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ARTICLE INFO ABSTRACT

Keywords:

A. Natural fibre composites
B. Thermoplastic matrices
C. High toughness

D. Interface

Natural fibre (NF) reinforced composites offer high specific mechanical properties and are an ecological alter-
native to synthetic fibre-reinforced composites. While having great potential, their use today is limited to non-
structural applications, mostly with epoxy or polypropylene matrices. This work studies suitable high-perfor-
mance thermoplastic matrices and characterises their bulk properties, fibre-wetting and composite mechanical
behaviour. Thermoplastic polymers such as poly-i-lactide (PLLA) and polyoxymethylene (coPOM) are matrices
with bulk properties similar to epoxy. The results show that PLLA matrix NF-composites have a longitudinal
modulus and strength of 27 GPa and 308 MPa. The tougher coPOM matrix NF-composites show both high
transverse stiffness and strength of 2.6 GPa and 41.5 MPa and show that even the drawback of creep can be
overcome by the use of hierarchically structured coPOM. The developed NF-composites demonstrate in-plane
properties comparable to those with epoxy matrices and can outperform them by up to 26% in the transverse

direction.

1. Introduction

High performance lightweight materials such as those reinforced
with E-glass (GF) or carbon fibres (CF) are stiff and strong materials
that are widely used in the aerospace, automotive and sports equipment
sectors. Despite their excellent mechanical properties, they are highly
energy intensive to manufacture with limited recycling at end of use.
Composites reinforced by natural fibres (NF) can provide a more sus-
tainable and circular alternative as a structural fibre due to their high
specific properties at a lower cost whilst having a low carbon footprint
[1-3]. For example, flax fibres have low density [4], Young’s modulus
up to 80 GPa [2] and capture 1.3-1.4 kg CO,/kg during their growth,
with production emissions of 0.79kg CO,/kg fibre [5], thus net CO,
negative in production. They require 6.5 MJ/kg of energy to extract and
produce into continuous structural fibres, being 3.5- and 30-fold lower
than GF and CF, respectively [5,6], whilst demonstrating superior
specific properties to equivalent GF composites [7-9], albeit still lower

than CF composites.

Despite being composed of relatively weak constituents, NFs offer
excellent specific tensile [10] and damping [9,11] properties through
their hierarchically arranged discontinuous architecture. Their com-
posites allow exploitation of their low material density and high fibre
volume fractions, which allows for greater freedom in design [12].
However, their constituents are weak in comparison [13], i.e. about
half as strong in tension and compression than glass fibres due to the
discontinuous elements and abundance of amorphous biopolymers,
holding all the cellulose fibres together. Therefore, in the absence of cell
mechanical interlocks [14], the role of the matrix is crucial in enabling
stress transfer between the technical fibres, which are a collection of
elementary fibres, as well as between fibre tows in the composite ma-
terial. Typically, high performance NF composites have been produced
using epoxy (EP) matrices. They offer high stiffness, low creep and ef-
ficient stress transfer between fibres via covalently bonded interfaces to
the fibre surface [15,16]. Combined with ease of processing into NF
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thermoset composites, their composites typically demonstrate low
porosity due to the low viscosity of monomer resins [16] and excellent
impregnation [17]. However, thermoset-based matrices require careful
storage and handling, are highly defect sensitive, brittle and cannot be
readily recycled.

As an alternative, thermoplastic matrices offer a more sustainable
solution because they allow simple storage and low-cost processing and
can lead to materials with intrinsically high toughness. They can be
thermoformed and combined with existing injection moulding tech-
nologies at high production rates and with low cycle times. Further,
end-of-life NF thermoplastic composites can be recycled, making them
circular and sustainable materials. Due to the higher melt viscosity of
thermoplastic matrices compared to thermosets, processing presents a
challenge, and since the fibre matrix adhesion is governed mainly by
physical and mechanical interactions for typical thermoplastics, inter-
facial strength is paramount [16,18]. Until now, their implementation
has been mostly limited to matrices such as polypropylene (PP) [19,20]
for economic reasons, resulting in intrinsically weaker materials with
poor interfaces and high creep, therefore they have been primarily
utilised for non-structural applications. Polymers such as polylactic
acids (PLA) are attractive bio-based thermoplastic matrices due to their
high mechanical performance combined with good processing [2,21],
however, they still lack the environmental stability to be used in en-
gineering applications. To enable the fabrication of high-performance
composites that are composed of biologically architectured reinforce-
ment, this work compares the wetting and interface behaviour of high-
performance thermoplastic matrices that are suitable for engineering
applications and studies their NF composites by utilising a simple mi-
cromechanics model.

2. Materials & methods
2.1. Flax fibres

The hierarchal structure of the flax fibre (Linum usitatissimum)
offers high specific stiffness and strength and outstanding vibration
damping behaviour [11]. Extracted from the stem of the flax plant
(Fig. 1), the fibres belong to the group of bast fibres. On a macroscopic
scale, the outer part of the stem is mainly composed of fibre bundles
which comprise several elementary fibres held together by secondary
amorphous materials such as pectin, lignin and hemicelluloses [10].
When fibre bundles are used in composites, these are known as tech-
nical fibres and their final morphology, length, shape, thickness and
number of elementary fibres not only depends on the biological
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structure of the plant, but also on the extraction process [22]. Technical
fibres may exhibit a length of up to 1 m and a diameter between 100
and 200 um. Elementary fibres are composed of concentrically arranged
cell walls, which are about 20-40 mm in length and about 10-40 pm in
diameter [23-25]. The second, S2 layer, consists of cellulose micro-
fibrils of crystallised and amorphous cellulose molecules, which in-
teract via hemicellulose chains. These chains are connected by hy-
drogen bonds to the cellulose microfibril, forming the macrofibril,
which is embedded in a matrix of hemicellulose and lignin [26]. The
cellulose fibrils have a degree of crystallinity of up to 90% [27] and are
helically wound with a micro-fibrillar angle (MFA) of about 10°, giving
the fibre its excellent elastic properties [10].

