followed by RS3—
70-C and RS0-FS2-C composites, respectively.

The interaction of modified resin with fiber is assumed to occur
via a covalent bonding between cellulose hydroxyl and ethoxy
group present in the modified epoxy resin. Thus, the fiber—
matrix interaction is similar as in the case of composites pre-
pared from fiber modified by SCAs. The increase in loss modu-
lus E” of RS5-70-C composites below and that of both RS3-70-
C and RS5-70-C composites above the T,, when compared to
RS0-FS2-C, can be ascribed to the improved fiber-matrix adhe-
sion attained through the matrix modification approach. The
E’" peak broadening can be ascribed to the inhibition of relaxa-
tion process within the composites due to the presence of an
increased order.’® The greater restrictions on the amorphous
phase may result in increase or broadening of the glass transi-
tion temperature."’ There was a shift in the T, towards the
higher temperature in the case of RS3-70-C and RS0-FS2-C
indicating increased crosslinking in both composites. The
increase in loss modulus of natural fiber reinforced composites
after chemical modification of fiber was reported by d’Almeida
et al*! and Saha et al.** The increase in loss modulus of SAN
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(polystyrene-co-acrylonitrile) modified epoxy/glass fiber com-
posite was also reported.””

Tangent & or tan d is a dimensionless number regarded as the
mechanical damping factor which is the ratio of the loss modu-
lus to the storage modulus. The influence of fiber or matrix
modification on the variation in tan d of the composites with
increasing temperature is shown in Figure 8. For all the compo-
sites, it is seen that with an increase in temperature, damping
increases by reaching maximum value in the transition region
and above the T, damping value again decreases. The high
damping in the transition region can be ascribed to the micro-
Brownian motions of molecular chain segments and their stress
relaxation. The tan d peak position and height provides infor-
mation on the structure and properties of composites. The tan
d peak height is in the order of RS1-70-C > RS0-C >RS0-FS2-
C>RS83-70-C > RS5-70-C. The increase in peak height of RS1—
70-C composite compared to RSO-C composite indicate that
1% APTES modification of resin resulted in decreased interfa-
cial bonding. However, the resin modification with 3% (RS3-
70-C) and 5% (RS5-70-C) APTES seems to have improved the
interfacial adhesion in the composites as seen from the lowering
of the tan d peak. The increase in interfacial adhesion in ther-
moset composites with lowering of tan d peak and vice versa
has been reported elsewhere.***’ The maximum damping
occurs in the region where most of the chain segments take
part in the micro-Brownian motion. The improved interfacial
adhesion might have restricted the molecular movement and
thereby lowered the damping peak height. A shift in glass tran-
sition temperature is observed in the composites after the
APTES-modification. There was about 7°C decrease in T, of
RS1-70-C composite with respect to RS0-C composite. The
glass transition temperature T, of RS3-70-C and RS5-70-C
composites increased 16°C when compared to RS0-C compos-
ite. There was an increase of 6°C in T, of RS0-FS2-C composite
with respect to RSO-C composite. The increase in glass transi-
tion temperature of the composite can be taken as a measure of
interfacial interaction. Higher the T, stronger the fiber-matrix
adhesion. Similar kinds of observations for natural fiber rein-
forced composites have been reported in the literature.***?
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Figure 8. Effect of modifications on the tan d value of the viscose fabric
composites. [Color figure can be viewed at wileyonlinelibrary.com]
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Charpy Impact Strength

The Charpy impact strength is shown in Figure 9. It is observed
that the addition of APTES into epoxy resin increased the
impact strength of composites. There was an increase in
strength by increasing the APTES content in the modification.
When compared to RSO-C composite, the strength of RS1-70-C
and RS3-70C increased 18% and 37%, respectively. Maximum
improvement in strength was recorded for RS5-70-C composite
in which the impact strength almost doubled compared to the
RS0-C composites. The epoxy composite prepared from fabric
modified with APTES (RS0-FS2-C) exhibited the
strength among all the composites. Compared to RS0-C com-
posite there was a decrease of 48% in the strength of the RS0-
FS2-C composite.

lowest

Literally, these results show that the modification of the resin
with APTES is more effective than fabric modification method
in improving the impact resistance of viscose fabric/epoxy com-
posites. There are several factors governing the impact resistance
of the composite materials. Among those, strength and stiffness
of fiber, matrix toughness, thickness, lay-up, impact velocity,
and support conditions are of importance.”” The damping fac-
tor tan d has found to be often correlated to the impact resis-
tance of the natural fiber composites.*” The lowering of the tan
d peak height can be related to an increase in impact resistance
of the composites. Among all the composites, the lowest tan d
peak was observed for RS5-70-C composite (Figure 9). The
result from tan d curve very well correlates with the results
obtained from the Charpy impact test for RS0-C, RS1-70-C,
RS3-70-C, and RS5-70-C composites. On contrary to this,
although the tan d height for RS0-FS2-C composite is lower
than that of RS0O-C composite, the impact resistance of RSO-
FS2-C was the lowest among all the composites. The lowering
of tan d has been explained as an indication of the improved
interfacial adhesion as reported elsewhere.** Thus, it could be
assumed that the epoxy resin modification by 3% and 5%
APTES have improved the fracture toughness of the epoxy/vis-
cose composites and improved interfacial adhesion. However,
the interfacial adhesion in RS0-FS2-C composite decreased with
the fiber modification approach employed in this study. This
ultimately decreased the impact resistance of RS0-FS2-C compo-
sites. When a composite is tested under impact, a part of energy
related to impact is used for elastic deformation of the compos-
ite. The remaining energy is dissipated through different failure
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mechanisms like fiber breakage, fiber—matrix de-bonding,
delamination, and matrix resin cracking.’® The impact fracture
surface analysis through SEM is supposed to provide the infor-

mation on the type of fractures occurred in the composites.

3-Point Bending Test

The capability of composites to withstand the bending before
reaching the breaking point is represented in terms of flexural
strength. Average flexural strength for composites under study is
shown in Figure 10. There was only negligible influence of resin
modification on flexural strength of RS1-70-C composite when
compared to RSO-C. Even though the average strength of RS3—
70-C composite (85.5 MPa) decreased compared to RS0-C com-
posite (93.7 MPa), the larger standard deviation makes it insig-
nificant. However, there was a clear drop in flexural strength of
RS3-70-C composites with respect to RS0-C composites. About
20% drop in the strength of RS3-70-C was recorded. The com-
posite prepared from APTES-modified fabric (RS0-FS2-C)
shows flexural strength similar to RSO-C composites indicating
insignificant influence of fabric modification on flexural
strength.

The trend obtained for tensile strength of the APTES-modified
resin composites was RSO-C = RS1-70-C < RS5-70-C < RS3-70-
C.>! While considering the average flexural strength values, the
trend obtained for APTES-modified resin composites is in order
of RS3-70-C < RS5-70-C < RS1-70-C <RS0-C.  Thus, 3%
APTES-modification of resin decreased the flexural strength,
while the same increased the tensile strength of the viscose com-
posites. The common failures under bending are compressive,
tensile, and/or shear failure related to interlaminar crack propa-
gation, matrix failure, and fiber breakage.** It is evident from
the dynamic mechanical analysis, tensile test, and Charpy
impact test that the improvement in corresponding properties
of composites is achieved through an improved interfacial adhe-
sion. Hence, other than interfacial adhesion, the change in
property of matrix after 3% APTES modification might be
influencing more on the 3-point bending test results. Ahmad
et al** toughened thermoset resin and studied its influence on
impact and flexural properties of kenaf fiber composites. They
reported that the composites prepared from toughened polyes-
ter exhibited improved impact resistance while the flexural
properties decreased.

