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The present study investigates the influence of surface fibrillation of lyocell fibres on the adhesion and resulting
properties of short fibre-reinforced polypropylene (PP) and polylactide (PLA) composites. Fibrillation was shown
to reduce the tensile strength and elongation at break of the fibres, while not affecting Young’s modulus. It was
demonstrated that fibrillation improved adhesion significantly compared to non-fibrillated (untreated) fibres,
and the critical fibre length determined by microbond tests was reduced. Despite the reduced tensile strength of
the fibrillated lyocell fibres, the tensile strength of the composites was increased by a factor of 1.15 for PP and
1.62 for PLA compared to composites produced with untreated fibres. The Young’s modulus of the composites
was increased using fibrillated fibres by a factor of 1.41 for PP and 1.20 for PLA. The impact strength was also
improved by using fibrillated fibres by a factor of 1.38 for PP-based and 1.23 for PLA-based composites. Surface
fibrillation of lyocell offers interesting application possibilities, particularly for short fibre-reinforced materials,
as the higher specific fibre surface reduces the critical fibre length of lyocell, leading to improved stress transfer
from the matrix to the fibre. These fibres seem particularly promising to enhance the mechanical properties of
short-fibre reinforced composites for 3D printing applications.

1. Introduction

The use of regenerated cellulose fibres in composite applications,
especially lyocell fibres, is not new. The fibres are particularly charac-
terised by their high toughness compared to, e.g., vegetable bast fibres
[1-3]. Lyocell fibres are produced in a so-called NMMO process [4,5]
and can be combined with different matrices like conventional [6,7] or
bio-based resins [8-10], thermoplastic polymers like polyethene (PE)
[11], polypropylene (PP) [12-17], maleic anhydride grafted poly-
propylene (MAPP) [13,18] or biobased thermoplastics like polylactide
(PLA) [2,19-24], polyhydroxybutyrate (PHB) [25], polyvinylalcohol
(PVA) [17] or cellulose acetate butyrate (CAB) [26,27]. The composites’
reinforcing lyocell fibres can be used in the form of short fibres [6,
11-13,18,20,21,25,26,28], non-wovens like needle felts or carded webs
[2,8,9,21], fabrics [10,22,23] or rovings [7,15,26,27]. Various studies
deal, for example, with the effects of different fibre proportions [6,8,11,
20-22,26,27], fibre lengths [21], fibre finenesses [21,29] or fibre ori-
entations [15] on the composite’s mechanical properties.

Improving the adhesion between the usually hydrophobic matrix,
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like PP, and the hydrophilic fibre is often a major issue. MAPP [13,18,
30] is mainly used as an adhesion promoter for polyolefin matrices such
as PP. However, there are also possibilities to modify the fibre surface, e.
g., by plasma [23,31], enzymes [32], ultrasound [33-35] or chemical
treatment methods like alkali or silane treatments [36]. One method to
significantly increase the specific surface area of lyocell fibre, thereby
increasing the bonding area between the matrix and the fibre, is through
fibrillation. This process is a typical occurrence in the production of
cellulosic fibres. Moriam et al. [37] describe the process of fibrillation as
follows. Lyocell fibres consist of highly orientated nanofibrils aligned
parallel to the fibre axis [38-40]. Fibrillation processes result in mi-
crofibrils on the fibre surface which are formed by wet abrasion
breaking the lateral cohesion of the crystals [41-43]. The effect is
intensified when the fibres are swollen, for example, in alkaline solu-
tions, and when abrasive forces act [44,45]. Fibres with high crystalline
orientation and weaker lateral connections between the crystallites
[46], like lyocell, have a strong tendency to fibrillate due to wet abrasion
[47], while other regenerated cellulose fibres with low orientation, like
viscose, show practically no tendency to fibrillate [41]. In addition,
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lyocell fibres have a high tendency for fibrillation because of the few
lateral intermolecular forces between separate elementary fibrils, owing
to their rather isolated and intact cellulose crystallites [37], and their
high alkaline affinity and excellent water retention capacity [45]. Dur-
ing fibrillation, the external crystalline part of the fibres breaks and peels
off lengthwise from the fibres [46]. This leads to a partial detachment of
the fibrils from the fibre, resulting in a "hairy’ appearance.

The influence of various factors such as alkali treatment, tempera-
ture, additive polymers or crosslinking compounds, on the fibrillation of
lyocell fibres has been extensively researched [43,48-52]. Except for
specific finishing effects such as silk touch, soft denim, and peach skin
surface, fibrillation poses challenges in the textile industry due to the
increased processing difficulty [49] and often causing a serious problem
of ’piling’ [46,53]. Moreover, the fibres lose their good wash and wear
properties [54]. Research is being done to control and prevent the
fibrillation of lyocell fibres [4,5,54].

Besides the disadvantages caused by the fibrillation of lyocell in the
textile industry, there are also advantages. For example, strong paper
can be made from lyocell. Fibrillation of the fibres results in higher
strength compared to conventional paper. The higher the degree of
fibrillation (measured as the fibrillation index [42]), the stronger the
paper. Lyocell paper is held together purely by hydrogen bonds between
the fibrils [55]. Microfibrillated cellulose (MFC) made from lyocell also
has a positive effect on filter properties, reducing the resistance to
airflow [56]. Siré et al. [57] provide an overview of MFCs made of wood
pulp and natural fibres with the corresponding mechanical properties.
The authors report that MFC improves the mechanical properties of
polymers, like strength and modulus, more efficiently than in common
composites. Other authors also report that surface fibrillation of wood
pulp and natural fibres improves the composite’s mechanical properties
[58-60]. Fibrillation increases the interface between the fibre and the
matrix, thereby improving mechanical interlocking [36,61].

