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Natural fiber composites have various applications, since they can bring interesting mechanical and
sustainability properties. Extrusion with a single- or twin-screw is the main industrial process to
incorporate lignocellulosic fibers into polymers.
lignocellulosic fibers are first presented, before discussing the composite processing, with a particular

In this review, the origin and preparation of

emphasis on the impact of process conditions on the composites final properties that is highly related to
the final application. A broad panel of composites reinforced with lignocellulosic fibers is reviewed along
with their polymeric matrix, lignocellulosic fiber type and pretreatments, and extrusion process
conditions. Finally, the most critical extrusion process parameters (screw profile, speed and temperature)
are also examined in order to determine some guidelines to optimize lignocellulosic fiber composites
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1. Introduction

Composites are materials composed of at least two different
non-miscible components creating an interface between them.*
These materials are used worldwide in major industrial sectors
like transports and construction. They are usually made of
thermoset and thermoplastic polymers reinforced with
synthetic fibers and especially glass fibers. Nevertheless, the
trends are changing because of numerous factors and real
policies supports. Indeed the green economy emergence comes
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with new environmental policies established at the state level,
or even higher at the international level, as illustrated by the
recent guidance for Responsible Agricultural Supply Chains
edited by the join Organization for Economic Co-operation and
Development (OECD) and Food and Agriculture Organization of
the United Nations (FAO).> The green economy promotes
natural and renewable resources valorization, reduction of
weight or fuel consumption, recyclability or life ending
consideration for examples.* In many aspects, markets and
needs are evolving quickly.” Research projects follow tendency
and bio-based materials became mainstream. To highlight this
societal demand, one can mention the European Institute of
Innovation and Technology (EIT), where calls for Knowledge
and Innovation Communities (KICs) aim, amongst other topics,
to build up eco-innovation market replication projects,
promoting the area of more sustainable manufacturing in the
context of ‘the Climate action, environment, resource efficiency
and raw materials societal challenges’.® This global wind of
change facilitates the development of new composites rein-
forced with LC fibers (Fig. 1). In this context, private and public
funding is rising while publications are piling up (Fig. 2). Life
cycle assessment studies also confirm the sustainability of bio-
based materials and especially LC fibers composite, where LC
fibers replace synthetic fibers (e.g., glass fibers, carbon fibers) in
industrial applications.”® As a purpose, this trend would prob-
ably continue over the next years according to the forecast of the
market (Fig. 3). This is why it is important to investigate and
normalize process methods commonly used, in order to ease
the production of biocomposites materials reinforced with LC
fibers.

LC fibers are mainly composed of bundles containing
elementary fibers. The diameter of the bundles is mostly
comprised between 5 pm and 35 pm.’ The extrusion process
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Fig. 1 Relative importance of research areas related to wood and LC
fibers. Analysis is based on the query “((wood or lignocellulos*) and
(fiber of fibre))” in the topic field on the 2007-2016 time-period per-
formed in the Web of Science (March 2017). Research areas abbrevi-
ations are: Eng = Engineering; Poly. Sci. = Polymer Science; Forest. =
Forestry; Chem. = Chemistry; Agri. = Agriculture; BAM = Biotech-
nology and Applied Microbiology; En. = Energy Fuels; PS = Plant
Sciences; ES = Environmental Sciences Ecology. The sum of the
percentages is above 100% since some articles belong to two or more
research areas.

frequently causes the shortening of the bundles (e.g., decohe-
sion of elementary fibers, breakage or scission of the whole
bundle). It results a modification of the aspect ratio of the LC
fibers impacting the contact surface between the fibers and the
polymeric matrix. Aspect ratio is determined by the length of
the LC fibers divided by their diameter. The higher the aspect
ratio is, the higher the surface contact. Interfaces are ruled by
interfacial bonding and are a major concern in composite
science since they are the key for stress transfer between the
matrix and the LC fibers, determining the mechanical proper-
ties of the whole material." Most of the studies report poor
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Fig.2 Number of publications related to the lignocellulosic fibers and
wood fibers topics on a 10 year period (2007-2016). Variations of
publication number between 2007 and 2016 years are indicated as
percentage above the last bar. Results are from queries in the Web of
Science (February 2017).
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interfacial bonding between LC fibers and polymers, leading to
the need of a compatibilization of the matrix or a treatment of
the LC fibers prior the extrusion process. A recent review has
pointed out the importance of the pretreatment and process in
the production of nanocomposites reinforced with cellulose.*?
Even with such pretreatment of the LC fibers, a good interfacial
bonding could be hard to achieve since LC fibers tends to
absorb moisture and to increase porosity during the process. As
it was reported previously, porosity is a factor of great influence
for the mechanical properties of a composite.”> We assumed
there is a huge impact of the pretreatment and process condi-
tions in the final properties of the thermoplastic composites
reinforced with LC fibers. Extrusion is a hot-melt process
suitable for continuous processing of composite made of poly-
mer reinforced with LC fibers. It allows to set various parame-
ters (e.g., single or twin-screw, RPM, temperature, residence
time) influencing the thermo-mechanical properties of the
resulting composite.” This influence is strongly related to the
microstructure of the composites (e.g., dispersion of LC fibers,
aspect ratio of LC fibers, spatial orientation of LC fibers).*
The very wide range of LC fibers (e.g., hemp, flax, kenaf,
abaca, bagasse, banana) due to natural biodiversity spread all
around the planet, according to soil and climate variations,
leads to a huge spectrum of different studies. In addition, the
diversity of thermoplastic matrixes, such as polypropylene (PP),
polylactide (PLA), polyethylene (PE), polystyrene (PS), poly-
caprolactone (PCL), multiplies the field of results related to
lignocellulosic composites. Due to the amount of multifari-
ousness LC fibers, polymers and pretreatments, added to
numerous available extruders coming from many manufac-
turers that use a lot of different screws (length, diameter,
profile) in numerous conditions of temperature and RPM, we
have to face a fuzz melting-pot of processes and parametric
options (Fig. 4). Laboratory knowledge and empiric experience
prevail, but some behavior laws come with the efforts con-
ducted to identify key process parameters or LC fibers traits as
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Fig. 4 Synthetical overview of the preparation and extrusion processes of LC fiber composites.
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well as simulations for prediction of LC fibers behavior during
compounding.

This review focuses on the investigation of the different
single-screw and twin-screw extrusion process methods, and
not on the normalization methods and standard of the domain.
In an attempt to compare studies and discuss on the impact of
the process on the composites properties, the Young's modulus
appears to be a representative standard for mechanical prop-
erties of composites.” Tensile test and dynamic mechanical
analysis are often used for mechanical characterization of
composites reinforced with fibers and is widely spread across
the world. Stiffness is closely related to the orientation of the
fibers in the composites'® and have some connections with the
efficiency of a given process.

2. Lignocellulosic fibers

Lignocellulosic materials are widely spread in the world.
Claassen et al. estimated their production at 10-50 billion tons
per year (which corresponds to approximately 50% of the
biomass)."” The LC fibers are made of cellulose, hemicelluloses,
lignin and pectin. The proportion of these products varies from
one kind of fiber to another. As a consequence, the LC fibers
exhibit diverse mechanical properties.”*>" The LC fibers are
mostly chosen in accordance with local production and
governmental or industrial partnerships. So, the main concern
is to valorize the available LC fibers.

