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Abstract

Recently, inexpensive and readily available bio-renewable microcrystalline cellulose (MCC)
has been explored as a filler to mechanically reinforce thermoplastic matrices. Most research
focuses on surface modification of MCC to improve dispersion in the polymer matrix. Herein,
two screw configurations (low shear (LS) and high shear (HS)) were designed for twin-screw
extrusion to investigate the effect of shear, during processing, on the dispersion of MCC
particles in an ethylene-vinyl alcohol (EVOH) matrix. The results demonstrate the significance
of the high shear screw configuration on the size of MCC particles, and their in-situ fibrillation
and distribution within the EVOH matrix. HS mixing of EVOH/MCC resulted in a significant
increase in flexural strength and storage modulus compared to EVOH/MCC (LS) composites,
similar to property improvement in EVOH/cellulose nanocrystal (CNC) composites at the same
loading, thus providing an alternative to energy-intensive CNC in continuous melt processing

without an appreciable rise in production costs.

Keywords: A. cellulose, B. mechanical properties, D. electron microscopy, E. extrusion.

1. Introduction

Cellulose is a biodegradable polysaccharide polymer that plays a critical role in the structure
of plant cell walls in nature. In the shape of crystalline microfibrils with a 4 nm to 30 nm

diameter, cellulose is embedded in matrix polysaccharides, such as hemicellulose, pectin and



lignin. Depending on the source and their location in the primary or secondary plant cell walls,
the constituents are present at percentages of up to 40 % (cellulose), 20 % to 40 %
(hemicellulose), 35 % (pectin) and 10 % to 25 % (lignin). The combination of cellulose and
matrix polysaccharides forms a strong composite network that provides strength and
resilience against degradation to the plant cell wall [1-4]. The high intrinsic mechanical
properties of cellulose have attracted interest from the academic and industrial research
communities as an alternative reinforcement in composites which utilise artificial fibres such

as glass, carbon and aramid [5].

Abundant in natural resources, several forms of cellulose can be extracted from cotton, wood,
plant fibres, jute, etc., generally categorized as cellulose nanocrystals (CNC), cellulose
nanofibrils (CNF), microfibrillated cellulose (MFC) and microcrystalline cellulose (MCC) using
various isolation routes [5, 6, 7]. All cellulose forms share the advantages of high elastic moduli
(CNC: 100 — 160 GPa [8, 9], CNF: 136 - 150 GPa [1, 10], MFC: 29 — 36 GPa [11, 12], MCC:
25 GPa [13]) in combination with low density as well as biocompatibility, biodegradability and
low cost [5, 6]. A high number of hydroxyl groups present along the cellulose surface can lead

to the formation of hydrogen bonding and allows for surface modifications [7].

Acid hydrolysis is a common and facile process to extract microcrystalline cellulose (MCC)
and cellulose nanocrystals (CNC) from biomass [6, 14]. During acid hydrolysis, treatment of
cellulosic fibres with mineral acids such as sulfuric acid (H.SO,4) causes dissolution of the
amorphous domains [15]. Mild acid-catalysed hydrolysis promotes the formation of cellulose
microfibril aggregates, which are highly crystalline (MCC). Application of concentrated, strong
acids or an extended exposure to the hydrolysis treatment produce CNC [16, 17, 18]. The rod-
or whisker-like nanoparticles (length: 50-500 nm, width: 5-20 nm) possess a high aspect ratio
and a high contact surface area, enabling greater interfacial interactions with surrounding
matrix yielding substantial improvements in mechanical properties [6, 19]. Significant
improvements in mechanical performance (Young’'s modulus, tensile strength) were achieved

when using CNC as reinforcement in various polymer matrices including high density



polyethylene (HDPE) (+29 %, +23 %) and epoxy (+23 %, +28 %) [14, 20, 21]. Zhang et al.
reported a strong increase in flexural modulus (+52 %) and strength (+19 %) when combining

CNC with polylactic acid (PLA) [22].

Small yields and neutralization processes limit the fabrication of CNC to amounts only suitable
for lab-scale applications [23, 24, 25]. CNC can also be directly obtained via high-shear
homogenization of MCC. While this post-treatment has the potential to be used in commercial
productions, applying a second processing step after acid hydrolysis renders the CNC less
affordable [16, 23]. In comparison, the selling price for MCC is around $4/kg, while the
manufacturing costs for CNC alone range between $3.6 — $4.4/kg [24, 26]. As a result,
microcrystalline cellulose (MCC), which is a readily available, highly crystalline and a cheaper
alternative to CNC, has recently received attention as a potential candidate to enhance the
mechanical performance of thermoplastics [5, 13, 26-31]. MCC is commercially available in
many different grades for applications such as an excipient in pharmaceuticals, emulsifier for

cosmetic products and binder in food processing [5, 26, 27].