Although the improvement in the mechanical properties of com-
posites through the production of MFC has been frequently reported in
the field of natural fibres, and the fibrillation susceptibility of lyocell
fibres is well known, there are relatively few applications of fibrillated
lyocell fibres in composites. Two fundamental studies [17,62] indicate
the possible use of fibrillated lyocell in composites. Karlsson et al. were
able to achieve improved adhesion in a low-density polyethene (LDPE)
matrix by fibrillating lyocell fibres, which led to a mechanical inter-
locking of the microfibrils within the matrix [62]. Cheng et al. prepared
composites with short untreated and fibrillated lyocell fibres with a
random fibre orientation and a maximum fibre mass fraction of 10% in a
PP and a PVA matrix. It was shown that the fibrillated fibres resulted in
higher strengths and Young’s moduli in both matrices [17].

The literature review shows that the effect of lyocell fibrillation is not
new and has been extensively studied in the textile industry, with
methods being developed to prevent it. Nonetheless, there appears to be
a limited number of studies using fibrillated lyocell fibres in composites.
We expect that the fibrillation of the lyocell fibres will enable the
resulting micro- and nanofibrils to anchor themselves within the matrix,
similar to a plant root system embedded in the soil. It is expected that the
fibre/matrix adhesion and, consequently, the mechanical properties of
composites can be significantly improved in this way. The purpose of
this study is to investigate the influence of surface fibrillation of lyocell
fibres on fibre/matrix adhesion and the resulting composite properties
at a fibre volume fraction of 30%. In a previous study [63], it was shown
that improved adhesion of lyocell in a PLA matrix affects especially short
fibre-reinforced materials. Therefore, in the present study, composites
with short fibre reinforcement and random fibre orientation in combi-
nation with a PLA and PP matrix were produced by compression
moulding. We investigated PLA, a matrix with a higher polarity and
better adhesion to cellulose, and PP, a non-polar matrix with lower
adhesion to cellulose fibres. These composites were then assessed con-
cerning their fibre/matrix adhesion and mechanical properties. The in-
fluence of fibrillation was investigated in terms of its effectiveness in
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improving the fibre/matrix adhesion compared to other (conventional)
adhesion promoters. It is assumed that the composite properties
mentioned can be significantly improved by using fibrillated fibres
compared to composites produced from untreated fibres.

2. Materials & methods
2.1. Materials

The lyocell fibres used are 35.7 um in diameter, have a fineness of
15.0 dtex, a cut length of 90 mm (staple fibres) and a density of 1.5 g/
cm®. The fibres were supplied by Lenzing AG (Lenzing, Austria). Rela-
tively coarse lyocell fibres were chosen for better manageability of the
microbond tests, which are conducted to determine the fibre/matrix
adhesion. As matrices, polylactide (PLA) and polypropylene (PP) were
used in fibre form to prepare microbond test specimens and composites.
(i) SLN 2660 D PLA Ingeo fibres type (Eastern Textile Ltd., Taipei,
Taiwan) with a fibre fineness of 6.0 dtex and a staple fibre length of 64
mm. Fibres were produced from a NatureWorks™ PLA (density: 1.24 g/
cm?®, melting temperature: 160 - 170 °C, glass transition temperature: 60
— 65 °Q). (ii) PP fibres (lot no. PP-N08) with a diameter of approx. 35 um
without adhesion promoters and a melting temperature of 165 °C were
obtained from Nafgo GmbH (Dotlingen-Neerstedt, Germany).

2.2. Fibrillation

The fibrillation of the lyocell fibres was carried out in an ultrasonic
bath (Emmi-H22, EMAG AG, Morfelden-Walldorf, Germany) with a
volume of 2.2 L, a working quantity of 1.4 L, an operating frequency of
40 kHz and an ultrasonic power of 120 W. First, 10 g of the fibres were
placed in the ultrasonic bath with demineralised water for 30 min. Af-
terwards, the water was removed by draining the fibres on cellulose
paper towels for 5 min and then soaked in isohexane (Rotisolv(R) >
98%, Pestylise(R), Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for
60 min in the ultrasonic bath (temperature ranged between 28 and
47 °QC). This step was followed by a further draining step on cellulose
paper towels for 5 min before the fibres were placed in acetone (>
99.5%, for synthesis, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in
the ultrasonic bath for 60 min (temperature varied between 35 and
40 °Q). In a final step, the fibres were placed in demineralised water in
the ultrasonic bath for further 15 min. After completing the experiment,
the fibres were air-dried for a few days. The process was carried out
about 10 times to obtain enough fibres to produce the composite
materials.

2.3. Fibre fineness

The image analysis was carried out with the Fibreshape software
version 5.1.1 (Innovative Sintering Technologies Ltd., Vilters,
Switzerland) to measure the fibre widths. Prior to the measurements, the
fibres were conditioned in a climatic test chamber (type VCL 4003,
Votsch Industrietechnik GmbH, Lindenstruth, Germany) for at least 24
h, following the DIN EN ISO 139 standard [64], at 20 °C and 65%
relative humidity. For untreated and fibrillated fibres, 3 slide frames
each (Gepe Produkte AG, Zug, Switzerland) were prepared and scanned
with a slide scanner (CanoScan FS 4000US, Canon Deutschland GmbH,
Krefeld, Germany) in transmitted light mode with a resolution of 4000
dpi. The fibre width was evaluated with a corresponding measurement
mask for long fibres in the Fibreshape software. A total of 1616 fibre
sections of the untreated lyocell fibres and 3827 sections of the fibril-
lated fibres were measured.