Single technical flax fibres and wet spun UD-woven flax fibre fabrics
(ampliTex™ UD type 5009) with an areal weight of 300 g/m? were
provided by Bcomp Ltd. (Fribourg, Switzerland). The yarns have a
nominal linear density of 105 tex and exhibit a twist level of 260 = 40
turns per metre. Natural fibres are known to have a low decomposition
temperature of about 170-190 °C depending on the atmosphere and
exposure time to high temperatures [28]. Therefore, the polymers that
are used in order to manufacture NF-reinforced composites must allow
for processing below the fibre’s degradation temperature as discussed in
the next section.

2.2. Matrix polymers

Polymers may be classified by the resource basis of the material and
by their compatibility with the environment. In other words, classes of
polymers can be divided into four main groups; fossil-based or bio-
based and non-biodegradable or biodegradable. Materials often re-
ferred to as bio-plastics are bio-based or biodegradable or even both. In
this study, polypropylene (PP) and epoxy resin (EP), both non-biode-
gradable and fully fossil-based [29], serve as benchmark materials due
to their wide spread use in industrial applications. PP is a very low cost,
low-density, semi-crystalline thermoplastic polymer with moderate
quasi-static mechanical properties and low environmental impact [30].
The PP 515A type, supplied by Sabic, was used in this study. According
to the manufacturer’s data sheet, this PP has a melt flow index (MFI) of
24 g/10 min at 230 °C and 2.16 kg weight [31].

EP in contrast is a group of thermoset polymers which offer good
mechanical properties, which may be processed at room temperature
due to their low viscosities. However, the epoxy resources are ecolo-
gically unfriendly and their recycling highly limited. In this study, a
diglycidyl ether of bisphenol A (DGEBA) epoxy resin, Araldite XB 3585,

in combination with a diethylenetriamine and 4,4’-iso-
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Fig. 1. Multi-scale hierarchical structure of flax fibres. The elongated fibres are situated in the stem’s sclerenchyma, in which the bast fibre occur in bundles. The
technical fibres consist of several elementary fibres which are held together by pectin. An elementary fibre is composed of concentrically arranged cell walls. The S2
layers in the secondary cell walls are assembled out of several lamina of highly aligned cellulose microfibrils embedded in a hemicellulose (20 wt%) and lignin (2 wt

%) matrix which are connected through hydrogen bonds.
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propylidenediphenol mixture hardener, Aradur XB 3458, both supplied
by Huntsman Advanced Materials (Basel, Switzerland) were used. A
resin-to-hardener weight ratio of 100:19 was used. This formulation
typically yields a glass transition temperature of 100-110 °C with the
recommended cure cycles.

Polylactic acids (PLAs), belong to a group of polymers which are
both bio-based and biodegradable. PLAs are thermoplastic polymers
whose isomers are usually derived from sugarcane or corn. PLAs can be
amorphous, but also semi- and highly crystalline with high mechanical
properties. Those properties, however, come with the cost of very low
fracture toughness and brittle failure. Here, the L100H PLLA, an r-lactic
acid isomer type of PLA, supplied by Sulzer Chemtech Ltd (Winterthur,
Switzerland), with an MFI of 6-7 g/10 min at 190 °C and 2.16 kg was
used. The melting temperature of the PLLA is reported as 180 °C [32].

Polyoxymethylene as a copolymer (coPOM) of formaldehyde
(CH,0) and ethylene oxide (C;H4O) is another engineering plastic
which is already extensively used in automotive industries because of
its high mechanical properties and excellent dimensional stability. The
very high degree of crystallinity, the low creep and the comparatively
low melt temperature make coPOM a very suitable polymer as matrix
material for NF composites. As coPOM, the Hostaform C 9021 XAP
copolymer (Celanese, USA), with an MFI of 11 g/10 min at 190 °C and
2.16 kg was used. To further enhance the mechanical performance
through a hierarchical reinforcement at a finer length scale, a 10 wt%
glass fibre filled coPOM (coPOM_GV10), Hostaform C 9021 GV1/10
(Celanese, USA) with an MFI of 9 g/10 min at 190 °C and 2.16 kg was
also considered. The melting temperature of both coPOM materials is
reported as 166 °C [33,34].

2.3. Rheological measurements

The complex viscosity of polymer was measured according to ISO
11443 using a Physica MCR 300 (Anton Paar, Buchs, Switzerland). The
polymers were heated to 190°C and measured using a plate-plate
method (25 mm diameter plate) at frequencies between 100 and 0.1 Hz
using a gap of 1.6 mm to avoid slippage at the plate polymer interface.

2.4. Charpy impact measurements

Charpy impact tests were conducted on a Zwick 5102 Charpy im-
pact testing machine (Zwick GmbH & Co. KG, Ulm, Germany). A pen-
dulum of capacity 7.5J was used for the bulk polymer impact testing.
Frictional effects were removed by a specimen-free calibration. In the
notched samples, a machined v-shaped notch was cut via drawing of a
sharp blade followed by tapping.

