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Abstract

In Part 1 and Part 2 of this series, models describing lignocellulose fiber breakage during melt
mixing process have been established. In Part 3, these models are applied to predict fiber size
when compounding composites in a twin-screw extruder. A comparison with the experimental
values of fiber dimensions in composites made under different processing conditions is
performed. Various types of fibers (flax, hemp and sisal) with different initial morphologies and
sizes were considered in order to show the generality of the approach. First, experimental
results, highlighting the main impact of processing parameters on the fiber dimensions, are
presented. A particular interest was paid on the change of fiber length, diameter and aspect ratio
(length/diameter) all along the screws. Then, it is shown how flow modeling can help to better
interpret these results and lead to a predictive approach of fiber breakage during twin-screw

extrusion, in order to optimize the compounding process.
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1. Introduction

From an industrial point of view, thermoplastic composites reinforced by short
lignocellulosic fibers are primarily prepared by compounding in co-rotating twin-screw
extruders, although there are also a few examples using single-screw extruders [1-3], Buss co-
kneaders [4], or counter-rotating twin-screw extruders [5]. Co-rotating twin-screw extrusion,
because of its flexibility and its great mixing capabilities, is particularly suitable for the
manufacturing of this type of composites [6].

The intrinsic properties of lignocellulosic fibers give them interesting reinforcement
potential which is necessary to preserve during the preparation of the composite [7]. However,
when submitted to the thermomechanical treatment, fibers undergo a decrease in both diameter
(separation of bundles into individual fibers) and length (breakage of bundles and single fibers)
[8-14]. It is therefore very important to understand how fiber dimensions evolve during the
extrusion process and how to optimise the processing conditions (screw profile, screw speed,
feed rate, and control barrel temperatures) to promote bundle separation rather than length
reduction. This is important for maintaining the highest possible length (L) and aspect ratio
(length/diameter, L/D), in order to obtain better mechanical properties.

In Part 1 [15] and Part 2 [16] of this series of papers, we have presented qualitative rheo-
optical observations of fiber breakage mechanisms and quantitative laws describing the changes
in fiber dimensions during mixing with a polypropylene matrix, respectively. In this Part 3, this
knowledge is applied to the understanding of the dimensional changes of various types of fibers
during the twin-screw extrusion process.

To limit fiber damage during compounding, a first possibility is to introduce them after the
melting of the matrix. Indeed, the melting of the polymer pellets in twin-screw extrusion
requires large energy input, leading to high local stresses and strains [17], which is very
detrimental to the dimensions of the fibers. This was clearly demonstrated by Berzin et al. [18],
Doumbia et al. [4] and Teuber et al. [19]. To avoid this problem, the fibers are usually fed
through a secondary feeder located after the melting zone. However, the correct feeding (i.e.
accurate and stable in time) of lignocellulosic fiber poses a number of technical problems.

Indeed, depending on fiber length and flexibility, they can entangle or wrap around the axes of



the feeder. This induced a number of manufacturers to develop their own feeding systems.
However, the incorporation of lignocellulosic fibers into the screw channels remains
problematic, especially for small scale extruders and when rather high percent of fiber is used in
industrial applications (typically around 30% by weight) [20]. Moreover, the problem is
aggravated by the low density of fibers and thus their significant volume. Some authors have
proposed fiber pelletizing to increase their bulk-density, but this leads to severe fiber
degradation [21]. The processing of long continuous fibers could be an alternative to feeding
problems [22, 23], but it is out of the scope of this paper.

Once the fibers are introduced, the challenge is then to disperse them homogeneously in the
matrix, while limiting their breakage. As shown in Part 1 [15] and in Part 2 [16], the breakage
mechanisms and kinetics depend on the type of fiber (botanical origin, which determines the
chemical composition and morphology), its initial dimensions (long fibers break faster) and
environment (water content, temperature) [14]. In addition to the aspects related to fiber
morphological properties, processing temperatures above fiber decomposition temperature must
be avoided. While cellulose degrades around 330-350°C, other components are more
temperature sensitive and temperatures above 200°C should be avoided, especially for long
residence times [25-28]. Such temperatures are readily reached during an extrusion process,
especially for technical polymers. This point is particularly important since, depending on the
screw profile, the maximum temperature can be reached not at the extruder end, but somewhere
inside the machine (e.g., in kneading discs), and thus can be completely “invisible” to the
operator.