2.1 Grades and sourcing of fibers at the global scale

There is a huge diversity through the science of biocomposite
materials. It seems there is no favored polymer/LC fiber couple.
Literature survey shows that the fibers are preferentially selected
due to the geographic location. For example hemp fibers are
mainly used in composites made in France,>*>* China,” New
Zealand,**° United States of America,*"** Canada,** Morocco®* or
even Romania.** Because main hemp producers are located in
European Union® (especially in France®’), China, Australia, New
Zealand, Canada and USA.*® Many country policies (USA) and
sometime at an upper scale, like Common Agricultural Policy in
European Union,* are trying to support lignocellulosic crop
production. As a result, biocomposite material research mainly
follows political and societal trends. Nowadays, the greener seems
the better and, despite some controversies with LCA methodolo-
gies, some works reported that LC fiber composites seem more
ecological than composite reinforced with synthetic fiber, like
glass fiber for example.* This is in accordance with the growing
amount of scientific articles published during last decade 2007-
2016 (Fig. 2). Even if articles on wood-based fibers are still more
numerous than the ones dealing with LC-based fibers (920 vs. 342
publications), the increase over the last decade is clearly in favor
of the latter (+362% vs. +74%), indicating a strong dynamic and
interest for LC fibers. In view of the large number of works pub-
lished in the last decade due to the LC fibers diversity, we chose to
mainly focus on two of the most studied LC fibers, hemp and flax
fibers. Other LC fibers, such as jute, abaca or sisal, will also be
considered as benchmarks.

This journal is © The Royal Society of Chemistry 2017
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2.2 Preparation and pretreatment of fibers

Due to their close chemical composition, LC fibers exhibit
very similar chemical properties, especially on their surface.**
Consequently, the encountered issues are mostly a lack of
adhesion between the polymers and the fibers. Because of
their biochemical composition (polysaccharides in majority),
LC fibers are commonly quite hydrophilic. Nevertheless,
studies have determined that some differences can be noted
from one LC fiber to another. The composition of the fibers
can affect some properties like surface energy,” so can
their pretreatment.*” In fact, prior to their incorporation
into polymeric matrixes, LC fibers are often pretreated (Fig. 4
and 5). It exists a lot of different pretreatments done on
the fibers before their use. Most of the time, the main goal
is to:

(i) Enhance the compatibility between the fibers and the
polymeric matrixes (fibers are highly hydrophilic while ther-
moplastic polymers commonly are hydrophobic).

(ii) Enhance the length/diameter ratio (dispersion and/or
defibrillation enhancement) in order to improve the mechan-
ical and/or the thermal properties of the final composite.

Nowadays it is also possible to integrate the eco-conception
of the composites and to tailor their life-end,” like recy-
clable**** or compostable abilities.*” Some studies also reports
works conducted specifically on added functionalities as fire
retardancy*® or antibacterial*” done on LC fiber by pretreat-
ments. The most common pretreatments performed are
chemical pretreatments.***° Others pretreatments could also be
physical,>**® biological®* or mechanical.®> Chemical pretreat-
ments usually focus on fiber surface, where soda (e.g., NaOH) or
acids (e.g., HCI) are often used to “wash” the surface from non-
cellulosic components. Some of them are also focused on the
grafting of molecules (e.g., hydrophilic chains, hydrophobic
chains, monomers, polymers) at the surface of the LC fibers.
Some chemical pretreatments also focus on the removal of
extractives from the woody core® or on the plasticizing of
lignins.* There is a huge amount of different pretreatments in
various ways like:

Crude
polymer

Pretreated or
crude LCfibers

Pretreatment of LC fibers

(e.g., alkaline) .
Composite

/ material

—
bl

Scientific experimentation v

e

Industrial applications

\

Ii@
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Fig. 5 Pretreatment of LC fibers and their incorporation into a poly-
meric matrix by extrusion process prior injection molding.
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(i) Chemical (e.g., alkaline, silane, maleic anhydride, acetic
anhydride).

(ii) Physical (e.g., irradiation, plasma, corona, thermal).

(iii) Mechanical (e.g., extrusion, carding, cutting).

(iv) Biological (e.g., enzymatic, retting).

(v) A mix of chemical, physical, mechanical or biological
pretreatments (e.g., thermal and chemical,* reactive extrusion).

On one hand, LC fibers show a quite good compatibility with
hydrophilic polymers such as polyesters (e.g., PLA, PCL).
Nevertheless, pretreatment methods are still used on fibers
before their incorporation in such polymers in order to enhance
the aspect ratio and the final properties of the composites. On
the other hand, LC fibers show a weaker cohesion with hydro-
phobic polymers (e.g., PP or PE). Fiber pretreatments are more
important in this case. In numerous studies, coupling agents
are directly incorporated into the matrix. For example, maleic
anhydride grafted polypropylene (MAPP) is commonly used to
enhance the adhesion properties of PP reinforced with LC
fibers.>® Some works suggest a possible optimal ratio of
coupling agent for PP reinforced with LC fibers which can differ
for each kind of LC fibers (e.g., flax, hemp, sisal, alfalfa).””** A
study conducted by Puglia et al. reports that the compatibili-
zation of the matrix is more effective than that of the fibers in
order to improve the final properties of the materials.*

Due to their simplicity, alkaline or acidic treatments, which
commonly consist in merging the fibers in a NaOH or HCI
solution for hours, have becoming the most popular fibers
pretreatment methods before extrusion (Fig. 5). The goal is to
clean the surface from natural and artificial impurities.*®® This
also could be useful to ease the decohesion of fiber elements
and to enhance the aspect ratio. Alkaline treatments are well
described in the literature.*® It is pointed out that an excessive
alkaline treatment could remove a significant part of the lignin
and damage the fibers.®* The cellulose crystallinity may also be
modified during a mercerization process and so the properties
of the fibers. Such effect of the alkaline treatment depends on
the temperature and the concentration of alkalis.®

Vandenbossche et al. have described a biomass decon-
struction method using alkaline and enzymatic extrusion.®® The
processes were carried out on a twin-screw extruder, with
a screw speed of 85 to 200 RPM, in a temperature range going
from 40 °C to 98 °C. This study highlights the influence of the
alkaline treatment on the deconstruction of the LC fiber, in
accordance with the effects of an excessive alkaline treatment of
the fibers.** Moreover, these works emphasize the need to adapt
the extrusion process and the pretreatment of the fibers in order
to avoid a degradation of the mechanical and thermal proper-
ties of the final materials.

3. Composite processing:
fundamentals, structure, formulation,
extrusion and properties

Depicting the whole spectrum of experimental conditions is

hard to achieve. The first sub-section presents few basics related
to the process of LC fiber composites. Then the structure of the

34642 | RSC Adv., 2017, 7, 34638-34654
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composite and the porosity are also introduced. The third sub-
section is related to the composites formulations. In this
section, some composite formulations and experimental
conditions picked up in different studies are reported on
Table 1. They are classified according to their polymeric
matrixes, their LC fibers (kind, content and dimensions) and
their pretreatment before extrusion. The objective is to regroup
similar compounds and composites in order to discuss about
their structural, thermal or mechanical properties and the
formulation or the pretreatment. Then, the fourth section is
related to the extrusion of the composites. In this sub-section,
Tables 2 and 3 regroup materials by polymeric matrix (PLA,
PCL and PP) and detail the conditions of the extrusion
processes (single or twin-screw, L/D ratio and temperature
profile). This classification will allow us to examine the influ-
ence of the process conditions on the material properties. In
this review, we focus only on the extrusion process for
composite production. We chose to consider the effect of the
extrusion process parameters on the mechanical properties
(Young's modulus only) measured by tensile test and dynamic
mechanical analysis. Finally, the fifth sub-section deals with the
general properties of the composite and presents common
methods used for the characterization of composites.

