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Abstract: To establish injection-moulded, natural fibre-reinforced polymers in the automotive
industry, numerical simulations are important. To include the breakage behaviour of natural fibres in
simulations, a profound understanding is necessary. In this study, the length and width reduction
of flax and sisal fibre bundles were analysed experimentally during compounding and injection
moulding. Further an optical analysis of the fibre breakage behaviour was performed via scanning
electron microscopy and during fibre tensile testing with an ultra-high-speed camera. The fibre
breakage of flax and sisal during injection moulding was modelled using a micromechanical model.
The experimental and simulative results consistently show that during injection moulding the fibre
length is not reduced further; the fibre length was already significantly reduced during compounding.
For the mechanical properties of a fibre-reinforced composite it is important to overachieve the critical
fibre length in the injection moulded component. The micromechanical model could be used to
predict the necessary fibre length in the granules.

Keywords: natural fibres; injection moulding; fibre morphology; fibre-reinforced polymers

1. Introduction

Increasing environmental consciousness leads to new developments in material selection and use.
Natural fibre-reinforced compounds (NFC) are a good solution to combine renewable resources with
light-weight constructions. Much research has been done to determine the mechanical properties of
NFCs, demonstrating interesting potential for different applications [1–7]. The injection-moulding
process is a conventional technique in the automotive industry for short fibre-reinforced polymers
in large-scale productions, mostly using glass fibres. A new focus is now to also use natural
fibre-reinforced injection-moulded polymers. Among others, there are two important factors
influencing the mechanical properties of NFCs: the fibre orientation and the fibre morphology (fibre
length and aspect ratio) [8–11]. Therefore, it is very important to determine the fibre orientation and
to understand the fibre breakage behaviour during processing. Further numerical simulations are
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necessary to help establish injection-moulded NFCs in the automotive industry. First, successful
research steps were taken to perform injection-moulding simulations with NFCs [12–17]. To include
the fibre breakage behaviour of natural fibres in commercial injection moulding simulations further
research is necessary. Fibre damage takes place during the two process steps, compounding and
injection moulding, and are a result of the following:

• fibre-fibre interaction;
• fibre-matrix interaction (Figure 1); and
• fibre-wall interaction [11,18].

The fibre-fibre interaction resulting from collision, spatial hindrance, and friction leads to fibre
bending, which may result in fibre breakage. The fibre-fibre interaction is strongly correlated with
the fibre mass content in the polymer [19]. The fibre-matrix interaction occurs mostly due to the
fact that the outer part of granules is melting faster than the inner part. The fibres often stick out
of the solid polymer and high viscous polymer melt flows around; so the fibres are bent, buckled,
and sheared off, which can result in fibre breakage (Figure 1) [10,11]. A mathematical approach dealing
with fibre instability phenomena, like fibre kinking and fibre splitting, was provided by Merodio and
Ogden [20,21].

Figure 1. Fibre-matrix interaction, fibre damage mechanism at the interface between solid pellets and
polymer melt [10].

Since the fibre morphology influences both the flow behaviour in the polymer melt and mechanical
properties of the component, it is important to be able to predict fibre breakage. A mechanistic model
can be used to simulate single fibres in a polymer melt and to predict fibre breakage. But till now,
a mechanistic model has not been used to predict lignocellulosic fibre breakage accurately [22].

For glass fibres extensive research effort was done to analyse fibre breakage during compounding
and injection moulding [23]. Several techniques to measure fibre length reduction after processing
have been developed [24–31]. The first step for all techniques is the separation of the fibre from the
matrix. For glass fibres the most common way is to burn off the polymer [24–28]. Another way is
to extract the fibre with a suitable solvent [30–32]. For NFCs it is not possible to burn off the matrix
without burning the natural fibres as well. Therefore, an appropriate solvent is necessary to dissolve
the matrix without destroying the fibres.

During compounding of glass fibres with a polymer lower screw speed, higher barrel temperature
and lower mixing times lead to higher average fibre lengths [23]. For injection moulding lower back
pressure, lower injection speed, and more generous gate and runner dimensions lead to higher average
fibre lengths [23]. Ramani et al. (1995) showed that most of the fibre length reduction occurs in the



J. Compos. Sci. 2018, 2, 20 3 of 17

mixing section of an extruder [30]. The increase of the fibre mass content from 30% to 40% glass fibres
led to higher damage due to higher fibre-fibre interactions [30]. Another important influence on final
fibre length is the viscosity of the matrix; a higher viscosity leads to lower average fibre lengths [18].