The technical review outlined above shows that preparation of composites with
lignocellulosic fibers by twin-screw extrusion under conditions that respect their integrity is a
real scientific challenge, for which the contribution of modeling can be of great interest.
Therefore, in the present paper, we first present experimental observations of the dimensional
changes undergone by the fibers along the screw profile under various processing conditions.
Then, based on the flow modeling of the extrusion process, we show how the experimental
results can be interpreted and, finally, a theoretical prediction of the changes in fiber dimensions

(length L, diameter D, aspect ratio L/D) during the compounding process is developed.



2. Materials and methods
2.1 Materials

The matrix used is a high impact polypropylene (PP) for injection molding. It has a melt
index of 15 ¢g/10 min (230°C, 2.16 kg). To improve the fiber-matrix interface, maleic anhydride
grafted polypropylene (PP-g-MA) is usually employed as compatibiliser [29, 30]. In our
experiments, the ratio PP-g-MA/fiber 1/10 in weight was used, as recommended in literature [9,
31, 32].

The fibers were provided by FRD® company (Fibres Recherche Developement®, Troyes,
France). Technical flax of two different initial lengths, 4 and 12 mm, sisal of 12 mm and
technical retted hemp of 3 mm were used. The initial dimensions of these fibers are shown in
Table 1; they were measured as described in Section 2.3. This selection of fibers allows
investigation of the effects of the initial length for a given fiber (here, flax) and of the botanical
origin for a given initial length (flax and hemp for short fibers, and flax and sisal for long
fibers). The composition of the composites remained constant during the study and was fixed as
follows (in weight): 78% PP / 2% PP-g-MA / 20% fibers.

2.2 Compounding

The twin-screw extruder used is a co-rotating laboratory-scale machine (Clextral BC21,
Firminy, France), with diameter 25 mm and length 900 mm. It includes nine barrel elements
(corresponding to nine zones, numbered from 1 to 9, from hopper to screw end, see the profile
in Figure 1). In addition to screw conveying elements, it comprises a left-handed element in
zone 3 to ensure the melting of the polymer matrix and two mixing blocks in zones 6 and 8, to
disperse the fibers. The first one is constituted of five bilobal kneading discs, staggered at 90°.
The second one is more restrictive: it also includes five bilobal kneading discs, but staggered at
-45°.

The matrix (pre-blend of PP and PP-g-MA pellets) is introduced in zone 1, melted in the
left-handed element (zone 3) and the fibers are then added in zone 4. During all experiments, the
barrel temperature was kept constant at 180°C (except zone 1 at 80°C and zone 2 at 120°C) and
flow rate (2, 4 and 6 kg/h) and screw speed (100 and 200 rpm) were varied. We intentionally

limited processing at low speeds to minimize fiber breakage.



To better understand the evolution of fiber breakage along the screws, “dead-stop”
experiments were performed: once steady state conditions were reached, the feeding and screw
rotation were abruptly stopped, the barrel was cooled down and extracted, and samples were
then taken at different locations, indicated by arrows in Figure 1
2.3 Quantification of fiber dimensions

Quantifying the dimensions of lignocellulosic fibers before and after compounding may be
performed by different methods, but still remains a delicate task [34]. The results presented here
were obtained after dissolving the matrix in Decalin (decahydronaphtalene), acquiring images
with a high resolution scanner (Epson Perfection® V550) and analysis of these images with
ImageJ software. Details on the method can be found elsewhere [34]. Size distributions in
length (L), diameter (D) and aspect ratio (L/D) were then obtained. From these distributions,
average values can be calculated in different ways. In the following, we will focus on the weight
average values (subscript “w”), which give more significance to the high values of the

distribution. They are defined by:

YL Yno; 3 n,(L/D);
L-H—, p-H— @p,-E—— &
YL, ¥np, Sn(L/D),

where N is the number of classes and n; the number of fibers of length L; (or diameter D; or
aspect ratio (L/D);, respectively).
3. Experimental results: Change of the fiber dimensions along the screws
3.1 General presentation

As mentioned above, samples are collected after stopping the extruder, then cooling and
extracting the barrel. An example of results is shown in Figure 2 for the 12 mm flax fibers at 2
kg/h and 100 rpm. The position of the five sampling points is indicated here from the point of
introduction of the fibers (zone 4).