3.1 Basics of lignocellulosic fiber composite processing

Many processes are in use across the industry of composites
(e.g., resin transfer molding, melt mixing, compression
molding, pultrusion).®**® Resin infusion is a process commonly
designed for thermoset resins where the fibers are directly
placed in their final shape in a mold and are impregnated with
a monomer mixed with a curing agent.®” In some cases, a bag is
disposed above the polymer to create a vacuum to avoid the
spreading of toxic effluent during the curing.®® Melt mixing is
more fitted for thermoplastic composites (Fig. 5). The polymer
is heated above its melting temperature or at a temperature
where its viscosity is sufficiently low to permit a proper flow in
case of amorphous thermoplastic. Static mixing can be use to
achieve melt blending with a good control of the experimental
parameters (e.g., residence time, temperature, shear rate) but in
a non-continuous production.®® Extrusions involve the same
experimental parameters, but they are harder to optimize since
this is a continuous process involving a constant flow of mater.
Melt mixing implies the use of non-continuous fibers or short
fibers. Compression molding can be used to set in shape ther-
moplastic composites after an extrusion process, like injection
molding, or to mold fibers between thermoplastic films™
(Fig. 5). It can also be used for impregnated composites
molding.” Pultrusion is a process where a continuous fiber is
pulled out through an impregnation bath (for thermoset) or
a die of an extruder (for thermoplastic).”

Across the studies, many different polymeric matrixes are
employed to produce composites reinforced with LC fibers. It
would be interesting to consider different groups of polymers
like polyesters and polyolefins. Polyesters are polymers made
of monomers containing at least one ester group, like poly-
lactide (PLA), polycaprolactone (PCL) or polyethylene

This journal is © The Royal Society of Chemistry 2017
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Table 1 Composites reinforced with pretreated LC fibers (without wood-tree resources)
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Polymeric matrixes LC fibers Initial fiber length (mm) Pretreatments Fiber content (wt%) References
PLA Abaca Continuous — 30 Bledzki et al. (2009)°*
— Pre-extrusion 30 Bledzki et al. (2010)"
Miscanthus — Corona 20 to 40 Ragoubi et al. (2012)'*°
Miscanthus 1.69 — 10 to 40 Gamon et al. (2013)'**
Kenaf 3 — 10 to 30 Pan et al. (2007)'%*
Flax 1 — 25.7 Bourmaud et al. (2015)"*"
4 — 30 Bourmaud et al. (2010)"*?
Hemp 4.9 Chemical 10 to 30 Sawpan et al. (2011)*¢
Sawpan et al. (2011)*”
Pickering et al. (2011)*®
Sawpan et al. (2012)*°
25 Chemical 20 to 40 Oza et al. (2014)*"
PCL Sisal 1.19 Chemical (alkaline) 5-20 Carmona et al. (2014)'*?
Hemp 14 — 20 Berzin et al. (2014)*
20 — 20 Beaugrand et al. (2013)*
— Enzymatic 30 Bledzki et al. (2010)>*
2 — 40 Bledzki et al. (2015)"**
Hemp 0.6 to 1.7 Corona 10 to 40 Ragoubi et al. (2010)*
— Chemical (silane) 30 Rachini et al. (2012)**
— — 10 to 40 Mihai et al. (2011)*
1.4 Chemical (alkaline) 5 to 30 Elkhaoulani et al. (2013)**
1to3 Chemical (alkaline) 40 Beckermann et al. (2009)*°
2 Chemical (silane) 10 to 30 Panaitescu et al. (2015)'%°
2to03 — 5 to 10 Paukszta et al. (2005)'*°
4t06 Chemical 25 Torga et al. (2013)*°
8 — 5 to 30 Khoathane et al. (2008)'*
16 to 55 Chemical (alkaline) 15 Bayush et al. (2012)*
Miscanthus — Corona 20 to 40 Ragoubi et al. (2012)'*°
Alfa 1.3 Chemical (alkaline) 5 to 30 Arrakhiz et al. (2013)"*°
6 to 10 Chemical (alkaline) 10 to 30 El-Abbassi et al. (2015)"*’
Coir 1.2 Chemical (alkaline) 5 to 30 Arrakhiz et al. (2013)"*®
Bagasse 0.8 Chemical (alkaline) 5 to 30 Arrakhiz et al. (2013)'*°
Flax — — 10 to 40 Mihai et al. (2011)*
— — 30 Retegi et al. (2006)'*®
— Chemical (alkaline) 10 Marques et al. (2015)"*°
0.5t0 2 Chemical (alkaline) 3 to 46.7 Ausias et al. (2013)"*°
1 — 25.6 Bourmaud et al. (2015)"*"
1t02 — 19 to 22 Doumbia et al. (2015)"*'
2t03 — 5 to 10 Paukszta et al. (2005)'*°
4.5 Chemical (alkaline) 5 to 50 El-Sabbagh et al. (2013)"**
Pine cone 0.5 Chemical (alkaline) 5 to 30 Arrakhiz et al. (2012)"*
Jute — — 10 to 30 Doan et al. (2006)"**
— Chemical (alkaline) 10 Marques et al. (2015)"*°
2 — 40 Bledzki et al. (2015)"**
3 Chemical 20 to 35 Kabir et al. (2010)'**
Curaua — Chemical (alkaline) 10 Marques et al. (2015)'*°
3to7 — 20 Mano et al. (2010)"3°
Sisal 10 Chemical (alkaline) 10 to 30 Pimenta et al. (2008)"’
Kenaf 2 — 40 Bledzki et al. (2015)"**

terephthalate (PET). PLA is synthesized from renewable
resources while it is industrially compostable or recyclable.”
PCL is made of fossil resources and is fully biodegradable. PBS
offers a good compromise between technical performance,
fiber adhesion and recyclability.** Polyethylene terephthalate,
which is a polyester traditionally made of fossil resources,
tends to become greener since various studies talk about
biobased PET." In all cases, it is well known for its recyclability
and/or reusability. Most of the time, polyesters are hydrophilic
polymers and exhibit quite good compatibility with LC fibers