2.4. Fibre tensile tests

In order to check the influence of fibrillation on the mechanical
properties of the lyocell fibres, tensile tests were carried out on single
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fibres. Fibres were conditioned according to DIN EN ISO 139 before
characterisation [64]. Fibre tensile properties were analysed using a
Fafegraph M testing machine (Textechno, Monchengladbach, Germany)
equipped with a pneumatic clamping system (PVC clamps) and a 100 cN
load cell. Sixty fibres of untreated and fibrillated fibres were investi-
gated at a gauge length of 20 mm and a test speed of 10 mm/min
(nominal strain rate of 50%). Young’s modulus was determined indi-
vidually for each fibre in the linear elastic region of the stress-strain
curve. The testing machine has a certain compliance that affects the
initial linear-elastic slope and thus leads to an underestimation of the
Youngs modulus. Therefore, the compliance of the machine was deter-
mined with razor blades made of steel at different clamping lengths. It
was assumed that theoretically a steel razor blade would not be
deformed when a force of up to 4 N is applied. Using the difference
between the measured strain and the theoretical strain (0%), internal
correction factors were determined and applied to the calculation of the
Young’s modulus.

2.5. Microbond tests

For the preparation of the microbond samples, the (fibrillated) lyo-
cell fibres were placed on an aluminium frame made of perforated
aluminium sheet metal and fixed with adhesive tape, as shown in Fig. 1
(step 1). For the preparation of PLA-based microbond samples, two to
three PLA fibres (fibre diameter of 24 um) were twisted and knotted
around a single lyocell fibre. When using PP as a matrix, one PP fibre
(diameter ~ 35 pm) was knotted around a single lyocell fibre, and the
protruding polymer fibre ends were cut off (Fig. 1, step 2). The
aluminium frames with the prepared microbond samples were then
placed in an oven (Universalschrank UN 450, Memmert GmbH + Co.KG,
Schwabach, Germany) at 185 °C for 5 min (Fig. 1, step 3) so that the
matrix melted and a matrix droplet formed around the fibre (Fig. 1, step
4). After removal from the furnace, the aluminium frames were carefully
rotated around the longitudinal axis at room temperature to form a
matrix droplet that was as uniform as possible. After cooling, the
microbond samples can be carefully removed from the aluminium
frames and the embedding length of the fibre in the polymer matrix
(compare Fig. 2A) was measured using a light microscope (type MPO-
401, Bresser GmbH, Rhede, Germany).

Before testing, the microbond samples (Fig. 2A) were conditioned
according to DIN EN ISO 291 at 23 °C and 50% relative humidity [65].
The specimens were tested on a self-developed test device (see scheme in
Fig. 2B) for a Zwick/Roell Z020 universal testing machine (Zwick/Roell
GmbH, Ulm, Germany) using a 5 N load cell. The free gauge length
between the lower clamps and shear blades was 5 mm, and the test speed

Polymer fibre Cut off overhanging
fibre ends

Adhesive tape

Fibre

Aluminium sheet metal
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was set to 1 mm/min. The IFSS 7 was evaluated according to Eq. (1) [66]

by dividing the maximum pull-out force Fpg in N by the fibre’s

embedded surface area (df*7*lep) in mm? with the fibre diameter drand

the embedded fibre length lg.
me‘(

- dymlep

@

When the fibre tensile strength ofin MPa is known, the critical fibre
length L. can also be calculated according to Eq. (2) [66].
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A total of 38 and 26 valid readings were obtained for untreated and
fibrillated lyocell fibres in PLA, respectively. The results of 21 and 18
measurements for untreated and fibrillated fibres were evaluated for PP-
based specimens.

2.6. Scanning electron microscopy (SEM)

Fibres and composite fracture surfaces were investigated with a JSM
6510 scanning electron microscope (Jeol, Eching, Germany) operating
with secondary electrons. Prior to SEM investigations, the samples were
sputtered with a gold layer for 90 s under a current of 56 mA by means of
a Bal-Tec sputter coater type SCD 005 (Bal-Tec, Liechtenstein).

2.7. Composite production

In the first step, hybrid multilayer webs were produced by a carding
process. For this purpose, either the untreated or the fibrillated lyocell
fibres were mixed with the PLA or PP fibres using a manual roller card
(Standard 46 tpi, size 78 x 19 cm?, Louét, Lochem, The Netherlands;
Fig. 3, step 1). The lyocell fibre volume fraction was set to 30% (in
relation to the dry mass). During carding, fibres were orientated pre-
dominantly in the longitudinal direction. The multilayer webs were cut
to a size of approx. 200 x 200 mm? (Fig. 3, step 2), dried for 18 h in an
oven at 60 °C (Universalschrank UN 450, Memmert GmbH + Co0.KG,
Schwabach, Germany) and pressed in a hot press (LaboPress P200S,
Vogt Labormaschinen GmbH, Berlin, Germany) using 1 mm thick
spacers for 2 min at a temperature of 185 °C and a pressure of 15 bar
(Fig. 3, step 3) into composite plates (Fig. 3, step 4). The 1 mm thick
sheets were shredded (shredder type EBA 2326C, Krug & Priester GmbH
& Co. KG, Balingen, Germany), producing granules with a size of approx.
4 x 8 x 1 mm? (Fig. 3, step 5). The granules with a PLA matrix display
smaller sizes compared to the PP-based granules (see Fig. 4) due to the
brittle material behaviour of PLA. In order to ensure a higher

Microbond

/ specimen

|

Polymer
droplet

—>
/—7/”
(4)

z o
SS; i 185°C Cooling at room temperature

Melting polymer fibres

Fig. 1. For the preparation of microbond samples, untreated or fibrillated lyocell fibres are first placed over an aluminium frame and fixed at the ends with adhesive
tape (1); for PLA two to three, and for PP, one polymer fibre was knotted around the lyocell fibre and the protruding ends are cut off (2); the aluminium frame with
the prepared samples is heated to 185 °C in an oven for 5 min, whereby the polymer fibres melt (3). The aluminium frame is then cooled at room temperature,

forming polymer droplets on the lyocell fibres (4).
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(B) Magnification glass