2.5. Contact angle measurement and surface energy analysis

Advancing and receding contact angles of various test liquids of
analytical grade (ultrapure water: 18.2Qcm resistivity, diiodo-
methane = 99%: Acros, and ethylene glycol = 99%: Sigma-Aldrich)
were measured on the polymer films and flax technical fibres at room
temperature (20 °C) and relative humidity of 50% on a Kriiss K100 SF
tensiometer using the Wilhelmy technique [16,35]. The technique
consists of measuring the forces exerted by a liquid on a solid substrate
with known perimeter while the substrate is immersed or removed from
a test liquid [35]. A microbalance measures a force (Fyeqsured), Which is
the sum of the capillary force (Fyeuing), the weight of the fibre (G) minus
the buoyancy force (Fpuoyang):

(€Y

When the weight of the probe is known and accounted for, only the
wetting and buoyancy forces remain which can be expressed as:

E ‘measured = Eve[[ing +G - F buoyancy

Foeasured = py0056 - pgAd )

where p is the fibre perimeter, y the liquid surface tension, 6 the contact
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angle of the liquid on the fibre, p the liquid density, d the immersion
depth, and Athe fibre cross-sectional area (here taken constant and
assuming the fibre to be a perfect circular cylinder).

The average of the cosines of the dynamic advancing (6,4) and
dynamic receding (6,..) angles at a contact-line velocity of 1.5 mm/min
were used to estimate the cosine of the equilibrium angle (6,4,) so that
both the low and the high surface energy components of the analysed
surfaces could be considered in the analysis [36]. Due to surface irre-
gularities [35], receding angles were not possible to measure for flax
technical fibres, therefore, only advancing angles were used.

The method applied to determine the fibre perimeter was by using
its density, mass and length to determine the apparent perimeter
[16,35]. When hexane (0° contact angle) is used and the force is ex-
trapolated back to zero immersion depth, Eq. (2) simplifies to:

3

where F is the measured wetting force. At relatively low speeds, very
low surface tension hexane was assumed to have a contact angle of 0°
with all substrates [35]. Three test liquids were selected to show a low
condition number value corresponding to a good combination of dis-
persive, acidic and basic liquids, which reduces the influence of the
number and choice of liquids [37]. Surface energy components were
calculated according to the Van Oss model and by using the SurfTen 4.3
software [38]. The work of adhesion (W), and the interfacial energy
(%) could subsequently be calculated according to the following
equations:

F=py

Wa=V¥+¥—Y 4

[

Ya = (\f)’sL_W - \/VzLW)Z + 2(\/7: - \/71_+)(\/V—§ - \/Vl__) 5)

where y, , represents the surface energy (solid and liquid respectively),
ysle represents the Lifshitz-van der Waals component,y;l represents the
acidic, and y, the basic component.

2.6. Thermoplastic film production

Films with a width of 80 mm and a thickness of approximately
100 um were produced using a Collin (Dr. Collin GmbH, Germany)
Teach-Line extruder equipped with a slit die. The feedstock materials,
in the form of pellets, were dried overnight and fed to the extrusion
machine. The temperatures of the heating zones were gradually in-
creased from 50 °C in the feeding zone up to 200 °C for PP and 210 °C
for PLLA, coPOM and coPOM_GV10. Films were drawn from the ex-
truder die through two rotating and water-cooled rollers and collected
to a winding cylinder.

2.7. Composite processing

The NF thermoplastic composites were manufactured via film
stacking using pre-dried fabrics (vacuum oven at 110 °C at 20 kPa for
15min) and pre-dried polymer films which were stacked alternately
with flax fibres in a steel mould. The orientation of the foils was
maintained such that the extrusion direction remained parallel to the
fibre direction. A reference fibre volume content of 50 vol% was used in
order to calculate the number of alternating layers required for flax
fabric and polymer film to provide fair comparison with the NF ther-
moset composite. Six unidirectional (UD) flax layers were stacked to
press composites with a nominal thickness of 2mm. The mould was
placed in a 190 °C pre-heated press (Vogt P200T-2E, Germany) and a
piston pressure was applied resulting in a cavity pressure of 1 MPa.
After 10min pressing at 190 °C, the mould was transferred to the
cooling level of the press and pressure was re-applied and maintained
during the cooling cycle.

EP matrix NF composites were prepared similarly using six layers of
flax fibres placed in the mould using a compression resin transfer
moulding process [39,40] and cured at 80 °C for 20 min followed by
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Fig. 2. Tensile properties of technical flax fibres: (a) Stress-strain diagram of representative curves of the investigated gauge lengths (b) Young’s modulus and tensile

strength of flax technical fibres as a function of 1/gauge length.

post-curing at 100 °C for 20 min. The amount of matrix was calculated
to achieve a composite with a fibre volume content of about 50%.

2.8. Microscopy and image analysis

Samples for microscopy and image analysis were prepared by cut-
ting composites in the longitudinal direction, placing them in cylind-
rical potting container and afterwards filling these containers with
polyurethane potting resin (CEM9000, Cloeren Technology GmbH,
Germany). After resin curing, the bottom surfaces of the samples were
polished using a Struers LaboPol-25 (Struers GmbH, Germany) grinding
machine, gradually reducing the grain size of the grinding paper down
to 5 um. The images were taking with a laser confocal microscope, VK-
9710 (Keyence, Germany). The image analysis was conducted using the
ImageJ software package with its ability to run user-defined macros.
The macro used modified the pristine images in such a way that fibres,
matrix and voids could be clearly distinguished and the area distribu-
tion measured.