In contrast to glass fibres, natural fibres (when fibre bundles are used) do not only break (length
reduction) but also split (thickness reduction) during processing. Natural fibres are not single fibres,
such as glass or carbon fibres, but they occur mostly as fibre bundles. For natural fibres it is of
importance to distinguish between the term fibre (single cell) and fibre bundle (several fibres sticking
together by pectin substances) [33–35].

Furthermore, the different natural fibre types have different damage behaviour. Recent research
activities can be found in literature determining the different breakage mechanisms of flax, sisal, hemp,
and miscanthus [22,36,37].

Castellani et al. (2016) found three main mechanisms to differ the fibre breakage behaviour of
lignocellulosic fibres:

1. “Fatigue-driven breakage: elements bend many times and then break”
2. “Fragile behaviour: rigid elements bend and break”
3. “Peeling: chunks are removed from fibre bundles” [36].

In Figure 2 the different breakage mechanisms are shown for retted and unretted hemp, sisal, flax,
and miscanthus. Further studies assume that the initiation of flax and hemp fibre breakage is related to
dislocations or also called “kink bands” [38–40]. Dislocations are defects which are produced during
the extraction of fibres out of the stem [38,41,42].

Figure 2. Different breakage mechanisms of natural fibres during compounding in a thermoplastic
polymer melt. The numbers in black indicate Klason lignin content and, in grey, hemicellulose mass%
content [36].

Steuernagel et al. (2013) found an interesting aspect for natural fibres as reinforcement, even
with respect to recycling, due to the fact that the fibre bundles not only break, but also split [43].
Hence, one can assume that the aspect ratio can increase during compounding, which can result in
higher mechanical properties [43], while glass fibres maintain their thickness and only reduce in length
during recycling processes. Due to the splicing of the natural fibres, the surface area increases and a
higher interaction with the matrix can be achieved [43].

In the present study the fibre length and thickness reduction of flax and sisal fibre bundles shall
be analysed during compounding and injection moulding. Furthermore, a micromechanical model,
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which was developed for glass fibres, was adapted to predict fibre breakage during injection moulding
of flax and sisal fibre bundles in a polypropylene matrix. Therefore, the following research hypotheses
were tested:

• During the two process steps, compounding and injection moulding, the fibre length and fibre
width of sisal and flax is significantly reduced.

• The mechanistic model can predict the real fibre length reduction and can be used as a product
development tool to determine the necessary fibre length in the compound to overachieve the
critical fibre length in the injection-moulded component.

2. Materials and Methods

2.1. Fibres and Matrix

Chopped sisal (Agave sisalana P.) fibre bundles were purchased for this study from Cayetano
Garcia Del Moral S.L. (Cabra del Santo Cristo, Spain; harvest year: 2012). To guarantee a homogenous
fibre dosing the fibres were pelletized by BaVe-Badische Faserveredelung GmbH (Malsch, Germany).
Flax (Linum usitassimum L.). Fibre bundles were harvested in 2010 in the Netherlands and also pelletized
by BaVe-Badische Faserveredelung GmbH before compounding. Subsequently, the used terms “sisal”
and “flax” refer to fibre bundles of sisal and flax, extracted from the leaves of Agave sisalana P. and the
stems of Linum usitassimum L., respectively. With both fibre types, compounds with 30 mass% fibres
and a polypropylene (PP) (Moplen EP 500 V, LyondellBasell, Frankfurt, Germany) were produced with
a twin screw extruder (ZE 34 Basic, KraussMaffei Berstorff GmbH, Hanover, Germany) at the IfBB
(Hochschule Hanover, Germany). For a better adhesion between the natural fibres and the matrix,
a coupling agent was used with a dosage of 3 wt% (SCONA TPPP 8112 FA, BYK-Chemie GmbH,
Wesel, Germany). Furthermore, plates (30 × 16 × 3 mm3) were produced with a multi-tool injection
mould on a KM 160-750 EX machine (KraussMaffei Technologies GmbH, Munich, Germany) at IfBB.
The compounding and injection moulding process parameters are described in more detail in [44].