This journal is © The Royal Society of Chemistry 2017

that are also hydrophilic. Polyolefins are usually polymers
made of carbon-hydrogen aliphatic chains coming from the
polymerization of alkene monomers. Polypropylene (PP), high
density polyethylene (HDPE) and low density polyethylene
(LDPE) are the most common polyolefins used in industry and
are mainly recyclable.”*”” Due to their chemical structure,
polyolefins are hydrophobic. They are uneasy to mix with LC
fibers and a pretreatment or a compatibilization process is
highly recommended. In this review, we chose to only consider
PP, PCL and PLA because they are very common and there are
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Table 2 Process conditions in PLA and PCL reinforced with LC fibers
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Temperature Process Young's
Screw L/D D (mm) RPM profile (°C) (qualitatively) Fibers modulus (GPa) References
PLA
Single — — 20 175-185 Soft Flax — Bourmaud et al. (2010)"**
— — 20 190 Soft Flax 3.8-7.4 Bourmaud et al. (2015)"*"
— — 63 175-200 Soft Miscanthus 2.4-3.2 Ragoubi et al. (2012)"*°
— — 80 200 Soft Kenaf 1.4-1.9 Pan et al. (2007)'”
— 19 8 175 Soft Hemp — Oza et al. (2014)*'
25 30 20 180 Soft Abaca 3.3-8.0 Bledzki et al. (2009)°*
Twin 25 15 100 175-190 Severe Hemp 3.5-8.2 Sawpan et al. (2011)*°
— Sawpan et al. (2011)*’
— Pickering et al. (2011)*®
— Sawpan et al. (2012)*°
32 25 100 200 Severe Abaca 3.3-8.0 Bledzki et al. (2010)'°
32 25 100 200 Severe Jute 3.4-9.6 Bledzki et al. (2010)'*°
44 28 100-300 165-190 Severe Miscanthus 6.0-6.4 Gamon et al. (2013)***
PCL
Twin — 18 200 140-160 Severe Sisal — Carmona et al. (2014)'**
36 25 100-300 100 Severe Hemp — Berzin et al. (2014)*
36 25 100-400 100-140 Severe Hemp 0.1-0.3 Beaugrand et al. (2013)2
Table 3 Process conditions in PP reinforced with LC fibers
Temperature Process Young's
Screw L/D D (mm) RPM profile (°C) (qualitatively) Fibers modulus (GPa) References
Single 25 30 20 180 Soft Abaca 1.5-4.9 Bledzki et al. (2009)°
— — 28 175-190 Soft Alfa 1.4-3.6 El-Abbassi et al. (2015)"*’
25 30 — — Soft Jute 1.5-5.8 Bledzki et al. (2010)'*°
— — — 160 — Jute 1.0-3.5 Kabir et al. (2010)'*°
— — 60 165-170 Soft Hemp 1.2-4.3 Khoathane et al. (2008)'°®
— — 63 175-200 Soft Hemp 0.7-1.2 Ragoubi et al. (2010)*®
25 25 30 140-200 Soft Hemp — Paukszta et al. (2005)">°
— — 63 175-200 Moderate Miscanthus 0.8-1.5 Ragoubi et al. (2012)"*°
— — 20 190 Soft Flax 1.8-5.8 Bourmaud et al. (2015)"*
11 46 — 180-210 — Flax 1.6-3.7 Doumbia et al. (2015)"*!
25 25 30 140-200 Soft Flax — Paukszta et al. (2005)">°
30 20 20 190 Soft Flax 1.8-7.4 Ausias et al. (2013)"*°
— 25 50 175-185 Soft Sisal 0.9-1.7 Pimenta et al. (2008)"7
Twin 23 34 40 170-200 Moderate Abaca — Bledzki et al. (2015)"**
— — — 165-193 — Jute 1.5-4.3 Doan et al. (2006)"**
— — 60 180 Moderate Jute — Marques et al. (2015)"*°
23 34 40 170-200 Moderate Jute — Bledzki et al. (2015)'>*
— — 40 190-215 Severe Hemp 1.8-4.0 Torga et al. (2013)*°
— — 120 160-170 Severe Hemp 0.9-2.1 Panaitescu et al. (2015)'°°
— — 125 180-200 Severe Hemp 1.0-1.8 Elkhaoulani et al. (2013)**
— 18 40 180-200 Moderate Pine cone 1.0-1.6 Arrakhiz et al. (2012)"3*
— 18 80 185 Moderate Hemp 0.9-1.2 Bayush et al. (2012)*
— 18 125 180-200 Severe Alfa 0.9-1.6 Arrakhiz et al. (2013)"*°
— 18 125 180-200 Severe Coir 0.9-1.5 Arrakhiz et al. (2013)"2°
— 18 125 180-200 Severe Bagasse 0.9-1.5 Arrakhiz et al. (2013)"?°
— 33 400 160-170 Severe Hemp 5.0 Rachini et al. (2012)**
— — 30 180-185 Moderate Flax — Retegi et al. (2006)'*®
— — 60 180 Moderate Flax — Marques et al. (2015)"*°
38 25 100-200 180-200 Severe Flax 0.7-1.6 El-Sabbagh et al. (2014)*7
40 18 — 170-200 — Flax 1.4-3.5 Doumbia et al. (2015)"*
40 34 100-200 175-200 Severe Flax 1.3-5.0 Mihai et al. (2011)*
— — 60 180 Moderate Curaua — Marques et al. (2015)"*°
— 44 250-500 160-180 Severe Curaua 1.9-3.4 Mano et al. (2010)"3°
23 34 40 170-200 Moderate Kenaf — Bledzki et al. (2015)"**
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also a lot of studies using very different processes with these
polymers.

3.2 Structure and porosity

During the process, some air (or nitrogen if the process occurs
under nitrogen flow), water vapor or volatile organic compound
(VOC) can be trapped in the composite. Most of the time, those
gases may create some cavities between the LC fibers and the
matrix. It is called porosity. As described by Madsen et al.,** the
porosity strongly depends on the quantity of fibers incorporated
and on the process used. A high fiber load (e.g., superior to 60
wt% of hemp fibers in a PP matrix)** could lead to a sharp
increase of porosity due to fiber aggregates. An incomplete
compaction of the fibers during the process can also increase
the porosity. However, the porosity created during the process
could occur at every fiber content since it directly results from
the mixing of two different materials. As a consequence, the
experimental conditions of the process are very determining for
the final mechanical properties of the composites and espe-
cially for composites reinforced with LC fibers, because it can
cause both fibers degradation (thermal or mechanical degra-
dations) and porosity.” As a significant part of the porosity
induced by the process is located at the interface between the
fibers and the matrix, it is quite logic to consider the chemical
affinities between the fibers and the matrix because it could
affect the amount of porosity created during the process. This is
why the fiber pretreatments are also considered in addition to
the fiber rates and to the process conditions in Table 1.

The pretreatment of LC fibers and the removal of water (before
or during the process) are not the only ways to reduce the porosity
in the final material. Some works conducted in our laboratory
highlighted a possible decrease of the porosity after an injection
process, as illustrated on Fig. 6. The preparation of the samples
and the process are described elsewhere.” On one hand, structure
and porosity of composites are strongly related to the mechanical
properties of the final materials. On the second hand, the process
has a significant influence on the structure and on the porosity
(even extrusion parameters and fibers preparation). As

Prior injection (porosity: 1.3 % to 9.8 %)

After injection (porosity: 0.1 % to 0.2 %)

Fig. 6 Possible decrease of the porosity in polycaprolactone rein-
forced with natural hemp fibers after an injection process (porosity
measured by scanning electron microscopy and image analysis).

This journal is © The Royal Society of Chemistry 2017
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a consequence, knowing the effect of the process parameters on
the structure and on the porosity of the composite helps to
improve the final properties of the materials.

Avery similar statement can be done with the microstructure
of the composites reinforced with LC fibers. The microstructure
concerns the orientation, the dispersion and the distribution of
the fibers. It is highly connected to the properties of the mate-
rial and the process can affect microstructure parameters, like
aspect ratio or fiber dispersion.**”® As a result, the microstruc-
ture is strongly linked to the final properties of the material. As
reported in some of our previous works, the characterization of
the microstructure can be conducted from nanoscale to
macroscale with a large broad of different techniques (e.g.,
Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), micro X-ray Computed Tomography (X-ray
CT), Confocal Laser Scanning Microscopy (CLSM), Confocal
Raman Imaging (CRI)) and, often the time, the imaging tech-
niques require an accurate image analysis, especially to inves-
tigate and to wunderstand the relations between the
microstructure and the material properties.™

3.3 Formulation of composites

This review has considered 39 publications listed hereafter in
the Table 1, mentioning the use of LC fibers and extrusion
process during the last 15 years (from 2002 to 2016). Our
selection is based on the choice of the most boosted research of
the works conducted on some polymers (PP, PLA and PCL)
reinforced with LC fibers throughout extrusion process. We
chose to firstly classify these materials in three categories cor-
responding to polymeric matrixes. Then we collected the
information about the kind, rates and lengths of fibers used. We
also added the pretreatments done on these fibers. Industrial
composites often the time require the addition of antioxidant
additives to ensure their durability.®* Due to the relatively low
amount of such additives used in the final compounds, we
think they have no significant effect on the process and we
willingly chose to neglect them in this review.