Different processes applied during the manufacture of cellulose composites are reported in
literature, including solution casting, melt processing, electrospinning, resin impregnation
(physical) and in-situ polymerization (chemical). In solution casting, cellulose is dispersed
within the base polymer or a pre-polymer solution using water or organic solvents. Once a
homogeneous mixture has been obtained via mechanical stirring or ultrasonication, the solid
nanocomposite can be extracted by evaporating the solvent (casting). This allows the
manufacture of composites with a good dispersion and distribution of cellulose particles in the

polymer matrix [6, 32].

Combined with the simplicity of the method, solution casting has become the most commonly
used procedure yielding cellulose composites with many attractive functions and properties,
such as synergistic effects and modulated degradation rates [33, 34]. While solution casting

is restricted to small subsets of polymers and laboratory-scale production of composite



materials, continuous melt processing in extrusion has been explored in recent years as a key

processing technique for high volume applications of commodity thermoplastics [32, 35].

It is expected that the production of MCC/thermoplastic composites via melt extrusion will
immediately be available for upscaling the process for many industrial applications [36, 37]. In
terms of suitability for extrusion, MCC also benefits from a higher decomposition onset (300
°C) compared to CNC (260 °C) [26, 36]. Aggregation due to strong hydrogen bonding between
cellulose particles has been reported as the most significant drawback of melt mixing, resulting
in lower available surface area, less interfacial interactions, voids, stress concentrations and

hindered stress transfer between polymer matrix and MCC fibres [1, 28, 30].

To tackle the challenges of MCC agglomeration and poor dispersion, MCC has been
functionalized to improve the dispersion and compatibility with the base matrix. Recently, Li et
al. mixed unmodified MCC and surface modified MCC, respectively, in a polylactic acid (PLA)
matrix using a twin-screw extruder. They observed that unmodified MCC/PLA composites
showed no improvement, however, modified MCC caused noticeable improvement in
crystallization and mechanical properties of the composites [38]. Similarly, Dai et al. developed
PLA/MCC composites by melt compounding and reported significant decrease in flexural
strength (-25%) and strain-at-break (-46%) at 20wt.% of MCC, but showed that addition of
epoxidized citric acid (ECA) compatibilizer increased the flexural performance of PLA/IMCC
composites by 18 % and 32%, respectively, compared to unmodified PLA/MCC composites
[39]. However, up to now, no study discussed how the screw design affects the degree of

dispersion of MCC in a polymer matrix.

Recently, Oksman et al. found that MCC is merely an aggregate of single cellulose crystallites
and it is suggested that the application of a screw configuration with additional mixing elements
to introduce higher shearing could delaminate MCC into fibrillated MCC and small cellulose
nanoparticles (CNP) to promote uniform dispersion and distribution in cellulose composites
[36, 40, 41]. In another study, Shirazian et al. studied the effect of the different screw design
configurations on the granulation of MCC [42]. To our knowledge, no such experiments seem

4



to be reported for MCC/polymer composites. However, in some other studies, related to
carbon nanotubes and clay-based polymer composites, it has been realised that the extent of

dispersion can be greatly improved through high-shear mixing [43-45].

Inspired by the described findings and suggestions, in this work, for the first time, we study
the influence of two different screw configurations on the morphological, thermal, and
mechanical properties of EVOH/MCC composites at two most commonly studied loadings
(5wt.% and 15 wt.%) without any processing aid additives. EVOH is a versatile semi-
crystalline polymer used in a number of applications such as food packaging and within the
automotive industry owing to its barrier properties to, for example, mitigate food aroma and
fuel vapour transmission. It was chosen as a matrix because of the hydrophilicity of the vinyl
alcohol component promoting compatibility with the hydroxyl groups of the cellulose, thus
improving dispersion [30, 46]. EVOH/MCC composites prepared using a high-shear screw
configuration show positive improvement in flexural, tensile, dynamic mechanical and thermal
properties. For a comparative study, we also developed composites of relatively high-cost
cellulose nanocrystals (CNC) with EVOH under the same processing conditions. Interestingly,
subjected to high-shear processing, MCC/EVOH and CNC/EVOH show comparable results at
5wt.% loading, which indicates the effectiveness of the designed high-shear screw
configuration towards MCC particles break-up and partial delamination into fibrils. It is
expected that this type of study may provide a deeper understanding and further guide the
development of sustainable MCC-reinforced polymer materials with consistent mechanical

properties.

2. Experiment

2.1 Materials

Ethylene vinyl alcohol (EVOH), grade F101B (ethylene content of 32 mol%, melting
temperature: 183 °C, MFR: 1.6 g/10 min, density ~ 1.19 g/cm?, pellets), was obtained from

Kuraray Co., Ltd., Japan. Microcrystalline cellulose (MCC) (particle size ~ 51 ym, freeze-dried



powder) was purchased from Sigma-Aldrich Company Ltd., United Kingdom. Cellulose
nanocrystals (CNCs) (particle size ~ 150 nm, freeze-dried powder) were purchased from
CelluForce, Canada. Fig. 1 shows the morphology of MCC and CNC, respectively. Fig. 1ais
a magnified image (x100) of the MCC, as received. At a higher magnification of x55,000,
individual MCC particles are shown to consist of large aggregates of CNC (Fig. 1b). Purchased
freeze-dried CNC was dispersed in de-ionized water, ultrasonicated for 30 minutes and dried
in a standard oven for 30 minutes prior to SEM observation. Resulting individual cellulose

nanocrystals are visible at x55,000 magnification in Fig. 1c.