2.2. Fibre Extraction

To observe the morphological change of sisal and flax during the two process steps, compounding
and injection moulding, the fibre bundles were extracted out of the PP matrix. The natural fibres were
extracted with an organic solvent out of the granules and the injection-moulded plates. This procedure
is described in more detail in [45].

2.3. Fibre Morphology Analysis (SEM and Fibre Shape)

The fibre morphology of sisal and flax was analysed before the compounding, after the
compounding (extracted from the granules) and after injection moulding (extracted from the plates).

First, the fibre bundles were investigated optically using a JSM-6510 scanning electron microscope
(SEM) (JEOL GmbH, Eching, Germany) at an acceleration voltage of 2 kV. Before the investigation,
sisal and flax were coated with a thin conductive gold layer for 60 s under a current of 56 mA using a
Bal-Tec sputter coater type SCD 005 (Bal-Tec AG, Balzers, Liechtenstein).

Second, the length and width of sisal and flax were analysed by the image analysis software
FibreShape 5.1.1 (IST AG, Vilters, Switzerland). Therefore, the original flax and sisal fibre bundles
were scanned with an Epson Perfection V700 photo scanner (Seiko Epson Corperation, Suwa, Japan)
with a resolution of 1200 dpi. The smaller, extracted fibre bundles were prepared on slide frames
(40 × 40 mm2, glass width of 2 mm; Gepe, Zug, Switzerland) and scanned with a Canonscan CS
4000scanner (Canon, New York, NY, USA) with a resolution of 4000 dpi. Before scanning, all samples
were conditioned for at least 24 h at 20 ◦C and 65% relative humidity according to DIN EN ISO 139.
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2.4. Statistics

The statistical analysis of the Fibre Shape results was done by the programme “R” Version
3.4.0. Kolmogorov-Smirnov-Lilliefors tests (sample size > 700) were performed to evaluate the data
regarding a normal distribution with a level of significance of α = 0.05. To prove if the fibre bundles
were significantly damaged during the processes, Wilcoxon-Mann-Whitney tests were performed with
a level of significance of α = 0.01. This non-parametric test was chosen due to the fact that the data are
not normally distributed and the samples are considered to be unpaired. For large sample sizes even
small differences in the data distributions might lead to significant differences. Therefore, the effect
size was determined, which is a quantitative measure of the strength of a phenomenon, according
to [46,47]. In this study it was measured if the two process steps have none, a small, an intermediate,
or a large effect on the change of the fibre morphology.

Even if the distributions of the length and width values are not normally distributed, the mean
values were used for the simulation with the mechanistic model. The arithmetic mean is a location
parameter for metrically scaled variables, whereas the median is a location parameter for ordinal
scaled variables. The ordinal scale refers to measurements that can be ordered in terms of “greater”,
“less”, or “equal”; therefore it is also called rank scale, whereas the metric scale allows to determine
the magnitude of differences between the measured values. [48].

2.5. Ultra-High-Speed Camera

An ultra-high-speed camera (FASTCAM SA-Z type 2100K-M-32GB-FD, Photron, Tokyo, Japan)
was used to optically analyse the differences in the breaking behaviour of flax and sisal. During a
tensile test of the fibres bundles, pictures were taken with 200,000 frames per second. The tensile tests
were performed with a Fafegraph M testing machine (Textechno, Mönchengladbach, Germany) with a
testing speed of 20 mm/s at a gauge length of 20 mm working with a pneumatic clamping system
(PVC/PMMA clamps) until the fibres totally failed.

2.6. Micromechanical Model

The micromechanical or mechanistic model, which was used in this study, is a particle level
simulation and represents each fibre as a chain of segments interconnected by spherical joints.
For each time step the force and torque balance are performed on each element of the object (Figure 3,
Equations (1) and (2)):

Nv

∑
k=1

Fv
ik + Fc

i − Fc
i+1 +

Nb

∑
j=1

Fh
ij = 0 (1)

Mb
i − Mb

i+1 − ri × Fc
i+k +

Nv

∑
k=1

rik × Fv
ik +

Nb

∑
j=1

[Th
ij + rij × Fh

ij ] = 0 (2)

where Fv
ik is a force due to the contact between the rods i and k, Mb

i and Mb
i+1 are moments due to

bending, Nv is the number of rods which are in contact with rod i, and Nb is the number of beads in
rod i.