120

100
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Flexural strength (MPa)

Figure 10. Effect of modifications on the flexural strength of the viscose
fabric composites.
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Figure 11. Thermogram of epoxy/viscose fabric composites. [Color figure
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Figure 12. DTG curve of epoxy/viscose fabric composites. [Color figure
can be viewed at wileyonlinelibrary.com]

Thermogravimetric Analysis

The thermogram (TG) and derivative of thermogravimetry (DTG)
for epoxy/viscose fabric composites are shown in Figures 11 and
12. As seen from Figure 11, a two-stage degradation is followed by
all the composites. The first degradation stage is mainly related to
the degradation of viscose fabric in the composite. A mass loss of
approximately 30% occurred during this stage for all the compo-
sites. The second degradation stage is mainly due to the degrada-
tion of epoxy resin in the composite. When compared to RS0-C
composite, the main difference noticeable in this stage is an
increase in mass loss percent of 3.0% and 6.8% in the case of RS3—
70-C and RS0-FS2-C composites, respectively. The residual mass
obtained for the composites prepared from modified epoxy resin
increases with the increase in APTES content in the modification.
Compared to RS0-C composite, there was an increase in residual
mass of 3.9% and 5.2% for RS3-70-C and RS5-70-C composites,
respectively.

The onset degradation temperature is taken at 5% mass loss,
see Table III. Compared to RSO-C, the main difference observed
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is a significant decrease of 15°C in the case of the RS5-70-C
composite. However, at 50% mass loss, the temperature of the
RS5-70-C composite is 5°C higher than the RSO-C composite.
Mainly two degradation stages are seen from DTG curve in Fig-
ure 12. The first peak corresponds to the degradation of viscose
fabric in composites. There is no significant change observed in
the maximum degradation temperature for all the composites
in this stage according to Table IIIL.

The initial mass loss in cellulose-based composites is reported
due to evaporation of the moisture in the fiber.*>*® The RCF
are reported to exhibit a two-step degradation excluding the
water loss."” The second degradation step around 325°C is
related to cellulose degradation. This is associated with the
dehydration and decarboxylation reactions producing combusti-
ble gases like aldehydes, ketones, and ethers.® A notable
decrease in the case of onset temperature was observed for
RS5-70-C compared to RSO-C composite. Also, it was noticed
that at higher temperature the mass loss is delayed for RS5-70-
C with respect to RS0-C composite. Among all the composites,
the silane content is highest in RS5-70-C composite. The
decrease in onset temperature of RS5-70-C might be due to the
initial degradation of APTES occurring at a lower temperature.
The lowering of onset temperature (at 5% mass loss) is reported
for epoxy resin modified with triglycidyloxyphenylsilane.* The
initial degradation of silane group forms a silicon-containing
residue which slows down the degradation of epoxy resin occur-
ring in next stage in the case of RS5-70-C composite.*” This
is reflected by the increase in temperature at 50% mass loss cor-
responding to the epoxy resin and an increase of 5.2% residual
mass with respect to RSO-C.

Burning Rate Test

The burning rate of the composites determined through ISO
3795-1988 is shown in Figure 13. The burning rate of the com-
posites prepared from APTES-modified epoxy resins shows an
increase in the burning rate. There is around 18% increase in
the burning rate of the RS5-70-C composite when compared to
RS0-C composite. These results indicate that with an increase in
APTES content in the modification of resin, the burning rate of
the composites increased. The composite prepared from
APTES-modified viscose fabric (RS0-FS2-C) was showing the
lowest burning rate among the entire composites. Compared to
RSO-C composite, there was a decrease of about 8% in the
burning rate for RSO-FS2-C composite. This is indicating that
the APTES fabric modification has effectively reduced the burn-
ing rate of the composite. During the test, it was also observed

Table III. Results from Thermogravimetric Analysis of Epoxy/Viscose Fabric Composites

Temperature (°C) (5% Temperature (°C)

Composites ~ mass loss) (50% mass loss) 1st DTG peak (°C)  2nd DTG peak (°C)  Residual mass (%)
RSO-C 294 368 327 359 155

RS1-70-C 297 368 324 356 17.8

RS3-70-C 292 370 324 356 19.4

RS5-70-C 279 373 324 354 20.7

RSO-FS2-C 296 368 324 361 17.0
ADVANCED
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that after self-extinguishing, the RS3-70-C and RS5-70-C com-
posites deformed more compared to other composites under
study. Also, another important observation during the test was
the change in maximum temperature inside the chamber during
the test. The maximum temperature was recorded as 165, 168,
184, 189, and 175°C for RS0-C, RS1-70-C, RS3-70-C, RS5-70-
C, and RS0-FS2-C, respectively.

After exposure to sufficient heat energy, polymers undergo ther-
mal degradation through pyrolysis. The evolved flammable vola-
tiles when mixed with air at an optimal temperature they will
ignite. If the energy feedback into the system from the exother-
mic burning process is sufficient, an endothermic pyrolysis pro-
cess is activated and result in flame spread.SI Whereas, in the
case of cellulosic fiber, the pyrolysis results in the formation of
levoglucosan which usually evolves in the form of an extremely
flammable fluid tar.”> Hence, both viscose fabric and the epoxy
resin are involved in the burning of the composite. In the com-
posites prepared from APTES-modified resins, the influence of
viscose fabric on the burning rate is less significant because it
has not undergone any modification. However, it is relevant in
the case of the composite prepared from APTES-modified vis-
cose fabric.

The result obtained from DMA shows an increase in T,
obtained from the tan d curve (Figure 8) which indicate an
increase in crosslink density of RS3-70-C and RS5-70-C com-
posites among the resin-modified composites. The flame retar-
dant property of epoxy resin is reported to be adversely
affecting by high crosslink density.’»** High crosslink density
can make the network structure too rigid to produce charred
layers during combustion and thereby decreasing the flame
retardant property. Since high energy is needed to break highly
crosslinked structures, the maximum temperature in the cham-
ber recorded during the test for RS3-70-C and RS5-70-C com-
posites was higher compared to other composites. Thus, it is
assumed that the energy fed back from the exothermic burning
process is enough to activate the endothermic pyrolysis process
and this increased the burning rate of RS3-70-C and RS5-70-C
composites.

The T, obtained for RS0-FS2-C composite is lower than RS3-
70-C and RS5-70-C composites. Thus, it is assumed that cross-
link density is low in RS0-FS2-C composites compared to RS3—
70-C and RS5-70-C composites. Other than the crosslink
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density of composite, the lowering of burning rate in RS0-FS2-
C can be more influenced by the structure of viscose fabric after
modification. In the case of chemical modification of cellulose,
the reaction takes place in the amorphous region or at the edge
of the crystalline region. Since the reagent is not able to diffuse
into the crystalline region the reaction takes place at the chain
ends close to the surface of crystallites resulting in the opening
of some of the hydrogen bonded cellulose chains. Consequently,
new amorphous domains are formed from the crystalline
region.”® The increase in amorphous region in cellulose after
silane treatment is reported in the literature.” Higher the crys-
tallinity of fiber, higher the levoglucosan formation during the
pyrolysis of cellulose. As already mentioned levoglucosan is usu-
ally evolved as highly flammable fluid tar. One recommendation
made by Kozlowski and Wladyka-Przybylak® to decrease the
flammability of the cellulose fiber is to decrease the crystallinity
of the cellulosic fibers. RS0-FS2-C composites were made from
APTES-modified viscose fabric and it is assumed that the silane
treatment decreased the crystallinity of the viscose fabric. This
eventually decreased the formation of the levoglucosan, which
resulted in a composite with the lower burning rate among all
the composites tested in the study. Thus, it is notable that the
APTES modification of epoxy resin increased the burning rate
and the APTES-modification of viscose fabric effectively
decreased the burning rate. According to ECE Reg. No 118 and
directive 95/28/CE,*® the result of the horizontal burning tests
conducted according to ISO 3795 shall be satisfactory if the
burning rate is not more than 100 mm/min.’® Then all the
epoxy/viscose fabric composites studied in this study is exhibit-
ing satisfactory performance in the burning test.