2.2 Processing of cellulose composites

2.2.1 Preparation of materials prior to extrusion

EVOH pellets were ground into powder in a cryogenic grinder (6850 Freezer/Mill, Rondol
Technology Ltd., United Kingdom). Cryogenic grinding was performed to achieve similar
particle sizes of matrix and filler to facilitate mixing and increase compatibility of cellulose
particles with EVOH during post-processing. After a pre-cool time of 10 min, the pellets were
ground in ten grinding cycles of 2 min, each at the highest frequency setting (15 Hz) with 3 min
of cooling time between two cycles, respectively, to avoid melting of the material due to high
friction as well as to protect the magnetic bearing from overheating. Prior to extrusion, the
matrix and cellulose powder were dry-mixed at 2,500 rpm for 4 mins using a blender (Rondol
Technology Ltd., United Kingdom). All materials were dried for at least 8 hrs at 80 °C in a

standard oven.

2.2.2 Extrusion

The dry-mixed blends were compounded in a co-rotating 16 mm twin-screw extruder with an
L/D ratio of 25 (HAAKE Rheomex OS PTW16, ThermoFisher SCIENTIFIC, United Kingdom).
Two different screw designs were used to process all the material combinations. For
comparison purposes, pristine EVOH was also processed using both screw design

configurations. The extruder barrel was divided into 6 temperature zones, excluding the



feeder. The temperature was held constant at 210 °C from zones 2 to 6 and 200 °C in zone 1
(closest to the feeder) (Fig. 2 & Fig. 3). The feeding section was set to 25 °C. The blended

powders were fed into the extruder with a feeding rate of 10 kg/hr.

Both screw designs were modelled as dispersive screw configurations, meaning they were
assembled from conveying and kneading elements. Compared to distributive configurations,
with mixing and conveying elements, dispersive design leads to longer residence times and,
subsequently, to a better dispersion [43]. Both screw configurations used in this study are
comprised of four conveying zones and three kneading sections. All conveying feed screw
elements had the same geometry (pitch, flight width, helix angle and channel depth). Kneading
blocks differed in the angle of the hexagonal opening in the middle of the elements (kneading
block @ and kneading block 90). This allowed the kneading blocks to be arranged in angles
of 30 °, 60 ° and 90 ° with respect to each other, along the direction of extrusion. An extrusion
feed screw element was placed at the end of each screw to enable a stable feed of material
into the die. The geometry of the conveying elements and kneading blocks used in this study

can be found in the supplementary information, Fig. S1.

The first conveying zone (feeding section) is designed to produce a stable pressure before
entering the kneading sections. The three kneading sections are separated by feed screw
elements in order to avoid material overstraining or degradation. The difference between the
two screw configurations lies in the arrangement of kneading blocks in kneading sections 1
and 2. For screw design 1, the respective angle between the blocks is 30 ° or 60 ° forward,
leading to a weak mixing effect (weak active conveying effect). The respective angles between
the blocks in screw design 2 are arranged as mainly 60 ° forward and alternating 90 °. This
gives an increased mixing effect with pure mixing between 90 ° alternating blocks. Due to the
described arrangements of kneading blocks, the shear forces introduced into the material
during compounding are relatively higher for screw design 2 compared to screw design 1.

Hence, screw design 1 is dubbed ‘low-shear screw configuration’ (LS), while screw design 2



is called ‘high-shear screw configuration’ (HS). Fig. 2 shows the low-shear screw

configuration, while the high-shear configuration is illustrated in Fig. 3.

According to Villmow et al., high screw speeds and low throughputs positively affect the
resulting dispersion of particles [45]. The screw speed was held constant at a rather slow
speed of 125 rpm in order to avoid overworking the material and to ensure that all differences

in properties could be traced back to differences in screw design or material composition only.

The throughput is indirectly proportional to the residence time of the material spent in the
extruder from feeding section to die [43]. By increasing the angle between individual kneading
blocks in screw design 2, the material is held longer in those sections, resulting in a higher
residence time. The residence times for screw design 1 and 2 were 52s and 60 s,

respectively. The extruded material was cooled down in a water bath prior to winding up.