A significant reduction (more than a factor 2) of the length and diameter of the fibers is
observed as soon as they are introduced and start to be mixed with the molten matrix. This
occurs in the screw conveying elements, before the first block of kneading discs. Afterwards,

this change is more moderate, but continues until the end of the screws. Although studies of this
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type are currently very limited in the literature, similar results were recently reported by Berzin
et al. [18], EI-Sabbagh et al. [32] and Gonzélez-Sanchez and Gonzélez-Quesada [33].

As fiber length and diameter may vary independently, it is not obvious to foresee the
change in aspect ratio (L/D)w. Indeed, it can decrease but could also increase if bundles
separation is faster than breakage. Figure 3 shows that, despite the very rapid decrease in the
diameter observed since the introduction of the fibers of flax 12 mm (Figure 2b), there is a
regular decrease of the aspect ratio, indicating that breakage in length remains dominant
compared to the bundles separation. All measured parameters (Lw, Dw and (L/D)w) seem to tend
towards a limiting value at the end of the extruder, indicating a minimum size below which no
decrease is possible under the chosen processing conditions. As it can be seen in Figures S1 to
S3 in Supplementary Data, similar results were obtained with the other fibers, with some
exceptions that will be commented further.

3.2 Influence of screw speed

The effect of screw speed on changes in length and diameter along the screws for the retted
hemp fibers is shown in Figure 4. If an increase in speed leads to lower final values, the change
along the screws is not always easy to interpret. Indeed, for the same axial position, the sample
may be subjected to higher stresses, but with shorter residence times. The need for a theoretical
model to follow the thermomechanical history undergone by the fibers appears thus clearly.
Anyway, the effect of screw speed on final length corresponds to the findings in literature,
regardless of the nature of the fibers or the mixing process: co-rotating twin-screw extruder [24,
32], counter-rotating twin-screw extruder [35], or internal mixer [19, 36, 37]. Screw speed has a
similar influence on the diameter of the bundles (Figure 4b). From the initial 155 um for the
retted hemp, it falls to around 110 and 90 um for 100 and 200 rpm, respectively. This clearly
involves bundles partial separation, but it is still incomplete since the diameter of the individual
fiber is not reached (from 10 to 20 um approximately). This reduction in diameter with the
increase in screw speed is also in agreement with the results of the literature [10, 38, 39].
Similar trends were obtained with the other fibers (flax and sisal). Final fiber dimensions are

indicated in Table 2 for all processing conditions tested.



3.3 Influence of feed rate

For the same fiber (3 mm retted hemp), the effect of varying feed rate at constant screw
speed (200 rpm) is shown in Figure 5. Here also, the change along the screws is complex and it
is difficult to understand the role of a particular type of screw element. Depending on its
location along the profile and processing conditions, a conveying element may cause more
breakage or separation than a mixing element. We can see once again that it is the
thermomechanical history undergone by the fiber from its introduction into the extruder that is
to follow and assess. Concerning the fiber length, the final value is higher at higher feed rate.
This can be explained by a shorter residence time in the mixing zones at a similar stress level
and has already been reported in the literature for lignocellulosic fibers [24], but also for glass
fibers [40]. The same interpretation applies to changes in length with mixing time in an internal
mixer [37, 38].

The variation of diameter is rarely reported in the literature. Figure 5b shows weak
influence of feed rate, with large uncertainty in the experimental values due to the difficulty of
measuring such parameter [34]. Anyway, the largest final diameter is also obtained for the
highest feed rate, i.e. the shortest residence time in the mixing zones.