Except one study where continuous fiber is used, the fiber
length is comprised between 0.5 mm and 55 mm. Regrettably,
a third of the studies does not indicate the initial fiber length.
Fibers shorter than 10 mm are commonly used in thermoplastic
composite, while fiber longer than 10 mm are less reported.
Extrusion process often the time breaks and shortens the long
fibers due to friction strength, as it was reported and described
in many works.>?>*>#! Long fibers are also known to be difficult
to introduce in the extruder and to increase the viscosity or
create huge blockage in the die. Because it is very hard to
preserve the initial length of long fibers during an extrusion
process and because it is easier to feed the extruder at
a constant rate with short fibers, the infra 10 mm granulometry
length is mostly preferred. Moreover, in an economic point of
view, the longer LC fiber raw material are generally more costly
than the second fiber grade ‘tow’, reinforcing the use of rela-
tively short LC fiber in extrusion. Different ways of fiber
pretreatments are used. The chemical pretreatments (e.g.,
alkaline, silane, maleic anhydride, acetic anhydride) are the
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most common in all polymeric matrixes. Nevertheless, there are
some others ways, like physical pretreatment with some pre-
extrusion method or corona techniques. The selection of the
pretreatment process seems to be independent of the nature
and of the loading rate of the LC fibers.

Considering the whole composites, the feeding rate goes
from 5 w% to 50 wt%. In almost 60% of these studies, the fiber
content is exclusively comprised between 20 wt% and 40 wt%. It
can also be noted that 90% of these studies have at least one
sample with a fiber content within this range. This is in accor-
dance with some examples of composites used in common
industrial applications, like transportation.*> Some works have
shown an increase of the mechanical properties of the LC fiber
reinforced composites when the fiber content goes up to 50 wt%
where they reach a maximum value.* This is in accordance with
the works of Madsen et al. discussed previously where the
porosity sharply increases after 60 wt% of fiber content.”* An
increase of the concentration of the fibers can enhance the
aspect ratio, due to fiber entanglement, as reported by Puglia
et al.> A statistical study conducted by Le Moigne et al. on sisal,
flax and wheat straw fibers incorporated in a PP, with maleic
acid used as compatibilizer, showed no influence of the fiber
concentration on the aspect ratio of the fibers from 20 wt% to 40
wt%.? They used a batch kneader (and not an extruder) to
conduct this study, but on the basis of the works led by Bos
et al.,* they claimed that using a kneader instead of an extruder
would lead to similar size and shape distribution of the fibers.

3.4 Extrusion of composites

There are a lot of manufacturers working at the size of a country,
or international firms such as Brabender, Clextral, Coperion,
Leistriz, Werner & Pfleiderer, K-Tron, Xinda or ThermoFisher
for some examples, who equip research laboratories up to
factory all around the world. Such diversity could be explained
by the large scope of applications for extrusion processes. It is
often used in food industry, pharmacology and plastic manu-
facture because it offers a high amount of benefits like being
a solvent-free non ambient process with a reduced production
time.** Hot melt extrusion is the major process used to manu-
facture plastic across the world.®*® As the plastic market
skyrocket during the last century and with the emergence of the
bioplastic industry since many years, it sounds logic to have
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heavy investments from manufacturers in order to fit with all of
the applications. In composite science, and especially in the
case of composite reinforced with LC fibers, a lot of works were
carried out on single-screw or twin-screw extruders, each one
with its own screw profile and temperature profile, each one
with different screw speed and residence time. It is possible to
find a very large spectrum of experimental conditions for the
same LC fiber mixed with the same polymer, in order to produce
the same compound. Fig. 7 and 8 respectively represent a single
screw extruder and a twin-screw extruder.

This part will quickly present the processes used to
compound composites materials. As we aim at determining the
influence of condition process on thermal and mechanical
properties of the lignocellulosic reinforced polymeric compos-
ites, we chose to consider a representative part of the experi-
mental conditions exposed in several studies from 2002 to 2016.
Hereafter are listed these process conditions in different
matrixes like PLA, PCL and PP (Tables 2 and 3). Those matrix
were selected because PP is the most used matrix associated
with LC fibers, PLA is one of the most published biobased
polymer and has a process temperature close to PP, and PCL
because of its assumed good compatibility with hydrophilic
load bearing LC fibers.

As described previously, the process plays a critical role in
the final properties of the composites since it is directly related
to the porosity of the final material and may preserve or not the
polymer.*® Moreover, the process can also causes some damages
to the fiber bundles and so the morphometry of the solid phase.

Conveyorelements

Mixingelements

Fig. 8 Scheme of a twin-screw extruder profile generated by
Ludovic® and pictures of screw elements.

L=218 mm

N
v

— \/

D=17mm

Fig. 7 Representation of a single-screw extruder.
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A high mechanical energy provided by the screw profile and
speed or a high temperature can enhance the aspect ratio and
lead to composites with improved mechanical properties. But it
can also result in composites with reduced mechanical prop-
erties due to increased porosity or degraded fiber bundles. A
study led on wood polymer composites demonstrated the
influence of process parameters (e.g., screw design, tempera-
ture, RPM) on the size of the particles in the final material.?” As
reported by Hanawalt,*® the temperature of the process should
be set in accordance with the thermal stability of the fiber in
order to prevent thermal degradation. Such degradations would
certainly cause some flaws into the fiber bundles and decrease
the mechanical properties. With such consideration, it is
important to correctly define the process parameters in order to
optimize the aspect ratio of the fibers while limiting as much as
possible the damages to the fibers. The balance between a good
dispersion of the fibers in the matrix obtained with significant
cumulative strain or SME in part, and in other part the preser-
vation of the reinforcement characteristics (e.g., length, aspect
ratio), is difficult because antagonistic. Works described the
decrease of the stiffness of LC fibers due to high stress.*

Moreover, Cisneros et al. have demonstrated that a too high
screw speed could trap some air in the material during the twin-
screw extrusion of amylopectin.® It is consistent with our own
study (Fig. 6). It can be assumed that such phenomenon could
also occur during extrusion process for composite compound-
ing. This would also lead to a decrease of the mechanical
properties of the final material. The best way to investigate the
effect of the mechanical strength applied to the fiber during the
extrusion process is to determine the SME.? It is related to the
mass flow rate of compound, to the motor power of the
extruder, to the torque and to the RPM of the screws.”® Unfor-
tunately, due to a lack of information about the motor power
and torque of the extruder used throughout the works described
in literature, it was not possible to calculate or estimate the SME
in this review. So the only way to investigate the severity of the
process found in literature is to qualitatively discuss about the
RPM and the temperature. We chose to classify processes in
three categories: soft, moderate and severe. “Soft” is for single
screw process under 100 RPM and with a maximum tempera-
ture not higher than 200 °C. “Moderate” is for twin screw
process under 100 RPM and with a maximum temperature not
exceeding 200 °C. “Severe” is for the others processes with
a higher setup in one consign or in combination.

Single screw profiles are more used than twin screw for
PLA. Although there are some analogies with the length (up to
800 mm) and diameter (up to 30 mm) of the screws used, the
rotation speed exhibits some differences from one study to
another. The RPM is comprised between 8 and 300. This
information allows to estimate the residence time in the
extruder. For example, the processing of composites at 100
RPM in a single screw with a length of 390 mm?*° is quicker
than in a single 750 mm long screw extruder at 20 RPM.** The
temperature profile is also an important parameter because it
determines the viscosity of the polymeric matrix. Often the
time, the extruders design allow to set different temperatures
at different stage of the profile. We choose to focus on the

This journal is © The Royal Society of Chemistry 2017
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minimum and the maximum temperatures of each of these
profiles where the temperatures were set from 175 °C to
200 °C.

Few studies have been found on PCL reinforced with LC
fibers throughout an extrusion process. They involve twin-screw
extruders, relatively high RPM (between 100 and 400) and
various temperature range from 100 °C to 160 °C.

At the laboratory scale, excluding pilot and industrial scales,
many works have been conducted both with single screw and
twin-screw extruders for PP composites. The dimensions of the
screw exhibit a wide diversity, where the diameter goes from 18
mm to 34 mm and the length reaches 1360 mm. The rotation
speed of the screws also varies a lot from one study to another
(40 to 200 RPM). The temperature profiles were set between
160 °C and 200 °C.