2.2.3 Specimen preparation

Extruded compounds were compression moulded into specimens using a platen press (P 200
P, COLLIN Lab & Pilot Solutions GmbH, Germany). Flash moulds with five specimen-shaped
cavities were used. The extrudate was cut into roughly 70 mm long rods, which were then
placed with the long rectangular side of the mould. After preheating the composites in the
press at 210 °C for 2 mins, the spread rubbery material was collected into specimen shape
using a scraper. The respective flash mould with specimen dimensions according to ISO 527
(specimen 1BA) for tensile testing, or according to ISO 178 (preferred specimen) for flexural
testing, respectively, was placed on top of the heated platen and compression moulding was
performed at 210 °C and 10 MPa for 2 mins. The material and the mould were separated from
the platens using polyimide film (Kapton). The material was cooled at a rate of 10 °C/min and
demoulded at 50 °C. The pressure was kept constant at 10 MPa during cooling to avoid the
formation of air entrapments while the material was still in the melting state. All specimens
were dried for at least 8 hrs at 80 °C in a standard oven prior to mechanical and dynamic

mechanical testing.



2.3 Characterization

2.3.1 Microscopy

The surfaces of fractured samples were observed with two different scanning electron
microscopes (SEMs), FlexSEM 1000 (Hitachi Ltd., Japan) and JEOL JSM-6500F (JEOL Ltd.,
Japan). In order to avoid charging, the sample surfaces were sputter-coated with gold.
Scanning electron microscopy was performed to investigate differences in morphology
between high-shear and low-shear compounded composites and to qualitatively evaluate the

dispersion of cellulose within the EVOH matrix.

The size of MCC particles was measured using the FIexSEM software tools in order to show
the effect of screw configuration on the extent of MCC particle break-up and dispersion. As
described above, MCC has been found to consist of aligned whisker-shaped nanoparticles
[25]. Due to the whisker-like shape of the nanoparticles, MCC itself takes the shape of an
ellipsoid. In this study, the geometry of MCC ellipsoids was approximated as the x-axis being
the longest axis (semi-major axis), while the y- and z-axes being shorter (semi-minor axes)
and of the same length (radius). As observed, the high shear forces generated during
processing cause a shear-induced separation of MCC into small fibrillated MCC particles
along the x-axis, reducing the radius (in y and z direction) of the original MCC particle.
Therefore, the diameter was selected as a representative value of the particle size to give a
qualitative estimate of the influence of the screw configuration on the dispersion. From three
SEM images per setting, the dimensions of 15 to 20 MCC particles were measured and results

were reported as average values.

2.3.2 Fourier transform infrared analysis

Fourier transform infrared spectroscopy (FTIR) was used to evaluate the chemical structure
of the EVOH matrix and the composites. Samples were obtained from 150 um thick films and

investigated using a PerkinElmer Spectrum 100 spectrometer (PerkinElmer Inc., USA). FTIR



spectra were generated over a wavelength range of 650 cm-' to 4000 cm-! with a resolution of

4 cm, using 16 scans.

2.3.3 Mechanical testing

In order to investigate the influence of varying dispersion on the mechanical properties of the
composites, samples were subjected to mechanical testing, i.e. flexural and tensile. Flexural
(three-point bending) properties were obtained using a Zwick/Roell Z100 (ZwickRoell GmbH
& Co. KG, Germany) universal materials testing machine. Flexural tests were conducted using
a three-point bending rig (ISO 178) at a crosshead speed of 2 mm/min for flexural modulus
determination and switched to 10 mm/min to measure the yield point until failure or maximum
extension. Measurements were performed using a 10 kN load cell. Five specimens per setting
with dimensions of 80x10x4 mm (preferred specimen type according to ISO 178) were tested.
Tensile tests were performed as per ISO 527 using a Lloyd LS5 Advanced Material Testing
System (Ametek, Inc., USA) with a 5 kN load cell. As suggested in the standard, for the
measurement of the tensile modulus, a test speed corresponding to a strain rate of 1 %/min
(0.25 mm/min) was chosen. After modulus determination, the test speed was changed to
5 mm/min to measure the yield point until failure or maximum extension. An extensometer was
used to determine the true sample strain. For each setting, five specimens with a gauge length
of 25 mm and a cross-section of 5x3 mm (ISO 527 — specimen 1BA) were subjected to tensile

loading. All tests were carried out at room temperature.

2.3.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a PerkinElmer Pyris 6
calorimeter (PerkinElmer Inc., USA) to determine the crystallization parameters (degree of
crystallinity, melt and crystallization temperature and glass transition) in dependence of the
screw configuration. The measurement consisted of two heating and one cooling cycle in a
temperature range from 30 °C to 250 °C and with an isothermal step at 250 °C for 3 min. The

heating rate was 10°C/min and samples weighed 7.3+/-1 mg. Calculating the area under the
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melting peak in the second heating cycle, the degree of crystallinity was evaluated using 128.1

J/g as the heat of fusion for 100 % crystalline EVOH [47].

2.3.5 Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was conducted using a Tritec 2000 DMA
(Triton Technology Ltd., United Kingdom) to characterise the effect of low- and high-shear
processing on the thermomechanical viscoelastic performance of the composites.
Measurements were performed in single-cantilever bending mode at a constant frequency of
1 Hz, a displacement of 0.05 mm, a heating rate of 2 K/min, a temperature range from 30 °C

to 150 °C, and a gap distance of 20 mm.