Similar results were obtained for the other fibers (see Table 2).

All these experimental results show the necessity to better interpret the changes along the
screws by estimating the local flow parameters, as temperature, shear rate, shear stress,
residence time, strain, etc. For this, the flow modeling appears inevitable.

4. Theoretical approach and modeling
4.1 Flow calculation along the screws

To calculate the flow parameters along the screws, we use the Ludovic® software
developed about twenty years ago by CEMEF (MINES ParisTech) and INRA [41] and
marketed by SCC company (Sciences Computers Consultants, Saint Etienne, France). It is a 1D
model based on continuum mechanics, which solves the Stokes equations within the framework
of simplified geometry and kinematics, to simulate the whole extrusion process, from the
introduction of solid polymer pellets in the hopper to the die exit. This software has been

extensively validated by both experimental approaches [42] and comparisons with more



elaborated 3D models [43]. It has already been successfully used to predict the breakage of glass
fibers during compounding operations [40, 44, 45] and was also used by Berzin et al. [18] for a
first approach of the breakage of lignocellulosic fibers.

Ludovic® will be used to estimate the parameters which control the changes of the fiber
dimensions. In the literature, cumulative strain and specific mechanical energy (SME) have
been proposed to explain the breakage of lignocellulosic fibers [24, 46]. However, it has been
shown in Part 2 of this series of publications [16] that the cumulative strain is the adequate
parameter to quantify fiber breakage. Therefore, we will focus uniquely on this parameter. Local
strain is the product of the local shear rate by the corresponding local residence time. It is then
cumulated from the introduction of the fibers to the considered sampling point.

To carry out the simulation, it is necessary to know the rheological behaviors of the matrix
and of the composite. Figure 6 shows an example of complex viscosity curves measured for the
matrix (PP/PP-g-MA) and for the composite with 12 mm flax fibers. The matrix follows the
classical behavior of a thermoplastic polymer, described by a Carreau-Yasuda law, while the
composite has a much higher viscosity (a factor ten at low frequency), with a power-law
behavior. These results are typical for composites based on lignocellulosic fibers [4, 24, 31, 47,
48]. The viscosity of the composite depends essentially on the fiber content and, at the same
fiber content, on the flexibility of the fibers, i.e. their aspect ratio and their elastic modulus. For
the fibers tested here, the viscosities of the different composites were very close.

For the simulations with Ludovic® software, the viscous behavior of the matrix (Carreau-
Yasuda law) is used between the hopper and the point of introduction of the fibers, and that of
the composite (power law) further. In order to validate the simulations, the values of final
temperature and SME measured on the laboratory extruder (using a thermocouple at the die exit
and from the motor torque, respectively) were compared to those calculated by Ludovic®
software, both for the single matrix and the composite with 3 mm hemp fibers (Figure 7). The
agreement is very satisfactory and allows the use of simulation with confidence for the

interpretation of the experimental results.



4.2 Change of fibers dimensions along the screws

First, r the case of the 4 mm flax fibers extruded at different feed rates (2, 4 and 6 kg/h) and
screw speeds (100 to 200 rpm) is considered. If the values of weight average length measured
for the various conditions and the different sampling locations are plotted as a function of the
calculated cumulative strain (Figure 8), a master curve is obtained, similar to the case when
composites were prepared with the internal mixer [16]. Of course, there is some data dispersion,
which is essentially related to the difficulty of accurately measuring the fiber dimensions [34,
49], but this representation confirms that the change in length can be described by an
exponential law, as it was originally proposed for glass fibers [40, 50] and later on for

lignocellulosic fibers [18, 24]:
L, =L, +(L —L,)exp(-k, I )
where Lo is the initial fiber length, L., is its ultimate length, I is the cumulative strain and k_ is

a constant, quantifying breakage kinetics. In the case of 4 mm flax fibers, we got a good fit of

the experimental data with: Lo =4 mm, L., = 1.2 mm and kLr =1.1x10%

This approach can be applied in the same way to the changes in weight average diameter.
Figure 9 shows that here also the experimental data fall on a single curve, described by the same
type of law:

D, =D, +(D, - D,)exp(-k; T @)
where Dg is the initial fiber diameter, D, is its ultimate diameter, and kDr is a constant
quantifying breakage kinetics. We obtained here Do = 242 um, D.. = 100 um, kDr =2.8x103

These results show that the separation of the bundles is faster than fiber breakage in length
(higher value of the kinetic constant), but it does not lead to a full separation into the elementary
fibers as the final diameter is about 100 um.