2.9. Tensile testing

2.9.1. Technical fibre

Technical flax fibres were tested at three different gauge lengths
(10, 20, and 40 mm) using a mini-Instron 5942 equipped with a 100 N
load cell at 20 °C and 50% RH. The crosshead speed was 1.0 mm/min.
For each gauge length, ten randomly selected technical fibres were
inspected using a microscope to verify the absence of major damage,
and then conditioned at 20 °C and 50% RH for more than one week. The
density of technical fibres of flax (1.44 g/cm®) was determined using a
gas pycnometer. Each individual technical fibre was then weighed and
the cross-sectional area calculated using its density, mass and length,
assuming that the technical fibre has a constant cross-section. The strain
was calculated as the ratio of the change in the clamping length, re-
corded by the crosshead displacement, to the initial clamping length. To
account for the compliance of the testing machine together with the
tensile setup, a compliance calibration using a steel bar was carried out
and the displacement subtracted from the individual test results.

2.9.2. Polymers

Tensile tests were carried out on injection moulded polymer dog
bone shaped specimens (DIN EN ISO 527-1). The tests were conducted
at a displacement-controlled rate of 50 mm/min using a universal
testing machine (walter + bai ag, Switzerland) equipped with a 100 kN
capacity load cell. The deformation was measured using a clip-on
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extensometer with an initial gauge length, ), of 50 mm. The Young’s
modulus was determined as the secant modulus between 0.05 and
0.25% strain.

2.10. Flexural testing

Flexural composite properties were determined using three-point
bending measurements in accordance with ISO 14125. Tests were
conducted for NF composites with longitudinal (0°) and transverse (90°)
fibre orientation. A span of 40 mm between the two supports was
chosen in order to allow for a span-to-thickness ratio greater than 16.
Flexural tests were conducted on a universal testing machine
(walter + bai ag, Switzerland), equipped with a 1 kN capacity load cell.
The flexural deflection was measured with an external linear variable
differential transformer (LVDT) that recorded precisely the flexural
deformation of the specimen’s lower surface (tensile side). To account
for potential variations in the fibre volume fraction as a result of the
manufacturing of the different polymer composites, the longitudinal
flexural properties were linearly normalised to a fibre volume fraction
of 50%.

3. Results
3.1. Technical fibre tensile properties

The tensile properties of fibres are a key parameter for the design of
composites and allows use of micro-mechanical models to describe
properties analytically. The performance of technical flax fibres in
tension were measured using three different clamping lengths, which
allows to exclude potential effects of slippage and testing machine
compliance on the mechanical properties. The Young’s moduli and
strengths for the three different gauge length of technical fibres were
recorded according to Defoirdt et al. [41]. Fig. 2(a) shows re-
presentative stress-strain curves for each of the investigated gauge
lengths considered. With increasing gauge length, the Young’s modulus,
E;, increases, whereas the strain to failure, ¢ ;, and the strength, oy,
show an opposite relationship. Fig. 2(b) shows the Young’s modulus as
a function of the inverse of the gauge length with an increasing value
for Young’s modulus for decreasing gauge length. At infinite fibre
length, the displacement that is not caused by the elongation of the
fibre, i.e. slippage and machine compliance, can be excluded. As clearly
shown in Fig. 2(b), the measured moduli depend on the test length,
suggesting an influence of slippage. Thus, by linear extrapolation, the
fibre modulus at infinite fibre length could be estimated to be about
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diagram.

52.6 GPa.

The mean tensile strength and standard deviations employing a
normal distribution as a function of gauge length of the flax technical
fibres are also shown in Fig. 2(b). The strength shows the tendency to
decrease as the gauge length increases, since the longer the fibre, the
higher the likelihood of defects in the architecture where the fibre can
break prematurely [42]. Due to the large scatter, the strength was
calculated as the mean value of all tested fibres without making dis-
tinction of the gauge length, obtaining the of
590.6 = 130.4 MPa.

value

3.2. Polymer matrix properties

The polymer melt viscosity was measured as a function of a sinu-
soidal applied shear strain in a parallel plate rheometer configuration in
order to better understand the material behaviour of the polymer in the
liquid state. The measured viscosities as a function of the rotational
frequency are shown in Fig. 3(a). The thermoplastic polymers initially
exhibit melt viscosities that are independent from the applied shear
rate, as indicated by the plateau in the viscosity vs shear-rate curve.
However, this was only valid in the small range away from the zero-
shear rate, 7,. At higher shear rates, the expected shear thinning be-
haviour became apparent. In order to better understand and to describe
the rheological behaviour of the polymers, the Carreau model (Eq. (6))
can be fit to the measured values (see solid lines in Fig. 3(a)).

12

00 =1 + (g = DI+ @1 ®)
where 7, and 7, are the plateau viscosities for zero-shear rate and in-
finite-shear rate, respectively, 4 the natural time, a determines the
transition from Newtonian plateau to power-law region and n is the
power-law index, whereas n — 1 is the slope. With this model, one can
determine the critical shear rate, 1/1., i.e. when the term A.y equals
unity. The critical shear rate indicates the shear rate at which the
viscosity decreases, thus describing the transition from Newtonian to
power-law behaviour [43]. The model also describes the flow beha-
viour beyond the measurable frequency range. The five parameters that
were determined via least squares method to result in the best fit to the
experimental data points are provided in Table 1.