Microbond specimen
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Lower clamp (slit width)

5 N load cell

Fig. 2. Prepared microbond test specimen (A) and testing apparatus to determine the interfacial shear strength (IFSS).
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(Lyocell & polymer
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Lyocell fibres Polymer fibres
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N
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Fig. 3. A mixture of either untreated or fibrillated lyocell fibres (1) was processed into multilayer webs by carding (2), which were cut into required dimensions (3);
the hybrid multilayer webs were processed by compression moulding (3) into composite plates (4) which were shredded into granules (5) and pressed (6) into
composite plates (7) and shredded (8) a second time; granules were pressed (9) into composite plates (10) and cut with a band saw (11) to the required test specimen

dimensions (12).
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Fig. 4. Lyocell/PP granules (A) and lyocell/PLA granules (B) (granules with a size of approx. 4x8x1 mm?).

homogeneity of the random fibre-orientated composites, the granules
were pressed (Fig. 3, step 6) a second time into 1 mm thick sheets (Fig. 3,
step 7) and shredded into granules (Fig. 3, step 8) using the process
parameters described above. Afterwards, granulates were pressed into
composite plates for 5 min at 185 °C and a pressure of 15 bar using 2 mm
thick spacers (Fig. 3, steps 9-10) and cooled in the press at a pressure of
15 bar to 60 °C. After cooling to room temperature, the composite plates
were then cut using a band saw (Fig. 3, step 11) to the required di-
mensions for tensile and impact tests (Fig. 3, step 12).

2.8. Composite tests

The composites were tested at 21-23 °C and relative humidity of
50-55% according to the DIN EN ISO 291 standard [65].

Tensile tests were carried out with a universal testing machine type
Zwick Z 020 (Zwick/Roell GmbH, Ulm, Germany) equipped with a 20
kN load cell and a pneumatic clamping system (clamping pressure: 1 - 2
bar) at a crosshead speed of 2 mm/min and a gauge length of 125 mm.
Six specimens were tested per sample variety. In deviation from the DIN
EN ISO 527-2 standard [67], 6 test specimens with dimensions of 200 x
15 x 2 mm? were produced from the manufactured composite plates for
the tensile tests. The strain was recorded with a video extensometer
(VideoXtens, Zwick/Roell GmbH, Ulm, Germany) between two
measuring marks spaced 80 mm apart, and the characteristic values
(tensile strength, Youngs modulus and elongation at break) were
determined according to DIN EN ISO 527-2.

Impact characteristics were analysed with a Charpy impact
pendulum device type 5102 (Zwick GmbH, Ulm, Germany) according to
DIN EN ISO 179-1 [68] operating with a pendulum size of 2 J on test
specimens having a size of 80 x 10 x 2 mm?>. Eight specimens were
tested for each test series at a span distance of 40 mm.

2.9. Evaluation

For the evaluation of the measurement results, the open-source
software R was used (RStudio version 1.4.1103 / R version 4.0.3). A
Shapiro-Wilk test was used to check whether the results followed a
normal distribution. Since not all results were normally distributed, a
pairwise Wilcoxon test was used to compare the median values. All tests
were carried out with a coefficient of error of a = 0.05. Most results are
presented as Box-Whisker plots with an interquartile range of 1.5. Re-
sults that are not normally distributed are marked with an asterisk *.
Results that differ significantly are labelled with different letters.

3. Results & discussion
3.1. Fibre surface modification

Fibre cross-sections and fibre surfaces of untreated and fibrillated
fibres are shown in Fig. 5. Fig. 5SA&B show a cross-section and a longi-
tudinal view of an untreated lyocell fibre. It can be seen that the fibre
surface appears very smooth. Fig. 5C to F show a fibrillated lyocell fibre
in longitudinal (C to E) and cross-section view (F). Due to the effects of
swelling and ultrasound, a clear fibrillation has occurred, as described in
[371]. Fibrillation only takes place in the outer area of the fibre surface;
the inner part of the fibre remains intact (Fig. 5F). However, it is also
evident that fibrillation does not occur uniformly along the entire length
of the fibres (Fig. 5G). The surface of fibrillated lyocell fibres have a
similar appearance as described by Karlsson et al. [62]. The measured
nanofibrils widths are between 2100 and ~400 nm. A similar size range
for nanofibrils on lyocell fibres is described by Tanpichai et al. [69]. The
authors found nanofibrils with thicknesses of 350 - 500 nm. The
increased specific fibre surface is expected to improve the bonding be-
tween fibre and matrix since the nanofibrils contribute to better
anchoring, similar to a plant root system embedded in soil .

In the case of natural fibres, morphological changes of the fibre
surface by ultrasonic treatment could also produce a rougher fibre sur-
face by removing amorphous materials, thereby improving the polymer/
matrix adhesion [33]. It has been shown that a large part of the lignin
can be removed with ultrasound treatment [35]. However, in contrast to
lyocell, ultrasonic treatment of sisal fibres [33] or kenaf fibres [35] did
not result in fibrillation.

3.2. Fibre width

The results of the fibre width measurements using Fibreshape are
plotted as histograms in Fig. 6. No significant difference was found be-
tween untreated and treated fibres. The untreated fibres have a mean
fibre width of 36.0 & 5.6 um (median value: 36.0 um), and the fibrillated
fibres a value of 35.7 + 5.4 um (median value: 35.6 um). The results
show good agreement with the calculated equivalent diameter of 35.7
pm. The scatter of results may be because the fibres do not have an ideal
circular cross-section, and the Fibreshape system only measures the
width and not the cross-sectional area. Apart from the fact that fibril-
lation leads to a considerable increase in the specific surface area of the
fibre, it does not seem to affect the bulk fibre diameter.