If we now consider the aspect ratio (L/D)w, we see in Figure 10 that its dependence on
cumulative strain is non-monotonous and thus cannot be described by a single exponential law.

This non-monotonous evolution was globally observed for the various fibers we tested (see



Figure S4 in Supplementary Data). This is due to the fact that the kinetics of fiber length and
diameter changes are not the same.

Moreover, each bundle can break and/or split differently at the same location along the
extruder, according to its own dimensions. It is therefore the overall size distributions (both in
length and in diameter), and not only average values, that should be followed at any moment
during the process. It was done in the case of glass fibers [44], but this case is much simpler
because only the length varies and breakage mechanisms are well established. For
lignocellulosic fibers of various origins, it was shown using rheo-optics that they break
according to different mechanisms [15]. In addition, the kinetics of fiber breakage depends on
fiber initial dimensions and ‘“pre-treatment”: for example, bundles of retted fibers were
separated faster than non-retted ones [16]. Today, in absence of an accurate mechanistic model
of lignocellulosic fibers breakage, we remain limited to the prediction of average values of
lengths and diameters.

4.3 Influence of initial fiber morphology and botanical origin

The approach described above can be applied to define the influence of the initial length of
the fibers and of their botanical origin. Figure 11 shows the change of length of flax fibers with
initial length of 4 and 12 mm. It appears that the long fibers break and separate faster, but they
globally result in higher lengths and smaller diameters, i.e. higher aspect ratios. At high strain
(above 2000), a large uncertainty is observed for the long fibers. However, it is clear that, at a
fixed strain, flax 12 mm is always longer than flax 3 mm. Similar results were also reported by
Quinjano-Solis et al. [25], Ausias et al. [1] and Muthuraj et al. [51]. It confirms the interest to
use preferentially longer fibers, although their dimensions are greatly reduced during the
process.

If now fibers with similar initial length (3.3 and 4 mm) but of different origin (retted hemp
and flax) are compared, we see in Figure 12 that the mechanisms of separation and breakage are
very different. Hemp breaks much more rapidly than flax, but both reach the same final length
values, around 1.2 mm, after a strain of 3000. In contrast, flax fibers separate quickly, starting
with higher initial diameter values (242 pum and 155 pm for flax and hemp, respectively), but

the two fibers again reach similar diameter values (100-110 pm) at large strain.
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Let us now consider flax and sisal fibers with the initial length of 12 mm (Figure 13). It is
found that the behaviors are also very different: while flax breaks and separates into thinner
bundles rapidly, sisal breaks less and practically does not separate, even at very high strain. This
explains why the change of aspect ratio (L/D)w with cumulative strain is more regular with sisal
(see Figure S4c in Supplementary Data). This impact of the botanical origin is essentially due to
differences in composition (cellulose, lignin, etc.) and fiber morphology, involving different
flexibilities and breakage mechanisms, as explained in Part 1 of this series [15].

If, as mentioned above, the cumulative strain does not allow to always correctly interpret
the evolution of the aspect ratio (L/D)w, it permits, however, an overall comparison between
fibers for different processing conditions (see Figure S4 in Supplementary Data). For example,
whatever the processing conditions, even for large strain, the 4 mm flax fibers have always a
greater aspect ratio than the 3 mm hemp ones. Similarly, 12 mm flax fibers have globally better
aspect ratios than 12 mm sisal fibers. Finally, 12 mm flax fibers are often better than those of 4
mm flax. If looking for fiber high aspect ratios in composites, it will thus be advantageous to
choose i) flax fibers over another type, ii) to prefer initially long fibers and iii) to remain in low
strain conditions during the process (ideally, less than 1000).