An estimate for the shear rate regime in the compression moulding
processing can be derived assuming a linear viscosity gradient between
two fibre bundles, where the flow velocity at the fibre’s surface is taken

Table 1

Carreau model characteristic values and fitting parameters.
Material 1y (Pas) Moo (Pa.s) A (s) n (=) a (=)
PP 1257 0 0.00122 0 0.6
PLLA 1892 1 0.02585 0.6 1.5
coPOM 1442 0 0.00945 0.37704 1
coPOM_GV10 1257 0 0.00122 0 0.6
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Table 2
Shear rate estimation for NF impregnation.

Material 1o (Pas) Darcy (s) Vhe=0.1mm (8~ 1) Vlk=0.25mm (s~ 1)
EP 0.5 0.004 1557 623
PP 1310 10 0.6 0.24
PLLA 1810 14 0.4 0.17
coPOM 1400 11 0.6 0.22
coPOM_GV10 1410 11 0.6 0.22

to be zero. By using half the distance between two fibre bundles as
shearing height and a calculated impregnation time assuming Darcy
flow [44], one can obtain the simple relation

_ 2‘rbundle

_ (v1 — ) _ rbundle/[Darcy
h x/2

4 @
where rynqe is the fibre bundle radius used as vertical flow distance,
tparey the calculated time to impregnate half of a fibre bundle and x the
distance between two fibre bundles. Table 2 lists the results for the
estimated shear rates determined using Eq. (7) considering a bundle
radius of 0.15 mm and a maximum and minimum distance of 0.25 and
0.1 mm, respectively. The maximum value describes half the distance
between the centre points of two adjacent bundles.

The results show and the equation already implies that the shear
rate increases with decreasing viscosity as a result of the higher velocity
gradient. This holds true at constant impregnation pressure which af-
fects the impregnation time calculated by the Darcy law. The calculated
shear rates during film stacking compression moulding are compara-
tively low, which implies that the melt viscosities during processing are
high. Based on these shear rate results, it is assumed that the polymers
during the processing have the viscosity at nearly zero shear rate, 7,,
determined via rheology measurements (see Fig. 3(a)).

The role of the matrix is to embed the reinforcing fibres and to
transfer inter- and intralaminar stresses between adjacent fibres and
layers. Since the transverse properties are highly dependent on the
matrix and interface properties, we measured the quasi-static tensile
properties, Charpy unnotched and notched impact strength and the
long-term creep behaviour of the pure polymers. Fig. 3(b) shows the
stress-strain curves of the injection moulded bulk polymers tested under
uniaxial tension. As a highly cross-linked polymer, the EP measured
modulus and strength values of 3.6 GPa and 68 MPa respectively, and
failed in a brittle manner with negligible plastic deformation before
rupture. The PP measured 1.7 GPa and 35MPa, respectively and
showed a significant plasticity before reaching the maximum stress. In
addition, the failure did not occur suddenly but gradually with pro-
gressive load shedding and necking of the polymer. The coPOM and the
PLLA measured stiffness values in mean of 2.7 GPa and 3.5 GPa, re-
spectively. The short glass fibre reinforced coPOM_GV10 showed a
Young’s modulus of 3.3 GPa which is very close to the modulus mea-
sured for the EP (3.6 GPa), demonstrating a credible thermoplastic
equivalent material to EP in terms of stiffness with the PLLA polymer.
Regarding the strength of the polymers, one can see that coPOM, PLLA
and EP, with 63 MPa, 69 MPa and 68 MPa, respectively, have very si-
milar strengths. However, the curves also reveal that the coPOM spe-
cimens did not fracture after the materials’ strength was exceeded.

X-tpa rcy
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Instead, the coPOM specimens exhibited a high strain to failure as
compared to EP, PLLA and the coPOM_GV10 specimens. This effect
suggests the ability of the coPOM material to dissipate large amount of
energy by plastic deformation before failure.

The tensile properties of the injection moulded samples were com-
pared to film stack foils from extrusion in order to characterise the
effect of orientation and high shear rate during injection moulding.
Young’s moduli of 1.6, 3.1, 2.3 and 3.1 GPa were measured for PP,
PLLA, coPOM and coPOM_GV10, respectively. The strength values of
the film-stacked samples were found to be 37, 61, 58 and 76 MPa for
PP, PLLA, coPOM and coPOM_GV10 specimens, therefore the values
obtained were very similar to those of the injection moulded samples.
The injection moulded sample values were later used for micro-me-
chanical modelling to avoid influences of surface effects on the mea-
sured yield behaviour and strength.

The ability of the matrix to deform plastically is one of the key
elements that could contribute to an increased toughness of the fibre
reinforced composite [45]. Fig. 3(c) compares the Charpy impact per-
formance of the polymers, showing the dissipated energy values for
unnotched and notched specimens as an expression for the materials’
toughness. Thermoplastic polymers exhibit generally a much higher
toughness as compared to highly cross-linked thermoset polymers.
When comparing the benchmark materials, EP and PP, the difference
becomes obvious. The unnotched impact strength values for EP and PP
are 29kJ/m? and 72kJ/m? respectively. PLLA and coPOM_GV10
measured 20.4 kJ/m? and 39 kJ/m?. The Charpy impact performance of
the pure coPOM materials with a Charpy energy of 186kJ/m? is 2.5
times higher than for PP. The notched strength was also evaluated for
the polymer matrices in order to describe the defect sensitivity. EP, PP
and PLLA were found to measure similar strengths of 3.3kJ/m?, 3kJ/
m? and 3.8kJ/m? respectively, while CoPOM and coPOM_GV10
reached notched Charpy strength values of 8.15kJ/m? and 5.2kJ/m?,
respectively. Fig. 3(d) shows the creep properties measured with a
flexural three-point bending setup where the specimens’ deflections
were recorded over time. The PP and the coPOM material show a si-
milar creep behaviour, which can be identified by the rather high in-
stantaneous strain, the high deformation within the first hour of the
tests and the progressive strain development. Contrary, PLLA, co-
POM_GV10 and EP exhibit a nearly linear progression in the double
logarithmic plot. It is interesting to point out that the coPOM_GV10,
despite being a thermoplastic polymer, exhibits a lower deflection after
1000 h of loading than the EP.