3.5 Properties of composites

To match industrial applications (e.g., transport, construction
sectors), such composite materials obviously have to fulfill
numerous thermo-mechanical given properties that are depen-
dent on the polymeric matrix, the LC fibers and the interactions
between these components. As described previously, the inter-
face between the LC fibers and the polymers can dramatically
affect the mechanical properties of the resulting material. The
nature of the polymeric matrix plays a huge role on the final
properties of the composites and will determine its applications.
Polymers have their own chemical resistance (e.g., to acids, bases,
solvents), thermo-mechanical properties, fire resistance or aging
behavior. The incorporation of LC fibers could improve some
properties (e.g., mechanical properties), without affecting others
properties (e.g., solvent resistance), while decreasing various
properties in some ways (e.g., fire resistance). The science of
composite materials requires reliable and comprehensive char-
acterizations to lead to sustainable applications.

Even if the importance of other properties should not be
underestimated, the mechanical properties are probably the
most important features to characterize materials reinforced
with LC fibers. Mechanical properties are commonly deter-
mined by tensile tests (ISO 527, ASTM D638) to determine the
module of elasticity (Young's modulus), the tensile strength and
the elongation at break. Other methods, like Dynamic
Mechanical Analysis (DMA) are also used to determine complex
Young's modulus. Composites can also be characterized
according to their resistance to impact with an izod impact test
(ISO 180, ASTM D256). Industrial applications sometime
require specific characterizations like Shore hardness (ASTM
D2240). The most common methods used to study the thermal
properties of the composites are the Thermo-Gravimetric
Analysis (TGA) and the Differential Scanning Calorimetry
(DSC). TGA is most of the time used to characterize the thermal
stability of materials by measuring the weight loss according to
the temperature under controlled atmosphere (e.g., oxidative
atmosphere, inert atmosphere with pure N, or Ar). TGA can also
evidence synergistic or antagonistic effects on thermal stability
between the components of a composite material.”® DSC is
mostly employed for the characterization of glass transition
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temperature (7Ty), the quantification of melting or crystallization
enthalpies (AH,, and AH,) and temperatures (7, and T), or the
determination of the heat capacity at constant pressure (Cp).
Such properties of thermoplastic polymeric matrixes can be
impacted by the addition of LC fibers or other natural fillers.”**
Fire retardancy topic abounds of testing methods to charac-
terize the composite materials.”® Flammability tests, like UL-94
(ISO 1210, ASTM D3801) and limiting oxygen index (ISO 4589-2,
ASTM D2863), or heat release tests, like cone calorimeter (ISO
5660, ASTM E1354) or pyrolysis combustion flow calorimetry,
are commonly used. All of these tests, sometimes in combina-
tion with modeling calculation, aim to improve fire resistance of
composite materials and insure fire safety in industrial appli-
cations.” The aging study of composite materials consists in
reproducing environmental or harsh conditions,*®® before
reproducing thermo-mechanical characterization described
previously. Such studies are sometimes pertinent to investigate
the sustainability of the LC fiber composites. In this review, we
have chosen to focus on the influence of the extrusion process
on the mechanical properties related to the Young's modulus of
composite materials reinforced with LC fibers.

4 Impact of the process on Young's
modulus

In this part, the following discussions aim to make some
comparisons between the process and the mechanical proper-
ties of the materials. As described previously and reported in
Tables 2 and 3, the processes are qualitatively classified in three
categories (soft, moderate and severe) corresponding to an
estimation of the severity of the process.

4.1 PLA composites

There have been different works conducted on PLA reinforced
with hemp fibers exhibiting various processes. Unfortunately,
the mechanical properties were not investigated in all of these
studies. So, to get an enlarged set of data we also considered
PLA reinforced with abaca and kenaf fibers in order to make
some comparisons between the Young's modulus of the final
materials and to investigate the impact of the process
conditions.

Bledzki et al. have processed PLA with 30 wt% abaca fibers to
prepare a composite exhibiting a Young modulus of 8.0 GPa
throughout a succession of two processes.”>** The first one is
severe but it is only used to melt the polymers and the incor-
poration of an abaca monofilament occurs in a coating die at
the end of the extruder, and the composite is pelletized. This
process is used for a soft incorporation into the polymeric
matrix. The second process is soft and used to mix the
composite pellets in order to achieve a better dispersion of the
fibers in the matrix. In their study, Sawpan et al. made a PLA
composite filled with 30 wt% of abaca fibers with a Young's
modulus of 8.2 GPa.*® Prior extrusion, the fibers were compa-
tibilized via an alkaline pretreatment. Then the composite is
made after a severe process. Without any compatibilization but
with the same extrusion process, the same kind of material
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shows a Young's modulus of 7.5 GPa. Sawpan et al. explain this
difference by a better surface adhesion between the fibers and
the matrix reached by the compatibilization of the fibers with
the alkaline pretreatment. So, if we compare the two PLA filled
with 30 wt% of chemically-untreated-abaca fiber made by two
different process (soft and severe), the different Young's moduli
could be explained by a different fiber adhesion related to
different porosities created during the process. It is consistent
with the works of Madsen et al.*® The importance of the inter-
face between the fibers and the matrix was also demonstrated
by a study led by Le Moigne et al. where organosilane treated
flax fibers enhanced the Young's modulus from 5.5 GPa to 5.9
GPa.'*

Works were also conducted with kenaf fibers by Pan et al.*
They produced a composite made of PLA filled with 30 wt% of
kenaf fibers with a Young's modulus of 5.01 GPa. Their process
can be qualitatively estimated as soft. Unfortunately we didn't
find other works conducted on same material with the detail of
the extrusion process, but Avella et al have done similar
composites by a moderate melt blending process (e.g., 180 °C,
32 RPM and 10 min residential time).'® Their composite
showed a Young's modulus of 5.23 GPa without compatibili-
zation and 5.45 GPa with coupling agent (maleic anhydride and
peroxide). A lower temperature and a lower RPM applied with
two screws instead of one slightly enhance the tensile properties
of such composites, but it also important to consider the length
of the fibers used (respectively 3.0 mm for Pan ef al. and 5.1 mm
for Avella et al.).

Gamon et al. have conducted a study on non-treated mis-
canthus and bamboo fibers incorporated in PLA by twin-screw
extruder.' The increase of the severity of the process with the
increase of the RPM from 100 to 300, did not appear to have any
significant impact on the tensile properties (tensile strength
and Young's modulus). The feeding zone for PLA was set at
190 °C, but the mixing temperature was done at 165 °C. The
increase of the severity of the process, only by increasing the
RPM, seems to have a low impact on the mechanical properties
in such experimental conditions. An increase of the tempera-
ture and/or a treatment of the fibers would have enhanced these
properties.