4.4 Computation of fiber dimensions changes along the screws

We will now show how the previous results can be used to define a semi-predictive model
of the change of the dimensions of lignocellulosic fibers during compounding, which can then
be used for optimization or scale-up (extrapolation from a laboratory scale to an industrial one).

To develop such a model, it is necessary to couple a twin-screw flow modeling software
(here, Ludovic® software) with the evolution laws for lengths and diameters. Egs. (2) and (3),
which reflect these changes as a function of cumulative strain, will be used. Of course, any other
type of law could be used, provided it defines trends based on a process parameter which can be
calculated by Ludovic® software (SME, for example).

First, the variation of thermomechanical parameters along the screws is calculated. For
example, Figure 14a shows the variation of the cumulative strain along the screw profile. Strain
significantly increases in the melting zone and, after the introduction of the fibers, in the two

mixing zones. Then, from these data, the evolution of the selected parameter can be calculated
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(for example, the weight average length Ly for 4 mm flax), using the corresponding equation
(here, EQ. (2)). The result is shown in Figure 14b. We observe a rapid decrease of fiber length
along the conveying zones from the introduction of the fibers, with pronounced “jumps” during
the flow in each mixing zone.

Figure 15 compares, for the 4 mm flax fibers, size changes calculated by the model with
the experimental points, for both weight average lengths and diameters. We observe that,
despite some inevitable differences, the model correctly reflects the experimental size changes.
This satisfactory agreement between the model and experiment is also observed for the other
fibers and the other processing conditions. Some examples are shown in Figures S5 to S8 in
Supplementary Data. This approach can thus be used in a predictive manner to optimize screw
profile and processing conditions, and to solve the difficult problems of scale-up.

5. Conclusions

When submitted to a thermomechanical treatment, lignocellulosic fibers are subjected to
both a reduction of their diameter by separation of the bundles and a reduction in their length by
breakage. These changes are closely related to processing conditions: screw profile, barrel
temperature, screw speed, feed rate. They also differ depending on the botanical origin of the
fiber and on its initial dimensions. However, size changes can be generally described by
exponential laws, which are based on the cumulative strain undergone by the fiber. Using
thermomechanical modeling of the twin-screw extrusion process, it is then possible to calculate
the variations of length and diameter during the compounding process. This model, once
validated, may lead to an understanding of what happens during compounding, to an
optimization of the processing conditions and possibly the screw profile for a given fiber size,
and also to a solution of the problems of scale-up, i.e. the extrapolation of the processing
conditions of an industrial machine from those of a laboratory extruder.
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Figure captions

Figure 1. Scheme of the laboratory scale twin-screw extruder (Clextral BC21). Restrictive zones
are in grey. Arrows indicate sampling locations.

Figure 2. Changes in length (a) and diameter (b) of 12 mm flax fibers along the screws (2 kg/h,
100 rpm). Lines are just to guide the eyes.

Figure 3. Changes in aspect ratio of 12 mm flax fibers along the screws (2 kg/h, 100 rpm). Lines

are just to guide the eyes.

Figure 4. Changes in length (a) and diameter (b) of 3 mm retted hemp fibers along the screws
for two screw speeds (filled circles: 100 rpm, open circles: 200 rpm, 6 kg/h). Lines are just to

guide the eyes.

Figure 5. Changes in length (a) and diameter (b) of 3 mm retted hemp fibers along the screws
for three feed rates (filled circles: 2 kg/h, open circles: 4 kg/h, filled squares: 6 kg/h, 200 rpm).

Lines are just to guide the eyes.

Figure 6. Complex viscosity curves for the matrix and the composite with 12 mm flax fibers
(200 °C).

Figure 7. Comparison between experimental and calculated values for (a) final temperature and
(b) specific mechanical energy (SME) (filled circles: matrix, open circles: composite with 3 mm
hemp fibers).