Impact Fractography

The SEM images from impact fracture surface of the RS0-C
composite is shown in Figure 14(a—d). Matrix fracture in the
load bearing 90° layers is visible from Figure 14(a). One among
the two 90° layers seen from Figure 14(a,b) show fiber or bun-
dle pull-out, bending, shearing fibe end and region where the
filaments are completely pulled-out whereas, the bundles in
another 90° layers as seen from the image is assumed to be frac-
tured under compression. In Figure 14(c), radials which are
characteristic of tensile failure is observed. In the case of both
0° layer, the partially pulled out filaments, micro-textures
related to sheared surfaces, and fiber imprints are seen [Figure
14(d)]. Another notable observation made from the fracture
surface of the RSO-C composite is the crack in the matrix after
impact [Figure 14(a)] indicating brittle nature of the composite.

The breakage of load bearing 90° bundles and filament pull-out
from 0° layers was also observed in the case of RS5-70-C com-
posites. The SEM images from impact fracture surface of RS5—
70-C composites are shown in Figure 15(a—d). The broken parts
of the bundle are visible in Figure 15(b). Among the load bear-
ing 90° layers, one shows terraced bundle pull-out and other
layer do not show bundle pull-out similarly as in the case of
RSO-C composites. The first layer is undergoing failure in ten-
sion/shear and other layer failed under compression. The
appearance of the radials as seen from the Figure 15(c) is con-
firming the failure of one of the 90° layer in tension. Both the
0° layers from the fracture surface seems to be failed under
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Figure 14. SEM images from impact fracture surface of RS0-C composites (a) X50, (b) X500 red square in X50 image, (c) X1000 yellow square in
X50 image, (d) X250 green square in X50 image. [Color figure can be viewed at wileyonlinelibrary.com]

shearing [Figure 15(a,d)]. One notable difference compared to
RS0-C composite is that the matrix cracking in the resin-rich
region was not observed during the fracture surface analysis of
RS5-70-C composites [Figure 15(d)]. Another observation was
the microtextures supporting the shearing of the matrix [Figure
15(a)] in resin rich area.

When a composite material is tested under impact, some part of
the energy related to impact is used for elastic deformation of the
composite material. The energy in excess is dissipated in forms of
fiber/bundle breakage, delamination, fiber-matrix debonding,
and matrix cracking.** The failure modes occurring in Charpy
impact test of composite materials is often complex. All three
basic failures; tension, compression, and shear is exhibited by the
tested specimen.** The results obtained from this study are sup-
porting the above observations. One of the two 90° layers failed
under combined tension/shear mode, while the other 90° layers
failed under compression. Hence in the edgewise impact testing,
the load bearing bundles on the opposite side of the impact fails
under tension/shear and the other fails under compression. This
was commonly observed from all the analyzed failure surfaces
irrespective of the type of the resin modification. The fractogra-
phy analysis supports the experimental results obtained from the
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Charpy impact testing. There was an increase in impact strength
of the composites prepared with APTES-modified resin. Among
the modified resin-based composites, the impact strength of RS5—
70-C composites almost doubled compared to RS0-C composites.
The improvement in the toughness of the resin is evident when
comparing the resin rich areas of the RS0-C composites and RS5—
70-C composites. The resin-rich region in the RS5-70-C compos-
ite was much more impact resistance when considering the matrix
crack formation observed in the RSO-C composites. Also, the
microtextures indicating the shear failure in the resin-rich region
is also indicating the improved impact resistance of the epoxy
composite after the APTES-modification. The impact failure sur-
face with evidence of shear failure shows improved impact resis-
tance. Thus, it is assumed that the epoxy resin modification with
compatible SCAs like APTES improves the toughness of the resul-
tant composite.

CONCLUSIONS

In our previous study, an epoxy resin was modified with
APTES. The results from that study showed that the APTES-
modified epoxy resin increased the tensile strength and elonga-
tion of the viscose fabric composite. It is a necessity to know

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.46673
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Figure 15. SEM images from impact fracture surface of RS5-70-C composite. [Color figure can be viewed at wileyonlinelibrary.com]

the effect of resin modification on different properties of com-
posites, to confirm the viability of using resin modification over
existing fiber modification method in composite preparation.
The main conclusions from the current study are listed below.

The storage modulus and tan d results point out an increase in
interfacial adhesion between the viscose fabric and the APTES-
modified epoxy resin.

The impact resistance of the composites increased with increas-
ing APTES content. Impact resistance of composites prepared
from epoxy resin modified with 5 wt % APTES almost doubled
compared to RS0-C composites.

The effect of resin modification and fabric modification on flex-
ural strength except for RS3-70-C was insignificant compared
to unmodified composite.

The burning rate of the RS0-FS2-C composites was lower than all
other composites owing to the fabric modification. However, the
burning rate of all the composites irrespective of modifications is
rated to be satisfactory for use in automotive applications.

The modification of the epoxy resin by APTES seems to be a
better option when considering the less process waste and low
energy consumption compared to wet chemical fabric modifica-
tion methods like alkali, acetylation, and silane treatments. In
our studies, it was found that the epoxy resin modification by
APTES improved the tensile and impact resistance properties
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compared to unmodified and fabric-modified composites. It is
worth mentioning that the epoxy resin modification by APTES
has doubled the toughness of the viscose fabric composites.
Thermal stability of the resin-modified composites and fabric-
modified composites are unchanged compared to unmodified
composites. While the burning rate was higher for resin-
modified composites compared to fabric-modified composites.
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Abstract

Graphene nanoplatelets (GNP) are used to produce wood plastic composites (WPC)
with improved electrical and thermal conductivity. The polypropylene/wood/GNP
hybrid composites are produced by melt compounding followed by hot pressing.
The effect of GNP loadings (5, 10 and 15 wt%) on electrical conductivity, thermal
conductivity, tensile properties, and thermal degradation of hybrid WPC containing
20 wt% of wood flour is studied. The effect of fast and slow cooling rates during
hot pressing on the surface resistivity of hybrid WPC is evaluated. Scanning elec-
tron microscopy of the tensile fracture surface and polished cross-sections of hybrid
WPC is analysed. The hybrid WPC containing 20 wt% wood flour and 15 wt% of
GNP (PP-W20-G15) is measured to show surface resistivity of 2.05E+ 06 Q/sq and
thermal conductivity of 0.61 W/m.K. There is a significant increase in electrical and
thermal conductivity of PP-W20-G15 when compared to WPC containing 20 wt%
of wood flour (PP-W20). The wood flour helps with the distribution of GNP in PP-
W20-G15 by which the surface resistivity is improved when compared to PP filled
with 15 wt% GNP. It was found that the surface resistivity of PP-W20-G15 was
dependent on the cooling rate used during the hot pressing. There is a considerable
decrease in tensile strength and an increase in the tensile modulus of hybrid WPCs
compared to PP-W20 and neat polypropylene.
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Introduction

The demand for electrically conductive composites is on the rise due to the growing
need for antistatic materials for various applications including packaging and elec-
tronics that are susceptible to electrostatic damage or in electromagnetic shielding
applications (Choi et al. 2019; Yadav et al. 2019). Compared to conventional anti-
static materials that are used currently, conductive polymer composites are cheap,
lightweight, flexible, and easy to design and manufacture. Electrically conductive
composites prepared from polymers other than intrinsically conducting polymers
usually incorporate electrically conductive fillers to introduce the electrical function-
ality in the polymer. Commonly used electrically conductive fillers include carbon
black (Al-Saleh et al. 2013; Choi et al. 2019; Yang et al. 2015), carbon nanotubes
(Al-Saleh et al. 2013), carbon fibres (Yang et al. 2015), and graphene (Haznedar
et al. 2013).