3.3. Fibre tensile characteristics

The influence of fibrillation on fibre tensile properties is shown in
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Fig. 5. Cross-section (A) and longitudinal view (B) of an untreated lyocell fibre, longitudinal views of fibrillated lyocell fibres (C-E), cross-section (F) and overview of
a fibrillated lyocell fibre (G).
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Fig. 7. Box-Whisker plots of the tensile strength (A), Youngs modulus (B) and the elongation at break of untreated and fibrillated lyocell fibres (results that do not
comply with a normal distribution are marked with an asterisk, significant differences between median values are labelled with different letters).

Fig. 7. Fig. 7A shows that the tensile strength of lyocell is significantly
reduced from 251 MPa for the untreated fibre to 192 MPa for the
fibrillated fibre. It should be noted that the lyocell fibres used in this
study are relatively coarse, with a fineness of 15 dtex. Size effects also
play a significant role in lyocell fibres, meaning that a larger fibre vol-
ume contains more defects and, therefore, a higher probability of early
failure. Fibres with a fineness of 1.3 dtex have a strength of 519 MPa
using an identical measurement technique [70]. Regarding the influence
of fibrillation, Karlsson et al. [62] describe that no negative effects on
tensile strength have occurred due to fibrillation. However, the authors
also state that the standard deviation of the tensile test data of the
fibrillated fibres was significantly higher due to the introduction of de-
fects. Nevertheless, in the case of our fibres, the introduced defects led to
a reduction in tensile strength. In contrast, the tensile modulus (Fig. 7B)
was not affected since it was determined in the linear-elastic initial slope
of the stress-strain curve. At this point, defects have a minor influence.

Additionally, the elongation at break (Fig. 7C) was negatively influenced
by fibrillation because of a higher number of defects on the fibre surface.

3.4. Fibre/matrix adhesion

The results for the interfacial shear strength (IFSS) obtained from
microbond tests are shown in Fig. 8. Better adhesion of lyocell in PLA
than in a PP matrix is achieved, as described in a previous study [63]. In
both matrices, the IFSS was increased by fibrillation, although not
significantly from a statistical point of view. It should be noted that only
individual fibres are tested in the microbond test, whereas in a com-
posite, a large number of fibres are present, and the effects of improved
adhesion are more pronounced in the composite. Fig. 9 shows micro-
graphs of lyocell/PLA microbond specimens (A) and fibrillated lyo-
cell/PLA specimens (B). It is evident that the fibre surface of the
untreated sample appears very smooth. The fibrils on the fibre surface
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Fig. 8. Box-Whisker plots of the interfacial shear strength of lyocell fibres
embedded in a PP matrix (A) and a PLA matrix (B) (results that do not comply
with a normal distribution are marked with an asterisk, significant differences
between median values are labelled with different letters).

are clearly visible in the fibrillated sample. It is assumed that individual
fibrils anchor themselves in the matrix and thus lead to a larger specific
bonding surface between fibre and matrix increasing the shear strength.
In addition, fibrillation results in a higher roughness of the fibre surface,
which may increase mechanical interlocking and friction. An overview
of a tested lyocell/PLA sample is shown in Fig. 9C, and a detailed view is
given in Fig. 9D. The fibre can be seen to detach completely from the
matrix during the pull-out test. Due to the anchoring of the fibrils, it is
well conceivable that a higher pull-out force and friction work is
required to pull out the fibrillated fibre through the polymer drop
compared to a smooth fibre.

If the fibre tensile strength value is known, the critical fibre length
can be calculated from the results of the microbond test according to Eq.
(2). The results are shown in Fig. 10. The fibrillation led to a significant
reduction in the critical fibre length, meaning that a smaller fibre length
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can have a reinforcing effect in a composite. Even when assuming the
fibres are not affected by fibrillation in terms of strength and using the
strength of the untreated fibres in Eq. (2), the critical fibre length for the
fibrillated fibres is still significantly lower. Analogous to the better
adhesion in the PLA matrix, the critical fibre length for PLA composites
was also found to be lower than for PP-based composites. This is
particularly interesting when using short fibres with lengths around the
critical fibre length, e.g., in injection moulded or 3D printed composites,
as even a slight increase in fibre length or reduction of the critical fibre
length can lead to significantly better reinforcement effects.

Karlsson et al. [62] reported improved adhesion due to the surface
fibrillation of lyocell in a LDPE matrix. The authors determined the IFSS
and L using fragmentation tests and achieved an increase in IFSS from
4.8 MPa for the untreated fibre to 8.2 MPa for the fibrillated fibre. The
critical fibre length was reduced from 0.76 mm to 0.55 mm. The authors
justified the improved characteristics with the fibrillation and me-
chanical anchoring of the nanofibrils. Further comparative data for
lyocell fibres with different treatments in a PLA and PP matrix deter-
mined with pull-out and microbond tests are summarised in Table 1.

Fibrillation resulted in a 25% increase in IFSS in the PP matrix. This
result is comparable to using MAPP or lignin as adhesion promoters in a
PP matrix. The critical fibre length for PP was reduced by 47.8% using
fibre fibrillation, which is comparable to surface modification with
maleic anhydride (MAH) in terms of effectiveness. In the PLA matrix,
fibrillation increased IFSS by 13.4% and reduced critical fibre length by
37.5%. These results are comparable to surface modification with lignin
(compare Table 1). Plasma treatment of the fibre surface can lead to
even higher fibre/matrix adhesion improvement. For a PP composite, it
is shown that lignin in combination with MAPP results in higher values
as well (IFSS increased by 60.4% and L¢ decreased by 68.7%). It is
assumed that treatment of the fibrillated fibres with plasma or adhesion-
promoting materials such as maleic anhydride and lignin in a PP matrix
or with lignin in a PLA matrix can lead to a further improvement in
fibre/matrix adhesion. This aspect should be investigated in future
research work. Nonetheless, it was shown that surface fibrillation
already led to an improved fibre/matrix adhesion, and it is assumed that
the composite’s mechanical properties will also be improved, as
described in the following section.