2.3.6 Thermogravimetric analysis

A TGA/SDTA851e (Mettler Toledo, USA) was used to perform thermogravimetric analysis
(TGA) of EVOH and MCC/EVOH composite samples. The goal was to determine the effect of
different cellulose types (MCC & CNC) on the thermal stability of the EVOH/cellulose
composites. The measurements were performed in an O, environment at a temperature range

from 30 °C to 600 °C and heating rate of 10°C/min.

2.3.7 Statistical analysis

All measurements were reported as mean +/- standard deviation (SD) with a confidence level
of 95%. Differences were statistically tested against a null hypothesis of no difference between
samples using a two-sample t-test (two-tailed) with equal variance not assumed. A p-value
<0.05 was considered to be statistically significant. Prior to performing the t-test, outliers were
determined using the Interquartile Range Method. Outliers due to failure outside the gauge
length or flaws in the specimen which leads to premature failure were not included in the
calculation of average values. Also, a Kolmogorov-Smirnov Goodness of Fit Test was applied
to check whether the data is normal distributed, which is a pre-condition for using the t-test

method.
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3. Results and discussion

3.1 Morphological studies

SEM observations of the fractured sample surfaces were performed to reveal the extent of
dispersion of cellulose particles in the EVOH matrix at x100 and x500 magnification for two
screw design configurations (LS & HS). Fig. 4 illustrates that the MCC particles are well
distributed within the EVOH matrix. It is clearly visible that MCC particles are partially covered
by the matrix, which indicates possible interfacial interactions between matrix and MCC fibre
surfaces [6]. The influence of the different screw configurations is evident from the given SEM
images for two magnifications. At x100 magnification (low magnification, Fig. 4a), processing
with screw design 1 (low-shear) leads to agglomerated particles being randomly distributed
with few smaller particles elsewhere. Fig. 4b shows a particle agglomerate isolated in the
observed area. In contrast, screw design 2 (high-shear, Fig. 4c) results in smaller-sized MCC
particles and an increased number of particles. This is also visible at X500 magnification,
where an improved distribution of particles can be observed when using screw design 2 (Fig.

4d).

The results for particle size for both weight contents and screw designs at x100 are
summarized in the supplementary information, with values for a qualitative comparison in
Table S1. Presented average values are based on measurements taken at three random spots
across the fracture surface of specimens. Fig. S2 (supplementary information) shows
histograms and cumulative plots for the corresponding settings. The plots indicate that particle
size between particles generally decrease, with narrower distributions when using the high
shear screw configuration. For screw design 1 (LS), MCC particles possess a similar size in
the composite for both weight contents. Compounding with screw design 2 (HS) causes a
reduction in particle size for both weight contents. A larger reduction can be achieved for
5 wt.%. This is believed to be due to satiation of the matrix with filler particles, which can
promote particle-particle interaction [28]. It is therefore argued that a better dispersion with
smaller particles can be achieved at 5 wt.% compared to 15 wt.% using screw design 2.

12



Fig. 5 and Fig. S3 (supplementary information) reveal high magnification images of the
EVOH/MCC fractures surfaces at different wt.% for LS and HS configurations. Composites
containing 5.0 wt.% MCC prepared by LS configuration show presence of large agglomerated
MCC, but interestingly, images of composites prepared under HS configuration show small-
sized, fibrillated MCC as well as many randomly distributed white dots, representing exposed
nanocellulose particles (CNP), indicated by white arrows. It seems that high shear stresses,
generated during high shear mixing (HS screw configuration with maximum angles between
individual kneading blocks) and strong interactions between polar EVOH/MCC overcome the
strong intermolecular hydrogen bonds between crystalline cellulose domains. This causes
fibrillation of MCC (formation of sub-micron fibrils) and separation of individual CNP particles
from fibrillated MCC. Fig. S3 shows that composites containing 15 wt.% of MCC (made via
LS), already contain individual CNP particles along with large MCC. This indicates that at high
content the friction of MCC agglomerates against each other renders the formation of small
CNP particles within the matrix. However, at HS mixing, the size of MCC agglomerates is
decreased and the separation of individual CNP from MCC becomes more dominant (as

indicated by white arrows).

Interestingly, the CNP formed in MCC/EVOH composites share the same shape and features
as CNC dispersed in 5.0wt% CNC/EVOH (LS & HS) composite as confirmed by Fig. 5¢c/d and
Fig. 6. It is important to mention that we did not see any noticeable change in degree of
dispersion for CNC/EVOH (LS & HS), which indicates that nano-size CNC readily dispersed
in EVOH due to the strong CNC-EVOH interactions even at LS. However, the screw design
displayed a distinguishable effect on the size of MCC agglomerates and the in-situ formation
of CNP from MCC. Interaction between matrix and cellulose particles was confirmed via FTIR
analysis, where a shift of EVOH peaks to higher wavenumbers was found (see supplementary

data & Fig. S4).