The electrical resistance of air-dried wood is higher than 10'? Q and for insulat-
ing plastics, it is equal to or higher than 10'' Q (Fu and Yuan 2017). The electro-
static charge is generated on the surface of insulating material due to the piezoelec-
tric effect caused by friction or mechanical effect. Due to high electrical resistance,
electrostatic charges are prevented from escaping by allowing electrostatic charge
build up on the surface. The electrostatic discharge (ESD) can occur through the
high-intensity transfer of charge between two objects of different electrostatic poten-
tial when contacted (Moultif et al. 2017). Antistatic agents when applied as a surface
coating or as an internal additive with polymers can prevent the electrostatic charge
accumulation by decreasing the bulk volume or surface resistivity. The resistance of
packaging materials according to ANSI/ESD S541 is tabulated in Table 1.

Bio-composites play an essential role in various industries as an alternative to
materials from fossil-fuel (Alemdar and Sain 2008). Wood-plastic composites
(WPC) are bio-composites produced from wood fibre and synthetic or bio-based
plastics. Currently, WPC is used in building and construction, automotive, and
household applications. The applications of WPC can be expanded to new industries
by tailoring the properties of wood-plastic composites. As an example, incorporat-
ing electrical and thermal conductivity in WPC can open its application to products
demanding these functional properties. Conductive (electrical and/or thermal) ther-
moplastic compounds are available in the market for producing products requiring
antistatic properties, electromagnetic interference shielding (EMI shielding), and for
those products used in thermal management in the electrical and electronic industry
(Biron 2018).

Table 1 Classification of

packaging materials based on Material designation Surface resistance ()
surface resistance Electric field shielding <10°
Conductive <10*
Dissipative/Antistatic >10*—< 10"
Insulative >10"
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Hybridization of WPC with functional inorganic fillers and nanofillers are of
interest since these fillers can impart special functionality to the WPC. Hybrid poly-
mer composites are those with two or more reinforcing materials embedded in a
matrix polymer. Most of the literature studies related to hybrid composites indi-
cate that the hybridization results in multifunctional polymer composites. It is also
understood from the related literature that there is a synergic effect of reinforcing
fillers, which may increase certain properties of the composites (Lee et al. 2011;
Papageorgiou et al. 2016; Pedrazzoli and Pegoretti 2013; Pedrazzoli et al. 2015;
Thwe and Liao 2003).

Graphene has received a lot of interest in recent years due to its exceptional
mechanical, thermal, and electrical properties. Graphene is a two-dimensional allo-
trope of carbon made up of a single layer of sp? hybridized carbon atoms (Phiri
et al. 2017). The structures with several layers of carbon atoms are called graphene
nanoplatelets (GNPs) which are reported to be used as nanofillers to improve the
various properties of polymer nanocomposite even at a low filler loading (Tripathi
et al. 2017). A major challenge of using graphene as filler in polymer composites
remains the high price compared to alternatives like carbon black. According to a
recent study (Batista et al. 2019), the research-grade graphene powder is priced at
1-50 $/g and mass-produced graphene is available from as low as $20/kg to $800/
kg. The specialty carbon black is sold for $50/kg and high conductive carbon black
cost around $25/kg (Mertens 2017). Considering that the desired property is reached
at a much lower graphene loading compared to carbon black and the multi function-
alities offered, graphene is a reasonable choice as filler for developing polymer com-
posites. Several processing methods such as in-situ, solution casting, and melt mix-
ing are used to prepare thermoplastic polymer-based nanocomposites (Tripathi et al.
2017). Since melt mixing is a well-established processing technique in the plastic
industry, a lot of research has been devoted to graphene-based polymer nanocompos-
ites (Kalaitzidou et al. 2007; Kim and Macosko 2009; Zhang et al. 2010; Zhao et al.
2007; Zheng et al. 2004). These studies indicate that graphene addition improves the
mechanical properties of nanocomposites at a lower filler content. The percolation
threshold in terms of electrical conductivity for the composites prepared by the melt
mixing method is reached at a higher GNP loading compared to in-situ and solution
mixing methods (Khanam et al. 2016). Hence, the electrically conductive graphene-
based nanocomposites (GNP loading above 10 wt%) prepared by the melt mixing
method show low mechanical properties due to graphene agglomeration.

Few studies have reported on the influence of GNP’s on the properties of WPC.
Most of those were focused on the influence of GNP’s on mechanical and ther-
mal properties. Sheshmani et al. (2013) studied the polypropylene/wood/GNP sys-
tem and reported that the tensile and flexural properties of the hybrid composites
increased at 0.8 wt% of GNP content. They also indicated that strength decreased
due to agglomeration when the content of GNP’s was increased to 3-5 wt%. In
another study, polyvinylchloride/wood/GNP system was developed to be used as
electromagnetic interference shielding material (Karteri et al. 2017).

To the best of the author’s knowledge, studies that address the electrical and ther-
mal conductivity of polypropylene/wood flour/GNP hybrid composites produced
through the melt mixing method followed by compression moulding have not been
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published. The electrical and/or thermally conductive fillers used to introduce elec-
trical or thermal conductivities in WPC may favourably or adversely affect other
important properties of the hybrid WPC. Thus, it is important to study the electrical/
thermal conductivities and the mechanical properties of the hybrid WPC. The over-
all objective of this study is to prepare and characterize the polypropylene-based
antistatic wood plastic composites containing GNP’s that can be utilized to produce
ESD safe products such as ESD safe enclosures or containers and ESD safe WPC
composite decking.

Experimental
Materials

The WPC masterbatch (WPC-MB) containing 50 wt% wood flour and polypropyl-
ene (PP) was purchased from a WPC granulate manufacturer. The softwood flour
consists of spruce and fir with a maximum size of 500 pm. The masterbatch contains
3 wt% of additives including MAPP. The GNP masterbatch (GNP-MB) PP @ 30%
heXo-G V20 was purchased from NanoXplore Inc, Canada. The GNP in the mas-
terbatch is heXo-G V20 with an average thickness of 20 nm (40 layers) and a flake
size of 50 um. The heXo-G V20 is commercially sold for $20/kg. The PP used in the
masterbatch is an impact copolymer 4220H from Pinnacle Polymers. The polypro-
pylene in WPC and the PP used to dilute WPC masterbatch was Moplen EP240H,
which is an impact-resistant copolymer produced by LyondellBasell.

Preparation of hybrid wood plastic composites

The hybrid WPC’s were prepared by two-stage melt compounding in a co-rotating
twin-screw extruder ZSK 18 MEGAlab from Coperion, Germany. The barrel length
of the extruder was 72 mm and the outer diameter of the screw was 18 mm (D./
D;=1.55). The pre-mixed wood plastic composites containing 24 wt% (WPC1),
30 wt% (WPC2), and 40 wt% (WPC3) of wood flour were prepared by diluting
WPC-MB (50 wt% wood flour) with Moplen EP240H. In the second stage, WPCl1
(83.5 wt%)/GNP-MB (16.5 wt%), WPC2 (66.6 wt%)/GNP-MB (33.4 wt%), and
WPC3 (50 wt%)/GNP-MB (50 wt%) were melt mixed to produce PP-W20-GS5,
PP-W20-G10, and PP-W20-G15, respectively. The pre-mix was fed from the main
feeder and GNP-MB was fed from the side feeder. The compounding was done at a
screw speed of 150 rpm and the total feed rate was 5 kg/h. The extruder temperature
was set to 190 °C until the melting zone and then it was set to 200 °C in the dis-
charge zone. The extrudate was cooled in water and finally pelletized and saved for
further use. The designations and composition of hybrid wood plastic composites
are listed in Table 2.