4.2 PP composites

Almost 30% of the studies about PP composites considered in
this review have been conducted on PP reinforced with hemp
fibers under various process conditions. Ragoubi et al. have
studied such composites with short hemp fibers (0.6 mm to 1.7
mm) at different contents between 10 wt% and 40 wt% with
a soft extrusion process.” They worked with untreated and
corona treated fibers. At 20 wt%, they achieved to produce
composites reaching a Young's modulus of respectively 1.1 GPa
and 1.2 GPa, while their reference of crude PP has a modulus of
0.7 GPa. This is an augmentation of the Young's modulus by
roughly 60% (non treated fibers) and 70% (treated fibers).
Khoathane et al. also used a similar soft process in order to
produce composites filled with 8 mm long hemp fibers, at
different contents between 5 wt% and 30 wt% in a PP
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compatibilized with 1-pentene.’® Such polymeric matrix has
a Young's modulus of 1.2 GPa, while their composite exhibits
a Young's modulus of 2.1 GPa at 20 wt% fiber content that can
be considered as an enhancement of 75%. Elkhaoulani et al.
made hemp reinforced polypropylene with a severe process (125
RPM and 180-200 °C).** Without an alkaline treatment of the
fibers, their composite filled with 20 wt% of LC fiber exhibits
a Young's modulus of 1.5 GPa. This is an improvement of 50%
in comparison with their crude PP (1.0 GPa Young's modulus).
With the addition of maleated compatibilizer during the
process, the same composite has a Young's modulus of 1.8 GPa
(+80%). Panaitescu et al. made hemp reinforced composites
with a similar severe process (120 RPM and 160-170 °C).**® They
used a maleated compatibilized PP with a Young's modulus of
0.9 GPa. With 20 wt% of non-treated and silane-treated fibers
they get a modulus of 1.5 GPa (+67%) in both cases. It is
interesting to note that in the two studies the results for the
maleated-PP reinforced with 20 wt% of non-treated hemp fibers
are quite different (1.8 GPa and 1.5 GPa respectively), even in
these two studies the length of the fibers are very comparable
(1.4 mm and 2 mm respectively). This difference could be
explained by the use of alkaline pretreatment used in the study
of Elkhaoulani et al. or by the higher temperature used during
the process (180-200 °C versus 160-170 °C).**

Iorga et al. have made some PP composites reinforced with 4
mm to 6 mm long hemp fibers with a severe process involving
lower screw speed but higher temperature (40 RPM and 190-215
°C).* In comparison with their crude PP reference (1.8 GPa
Young's modulus), their composite reinforced with 25 wt% of
non-treated hemp fiber reaches a modulus of 2.9 GPa, which
corresponds to an increase of 61%. This increase of the Young's
modulus is slightly higher for the composites of Iorga et al. than
for Elkhaoulani et al. On one hand, this difference could be
explained by the little differences of fiber content (respectively
20 wt% and 25 wt%) and by the length of the fiber (respectively
1.4 mm and 4 to 6 mm). On the other hand, it is also possible to
suspect an influence of the process. Even if they are both
considered as severe, they exhibit different RPM and tempera-
ture profile. The RPM can influence the dispersion and/or
shorten the fibers as described by Berzin et al>* or even
enhance the porosity as described by Cisneros et al.*® A process
temperature above 200 °C can also degrade the fibers, as
described by Bogoeva-Gaceva et al.'”” and by Hanawalt et al.®®
Nevertheless, the temperature profile used by Iorga et al.*® was
composed of nine stages and the temperature of 215 °C was set
at the third stage, prior to the incorporation of the fibers, which
occurred on the fourth stage. Rachini et al. used a severe process
with a high screw speed (400 RPM and 160-170 °C) to make
hemp reinforced PP.** Unfortunately, we do not have the
modulus value for their crude PP for comparison but with 30
wt% non-treated fiber they achieved to produce a composite
exhibiting a modulus of 5.0 GPa.

5. Process impact and control

Considering the whole world of extrusion, there are many
degrees of freedom that are important to consider to correctly
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prepare composites, like screw profile, screws speed or
temperature (Fig. 4).

5.1 Single and twin-screw extruders

Single-screw or twin-screw extruders provide very different
shearing and mixing conditions during the process. Twin-screw
extruders are mostly preferred to achieve good homogeneity of
fibers in the composites or nanoparticles in nanocomposites.*®
As it is important to monitor the mechanical energy provided by
the screws, in some cases it is important to wisely choose the
extrusion process. LC fibers could be very shortened due to
mechanical stress in a twin-screw extruders,*'* even with soft
conditions (low speed rate of the screws and/or short screw
length), while shorts fibers mainly require an homogeneous
dispersion level throughout the polymeric matrix. A comparison
between single-screw and twin-screw extruders was made by
Connelly et al. with a 2D simulation.”™® They pointed out an
improved spreading of particles meaning twin-screw extruder is
more suitable for mixing than single-screw extruder.

Although twin-screw extruder has to be preferred to process
composites for industrial applications, single-screw extruder
should not be neglected for LC fibers composites process-
ing."™*** Single-screw can also be used to reduce the shear rate
in order to preserve the cohesiveness of LC fibers for some
reasons (e.g., investigation of the pretreatment effectiveness,
development of analytical methods)."* Choosing between
a single-screw or a twin-screw extruder should be the first action
to conduct before processing LC fibers reinforced composites
and, to our opinion, could be considered as the first parameter
to define. Ideally, the choice of the extruder should be solely
guided by the applications aimed for the composites (e.g.,
scientific research, industrial application).

5.2 Screw profile and speed

Baiardo et al. have studied the influence of the process condi-
tions on their flax fiber reinforced polyester composites.'*> Their
experiments were conducted on a two rotors mixer, at 120 °C
during 5 min to 15 min, with screw speed set from 10 RPM to 50
RPM. The fiber length, which was initially comprised between
0.25 and 0.9 mm, tends to decrease when the mixing time or the
screw speed increases, leading to a decrease of the mechanical
properties of the composites. These works were not conducted
on an extruder, but they still exhibit interest because Berzin
et al. also showed similar results during extrusion processes.*
These works were done on PCL reinforced with hemp fibers and
processed on a twin-screw extruder set at 100 °C, with screw
speed varying from 100 RPM to 300 RPM. The SME were pointed
as the main causes for the reduction of the length of the LC
fibers. They provided a model allowing the prediction of the
evolution of the fiber length along the screw profile. Neverthe-
less an increase of the aspect ratio of the fibers, due to an
increase of the decohesion of the fiber elements during the
extrusion process, was reported by Alvarez et al. with sisal fibers
starch reinforced composites.”™® These works were conducted
on a twin-screw extruder. The mechanical properties were
enhanced when the screw speed was increased from 25 to 60
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RPM, then they decreased at a higher speed rate. El-Sabbagh
et al. report a reduction of almost 10% of the diameter of flax
fibers incorporated in PP by twin-screw extrusion, and also
a shortening of such fibers closely related to the screw profile.””
It is important to consider the whole implications of the
extrusion process due to mechanical energy transmitted to the
LC fiber. There is a need of energy to correctly mix and disperse
the fibers throughout the polymeric matrix. It enhances the
aspect ratio and leads to composites with increased mechanical
properties. Excess of mechanical energy can break the fibers
and be detrimental for the mechanical properties. This is
consistent with the results described by El-Sabbagh et al.*” As
a statement, it is very important to correctly set the rotation
speed of the screws, in accordance with their length, in order to
control the mechanical energy given to these fibers. Software
(e.g., Ludovic®) are very helpful to simulate and to determine
the SME in a specific process.”

The screw profile is also an important factor to be consid-
ered. The screws are composed of elements with various shapes
for various uses (e.g., conveying, mixing), as depicted in Fig. 8.
The screw profile can be set to modulate the residence time, by
using conveyors or reverse elements. The use of reverse screw
elements increases the SME and the severity of the process.** It
can also increase the shearing with mixing or kneader elements.
Lertwimolnun et al. have demonstrated that the screw profile is
an important factor to improve the exfoliation of organoclay in
PP but not only the one to take into consideration.'**> They also
pointed out the ineffectiveness of a too severe profile.

Optimizing the screw speed is an easy way to regulate the
flow rate of matter and the production of composites. It should
be the second parameter to set since it is directly linked to the
speed of the feeders of crude polymer and LC fibers, allowing to
adjust the LC fibers content in the final composite. The third
parameter, the optimization of the screw profile, is far trickier.
It requires high skill and knowledge due to the large amount of
possibilities given by the diversity of screw elements. A full set of
conveyor elements all along the screws completed with only two
small zones of mixing elements, located after the feeder of
crude polymer and the feeder of LC fibers (Fig. 8), is often
a good system to begin extrusion study.