3.5. Composite characteristics

Composites with short fibres and a random fibre orientation were

Fig. 9. Micrographs of a lyocell/PLA microbond sample (A) and fibrillated Lyocell/PLA microbond sample (B) taken with a polarisation microscope and SEM
micrographs of a tested microbond specimen (lyocell/PLA) in overview (C) and detail view (D).
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Fig. 10. Box-Whisker plots of the critical fibre length of lyocell fibres
embedded in a PP matrix (A) and a PLA matrix (B) (results that do not comply
with a normal distribution are marked with an asterisk, significant differences
between median values are labelled with different letters).

produced by compression moulding to verify whether fibrillated lyocell
fibres can improve the mechanical properties in a PP and PLA matrix.
The properties of the compression moulded PLA and PP matrices were
determined in a previous study. PLA was found to have a tensile strength
of 52 MPa, a tensile modulus of 3.4 GPa and an elongation at break of
1.7%. PP achieved a tensile strength of 14 MPa, a tensile modulus of 0.7
GPa, and an elongation at break >200% [72]. In a previous study, lignin
improved adhesion in both a PLA and PP matrix [63]. However, sig-
nificant improvements in mechanical properties of the composites
caused by lignin treatment were only achieved in short fibre-reinforced
injection moulded composites. Long fibre-reinforced composites with a
predominant fibre orientation in the longitudinal direction to the test
direction only showed enhanced properties when the test specimens

Table 1
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were tested transverse to the main fibre orientation, proving improved
fibre/matrix adhesion. It can be assumed that the system of lyocell fibres
in a PLA matrix was already close to the limit of the maximum achiev-
able values. One possible explanation for this phenomenon may be the
considerably higher elongation at break of the lyocell fibres compared to
that of the PLA matrix. The maximum stress of the fibres is not reached
since the composite fails at a lower elongation [21]. Therefore, it was
assumed that improved adhesion mainly affects the characteristics of
short fibre-reinforced materials with random or aligned fibre
orientation.

The specimens produced in this study for tensile and impact tests are
shown in Fig. 11. It can be seen that the fibre distribution in composites
produced by the technique described above is not ideal, which can also
be seen in the fracture surfaces of the lyocell/PP and lyocell/PLA com-
posites in Fig. 12A&D. However, since the present study is concerned
with demonstrating improved adhesion by fibrillating the lyocell fibres
rather than obtaining composites with the highest possible mechanical
properties, the test specimens were tested, and the results were
evaluated.

The results from the tensile tests are summarised in Fig. 13 for un-
treated and fibrillated lyocell fibre-reinforced PP and PLA composites. In
the PP-based composites, a clear reinforcing effect has occurred by using
lyocell fibres. The characteristic values were significantly increased
compared to the pure matrix that has a strength of 14 MPa and a tensile
modulus of 0.7 GPa (Fig. 13A & B). The elongation at break of the PP
matrix (>200%) was reduced primarily due to the lower elongation at
break of the fibres and the use of short fibres with random orientation
(Fig. 13C). Using the untreated lyocell fibres in PLA did not result in any
reinforcing effect regarding tensile strength (Fig. 13D). It should be
noted that the strength of 52 MPa for the PLA matrix is significantly
higher than the strength of the PP matrix. In addition, the fibres used
were short, randomly orientated, and not ideally distributed in the
matrix. In a previous study [21], we showed that a significant increase in
tensile strength was achieved with longer lyocell fibres of the same
fineness in an identical PLA matrix with 30% fibre mass content and
fibres with preferred orientation. In further tests with the same mate-
rials, which were processed by injection moulding, only a slight and
non-significant improvement in tensile strength was achieved compared
to the pure matrix. The injection-moulded samples showed a preferen-
tial fibre orientation in the longitudinal direction of the tensile test
sample. However, the samples contained a significant proportion of fi-
bres below the critical fibre length, which was significantly higher for

Characteristic adhesion values of lyocell fibres in PLA and PP-based matrices. The improvement (Imp.) of the interfacial shear strength (IFSS) and the critical fibre
length (L.) by a specific fibre treatment or the addition of an adhesion promoter is also shown below the values of the untreated samples (UT) which are highlighted in

italics.
Test method Fibre diameter in um Matrix Treatment IFSS in N/mm? Imp. in % L. in mm Imp. in % Reference
PP based materials
Microbond 35.7 PP ur 3.3 - 1.80 - This study
Microbond 35.7 PP Fibrillation 4.4 25.0 0.94 —47.8 This study
Microbond 33.6 PP uT 53 - 1.20 - [30]
Microbond 35.7 PP MAH treatment 9.2 42.4 0.60 —50.0 [30]
Pull-out 35.7 pp ur 6.3 1-31 [63]
Pull-out 35.7 MAPP UT 8.8 28.4 0.94 —28.2 [63]
Pull-out 35.7 PP Lignin 7.9 20.3 0.82 —37.4 [63]
Pull-out 35.7 MAPP Lignin 159 60.4 0.41 —68.7 [63]
Pull-out 31.9 pp uT 10.9 - ns.” [71]
Pull-out 31.9 PP Enzyme treatment 13 16.2 n.s.” [711
PLA based materials
Microbond 35.7 PLA ur 7.1 - 0.72 - This study
Microbond 35.7 PLA Fibrillation 8.2 13.4 0.45 -37.5 This study
Pull-out 31.9 PLA uTr 14.9 - ns.” [71]
Pull-out 31.9 PLA Enzyme treatment 14.9 0 n.s.” [71]
Pull-out 35.7 PLA uTr 10.3 - 0.75 - [31]
Pull-out 35.7 PLA plasma treatment 19.8 48.0 0.30 -59.6 [31]
Pull-out 35.7 PLA Lignin 12.4 17.0 0.50 -33.3 [63]