The WPC plates were made by hot pressing the hybrid WPC pellets. The pressing
was done in a manual hydraulic hot press at a temperature of 220 °C for 3 min with
a press load of 3.5 MPa. Initially, a pre-heating time of 15 min was given before the
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Table 2 'I')esignation.s and Composites PP (%) Wood flour (%) GNP (%)

composition of hybrid wood

plastic composites PP 100 0 0
PP-W20 80 20
PP-W20-G5 75 20 5
PP-W20-G10 70 20 10
PP-W20-G15 65 20 15

load was applied. The size of the plates was 200 mm x 200 mm with a thickness of
3.6 — 3.8 mm. These plates were later CNC machined to test specimens.

Characterization

The surface resistivity measurement was done according to ASTM D257—07:
Standard Test Method for DC Resistance or Conductance of Insulating Materials.
Surface resistivity was measured by applying a voltage potential across the surface
of the insulator sample and measuring the resultant current (I) as shown in Fig. 1.
The electrode system is a circular flat metal plate type concentric ring electrode
Vermason H108C (upper electrode) and H116BC (lower electrode). The power sup-
ply was TRACOPOWER MHV12—0.5 K6000P, 500 V. Voltmeter used was Fluke
45 Dual display multimeter and ammeter was Keithley model 6485 Picoammeter.
The measurement was taken at 500 V and was done in a room maintained at a tem-
perature of 21 °C+2. The current reading from picoammeter was noted 60 s after
the start of measurement. The surface resistivity measurement of all other samples
was taken following the same procedure. Two plates each with 100 mm X 100 mm
and thickness of 3.6-3.8 mm were measured for all the samples. Results are an
average of four measurements taken from both surfaces of the two plates. The sur-
face resistance of PP-W20-G15 prepared by slow and fast cooling was measured

YOLTAGE
SOURCE

| GUARDED ELECTRODE §~

CURRENT () <€~ RING ELECTRODE

INSULATOR SAMPLE

«@— LOWER ELECTRODE

Fig. 1 Surface resistivity measurement method
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following the same procedure explained above except that the thickness of the test
samples was 2 mm and test voltage was 100 V. The surface resistivity was calculated
from Eq. (1).

7(D1 + D2)

Surface resistivity p, = (D2~ DI)

Rs (1)
where D1 is the outer diameter of the inner ring in cm; D2 inner diameter of the
outer ring in cm; Rs is measured resistance in ohms.

Netzsch LFA 467 device with Proteus LFA software was used to measure the
thermal diffusivity and Cp(T) of the samples at 25 °C. Prior to the measurements,
the surface of the sample was coated using a graphite spray. The rear surface of the
samples was heated by exposing a short light xenon laser pulse on the rear surface
and the temperature change of the opposite side of the sample was detected using an
infrared detector. The thermal diffusivity was calculated using Eq. (2) (Parker et al.
1961).

a =0.13384 /1, ()
where a=the thermal diffusivity; d =thickness of the sample, and 2 =time at the
half signal height.

K(T) = a(T) x cp(T) X p(T) 3)

The thermal conductivity of the samples was computed at 25 °C using Eq. (3).
Where «(T), a(T), cp(T), and p(T) are the thermal conductivity, thermal diffusiv-
ity, specific heat capacity, and experimental density of the sample, respectively. The
density of PP, PP-W20, PP-G15, and PP-W20-G15 was measured as 0.90, 0.94,
0.97, and 1.04, respectively. The size of the specimens was 9.8 mm in diameter and
1.3 mm in thickness and the result presented is an average of 5 specimens.

The tensile test was performed according to ISO 527-2:2012 using a Tiratest
2705 tensile testing machine equipped with a SkN load cell. The test was carried
out at room temperature with a speed of 5 mm/minute. The length of the sample
was 150 mm and the length of the narrow portion was 80 mm. The thickness of ten-
sile specimens was 3.6—3.8 mm. Tensile properties are calculated as an average of 5
specimens. Tensile modulus is calculated from the slope of the stress/strain curve in
the strain interval between 0.05% and 0.25%.

The examination of the platinum-coated tensile fracture surface was performed
on JEOL JCM-6000 Neoscope scanning electron microscope with an electron accel-
eration voltage of 15 kV. For polished cross-section surfaces, the examination was
made without a coating and with an acceleration voltage of 1 kV to reduce charging
of the surface on Zeiss EVO 50VP scanning electron microscope.

Thermal degradation of the hybrid WPC was studied using a thermogravimetric
analyzer, Netszch TG 209. The test was conducted in a nitrogen atmosphere by heat-
ing from 25 °C to 800 °C at 10 °C/minute. The sample mass for all the composites
was 20 mg (£ 2). The results from one of the two specimens tested are reported. The
effect of cooling rate on melting and crystallization behaviour of the PP-W20-G15
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was determined using Netzsch DSC 204 in a nitrogen atmosphere. The sample mass
for all the composites was 10 mg (+2), and the results from one of the two speci-
mens tested are reported. The first heating was done from a temperature of 25 to
220 °C at a rate of 40 °C/min followed by isothermal heating for 20 min represent-
ing the press time of the composites. The cooling was done at two different cooling
rates of 2 °C/min or 40 °C/min. The second heating was performed at 40 °C/min.

A one-way analysis of variance (ANOVA) was performed on the collected data
to determine the statistically significant differences (p= <0.05) among the surface
resistivity, thermal conductivity, and tensile properties of the composites. A paired
t-test was performed on surface resistivity data to determine the statistical signifi-
cance between the slow and fast cooling rate on the surface resistivity of composites
containing 20 wt% of wood fibre and 15 wt% GNP (PP-W20-G15). The statistical
analyses were performed using a free and open-source statistical analysis software
JASP (Version 0.14.1).

Results and discussions
Surface resistivity

The surface resistivity of PP/GNP and functionalized WPC is listed in Table 3. The
percolation threshold is reached at 15% by weight in the case of PP/GNP and hybrid
composites. The surface resistivity of PP-G15 and PP-W20-G15 decreased several
orders of magnitude to 10% Q/sq and 10° Q/sq, respectively. The results from surface
resistivity measurements indicate that the surface resistivity decreased by the incor-
poration of 15 wt% GNP in both PP and WPC containing 20% by weight of wood
filler.

The electrical conduction mechanism in the insulating polymer/conductive
filler composites is described based on the percolation theory. The electrical con-
ductivity in those composites is due to free electron movement through the con-
ductive path formed by conductive fillers at a critical filler loading. At this criti-
cal filler loading, there is a sudden increase in electrical conductivity after which

Table 3 Effect of GNP on the

surface resistivity of PP/GNP Composites Surface resistivity (/sq)  SD

and wood plastic composites PP neat 1.19E+ 14 5.34E+12
PP-W20 1.08E + 14 6.19E+12
PP-G5 1.05SE+ 14 725E+12
PP-G10 1.00E+ 14 3.55E+12
PP-G15 8.83E+08 8.43E+08
PP-W20-G5 4.96E+ 14 6.67E+12
PP-W20-G10 4.48E+ 14 1.90E+13
PP-W20-G15 2.90E +06 2.05E+06
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it gets saturated. This critical filler concentration is known to be the electrical
percolation threshold concentration (Tripathi et al. 2017).