3.3. Surface energy analysis

Table 3 shows the average of the measured advancing and receding
contact angles, and the calculated equilibrium angles for the polymer
films, as well as the advancing angles for flax fibres. In Table 4, the
surface energy components of the thermoplastic surfaces and flax fibre,
calculated using the angles shown in Table 3, are presented. The PP
polar surface energy components theoretically should be zero, since
pure PP is a non-polar polymer. However, the effect of aging processes,
as well as contamination and oxidation, produce a deviation; while not
zero, PP did exhibit the lowest polar surface energy components (Lewis
base, y~, and Lewis acid, y*) [46]. On the contrary, both PLLA and

Table 3

Advancing, receding and equilibrium contact angles of probe liquids on flax and thermoplastic surfaces: water (WT), ethylene glycol (EG), diiodomethane (DM).
Liquid WT DM EG

adv rec equ adv rec equ adv rec equ

Flax fibre 52.6 = 4.4 - - 60.2 = 4.3 - - 45.0 = 5.6 - -
PP 98.2 = 0.9 78.1 = 1.1 88.2 = 1.0 69.5 = 0.9 45.6 = 1.2 58.3 £ 1.0 73.3 = 0.2 54.6 = 0.3 64.3 = 0.2
PLLA 85.0 = 0.8 62.5 = 0.9 741 = 0.8 60.1 = 1.9 372 = 1.7 49.6 = 1.8 580 = 1.1 36.9 = 0.9 48.3 = 1.0
coPOM 86.1 = 0.5 57.4 = 0.4 72.3 = 0.4 543 = 1.4 31.4 £ 1.9 441 = 1.5 65.2 = 0.8 41.0 = 1.0 54.1 = 0.9
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Table 4

Surface energy components, spreading coefficient, S, and work of adhesion, W,, of flax fibres and thermoplastic films.
Material IV (mJ/m?) Y~ (mJ/m?) y* (mJ/m?) y'ot (mJ/m?) S (mJ/m?) Wy (mJ/m?)
Flax fibre 285 = 1.5 16.7 = 1.5 0.67 = 0.47 352 = 2.1 - -
PP 29.5 = 0.6 1.7 = 0.3 0.04 = 0.02 30.1 = 0.6 1.59 + 2.3 61.8 = 2.3
PLLA 345 = 1.0 4.4 + 0.4 0.27 = 0.08 36.7 £ 1.1 —297 = 2.7 70.4 = 2.7
coPOM 37.5 = 0.8 5.3 = 0.2 0.001 + 0.0 37.6 = 0.9 —5.77 = 2.6 69.3 = 2.6

coPOM have a higher total surface energy due to the presence of the
functional groups bonded to their structure (—OH/—CH3; and —O—CHs,
for PLLA and coPOM respectively), which increases the acid-base polar
components and results in polymers also showing higher Lifshitz-Van
Der Waals (y*") components. Note that the same surface energy was
assumed for the coPOM_GV10 as for the coPOM, since the glass fibres in
the matrix are not surface active.

The surface composition of flax fibres is more complex. The relative
surface atomic fractions and decomposition of Cls peaks obtained by
XPS (X-ray photoelectron spectroscopy) for flax fibres used in compo-
sites have been recently reported in literature [24], showing 71.2%,
21.5%, 5.6%, and 1.6% for C1, C2, C3, and C4 components respec-
tively, relative to the total Cls peak. The different contributions of
functional groups to the shape of the Cls peak have been described in
the literature for lignocellulosic materials [16,47-49]; C—(C,H) lin-
kages of lignin and extractives (C1); CC—OH groups of cellulose,
hemicelluloses, lignin and extractives, as well as CC—OC—C linkages of
lignin and extractives (C2); C=O groups in lignin and extractives, as
well as OC—CC—O linkages in cellulose and hemicelluloses (C3); COOH
groups of hemicelluloses, as well as COOC and COOH groups of ex-
tractives (C4).

According to the literature [47,50-52], these four different com-
ponents of the carbon peak are related to the physical interactions of
materials: C1 may be recognized as representative of aliphatic or aro-
matic carbon participating in Lifshitz-Van Der Waals interactions; while
C2, C3, and C4 might represent polar interactions. The presence of C2,
C3, and C4 components up to 30% of the total Cls peak components
agrees with the rather polar character of flax fibres deduced from the
surface energy components when compared to the thermoplastic films
(see Table 4). The high level of C1 component reveals the presence of a
notably large number of groups on the flax fibre surface participating in
Lifshitz-Van Der Waals interactions, also in agreement with our surface
energy estimations (see Table 4).