The segments experience hydrodynamic effects, fibre-fibre interaction and fibre flexibility,
but the model excludes volume effects due to fibre-fibre and fibre-wall contacts (Figure 4).
The micromechanical model is used to determine the fibre interaction coefficients for fibre-reinforced
polymers. Further it can also predict fibre breakage behaviour in polymer melts, if the mechanical
properties of the fibres are known. In a shear cell the forces and interactions are calculated to predict
the fibre interaction coefficient CI and the fibre breakage. In this study, a cluster of fibres in a shear cell
is modelled while the fibres flow through the gate of a mould. The commercial computational fluid
dynamics software COMSOL Multiphysics® (COMSOL AB, Stockholm, Sweden) was used. The CFD
simulation used a non-Newtonian viscosity represented with a Bird-Carreau model [49]. Before the
shear flow modelling, the fibre cluster needs to be precompressed until the desired fibre density,
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representing the real fibre volume, is reached. The mechanistic model and the exact procedure to
determine the CI for flax/PP and sisal/PP are described in more detail in [50–52].

Figure 3. Discretization of a fibre as a chain of elements, corresponding forces, and momentum balance
for an individual element [50].

Figure 4. Fibre-fibre interaction and further effects which are included in the mechanistic model [50].

3. Results and Discussion

3.1. Optical Observations via SEM and Ultra-High-Speed Camera

The scanning electron microscopy (SEM) analysis showed a reduction of the length and width of
sisal and flax (Figures 5 and 6) during processing. In Figure 5 fibre breakage (A) and fibre splitting
(B) was observed for sisal after compounding. In Figure 6 shorter and smaller fibre bundles can be
observed after compounding for flax (right) compared to the original flax (left).

Flax fibre bundles show a fragile breaking behaviour, but elementary fibres break by fatigue [36].
The SEM analysis shows that, sisal has more cohesive bundles compared to flax. Castellani et al. [36]
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showed that, for sisal, the separation of bundles is difficult, before the separation they break into single
fibres and chunks form. The elementary fibres often remain attached to the bundle surface of sisal [36].
Oksman et al. [53] also showed that flax is several times thinner compared to sisal after processing.
This can also be seen on the SEM pictures in the present study (Figures 5 and 6). Le Moigne et al. [54]
and Oksman et al. [53] showed for flax fibre bundles during compounding a separation into single
fibres, whereas sisal fibre bundles tend to separate in thinner bundles and, to a smaller amount, into
single fibres.

Figure 5. SEM pictures of sisal fibre bundles before (left) und after compounding (right). A: Fibre
bundle breakage. B: Start of fibre bundle splitting. C: Peeling behaviour of sisal.

Figure 6. SEM pictures of flax fibre bundles before (left) und after compounding (right).

The ultra-high-speed camera observation showed that the sisal fibre bundle failure starts with a
peeling behaviour (Figure 7; 0.085 ms). This peeled part remains attached at one end to the sisal bundles
and behaves like a whip. No further change can be observed for the next 10.095 ms. Then, the sisal
fibre bundles starts to break and splits into smaller bundles at the breaking point until it is completely
broken 0.070 ms later (Figure 7). In contrast, several very small bundles and single fibres start to split
apart from the flax fibre bundle (Figure 8; 0.085 ms). Compared to sisal, in the next 10.095 ms more
single fibres split apart. For the next 1.525 ms more single fibres split apart, until the flax fibre bundle
is completely broken after 11.705 ms (Figure 8).

The ultra-high-speed camera analysis of the tensile tests encourages the breaking mechanisms
of flax and sisal found by Castellani et al. [36]. From their compounding experiments they assume a
peeling behaviour for sisal, while flax breaks brittle and splits into single fibres [36].
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Figure 7. Ultra-high-speed camera observation during tensile tests of sisal fibre bundles. *: 0 ms
presents the last picture without any visible fibre failure.

Figure 8. Ultra-high-speed camera observation during tensile tests of flax fibre bundles. *: 0 ms
presents the last picture without any visible fibre failure.
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3.2. Morphological Analysis via FibreShape

Fibre length and aspect ratio influence the fibre rotation during injection moulding and, therefore,
affect the fibre orientation and mechanical properties of the component. Consequently, it is important
to analyse the fibre morphology experimentally, which may serve as input parameters for further
simulation studies.