The result from this study is in agreement with the findings in the literature
related to PP/GNP composites. The percolation threshold for PP/GNP composites
prepared through melt extrusion was found to be above 10 wt% (4.4 vol%) (Imran
et al. 2018) and 15 wt% (6.7 vol%) (Park et al. 2007). The percolation threshold
for PP/GNP and hybrid composites in this study is reached at 15 wt% (6.7 vol%).
The size of the GNP is an important factor affecting the electrical conductivity of
extrinsically conductive polymers. The percolation threshold in PP/GNP compos-
ites was reported to decrease with increasing flake size (Jun et al. 2018). The per-
colation threshold for PP composites containing GNP with flake sizes of 150 pm
and 2 pm is 2.99 vol% and > 9.29 vol%, respectively, as reported in the literature
(He et al. 2017). They also found that a lower thickness of layers improves elec-
trical conductivity. The GNP used in this study has an average flake size of 50 pm
and an average thickness of 20 nm. Since the percolation threshold for hybrid
WPC was the same as for PP/GNP as found in the present study, it is assumed
that using GNP with a larger flake size will initiate the formation of the conduc-
tive network at a low percolation threshold and the thinner GNP can facilitate fast
electronic movement between the layers resulting in improvement of electrical
conductivity in hybrid WPC’s.

The WPC containing 20 wt% of fibre and 15 wt% GNP is more conductive
than PP with the same loading (15 wt%) of GNP alone (Fig. 2). The total insulat-
ing components (PP and/or wood) in both PP-G15 and PP-W20-G15 are 85 wt%.
The total amount of conductive filler in both PP/GNP and hybrid composite being
the same, the decreased surface resistivity of hybrid composite is due to the good
distribution of GNP in the presence of wood filler. The SEM images from the
polished surface of PP neat and hybrid WPCs are seen in Fig. 3d. It is evident
that in the presence of wood fibre, the GNP was well distributed compared to the
PP-G15 composite (Fig. 3¢). Good distribution of GNP helped with forming a
more effective conductive path in PP-W20-G15 hybrid composite.

1.00E+10
1.00E+09 —
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00

Surface resistivity (Q/sq)

PP-G15 PP-W20-G15
Composites

Fig.2 Surface resistivity of PP and wood plastic composites containing 15 wt% of graphene nanoplate-
lets
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Fig.3 SEM images from the polished surface of (a) PP neat (b) wood plastic composite—PP-W20 (c)
antistatic composites filled with GNP (PP-G15) (d) antistatic/dissipative wood plastic composite filled
with wood flour and GNP (PP-W20-G15) (e) dotted lines representing the continuous conductive path
of GNP in PP-G15 and (f) dotted lines representing continuous conductive path of GNP in PP-W20-G15

In general, an uncoated insulator sample accumulates charge during the exami-
nation. SEM images from a cross-section of GNP-filled PP-G15 and PP-W20-G15
that were acquired with 1 kV show brighter areas. This can be explained as the
“reverse” charging characteristic, where the local field effect in a conductive
composite enhances the relative secondary electron emission in the isolated
conductive grains (Chung et al. 1983). Similar observations in polymer/carbon
nanofillers filled composites are reported elsewhere (Syurik et al. 2012, 2013).
Due to this phenomenon, the conductive filler is seen brighter in a dark insulating
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matrix. Due to a low acceleration voltage of 1 kV, both the penetration depth of
primary electrons and the escape depth of secondary electrons (SE) are low, and
only near-surface information is obtained.

The brighter GNP (15 wt%) is seen from Fig. 3c, d. In Fig. 3d, the GNP is seen
to be even better distributed in the presence of 20 wt% wood fibre. The charging
phenomenon directly represents the electrically conductive path of the GNP in
the PP matrix as seen from the dotted lines marked in Fig. 3e, f. The results from
SEM analysis support the findings from the surface resistivity measurements.

The surface resistivity of PP-W20-G15 was found to be influenced by the pro-
cessing conditions during the hot pressing (Fig. 4). Two different cooling rates
were used during the compression moulding; (1) fast cooling in which the com-
posites were cooled at a rate of 14 °C/minute by running water and air through
the channels in top and bottom platens in the hydraulic press and (2) slow cool-
ing at a rate of =0.7 °C/minute, in which the composites were left in the press to
cool down to 23 °C without using cooling water or air. The composite produced
under slow cooling exhibits low surface resistivity (6.97E +05) compared to the
composite produced under fast cooling (2.52E 4+ 07). Since there is no variation in
GNP or wood flour content in the two composites, the lowering of resistivity can
be related to the crystallization behaviour of the polypropylene.

DSC analysis was done on the granulates of neat polymer and hybrid WPC
to study the effect of fast and slow cooling on its thermal behaviour. A cooling
rate of 2 °C/minute and 40 °C/minute was used to represent slow cooling and
fast cooling, respectively. It should be noted that the result presented in Table 4
does not represent the cooling rate used to produce composites. When comparing
two different cooling rates, a notable difference in the case of crystallization tem-
perature and the degree of crystallinity of PP can be observed from Table 4. The
decrease in surface resistivity of PP-W20-G15-Slow produced using slow cooling
can be correlated to the increase in the degree of crystallinity and crystallite size.

1.00E+08

1.00E+07

= 1.00E+06
D

1.00E+05
1.00E+04

1.00E+03

Surface resistivity (Q/

1.00E+02

1.00E+01

1.00E+00
PP-W20-G15-Fast PP-W20-G15-Slow
Composites

Fig.4 Effect of cooling rate of surface resistivity of hybrid wood plastic composites
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Table 4 Effect of cooling

: Composites Tm (°C) Tc (°C) x (%)
rate on the melting and
crystallization behaviour of Fast Slow Fast Slow Fast Slow
composites
PP neat 169 170 106 128 30 34
PP-W20 172 169 104 129 29 34
PP-G15 175 174 106 131 30 37

PP-W20-G15 170 172 108 132 30 36

It is documented that the formation of the conductive path is easier in the case of
highly crystalline thermoplastics compared to thermoplastics with a higher amor-
phous phase (Chodak and Krupa 1999). According to Kalaitzidou et al. (2008), not
only the degree of crystallinity but also the type of crystals, size of the crystals, and
nucleating effect of GNP can affect the percolation threshold and electrical resistiv-
ity of PP-based composites. They found that the slow cooling resulted in the forma-
tion of larger, but fewer crystals compared to fast cooling in which a large number
of small crystals were formed (Kalaitzidou et al. 2008). A similar observation about
decreased resistivity in the case of slow cooled PP/CNT composites was made by
Wang et al. (2020). They reported that by using an external nucleating agent, most
CNT was prevented from participating in the nucleation of PP crystals and therefore
more CNT was available for forming a conductive path. Thus, the decreased resis-
tivity of PP-W20-G15-Slow compared to PP-W20-G15-Fast is due to an increase
in crystallinity and fewer, but large crystallites formed during slow cooling. It is
assumed that the wood flour participated in the nucleation of PP crystals sparing
most of the GNP to form a conductive path in the case of slow cooled PP-W20-G15
by decreasing the surface resistivity. Based on the results obtained from surface
resistivity measurements and according to the literature (Gulrez et al. 2014), the PP
filled with 15 wt% of GNP and WPC containing 15 wt% GNP can be used in appli-
cations such as antistatic packaging for electronics and in wood plastic composites
to prevent the static electricity build-up.

Thermal conductivity

The thermal conductivity of polypropylene (PP neat) and composites are shown in
Fig. 5. The incorporation of 15 wt% GNP in wood plastic composites with 20 wt%
of wood filler has significantly increased thermal conductivity by 130% (PP-
W20-G15). The increase in thermal conductivity is attributed to the better distribu-
tion of GNP in hybrid composites in the presence of wood flour as seen from Fig. 5.