3.4. Composite flexural properties

To characterise the role of the matrix and the interface on the
flexural performance, three-point bending tests on specimens with
longitudinal and transverse fibre directions were conducted. The mea-
sured flexural moduli (blue bars) and strength values (green bars) are
shown in Fig. 4(a) and (b) for longitudinal and transverse directions,
respectively. In the longitudinal direction, the EP matrix NF-composites
measured an average flexural stiffness of 27 GPa, which represents the
highest mean value amongst the matrix materials that were studied. NF-
composites with the PP matrix measured the lowest moduli with an
average value of 22.1 GPa. The PLLA matrix NF-composites have the
same stiffness as the EP NF-composites, with a measured flexural
modulus of 27 GPa. Moduli of 23.3 and 23.5 GPa were measured for the
coPOM and coPOM_GV10 matrix NF-composites, respectively, showing
almost no effect of the short glass fibre in the coPOM_GV10 matrix to
the longitudinal composite properties as would be expected. When
considering the standard deviation of these two coPOM stiffness values,
no difference between the stiffnesses of coPOM and PP matrix NF-
composites was observed. Despite a difference in modulus of 20% be-
tween the EP and PP matrix NF-composites, the flexural stiffness seems
to be less compromised by the matrix materia; as expected the stiffness
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is governed by the reinforcing fibres. However, the ability to transfer
stresses between fibres via the matrix and the fibre/matrix interface and
thus also the quality of the impregnation and interface strength be-
comes particularly important when the composite is exposed to higher
strains. This influence can be seen when analysing the ultimate flexural
strength. Similar to the stiffness, the EP and PP matrix NF-composites
show the highest and lowest values with 337 MPa and 150 MPa, re-
spectively. The PLLA matrix NF-composite strength was measured as
308 MPa. The coPOM matrix NF-composites have an average flexural
strength of 228 MPa. Interestingly, the short glass fibre-reinforced co-
POM_GV10 matrix NF-composites have a strength of 260 MPa, 14%
higher compared to the neat coPOM composites. This gain in strength
shows clearly, a contribution of the short glass fibres to the composite’s
load bearing ability in the longitudinal fibre direction.

Because of the high anisotropy of natural fibres, the fibre properties
transverse to the fibre axis are usually a factor 5 to 11 lower [53-55],
which increases the importance of the matrix and interface properties.
Fig. 4(b) shows the transverse moduli and strengths for the NF-com-
posites. A modulus of 3.4 GPa was measured for the EP matrix NF-
composites. The PP matrix NF-composites measured a stiffness of 1
GPa. The PLLA matrix NF-composites reached a modulus of 3.2 GPa,
which is very close to the measurement of the neat polymer (3.5 GPa).
The coPOM and coPOM_GV10 matrix NF-composites exhibited moduli
very similar to the EP matrix NF-composites, i.e. 2.6 and 2.9 GPa, re-
spectively. A similar trend could be observed for the transverse flexural
strength. A strength value of 39.3 MPa was measured for EP matrix NF-
composites. The coPOM matrix NF-composites with 41.5MPa and,
slightly higher coPOM_GV10 matrix NF-composites with 49.5 MPa,
which demonstrates an increase of 6 and 26%, respectively, compared
to EP matrix NF-composites. In contrast, the PP and PLLA matrix NF-
composites exhibited lower values of 17.8 and 22.5 MPa, respectively.
The low strength of PP was believed to be responsible for the low
strength of the composite in transverse direction, whereas the brittle
behaviour associated with a stress concentration at the fibre matrix/
interface is believed to have caused a rather early failure of the PLLA
matrix NF-composites.

4. Discussion

To analyse the efficiency of composite properties among the ma-
trices used in this study, the measured properties were compared by a
simple longitudinal rule of mixture (RoM) micromechanical model,
which considers an efficiency factor (Eq. (8)). This factor represents the
percentage of the measured property as compared to the theoretical
maximum to quantitatively describe impregnation and interface effi-
ciency. The composite modulus in the longitudinal fibre direction, E,
can be calculated as

E = k[V}-Ey + (1 = Vp)-Enl ®)

where k the efficiency factor, V; the fibre volume fraction, E; and E,,
the fibre and matrix modulus, respectively. E; was set to 52.6 GPa as
measured for the technical fibres (see Section 3.1), whereas the E,, was
chosen in accordance with the bulk modulus.

The analysis and calculation of the efficiency factor can be done at
V; = 0.5 as the measured moduli were already normalised to a fibre
volume fraction of 50%. Table 5 shows the measured and calculated
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Fig. 4. Flexural properties of unidirectional flax fibre reinforced composites: Modulus (blue bars) and strength (green bars) of specimens tested in (a) longitudinal

and (b) transverse direction.

Table 5
Measured and calculated longitudinal flexural composite moduli and stiffness
efficiency factor.

Material E1,measurea (GPa) Ej,RoM k=1 (GPa) k (%)
FF-EP 26.9 27.96 96
FF-PP 22.1 27.13 81
FF-PLLA 26.9 28.07 95
FF-coPOM 23.4 27.66 85
FF-coPOM_GV10 23.6 27.94 84

moduli along with the corresponding efficiency factors. The results
show that the PLLA impregnation offers similar performance to that of
the EP matrix composites. Due to more difficult impregnation and
weaker surface interaction of the polymer, the PP and coPOM matrix
NF-composites offer similar magnitudes of k of around 80-85% effi-
ciency.