The distribution of the measured lengths and widths of sisal and flax is shown in Figures 9 and 10,
respectively. There is a significant change of the length and width of sisal and flax during compounding.
The test of effect size also shows that there is a large effect of the compounding regarding the fibre
morphology of sisal and flax. For sisal, a significant difference was found for fibre length before and
after injection moulding (Figure 9 Left) and no significant difference regarding width (Figure 9 Right).
However, the test of the size effect demonstrates that there is no effect on the length as a result of
the injection moulding process. For the flax length, no significant influence of the injection moulding
process could be found (Figure 10 Left), but a significant difference regarding the width (Figure 10
Right). For flax, the median of the width is even a bit higher after injection moulding compared to the
objects in the granules. This does not mean that the fibre bundles were re-joined during the process,
more likely being an artefact that different fibres can be measured before and after injection moulding
as a result of having a new set of flax fibres with apparently thicker fibre bundles after injection
moulding. Berzin et al. (2017) also found that each fibre bundle can split and/or break differently
during the compounding process, according to its own dimensions [22].

To sum up, compounding has a large effect on fibre bundle breakage and fibre bundle splitting for
sisal and flax. During injection moulding in our experiments, sisal and flax are not damaged further.

The aspect ratio is the ratio between the length of an object to the diameter (in our case the
object width): L/D. If the fibres just break (reducing the length) during processing and do not split
(maintaining the width), the aspect ratio decreases. This is valid for glass and carbon fibres. If the
fibre bundles of natural fibres break and split, the aspect ratio does not necessarily need to decrease
during processing. For sisal and flax a significantly change of the aspect ratio could be found during
compounding and injection moulding. Regarding the effect size, compounding shows an intermediate
effect and the injection moulding no effect on the aspect ratio of sisal. Compounding shows a large
effect on the length and the width of sisal. It seems that sisal breaks more than it splits during
compounding, therefore, the aspect ratio decreases. For flax, the compounding just shows a small
effect on the aspect ratio, even though there is a significant difference in the results (Figure 11).
Flax fibre bundles break and also split into smaller fibre bundles. The aspect ratio is almost the same
before and after compounding for flax, with mean values of 26 and 28, respectively (Table 1).

Figure 9. Distribution of the length (left) and width (right) for sisal before processing (original), after
compounding (granules), and after injection moulding (plate). The results are shown as box-and-whisker
plots (whiskers with a maximum of 1.5 × IQR, outliers shown as circles). Boxplots with * represent not
normally distributed samples and different capitals represent significant differences.
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Figure 10. Distribution of the length (left) and width (right) for flax before processing (original), after
compounding (granules), and after injection moulding (plate). The results are shown as box-and-whisker
plots (whiskers with a maximum of 1.5 × IQR, outliers shown as circles). Boxplots with * represent not
normally distributed samples and different capitals represent significant differences.

Figure 11. Change of the aspect ratio for sisal (left) and flax (right): before processing (original), after
compounding (granules), and after injection moulding (plate). The results are shown as box-and-whisker
plots (whiskers with a maximum of 1.5 × IQR, outliers shown as circles). Boxplots with * represent not
normally distributed samples and different capitals represent significant differences.

Table 1. Mean, standard deviation (SD), and median of the measured fibre length thickness and aspect
ratio for flax and sisal. The analysis was done with FibreShape; n is the number of counted objects.

Flax Original Granules Plate

n 1110 2179 1275

Mean ± SD Median Mean ± SD Median Mean ± SD Median

Length in µm 1272 ± 1137 970 481 ± 376 362 438 ± 257 369
Thickness in µm 54 ± 41 37 18 ± 8 16 21 ± 8 20

Aspect ratio 26 ± 18 20 28 ± 20 21 21 ± 13 18

Sisal Original Granules Plate

n 709 2436 2468

Mean ± SD Median Mean ± SD Median Mean ± SD Median

Length in µm 3590 ± 4026 3034 647 ± 702 353 666 ± 660 388
Thickness in µm 139 ± 88 129 69 ± 82 35 68 ± 75 35

Aspect ratio 25 ± 28 17 14 ± 12 10 14 ± 12 11
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For flax fibre bundles a separation into elementary fibres was found during processing, and sisal
separates into thinner fibre bundles and just a few single fibres [53,54]. Literature values for the width
for single flax fibres ranges from 1.7 to 76 µm and, for flax fibre bundles, from 40 to 620 µm (see [4] for
a literature overview). In this study, the original flax has a mean thickness of 54 µm (Table 1) and is
reduced to 18 µm during compounding. Already thin flax bundles were split into elementary fibres.
Literature values for the width of single sisal fibres ranges from 4 to 47 µm and for sisal fibre bundles
from 9 to 460 µm (see [4] for a literature overview). In this study, the original sisal has a mean thickness
of 139 µm and is reduced during compounding to 68 µm (Table 1), which is still in the range of the
fibre bundles.