2 n.s. - not specified



N. Graupner et al.

(A) (B) &

Fig. 11. Tensile and impact specimens manufactured from lyocell/PP granules
(A) and lyocell/PLA granules with random fibre orientation (length of tensile
test specimens ~200 mm, length of impact test specimens ~80 mm).

coarser fibres than for finer fibres. No preferred orientation and some
fibre agglomerations were observed in the materials used here, so the
described process is not evaluated as an ideal processing method for
combining lyocell with PLA. All these aspects, in combination with the
short fibre length, are responsible for the fact that no increase in tensile
strength could be achieved with the untreated lyocell fibres compared to
the unreinforced PLA matrix.

The Youngs modulus was significantly increased compared to the
value of 3.4 GPa achieved with the pure PLA matrix (Fig. 13E). The
elongation at break of the composites tends to be slightly lower than that
of the pure PLA matrix with 1.7% (Fig. 13F). Similar material behaviour
has already been described for short lyocell fibres processed by injection
moulded with a PLA matrix [21].

Tensile strength and Youngs modulus could be significantly
improved by using fibrillated lyocell fibres instead of untreated lyocell
fibres in both matrices. This improvement occurred even though the
fibrillation process reduced the strength of the fibres, and Young’s
modulus remained the same (compare Fig. 7). For PP-based materials,
strength increased by a factor 1.47 from 21.4 MPa to 27.7 MPa, and the
Young’s modulus increased by a factor of 1.41 from 2.0 to 2.8 GPa
(Fig. 13A&B). For the PLA matrix, the use of fibrillated lyocell fibres
increased the strength from 40.0 to 64.7 MPa by a factor of 1.62
(Fig. 13D). The Young’s modulus was improved from 5.2 to 6.3 GPa by a
factor of 1.20 (Fig. 13E). The increase in strength can be explained by an
improvement in adhesion due to anchoring effects caused by the larger
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specific fibre surface area as described by Karlsson et al. [62]. As shown
in Fig. 13, the tensile strength was clearly increased in the case of PP and
significantly improved in the case of PLA by using fibrillated fibres
instead of untreated fibres. The SEM analyses show that the better
adhesion of fibrillated lyocell fibres and both PP and PLA matrices, as
demonstrated by the microbond tests, can be transferred to the com-
posites. Fig. 12A&D show that the fibre pull-out lengths from the frac-
ture surfaces of untreated fibres appear longer than those in Fig. 14A&E
for the fibrillated fibres. In addition, the gaps between untreated lyocell
fibres and PP matrix (Fig. 12B&C) and PLA matrix (Fig. 12E&F) appear
to be larger than those between fibrillated fibres and PP matrix
(Fig. 14B-D) and PLA matrix (Fig. 14F-H). The fibrillated fibres also look
better wetted with the matrices than the untreated fibres (Fig. 14).

The detailed images in Fig. 14 also reveal that the fibrils serve as a
kind of anchor within the matrix. Fig. 14B shows that the surface area of
the fibrillated fibre is significantly larger, and the gaps between the fibre
and the PP matrix appear smaller (Fig. 14B-D). In Fig. 14C&D (PP) &
Fig. 14G&H (PLA), it becomes apparent that the fibrils are still partially
embedded in the matrix after the fracture of the composite and
debonding of the bulk fibre. Fig. 14G shows that even after the com-
posite has fractured, some fibres remain fully covered with the PLA
matrix. The matrix is cracked in the lower part, and the crack is partially
bridged with spliced fibrils. The increase in tensile strength can be
attributed to these anchoring effects and the enhanced specific fibre
surface area of the fibrillated fibres.

Young’s modulus is determined by the slope in the initial linear-
elastic region of the stress-strain curves; thus, structural effects must
contribute to its increase. Size effects may play a role in achieving a
higher Youngs modulus. When measuring the fibre tensile modulus, only
the bulk fibre is assessed. The nanofibrils, which cannot be measured, do
not influence the tensile modulus. However, in a composite material,
they are embedded within the matrix (compare Fig. 14C, D, G & H) and
contribute significantly to the stress transfer from the matrix to the fibre.
Borja et al. [13], for example, describe a significant increase in the
tensile strength of untreated lyocell/PP with short fibre reinforcement
by using MAPP as an adhesion promoter, but the Young’s modulus was
not changed. Cheng et al. [17] describe an increase in Youngs modulus
and tensile strength for short fibre-reinforced fibrillated lyocell/PVA
and lyocell/PP composites with random fibre orientation. The fibrils
seem to contribute to an increase in the Young’s modulus. With
enhanced adhesion, fibre pull-outs are reduced, leading to a significantly
lower elongation at break in the PP matrix (Fig. 13C) and a slightly
lower elongation at break in the PLA matrix (Fig. 13F).

The results of the unnotched Charpy impact strength are shown in
Fig. 15. While the PP matrix is not broken, the unreinforced PLA matrix
displays an impact strength of 17 kJ/m? [72]. In both cases, the impact
strength could not be improved using the lyocell fibres. The reason for
this is based on the fact that the use of short fibres with random orien-
tation suppresses the energy-absorbing fibre pull-outs. Using longer and
orientated fibres lead to considerably improved energy absorption due
to fibre pull-outs during the fracture of the material. However, the use of
fibrillated lyocell fibres leads to a significant increase in impact strength
compared to untreated fibres (Fig. 15). In many cases, a proven
improvement in adhesion has a positive effect on tensile strength and a
negative effect on impact strength since the energy-absorbing fibre
pull-outs are prevented during fracture which also explains a reduced
elongation at break (Fig. 13C & F). Nevertheless, the results from the
impact tests for PP-based materials (Fig. 15A) and PLA-based materials
(Fig. 15B) show a significant increase in the characteristic values ach-
ieved by using fibrillated lyocell fibres compared to untreated lyocell
fibres.