5.3 Temperature of the process

The LC fibers are quite sensitive to thermal degradation."®

Summerscales et al. indicate a temperature of 200 °C for the
degradation of the cellulose in fibers."” They also pointed out
the importance of managing the time/temperature ratio in the
decrease of mechanical properties of LC fibers due to thermal
degradation. It is consistent with the study of Van de Velde et al.
showing that a thermal treatment at 180 °C during 15 min
degrades flax fibers and led to decreased mechanical properties
(e.g., tensile stress and strain).”>'** Most of the considered
studies in this review exhibit temperatures comprised in a range
of 160-190 °C for PLA, 100-160 °C for PCL and 160-215 °C for
PP. Amongst the works carried on PP reported in this review,
only Iorga et al. have conducted experiments up to 215 °C and it
occurred in a zone of the extruder located prior to the
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incorporation of the fibers.®® Nearly 90% of the studies
considered in this review used a temperature profile comprised
between 160 °C and 200 °C for PP.

To sum up, most process have a maximum temperature of
200 °C. Nevertheless, to achieve a better dispersion or to opti-
mize a process in accordance with a specific pretreatment of the
fibers, it is possible to warm up the polymeric matrix in the first
zones of the extruder prior to the incorporation of the fibers in
other zones where the temperature is reduced. Such protocol
could benefit from the low viscosity of the matrix, and of the
mechanical strength given by the screws, to achieve the incor-
poration of the fibers before the crystallization or before the
increase of the viscosity due to the cooling of the polymeric
chains.

The temperature of the process is highly dependent of the
shear rate as well as the RPM and the screw profile. This is why
we believe it should be the fourth parameter to optimize. The
setting of the temperature depends on the compromise between
the thermal degradation of the LC fibers and the viscosity
during the process that has to be optimized. Even with an
upholding of the mechanical properties, the degradation of the
LC fibers during the process could modify the color or the smell
of the final material thus impacting its final applications
(especially in industrial sector). Optimizing the process
temperature is not as easy as it seems and should not be
underestimated, also with regards to the potential organic
volatile compounds that might be released.

5.4 Estimation of the severity of the process

The severity of the process affects the Young's modulus of the
composites reinforced with LC fibers. It is quite obvious to
consider that a too soft process could not achieve a good
dispersion of the fibers across the matrix, while a too severe
process would just degrade the components. The difficulty
remains in the optimization of each parameter of the extrusion
process to reach the best properties for the final composite. It is
also important to note that changing only one parameter could
be insufficient to have a significant impact on the final prop-
erties of the composites.’™ Moreover, the influence of each
parameter depends on the matrix used. As previously discussed
for PLA composites, higher Young's moduli are achieved with
twin-screw and soft/moderate temperature (160-180 °C) while
RPM has a minor influence. PP composites also reach higher
Young's modulus with twin-screw extruder and moderate
temperature (not exceeding 200 °C), but the RPM has a stronger
influence than for PLA composites for increasing or decreasing
the Young's modulus. In their review, Bogoeva-Gaceca et al.
recommend to avoid exceeding 200 °C and long residential
time.'” In other words, it is also important to adjust the resi-
dential time throughout the optimization of the RPM and of the
screw profile in accordance with the length of the screws. Since
the enhancement of the screws speed could involve an increase
of the mechanical constraint, as described previously, it is quite
difficult to set an optimized temperature profile. Considering
the publications where it is properly indicated, the length of the
LC fibers used in PLA are comprised between 1 mm and 25 mm
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(80% under 5 mm) whereas they are comprised between 0.6 mm
and 55 mm (80% under 5 mm) in PP composites. The alone
shortening of the LC fibers during the process is not sufficient
to explain the different impact of the RPM with PLA and PP
matrixes. It is also possible to consider the affinities between
the matrix and the LC fibers as an additional explanation for
such differences. This would mean that the optimization of the
severity of the process, and especially the setting of the RPM
parameter, should probably be done in accordance with the
pretreatment of the LC fibers. As the severity of the process is
directly related to the whole process parameters - single or twin-
screw, screw speed and profile, temperature — operators should
seriously consider the benefits of a complete experimental
design to achieve a suitable optimization of their process.
Software that are dedicated to simulating, optimizing and
driving twin-screw extrusion are commercially available.
However, very few of them have looked at or even integrated
both the impact on the process and the evolution of the LC
fibers during the compounding. This is probably the conse-
quence of the complexity of describing LCs, and also the fact
that their integration on an industrial scale is relatively recent
compared to glass fibers. Nevertheless, for twin-screw extrusion,
a pilot module (a first beta version) of LC fibers has just recently
been integrated into one of these piloting software, Ludovic®.
Others will come on the market most certainly with the
expansion of short-fiber thermoplastic composites.

6. Conclusions

This review reports on the LC fibers for enhancement of
composites properties, centered in the extrusion process. The
main conclusions obtained from the literature review point out
that:

(i) It seems there is no favored LC fibers used for thermo-
plastic composites, but short fibers (shorter than 10 mm) are
the most popular. They are used without any pretreatment or
with an alkaline treatment prior extrusion.

(if) The most used polymeric matrixes are PP and PLA. PP is
often the time used with maleic acid (prior or during the
extrusion process). PLA is mostly used without any specific
compatibilizer.

(iii) Twin-screw extruder seems to be preferred with short
fibers to achieve a good dispersion. Single-screw extruder
involves a reduced shear rate in comparison with twin-screw
and is favored to process composite reinforced with longer
fibers.

(iv) The enlargement and improvement of characterization
methods of the LC fibers now provide more robust numerical
data to conclude on the effect of processing parameters and
pretreatments on the aspect ratio of the fibers and on the
microstructure of the composites.

(v) The knowledge in setting the experimental parameters of
the extruder mostly relay on empiric and operator's experience.

Due to the occurrence of the NFC, regards to the opportunity
of valorizing the LC fibers in accordance with the development
of the green economy, a large amount of studies are conducted
worldwide. Great efforts are made to understand the impact of
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the process parameters on the aspect ratio of the fibers, on the
fiber/matrix interfaces, on the composites microstructure and
on the final properties of the materials. Our opinion about the
close future is that we are convinced that a more theoretical
approach for simulating the extrusion process conditions will
bring new knowledge for the optimization of the experimental
parameters in combination with proper designs of experiments.
Adding the SME in the experimental section of studies in the
future should dramatically help the rationalization of the
extrusion process. In such outlook, experimental design would
be a perfect tool to help optimizing the process parameters and
to achieve such rationalization.

Although the aspect ratio and the dispersion of the LC fibers
are mainly improved through the optimization of the process
parameters, the compatibility between the LC fibers and the
polymeric matrix as well as the porosity are mostly dependent
on the pretreatment of the LC fibers. Numerous studies are
conducted to design new pretreatment methods, but alkaline
treatments seem to be the most common and effective ones.
Nevertheless, the pretreatment of the LC fibers and the opti-
mization of the process parameters are strongly interdepen-
dent. Reactive extrusion could be a serious alternative to this
two-step process by optimizing both microstructure and inter-
face in a single-step process.

The properties of the feasible composites reinforced with LC
fibers are still limited by the chemical and the physical prop-
erties of the polymeric matrices themselves. The optimization
of the process parameters, and especially the cumulative strain
and the SME," is dependent on the properties of the polymeric
matrix (e.g., melting temperature, viscosity). Creating new
thermoplastic polymers - preferably biobased polymers - could
be a relevant alternative to improve the interface between LC
fibers and the polymeric matrix. Designing polymers with
decreased melting temperature or adaptable viscosity could also
be a promising way to reduce the SME during the process of the
composites.
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