Oksman et al. (2009) and Le Moigne et al. (2011) showed a strong reduction on the flax length,
but a much higher aspect ratio for flax compared to sisal after compounding [53,54]. In the present
study the aspect ratio of flax and sisal is almost the same before processing, at 26 ± 18 and 25 ± 28,
respectively. After compounding, the aspect ratio for flax (28 ± 20) is twice as high for sisal (14 ± 12)
(Table 1). In further studies regarding the length reduction of natural fibres, the fibres were analysed
before compounding and after injection moulding, but not after compounding [55,56]. Thus, the length
reduction of the two different processing steps cannot be distinguished. For the validation of the
mechanistic model it is important to analyse the fibre length reduction after both process steps, as in
our study.

3.3. Mechanistic Model

In Figure 12 the fibre breakage results of the mechanistic model are shown for flax and sisal.
The fibre length reduction in percent is shown during injection moulding as a function of the length in
the compound, before the injection moulding process. These values range from 0%, which means the
fibre length has not changed during processing and is still the initial length, to theoretically 100% for
fully broken fibres. The results show that sisal with an average length of 2 mm before injection
moulding is reduced by 12.5% while entering the gate to an average length of 1.75 mm, whereas flax,
with an average length of 2 mm, breaks to an average length of 0.8 mm, which is a reduction of almost
60% (Figure 12). In this study, the length of the fibres/fibre bundles were analysed in the compounds.
Sisal has an average value of 647 µm and flax of 481 µm (Table 1). No further length reduction effect
could be found during injection moulding for both fibre types. The mechanistic model showed the
same results, the fibres do not break during injection moulding, if they are already reduced to 0.6 mm
(sisal) and 0.5 mm (flax) during compounding.

The different fibre types vary in their breaking behaviour. Di Giuseppe et al. (2017) performed a
study to analysis quantitatively the fibre breakage during compounding by an inner mixer for sisal,
hemp, flax, and miscanthus [37]. They determined a “breakage index” for the length the diameter
and the aspect ratio for all four fibre types. Sisal has the smallest breakage index, which means sisal
breaks less under shear stress compared to the other fibre types. In contrast, flax shows the highest
breakage index of all fibre types due to its fragile breaking behaviour [37]. Our simulation shows the
same results, with the same original length, and flax has a much higher breakage index compared to
sisal under shear stress.

The breakage behaviour is not only dependent on the fibre type, but also influenced by the
original dimensions of the fibres; as expected the longer the fibre, higher breakage occurs [37].
This experimental observation can be confirmed with our results using the micromechanical model
(Figure 12). The experimental analysis of the fibre length reduction during compounding shows
a strong influence of the original fibre length. Sisal, with an original length of 3590 µm (mean),
was reduced by 82% during compounding. Flax, with an original length of 1272 µm (mean,) was only
reduced by 62% (Table 1), even though flax has a more fragile breaking behaviour. The breakage index
is, therefore, not only dependent on the fibre type, but also on the original length.
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Figure 12. Fibre breakage results of the mechanistic model for flax and sisal. The x-axis shows
the average fibre length before the injection moulding process, before entering the gate. The y-axis
shows the percentage of the length reduction as the fibres enter the mould after the gate during
injection moulding.

The different breakage behaviour of the natural fibre does not only effect the length reduction but
also the aspect ratio. In contrast to glass and carbon fibres, not only the length, but also the thickness,
of natural fibre bundles can be changed while processing. As not only the length of sisal is reduced in
the present study by 82%, but also the thickness decreases due to shear forces during compounding,
the aspect ratio decreases by 44%. In contrast, the aspect ratio of flax even decreases slightly by 8%.
Flax does not only break, but also splits into elementary fibres [36]. The additional splitting of the
fibre bundles may have a positive effect on the mechanical properties of the compounds due to higher
aspect ratio values, because not only the length, but also the aspect ratio, is affecting the reinforcement
effect of natural fibres in the polymer [8,9].