The GNP has high thermal conductivity and it is reported that incorporation of
GNP in the polymer matrix can lead to an increase in thermal conductivity (Li et al.
2017). The main factors affecting the heat conduction in polymer composites con-
taining GNP are lateral size and thickness, interfacial thermal resistance, dispersion
of GNP, surface functionalization, and GNP concentration (Li et al. 2017). The heat
transfer in polymer composites containing low GNP in which the fillers are unable to
connect each other is highly dependent on the interfacial interaction of graphene and
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Fig.5 Effect of GNP loading on the thermal conductivity of wood plastic composites

polymer (Li et al. 2017). Effective interaction between polymer and graphene can
decrease the interfacial thermal resistance and improve the phonon transfer between
polymer and graphene. In the case of polymer composites with higher GNP loading
like those used in this study, the heat conduction is through the thermally conductive
path formed by the GNP-GNP contact. Once the composite contacts with the heat
source, the heat transfers quickly through the thermal conduction path formed by
GNP. In the case of PP/GNP and PP/GNP/wood flour hybrid composites, there was
no critical loading or percolation threshold identified. An increase in the thermal
conductivity in both systems containing 15 wt% of GNP was observed.

A similar observation was made by other researchers in the case of hybrid WPC
based on PE (Zhang et al. 2019). The wood fibre content in this study was kept
at a constant loading of 40 wt.% and the GNP content in this study was 3, 6, 9,
and 12 wt%. The thermal conductivity of the composite increased to ~0.9 W/m.K
at a GNP loading of 12 wt%. The thermal conductivity of PP/GNP composite was
reported to be improved by the addition of GNP (Imran et al. 2018). The thermal
conductivity increased from 0.2 to 0.25 W/m.K for PP to approximately above
0.8 W/m.K at a GNP loading of 16.7 wt%. In the present study, the introduction
of 15 wt% GNP has shown an increase in thermal conductivity of PP and WPC to
0.44 W/m.K and 0.61 W/m.K respectively. Although there was an increase in ther-
mal conductivity of PP and WPC after the addition of 15 wt% GNP, these materials
are still not suitable for use in applications requiring heat dissipation.

Tensile properties

The tensile strength of PP-W20 and PP-Wood-GNP hybrid composites is shown
in Fig. 6. The strength of hybrid composites decreased gradually by increasing the
GNP content. The strength of PP-W20-G10 and PP-W20-G15 decreased by 10% and
20% respectively when compared to PP-W20.

The capability of GNP in enhancing the tensile properties of composites is
described based on graphene structure, dispersion of fillers, and filler-matrix adhe-
sion (Papageorgiou et al. 2017). The analysis of hybrid composites indicates that
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Fig.6 Effect of GNP loading on the tensile strength of hybrid WPC

the composite’s tensile strength is influenced by the presence of GNP fillers. The
strength of PP-W20-G10 and PP-W20-G15 decreased (approx. 2 MPa and 4 MPa
respectively) when compared to the tensile strength (18 MPa) of PP-W20. However,
because of the total filler content of PP-W20-G10 and PP-W20-G15 composites
(30 wt% and 35 wt% respectively), the decrease in tensile strength is quite obvi-
ous. The WPC masterbatch used to produce PP-W20 and the hybrid WPCs con-
tained 3 wt% of additives including MAPP. A widely accepted reaction mechanism
of MAPP in WPCs proceeds with the reaction of maleic anhydride in MAPP with
the free hydroxyl groups in wood flour to form an ester bond. The PP segment in
the MAPP then becomes entangled with the melted neat PP resulting in a mechani-
cal link between the hydrophilic wood flour and the hydrophobic PP (Rowell 2006).
However, there is an optimal concentration of MAPP until which the tensile strength
increases. Excess addition of MAPP results in decreased tensile strength of com-
posite (Leu et al. 2012). Compared to neat PP, there was no significant decrease in
tensile strength of PP-W20.

Idumah and Hassan (2016) studied kenaf fibre/GNP/PP composite system and
reported that usage of 5 wt% MAPP improved polymer to kenaf fibre adhesion.
However, the adhesion of GNP to polymer was weak due to a lack of any chemical
bond formation between GNP and MAPP. A similar observation is made from the
tensile fracture surface analysis of the wood flour/GNP/PP composite system under
this study. The nature of graphene to agglomerate has created stress concentration
in the composite that leads to failure of composites in tensile load. The decrease in
tensile properties due to the restacking of GNP at 5 wt% loading has been reported
elsewhere (Idumah and Hassan 2016). In this study, the GNP loadings in hybrid
WPC are above 5 wt%. The decrease in tensile strength thus can be attributed to
the agglomeration of the GNP and lack of chemical interaction between GNP and
polymer.

The Young’s modulus of hybrid composites increased 35% when compared to
PP neat and 14% compared to PP-W20 (Fig. 7). The graphene is a two-dimensional
layer of carbon that possesses high stiffness (Potts et al. 2011). It seems that the
reinforcing effect of graphene is increasing with increasing graphene content up to
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Fig.7 Effect of GNP content on tensile modulus of hybrid WPC

10% by weight and then decreased. When compared to PP-W20, the elastic modulus
of hybrid composite has improved. This indicates that the incorporation of GNP into
wood plastic composite improved the stiffness of composites. The tensile modulus
of graphene is 1 TPa (de Sousa et al. 2015), and the increase in stiffness with the
incorporation of GNP up to an optimal concentration of filler in nanocomposites
and hybrid composites is also reported in the literature (Kim et al. 2010; Sheshmani
et al. 2013). The enhancement in the modulus can be attributed to the stiffness dif-
ference between the polymer and the graphene.

SEM images from the tensile fracture surface are shown in Fig. 8a—d. The sur-
face of wood flour in the wood plastic composite containing 20 wt% flour seems
to show good compatibility with PP (Fig. 8a, b). The wood flour surface seems to
be rough and wetted with the polymer. Further, there is less fibre pull out observed
from the SEM analysis. These observations indicate good adhesion between PP and
wood fibre in the presence of MAPP as a compatibilizing agent. The analysis of both
PP-G15 and PP-W20-G15 revealed clusters of agglomerated particles appearing
in different sizes. The surface of GNP was found to be clean without any polymer
covering which indicates low compatibility between polymer and the GNP. From
Fig. 8d, the partially pulled out and broken fibres seemed to be covered with poly-
mer indicating better adhesion between wood flour and PP in the hybrid composites.
At the same time, the GNP surface is found to be without any polymer covering
which indicates low compatibility with the PP in PP-W20-G15. The observations
from SEM images support the finding from tensile testing which indicated the lack
of adhesion between the polymer and GNP in the PP/wood/GNP system.

Thermogravimetric analysis
The TG and DTG curves from the thermogravimetric analysis are shown in Figs. 9,

10, respectively. It is evident from the TGA analysis that the introduction of GNP
increased the initial degradation temperature (2% mass loss) of PP by 78 °C at a
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Fig.9 TGA thermograms of polypropylene (PP-neat), polypropylene/graphene nanoplatelets composite
(PP-GNP15), polypropylene/wood flour composite (PP-W20) and polypropylene/wood flour/graphene
nanoplatelets hybrid composites (PP-W20-G5, PP-W20-G10, PP-W20-G15)
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Fig. 10 DTG curve of polypropylene neat (PP-neat), polypropylene/graphene nanoplatelets composite
(PP-GNP15), polypropylene/wood flour composite (PP-W20) and polypropylene/wood flour/graphene
nanoplatelets hybrid composites (PP-W20-G5, PP-W20-G10, PP-W20-G15)

GNP loading of 15 wt% (PP-GNP). The initial degradation temperature of PP-W20
was determined to be 288 °C and was found to be 52 °C lower than PP neat. The PP
neat and PP-G15 thermally decompose in a single stage. The increase in the initial
degradation temperature of composites after the addition of GNP is reported in the
literature (Li et al. 2011). This is attributed to the barrier effect created through the
tortuous path of GNPs formed in the matrix. The tortuous path can delay the dif-
fusion of the condensed phase decomposition products to the surface or gas phase
(Liang et al. 2015). In addition, the absorption of free radicals produced during
the decomposition by GNPs plays a key role in improving the thermal stability of
PP-G15 (Li et al. 2011; Liang et al. 2015).