3.3 Mechanical properties
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Fig. 7 shows the mechanical properties of EVOH composites as a function of screw design at

loading of 5.0 and 15.0 wt.% MCC as well as typical flexural stress—strain curves.

The flexural modulus of pristine EVOH was measured as 3.60 +/- 0.07 GPa (LS) and 3.54 +/-
0.04 GPa (HS), respectively, indicating that the screw configuration has no significant
influence on pristine EVOH properties. The introduction of 5wt.% and 15wt.% of MCC into the
EVOH with low-shear (LS) screw configuration led to an increase in the flexural modulus and
a decrease in the flexural strength and strain-at-break. The flexural modulus of the composites
increased significantly at 15 wt.% MCC (+18.1 %) content. This behaviour is expected as
cellulose particles, being stiffer than the matrix, add stiffness to the composite [28, 31, 51].
However, mean values of flexural strength of 5 wt.% and 15 wt.% MCC-EVOH composites
(LS) were lower compared to pristine EVOH (-16.8 % and -9.7 %). In addition, we also

observed a significant decline in the strain-at-break [52].

Interestingly, compared to 5 wt.% of MCC (LS), we see an improvement in the strength (still
lower than control EVOH) and modulus at 15.0 wt.% of MCC (LS), which could be attributed
to the formation of individual CNP in the matrix along with MCC agglomerates (as discussed
and shown in Fig. S3a). An increased flexural modulus combined with a decreased flexural
strength and strain-at-break, as obtained in this study using the LS screw configuration, has
also been reported for various MCC/polymer-based composites [39, 53]. For such findings,
the major reason was ascribed to the presence of agglomerates that limit the compatibility and
create crack-initiation sites that render the composite brittle. It appears that fabrication of the
composites via a batch mixer (roller blades) and a conical twin-screw extruder could not
prevent the formation of agglomerates. This being said, the formation of a considerable
amount of larger agglomerates could be the reason for the decrease in strength and strain-at-
break, but none of the studies report the possibility of alternative screw design configurations

to reduce the size of MCC agglomerates.

When applying the high-shear (HS) screw design, the flexural modulus of EVOH/MCC
composites showed better improvement compared to control EVOH and EVOH/MCC (LS) at
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the same MCC content. Incorporation of 5wt.% and 15wt.% of MCC showed a noticeable
increase in the flexural modulus, 9.0 % and 22.5 %, respectively, compared to EVOH. Also,
with HS configuration, flexural strength was maintained at 5 wt.% and 15 wt.%. A significant
increase in flexural strength for EVOH/MCC at 5 wt.% was found compared to EVOH/MCC
(LS) (20.5 % higher). However, at higher MCC content (15 wt.%), EVOH/MCC (HS) showed
a slight decrease in flexural strength, but still higher than EVOH/MCC (LS). At the same MCC
concentration, enhancement of the flexural strength for EVOH/MCC is symptomatic of the

dominant screw design effect over the concentration effect.

Equally significant, at HS configuration, the strain-at-break values are recovered to the level
of control EVOH. At 5.0 wt.% of MCC loading, EVOH/MCC composites exhibit the same strain-
at-break as compared with the control EVOH. These findings are unique compared to those
reported in the literature for different MCC-based polymer composites, which report significant
reductions in strain-at-break. It is also extensively reported in literature that improvement in
strength and strain-at-break is critically dependent on the dispersion and the amount of
interfacial interactions. In the present case, it seems that the application of a large number of
high-angle kneading elements resulted in the generation of high stresses, which overcame
the strong Van-der-Waals interaction between the MCC agglomerates. As observed from the
SEM images, agglomerates are broken up and high shear forces lead to the formation of
small-fibrillated MCC particles as well as strongly-bonded well-dispersed CNP particles within
the EVOH matrix. The better improvement in the flexural modulus for EVOH/MCC (HS) seems
to be controlled by the inherent high stiffness of formed CNP and the enhanced stiffness of
the interfaces. Uniform dispersion of CNP and small-fibrillated MCC improve interfacial
interactions, which facilitate the stress transfer to boost the strength. Apart from the formation
of strongly-bonded CNP within the EVOH matrix through HS configuration, energy
dissipation/strain energy release due to sliding of the MCC fibrils in the interface regions can
also be considered as a possible contributing factor towards retaining the strain-at-break.