In a further experimental study with a focus on achieving long fibres in the compound would be
important to overachieve the critical fibre length in the injection moulding component. Therefore, for each
natural fibre type the compounding process needs to be adapted. The micromechanical model can predict
the necessary fibre length in the compounds to reach the necessary fibre length in the injection-moulded
component. The micromechanical model can be used in this case as a product development tool to
realize good mechanical properties in NFC.

Additionally, further studies with the mechanistic model, including the simulation of fibre bundle
splitting, would be useful. Therefore, ambitious experimental analyses are necessary to determine
the adhesion forces between the single fibres at the middle lamella. For first steps in this direction for
flax were conducted by Charlet and Béakou (2011) [57]. The detachment forces at the middle lamella
were analysed for two single flax fibres and a numerical modelling of the flax middle lamella was
performed [57]. Including fibre splitting into the micromechanical model would be an important step
to optimize the model as a product development tool for adequate prediction of mechanical properties
in NFC due to exact determined fibre length and aspect ratio in the injection moulding component.

In addition to the prediction of the length reduction during injection moulding, the micromechanical
model is primarily used to determine fibre interaction coefficients [47–49,55]. Fibre interaction coefficients
are used in commercial simulation software programs (e.g., Moldex3D®, Cadmould®, MoldFlow®) to
predict the fibre orientation during injection moulding. The fibre interaction coefficient is unique for
each fibre-matrix combination. More information about the prediction of fibre interaction coefficients
via micromechanical model is found in [50–52,58]. In the present study, the fibre interaction coefficients
CI were analysed for 30 mass % fibres/PP for flax and sisal (Table 2). Further details can be found
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in [13,15,50]. CI is a phenomenological parameter for the fibre-fibre interaction, the higher the value,
the higher the interaction between the fibres [10]. The CI value for sisal/PP is higher compared to
flax/PP (Table 2). Sisal interacts more than the flax in the polymer melt; this is most probably because of
the fibre/fibre bundle morphology. Sisal is longer and thicker compared to flax in the granules and in
the injection moulded plates (Table 1).

Table 2. Fibre interaction coefficients CI for flax and sisal PP.

PP-Compound (30 Mass % of Fibres) CI

Flax 0.0037
Sisal 0.0059

The fibre interaction coefficient CI for sisal/PP was successfully used to determine the fibre orientation
in an injection-moulding simulation using the software Cadmould® (Simcon Kunststofftechnische Software
GmbH, Würselen, Germany). Details can be found in [13].

Further experimental studies with longer natural fibres are necessary to validate the fibre
breakage prediction with the micromechanical model. Therefore, compounds with long fibres need
to be produced, and different compounding process parameters need to be adapted, because high
screw speeds and low feed rates increase the fibre fragmentation [59]. In addition to the breakage
behaviour, it is important to analyse the possible fibre-matrix separation with long fibres in complex
and thin-walled moulds. In the present project, a thin-walled mould of a glove box cover with fine ribs
could be filled without separation between the short fibres and the matrix [15].

4. Conclusions

• The length and width were significantly reduced during the compounding process for sisal and
flax fibres. Statistically, a large effect of the compounding was found for length and width.

• The injection moulding process showed neither any effect on a further length reduction nor
further splitting for sisal and flax.

• It is important to generate long fibres/fibre bundles already in the compound to overachieve the
critical fibre length in the injection moulded component.

• The micromechanical model can be used as a product development tool to predict the necessary
object length in the granules to achieve the necessary object length in the injection moulded
component to realize good mechanical properties.

• If sisal and flax fall below a certain length during the compounding process, no further reduction of
the fibre length can be observed during injection moulding. In the present study this phenomenon
could be shown by experiments and simulations for a length of 500 µm (mean value) for flax and
600 µm (mean value) for sisal.

• Splitting during processing is a very important fact for natural fibre bundles. The reduction of the
fibre bundle width has a large influence on the aspect ratio (L/D). This phenomenon is not yet
implemented in simulation. Before it can be implemented in the simulation, ambitious experiments
are necessary to understand and measure the splitting of fibre bundles at the middle lamella.
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