The thermal decomposition of PP-W20 occurs in two stages as seen from Fig. 10
(DTG). The first decomposition stage is mainly related to the degradation of wood
flour in the composite and the second degradation stage mainly corresponds to
the degradation of the polymer and remaining components of wood. In general,
the wood fibre thermal decomposition occurs in three stages. (1) 250-340 °C is
related to decomposition and depolymerization of hemicellulose and pectins; (2)
340-370 °C is ascribed to the decomposition of cellulose; (3) 370-500 °C is related
to the decomposition of lignin (Li et al. 2014). The first DTG peak (Fig. 10) shows
that the maximum degradation of wood flour in PP-W20 and all the three hybrid
composites occurs between 360 and 380 °C.

The initial decomposition temperature (2% mass loss) of WPC increased slightly
for PP-W20-G10 (294 °C) and PP-W20-G15 (293 °C) when compared to PP-W20
(288 °C). Although the improvement in thermal stability of hybrid composites is
low compared to PP-G15, the increase in initial thermal decomposition temperature
of hybrid WPCs is due to the presence of GNP. As discussed earlier, GNP can delay
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the thermal decomposition by inhibiting the diffusion of oxygen and other volatiles
formed during the decomposition of the hybrid WPCs.

The maximum degradation temperature (Tmax) of all the studied composites
increased compared to PP neat (Fig. 10). The increase in maximum degradation
temperature of the composites compared to PP neat is due to the lignin content in
wood flour and due to the increasing GNP content. The thermal stability of lignin
is due to the presence of phenylpropanoid units consisting of highly stable aromatic
phenyl groups (Gordobil et al. 2015). The increase in Tmax for WPC compared
to PP was reported elsewhere (Sheshmani et al. 2013). They studied the thermal
decomposition of the PP/WF/GNP system and reported an increase in initial decom-
position temperature and Tmax after the addition of GNP. The maximum improve-
ment in thermal stability was observed in the case of the hybrid composite contain-
ing 0.8 wt% GNP. Increasing the GNP content above 0.8 wt% decreased the thermal
stability of hybrid composites. The maximum GNP loading used in their study was
5 wt% and in this study, it was 15 wt%. Thus, it is assumed that the higher content of
GNP in hybrid WPCs lowered its effect on thermal stability due to the agglomera-
tion of GNP.

Statistical analysis

The detailed results from statistical analysis are included as supporting informa-
tion (see Electronic Supplementary Material). The test assumptions for one-way
ANOVA on surface resistivity of composites were checked. Levene’s test was sig-
nificant (p= <0.001), indicating that the assumption of homogeneity of variance
was violated. Normality was checked with a Q—Q plot and no deviations were noted.
Since the assumption of homogeneity of variance was violated, Brown-Forsythe
homogeneity correction was applied. According to ANOVA, there was a statistically
significant difference among the composites on the surface resistivity (p= <0.001).
Games-Howell post-hoc test revealed that the surface resistivity results are statis-
tically significant (p = <0.001) except for PP-neat vs PP-W20 (p =0.225), PP-G15
vs PP-W20-G15 (p=0.459) and PP-W20-G5 vs PP-W20-G10 (p=0.079). Although
the post-hoc test shows no statistical difference between PP-G15 and PP-W20-G15,
the experimental results indicate a difference between the two groups of composites.
This is based on the findings from the cross-section SEM analysis of these two com-
posites which supports the results from surface resistivity that PP-W20-G15 is more
electrically conductive than PP-G15. The paired t-test was performed to differentiate
the statistical significance between slow cooling and fast cooling of PP-W20-G15
on the surface resistivity. There was no deviation from normality as found from the
(Shapiro—Wilk) test of normality. The t-test results show that there is a statistically
significant difference in surface resistivity of fast cooled PP-W20-G15 and slow
cooled PP-W20-G15 (p=0.001).

As mentioned above, the test assumptions for ANOVA were checked and no devi-
ations were noted in the case of thermal conductivity results. The ANOVA shows
that there are statistically significant differences among the composites (p= <0.001)
in terms of thermal conductivity. Since there were no violations of assumptions, a
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Tukey post-hoc test was performed and the comparisons show that the thermal con-
ductivity results have statistically high significance (p = <0.001 for all the compari-
sons except PP vs PP-W20 with p=0.005). The comparison is considered as statisti-
cally significant when the p-value is <0.05.

The ANOVA shows that there are statistically significant differences among the
composites in terms of the tensile strength (p= <0.001). Tukey’s post-hoc com-
parisons show that compared to PP-neat, the tensile strength of all the hybrid WPC
is statistically significant (p= <0.001). When comparing to PP-W20, the tensile
strength of PP-W20-G10 and PP-W20-G15 is statistically significant (p=0.002
and p=<0.001). There was no statistical significance between PP-W20-G5 and
PP-W20-G10 (p=0.139). Since the assumption of homogeneity of variances was
violated, Brown-Forsythe homogeneity correction was applied in the case of tensile
modulus of the composites. The ANOVA shows a statistically significant difference
among the composites in terms of tensile modulus (p= <0.001). Games-Howell
post-hoc comparisons revealed that there is a statistically significant difference in
hybrid WPC when compared to PP-W20. However, there was no statistically signifi-
cant difference when comparing the hybrid WPC between each other.

Conclusion

The objective of this study was to develop wood plastic composites (WPC) with
improved electrical and thermal conductivity. The graphene nanoplatelet used as
conductive filler is found to be efficient in decreasing the surface resistivity of hybrid
wood plastic composites. The percolation threshold for the studied composite is
identified to be 15 wt%. in the presence of 20 wt% wood flour. The conductive path
formation in the PP-W20-G15 composite is explained from the charge contrast in
the SEM image taken at low voltage and high vacuum. The difference in the conduc-
tive path formation in PP-G15 and PP-W20-G15 is clear from the SEM images from
the polished cross-section. The thermal conductivity shows an increasing trend with
an increase in GNP loading. However, the increase in thermal conductivity from
0.23 W/m.K (PP neat) to 0.61 W/m.K (PP-W20-G15) is of less significance when
considering the practical applications like heat sink materials requiring a minimum
thermal conductivity of 2.0 W/m.K. The decrease in the tensile strength of hybrid
WPC is due to the weak interfacial adhesion between the PP and GNP. The adhe-
sion between PP and wood in hybrid WPC was found to be good due to MAPP. This
points out the need for using functionalized GNP while developing hybrid WPC.
Improved interfacial adhesion cannot only improve the mechanical properties but
will also increase the thermal conductivity by decreasing the interfacial thermal
resistance.

The antistatic wood plastic composite produced in this study can be utilized in
producing ESD safe enclosures for sensitive electronic parts and in other applica-
tions demanding controlled electrostatic discharge. In the future, efforts should be
focused on reaching the percolation threshold at lower GNP content considering the
cost of GNP compared to conductive carbon black. In future, wood plastic compos-
ites containing conductive carbon black will be developed and studied as a cheaper
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alternative to graphene. Considering the moisture absorption ability of wood flour, a
detailed study is required to see how the moisture absorption is affecting the various
properties of electrically and thermally conductive wood plastic composites.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00226-021-01275-9.
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