When adding 5 wt.% CNCs, we observed similar noticeable improvement in flexural modulus
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and strength, without any change in strain-at-break (%) at both LS and HS screw
configurations, which means that CNCs are readily dispersed in EVOH even at LS
configuration. Fig. 6 confirms the highly intimate contact between stiff CNC and matrix
resulting from the strong hydrogen bonding between polar EVOH and the CNCs. From these
observations, it seems that the formation of CNP in EVOH/MCC composites (at HS)
contributed significantly to flexural property enhancement. In summary, flexural tests show
that the EVOH/MCC (HS) possess both higher flexural strength and modulus, together with
acceptable strain-to-failure properties compared to control EVOH. Most importantly, the
flexural performance of MCC (5 wt.%) and CNC (5 wt.%.) composites at high shear (HS) are
comparable. It can, therefore, be argued that by using MCC particles and applying high shear
during processing, similar properties can be gained as when using CNC particles. This
removes the need to use costly and energy-intensive nano-fillers, which are potentially
hazardous to health. Consequently, this study provides insight into the use of readily available
cellulose fillers in the continuous melt processing of cellulose composites. For tensile
properties showing an increase of 21 % in tensile modulus at 15 wt.% MCC and maintaining
the tensile strength at 5 wt.% MCC compared to pristine EVOH when processed with the HS

screw configuration, refer to supplementary information (Fig. S5).

In order to evaluate the thermomechanical viscoelastic performance of EVOH/MCC
composites in dynamic bending mode, we performed dynamic mechanical thermal analysis
(DMTA). This technique allows the determination of the viscoelastic response of materials
over a broad temperature range and is strongly sensitive to the morphology and structure of
the composite. The trends of the storage moduli E' of the control EVOH and the EVOH/MCC
composites at different MCC wt.% for two screw design configurations (LS and HS) are

presented in Fig. 8. Fig. S6 (supplementary information) contains the representative curves.

At 5 wt.% and 15 wt.% MCC, the storage modulus (E') of EVOH/MCC composites made using
the LS screw configuration increased from 2.24 +/- 0.03 GPa (control EVOH) to a modest 2.41

+/- 0.03 GPa and 2.53 +/- 0.00 GPa, as can be seen in Fig. 8a. Hence, the improvements are
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8 % and 13 % with respect to control EVOH. However, for EVOH/MCC made using the HS
screw configuration, the potential of storage modulus (E’) improvement is noteworthy. At
5 wt.% and 15 wt.%, storage moduli (E) increased from 2.17 +/- 0.16 GPa (control EVOH) to
2.55 +/- 0.08 GPa and 2.75 +/- 0.00 GPa, respectively, which is 18 % and 27 % higher than
control EVOH. The improvement at a small loading of 5 wt.% for EVOH/MCC (HS) compared
to EVOH/MCC (LS) verifies the extensive effect of strong reinforcement. It seems that the
formation of fibrillated MCC and CNP particles induced a synergistic effect, which enables
efficient stress transfer at the interface [29, 55]. Shumigin et al. suggested an improved energy
storage mechanism at the interphase due to longer relaxation times of a well-dispersed matrix-
filler system [55]. The much lower enhancements for EVOH/MCC (LS) could be attributed to
exacerbation of agglomerates of MCC. [29, 56]. Kiziltas et al. achieved an increase of 20 % in
storage modulus for a MCC weight content of 20 wt.% in Nylon 6 — MCC composites at 30 °C.
This was attributed to a non-sufficient distribution of stress through the composite, but in the
present study improvements were achieved at 5 wt.% and 15 wt.% MCC by the application of
the high-shear screw design [26]. Even more pronounced improvements are observed in the
rubbery state above Ty (E' at 110 °C) for EVOH/MCC (HS) composites compared to
EVOH/MCC (LS) at the same MCC content, as shown in Fig. 8b. The storage modulus of
EVOH/MCC (HS) in the rubbery state with 5 wt.% and 15 wt.% MCC increased by 23 % and
44 %, respectively. The rubbery plateau is generally considered as an indication of the degree
of interactions between matrix and filler and large confinement of polymeric chains on the
surface of fillers. The storage modulus improvement above T, indicates that the high surface
area of submicron fibrils of fibrillated MCC and the formed CNP have significant influence on
the chain mobility, and, hence, confined EVOH molecular chains needed more heat to cause

the segmental motion.
3.4 Thermal studies

Differential scanning calorimetry (DSC) was used to investigate the influence of the two

different screw configurations (LS and HS) on the melting and crystallization behaviour of the
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EVOH/MCC and EVOH/CNC composites. Information on the crystallization temperature (T.)
and the crystallinity (X;) of the samples, and the corresponding DSC thermograms are
summarized in the supplementary information (Table S2, Fig. S7). There, it is evident that
MCC and CNC have no influence on the glass transition temperature and on the melting point
of EVOH composites, which indicates that EVOH structural integrity is intact. From Fig. 9, it
can be seen that the degree of crystallinity of EVOH/MCC (LS) composites remained the same
at 5 wt.%, and decreased by 10 % at 15 wt.% of MCC. Similar results have also been reported

in earlier studies on MCC-based composites with other polymers [38, 57].