The type of loading could cause these apparently contradictory re-
sults. While the tensile test to determine the elongation is carried out at a
very slow speed (2 mm/min), an impact test takes place at approx. 2.9
m/s. It is worth comparing the results of the tensile and impact tests with
the literature to understand these apparent contradictions. Cho et al.
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Fig. 12. SEM micrographs of lyocell/PP (A-C) and lyocell/PLA (D-F) composite fracture surfaces; (A) overview of a lyocell/PP fracture surface, (B&C) detailed
overviews of the interface between fibre and PP matrix; (D) overview of a lyocell/PLA fracture surface, (E&F) detailed overviews of the interface between fibre and

PLA matrix.

[73] investigated PMMA reinforced with rubber particles of different
sizes. The authors found the best impact strength for fine particles and
the highest toughness determined in a bending test at a slower test speed
for coarser particles. The results using different test methods, which also
appear contradictory, indicate that the deformation mechanism of
rubber-tough PMMA depends on the strain rate and loading behaviour
[73]. Liu et al. [74] report similar effects of PVC reinforced with nitrile
rubber particles. Debonding at the interface of coarser particles occurs
under impact and leads to a shear flow of the matrix. With finer parti-
cles, no microvoids are formed, delaying the occurrence of matrix shear

flow. The authors found that for fine particles, debonding followed by a
shear flow of the matrix is a much more important toughening mecha-
nism than internal cavitation of the rubber particles [74]. It is hypoth-
esised that similar effects might also apply to the fibrillated lyocell
fibre-reinforced composites investigated here. Debonding of the fibres
and fibrils, triggered by high-speed tests such as an impact test, requires
significant force to produce microvoids when adhesion is strong. In a
slow tensile test, fibrils might not be pulled out of the matrix, as shown
in Fig. 14. This behaviour could cause the material to exhibit greater
brittleness under a slow loading than under a fast loading. Further
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Fig. 13. Box-Whisker plots of the tensile characteristics of lyocell/PP composites (A-C) and lyocell/PLA composites (D-F) (results that do not comply with a normal
distribution are marked with an asterisk, significant differences between median values are labelled with different letters).

research is needed to verify this hypothesis.

For the PP-based materials, the impact strength was increased by a
factor 1.38, from 22.1 kJ/m? to 30.6 kJ/m?. For the PLA-based mate-
rials, the samples made with untreated lyocell fibres had an impact
strength of 13.0 k/m?, while those made with fibrillated lyocell fibres
achieved an impact strength of 16.0 kJ/m?, which is 1.2 times higher. As
mentioned before, it is assumed that the increase in specific fibre surface
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area achieved by fibrillation contributes significantly to the improve-
ment in impact strength. Fig. 14C, D, G & H demonstrate that individual
fibrils remain anchored in the matrix after fracture of the composite,
partially bridging cracks and gaps between fibre and matrix even though
the bulk fibre has been debonded. In this way, a higher amount of energy
can be absorbed, and the fracture can be delayed.
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Fig. 14. Fracture surfaces of fibrillated lyocell/PP (A-D) and lyocell/PLA (E-H) composites; (A) overview of a fibrillated lyocell/PP fracture surface, (B-D) detailed
overviews of the interface between fibrillated fibre and PP matrix; (E) overview of a fibrillated lyocell/PLA fracture surface, (F-H) detailed overviews of the interface
between fibrillated fibre and PLA matrix.
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Fig. 15. Box-Whisker plots of the unnotched Charpy impact strength of lyocell/
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4. Conclusions and outlook

Within the framework of this study, it was evaluated whether the
fibrillation of lyocell fibres leads to an improvement of the fibre/matrix
adhesion and the mechanical properties of lyocell/PP and lyocell/PLA
composites with a fibre volume fraction of 30%. The results show that
the fibrillation of lyocell fibres has a positive effect on adhesion in both a
PP matrix and a PLA matrix. The fibrillation process reduced the
strength and elongation at break of the lyocell fibres while the tensile
modulus remained constant. Despite the reduction in fibre strength, the
composites’ tensile strength was significantly increased by using fibril-
lated lyocell fibres in both matrices compared to the use of non-
fibrillated fibres. The tensile modulus was also improved in the com-
posites. This effect is attributed to the presence of nanofibrils on the fibre
surface, which does not influence the tensile modulus of the fibre, but
they seem to improve the anchorage between fibre and matrix, posi-
tively affecting the composite. Despite a reduction in the elongation at
break of the composites, the fibrillated lyocell fibres significantly
improved the impact strength. Since it has been shown that an
improvement in adhesion has, in particular, an effect on short fibre-
reinforced composites, it is assumed that the use of fibrillated lyocell
fibres is principally worthwhile in the production of injection moulded,
extruded or 3D-printed materials, i.e., in processes in which only short
fibres can be processed. Especially in 3D printing, there is great potential
to improve the mechanical properties of the polymers using fibrillated
fibres. Due to shear forces during extrusion and 3D printing, the short
fibres can be partially aligned, and nanofibrils may be split off from the
bulk fibre, resulting in a significant increase in the fibre surface and fibre
aspect ratios, which could significantly increase the reinforcement ef-
fect. The micro- and nanofibrils can anchor themselves within the ma-
trix, similar to a plant root system. Initial results from 3D printed
samples made of fibrillated lyocell fibres and a PLA matrix have already
shown promising mechanical properties. Therefore, further research
will soon focus on processing these fibres using 3D printing techniques.
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