Fig. 5 shows the NF-composite strengths dependent on the W,.
Mechanical properties were obtained via flexural three-point bending
tests in (a) longitudinal and (b) transverse fibre direction. The surface
energy analysis (Table 4) suggests that the thermoplastics with negative
spreading coefficients will not spontaneously spread on the fibres.
Nevertheless, a suitable processing technique that allows for a good

350

m Longitudinal strength, o, coPOM_GV10

300
250
200
150
100
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Work of adhesion (mJ/m?)
(a)

Fig. 5. Flexural strength dependent on the work of adhesion. Properties in (a) longitudinal and (b) transverse direction.

15

fibre impregnation in combination with the constituents will govern the
composite mechanical behaviour.

In order to evaluate impregnation quality, the composite mor-
phology was studied through cross-sectional image analysis.
Microscopy shows that the impregnation resulted in consistent fibre
volume fractions and relatively low porosity in the NF-composites. A
representative cross-section of a NF-composite is shown in the inset in
Fig. 5(a) and the fibre volume fraction and porosity data listed in
Table 6. Therefore, the properties are likely to be governed by the W,.
The correlation for the longitudinal properties shows a tendency of
increasing properties with increasing W,. Longitudinal strength is
dominated by the fibre strength associated with the quality of the fibre/
matrix interface capable to transfer stresses via shear. Since the W, for
PLLA was measured to be the highest, the strength was found to be
superior as compared to the rest of the thermoplastic NF-composites.
On the other hand, the W, for PP was measured to be rather low, re-
sulting in a low failure strength due to the poor interaction at the fibre/
matrix interface. Between these two extreme values, the coPOM and
coPOM_GV10 NF composites show an intermediate W, value and thus a
slightly lower strength compared to the PLLA matrix NF-composites.

To assess the positive influence of work of adhesion on the trans-
verse strength, the two can be compared. The PP, coPOM and
coPOM_GV10 matrix NF-composites show positive correlations,
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Table 6
Fibre volume fraction and void content of the FF-reinforced composites.

Material Fibre volume fraction (%) Void content (%)
FF-Epoxy 48 + 1 n/a

FF-PP 52 =1 1.7 £ 0.2
FF-PLLA 55 + 2 1.8 = 0.7
FF-coPOM 48 * 4 1.4 = 09
FF-coPOM_GV10 50 £ 2 1.2 = 0.4

however, this is not the case for the PLLA matrix NF-composites. They
show a significantly reduced strength despite having the highest W,
amongst the materials tested. This effect might be because of the brittle
material behaviour of PLLA when exposed to high strains, as can be
seen in the polymer’s stress-strain curve in Fig. 3(b). Another ex-
planation could be that the PLLA is not able to completely penetrate in
between the technical fibres due to the rather low spreading coefficient
(see Table 4). In a poorly impregnated composite, the fibres act as strain
concentrators when the composite is loaded in the transverse direction
with respect to the reinforcing fibres. From the bulk polymer mea-
surements it is known that the PLLA cannot bear high strains prior to
failure. Thus, the PLLA composites fail at rather low stresses because of
the high strains that occur locally around the fibres. The EP exhibited a
similar brittle material behaviour. However, the EP matrix NF-compo-
site properties are not discussed here since the adhesion between the
flax fibres and EP is not purely a physical interaction but includes
covalent bonding. In contrast, the coPOM and coPOM_GV10 matrix NF-
composites are able to resist higher strains because of the polymer’s
ability to deform plastically as shown in the bulk properties resulting in
their relative higher transverse mechanical properties.

5. Conclusions

The modulus and the strength of fibre-reinforced composites, in
particular natural fibre thermoplastic composites, depend strongly on
the polymer bulk properties, the fibre impregnation and the properties
of the fibre/matrix interface. In this study, the flexural modulus and
strength in longitudinal and transverse fibre direction were measured
and correlated to the interfacial properties. It was found that the
strength in both longitudinal and transverse direction correlates well
with the interface properties. The higher the work of adhesion (W,) the
higher the strength in longitudinal direction, suggesting a better stress
transfer until the maximum load carrying ability is reached. In the
transverse direction, the loading conditions are different and W, relates
more closely to the fibre/matrix interface. However, transverse prop-
erties are also affected by the impregnation of the technical fibres along
with the bulk polymer mechanical behaviour. The W, correlates also
well with the composite’s transversal strength for matrices that were
able to deform plastically after reaching their yielding stress. In com-
posites with brittle matrices such as PLLA, the high strains around the
fibres cannot be sustained and the NF-composites fail at low strength.
This means that the high W, does not give entirely the full picture of the
mechanical properties without also considering the impregnation and
polymer yield behaviour.

By comparing theoretical and measured moduli, the EP matrix NF-
composites showed the highest efficiency, closely followed by the PLLA
matrix NF-composites. PLLA bulk polymers exhibited similar properties
as EP, making it an interesting thermoplastic matrix material substitute.
In addition, coPOM is an excellent polymer in NF composites, with high
longitudinal properties and excellent transverse properties. With the
coPOV, inherent thermoplastic short comings such as high creep can be
addressed by locally tailoring, the properties using the coPOM_GV10.
Similar to PLLA, the coPOM_GV10 polymer has properties as good as
EP.

In this study, it is shown that thermoplastic polymers are suitable
matrices for natural fibre-reinforced composites. By studying the bulk
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properties, applying appropriate processing conditions such as com-
pression moulding in a closed mould, together with surface energy
analysis to assess the spreading of the polymer on the fibre and the
interface strength in the composite, one can design high-performance
natural fibre-reinforced thermoplastic composites. The findings of this
study will help to drive the applications of NFC towards structural
components whilst demonstrating circularity and reduced ecological
footprint and they have significant relevance in the emerging field of
high-performance materials from renewable resources.
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