While the crystallization temperature showed a slight increase for all composites (+ 3.5 °C)
because of the well-known nucleating effect of crystalline fillers, the crystallinity is primarily
dependent on the extent of dispersion. Consequently, for the EVOH/MCC (HS) composites,
the degree of crystallinity shows a positive improvement at 5 wt.% of MCC (10 % and 7 %
increase) compared to control EVOH and EVOH/MCC (LS). This improvement in crystallinity
could be due to the fact that the large MCC particles turned into small, fibrillated MCC as well
as CNP dispersed within the EVOH matrix. This claim is supported by the SEM studies on the
fracture surfaces of EVOH/MCC (HS), as shown in Fig. 5¢ & d. In EVOH/MCC (HS)
composites, the small, fibrillated MCC and CNP are expected to provide a high surface area
for efficient nucleation. The efficiency of a nucleating agent depends on the quality of the
dispersion and the distribution of the particles. In our case, it is also plausible that the
coexistence of micro- and nano- cellulose particles contributed to the EVOH crystallization
properties. Li et al. also observed a similar increase in crystallinity in melt processed PLA/MCC
composites (by 11.6 %) at 5 wt.% MCC, but through surface modification of MCC [38]. This
interesting contrast between crystallization properties of EVOH, EVOH/MCC (LS), and
EVOH/MCC (HS) was only observed at the low loading of 5 wt.% MCC. At the higher loading
of 15 wt.% MCC, for HS shear configuration, the crystallinity increased by 5 % compared to
EVOH/MCC (LS). However, the limited crystallization performance at 15 wt.% MCC can be

explained by the effect of the relatively non-uniform dispersion of MCC in the EVOH matrix
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with increasing MCC content. The addition of CNC seems to have a positive effect on the
crystallization of EVOH at both screw design configurations, and a higher improvement can
be seen for EVOH/MCC (HS) at 5 wt.% CNC compared to pristine EVOH (+12.4 %). This can
be attributed to the improved dispersion of CNC under high shear. Of note is the crystallization
performance of EVOH/CNC (HS) and EVOH/MCC (HS), comparable at the same weight
content. This indicates that the formation of CNP during high shear mixing contributed to the
crystallization, by providing sufficient surface area for EVOH crystals to grow from melt state.
In addition, we found that the thermal stability of the composites is not affected by the

incorporation of cellulose into EVOH as discussed in the supplementary information (Fig. S8).

4. Conclusion

This work presented the significant effect of screw configuration on the size of MCC particles,
MCC fibrillation and the in-situ formation of cellulose nanoparticles (CNP) within the EVOH
matrix, which govern the mechanical and thermal properties of the composites. A microscopy
study (SEM) revealed that the high shear (HS) screw configuration significantly reduced the
MCC particle size and formed well-separated CNP dispersed within the EVOH matrix. At a
lower loading of MCC (5 wt.%), the flexural and dynamic mechanical properties of EVOH/MCC
composites were significantly influenced by the screw design configuration. For example,
EVOH/MCC (HS) composites showed a 10 % / 7 % increase in crystallinity compared to
control EVOH and the EVOH/MCC composites made by low shear (LS) screw configuration
at 5 wt.% MCC. With the HS screw configuration, the trend of flexural strength and strain-at-
break improvement reversed from a negative to a positive change at 5 wt.% MCC. At 5 wt.%
and 15 wt.% MCC, EVOH/MCC (HS) showed more than twice the improvement in storage
modulus (E') compared to EVOH/MCC (LS). The noteworthy improvement at a small loading
of 5 wt.% for EVOH/MCC (HS) compared to EVOH/MCC (LS) verifies the extensive effect of
the screw design configuration. It seems that the formation of fibrillated MCC and CNP
particles through the HS screw configuration induced a synergistic effect, which enables

efficient stress transfer and improved energy storage mechanism at the interphase. A
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comparison revealed that improvements due to the incorporation of MCC particles were not
significantly different from CNC composites at the same loading. As a result, composites
manufactured from MCC particles in a high shear environment can provide a cost-efficient,
safe method to achieve high performance composites without the use of compatibilizers or

lubricants using continuous melt processing methods established in industry.
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FIGURES

Figure 1: Scanning electron microscopy images of a) MCC particles (x100), b) close-up of

individual MCC particle (x55,000), c) CNC after ultrasonication (x55,000).
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Figure 2: Screw design 1; low-shear screw configuration. Kneading sections are augmented
to highlight the arrangements of kneading blocks leading to low shear forces. Co-rotating

twin-screw set-up for screw design 1 on the right-hand side.
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Figure 3: Screw design 2; high-shear screw configuration. Kneading sections are augmented
to highlight the arrangements of kneading blocks leading to high shear forces. Co-rotating

twin-screw set-up for screw design 2 on the right-hand side.

Figure 4: Dispersion characterization for MCC (5wt.%) — EVOH composites for; a) low-shear

(x100), b) low-shear (x500), c) high-shear (x100), d) high-shear (x500).
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Figure 5: Fracture surfaces of EVOH/MCC composites containing 5 wt.% of MCC, a & b)

after LS processing (x6000), c & d) after HS processing (x6000).

Figure 6: Fracture surfaces of EVOH/CNC composites containing 5 wt.% of CNC, a) after LS

processing (x6000), b) after HS processing (x6000).
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