Figure 8. Changes in length of 4 mm flax fibers as function of cumulative strain. Symbols are

experimental points, the full line is a fit using Eq. (2).

Figure 9. Changes in diameter of 4 mm flax fibers as function of cumulative strain. Symbols are

experimental points, the full line is a fit using Eq. (3).
Figure 10. Changes in aspect ratio of 4 mm flax fibers as function of cumulative strain.

Figure 11. Changes in (a) length and (b) diameter of flax fibers of initial length 4 mm (open
circles) and 12 mm (filed circles) as function of cumulative strain. Symbols are experimental

points, the full lines are fits using Egs. (2) and (3).

Figure 12. Changes in (a) length and (b) diameter of flax (open circles) and hemp (filled circles)
fibers of initial length close to 4 mm as function of cumulative strain. Symbols are experimental

points, the full lines are fits using Egs. (2) and (3).
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Figure 13. Changes in (a) length and (b) diameter of flax (open circles) and sisal (filled circles)
fibers of initial length close to 12 mm as function of cumulative strain. Symbols are

experimental points, the full lines are fits using Egs. (2) and (3).

Figure 14. Evolutions of calculated (a) cumulative strain and (b) average diameter of 4 mm flax

fibers along the screws (6 kg/h, 200 tr/min).

Figure 15. Changes in (a) length and (b) diameter of 4 mm flax fibers along the screws (6 kg/h,

200 rpm). Comparison between theoretical model (lines) and experiments (symbols).
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Table 1. Weight average values of length, diameter and aspect ratio of the initial fibers.

Average length Average diameter Average aspect ratio
Lw (Mmm) Dw (um) (L/D)w (+)
Hemp 3 mm 3.3 155 20.2
Flax 4 mm 4.0 242 18.8
Flax 12 mm 12.0 248 41.9
Sisal 12 mm 12.3 280 40.1

Table 2. Weight average values of length, diameter and aspect ratio of the fibers in the

composites after compounding.

Average Average Average
Fiber type Scri:/;;p))eed Fiig /Le;te length Ly, diameter Dy aspect ratio
(mm) (Hm) (L/D)w ()
Hemp 3 mm 100 2 1.13 94 9.2
100 4 1.32 76 11.3
100 6 1.66 112 10.9
200 6 1.39 89 11.7
Flax 4 mm 100 2 1.29 95 13.3
100 4 1.54 100 17.8
100 6 2.32 114 20.5
Flax 12 mm 100 2 1.67 67 15.7
100 4 4.22 76 44.2
100 6 4.81 86 311
200 6 4.29 84 29.1
Sisal 12 mm 100 2 4.91 269 14.3
200 2 3.70 225 13.8
100 4 3.20 218 10.3
200 4 4.10 246 13.9
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Figure 1. Scheme of the laboratory scale twin-screw extruder (Clextral BC21).

Restrictive zones are in grey. Arrows indicate sampling locations.
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Figure 2. Changes in length (a) and diameter (b) of 12 mm flax fibers along the screws

(2 kg/h, 100 rpm). Lines are just to guide the eyes.
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Figure 4. Changes in length (a) and diameter (b) of 3 mm retted hemp fibers along the
screws for two screw speeds (filled circles: 100 rpm, open circles: 200 rpm) at 6 kg/h.

Lines are just to guide the eyes.
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Figure 8. Changes in length of 4 mm flax fibers as a function of cumulative strain.

Symbols are experimental points, the line is a fit using Eqg. (2).
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Figure 9. Changes in diameter of 4 mm flax fibers as function of cumulative strain.

Symbols are experimental points, the line is a fit using Eqg. (3).
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Figure 13. Changes in (a) length and (b) diameter of flax (open circles) and sisal (filled
circles) fibers of initial length close to 12 mm as a function of cumulative strain.

Symbols are experimental points, the lines are fits using Egs. (2) and (3).
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Figure 14. Evolutions of calculated (a) cumulative strain and (b) average length of 4
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(6 kg/h, 200 rpm). Comparison between theoretical model (lines) and experiments
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