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ARTICLE INFO ABSTRACT

Keywords: Injection moulded composite materials reinforced with wood fibres or particles can offer a credible alternative to

Wood other plant-derived fibres, particularly from an economic and environmental point of view. In this study, we

Flax . . compared the recycling behaviour of poly-(propylene) composites reinforced with ground wood particles versus

M?Chflmcal properties wood and flax fibre reinforced composites. An experimental and numerical approach was used. In spite of the

Injection moulding . ) . . . .

Numerical modelling mechanical and morphological performances of fibres which were initially poorer than those of long fibres, the
wood particles demonstrated their reinforcement potential (+84 % and +14 %, for the Young’s modulus and the
strength at max, respectively, compared to the pure matrix), due to their good adhesion with the matrix and also
to the stability of their aspect ratio after recycling (-24 % after 5 injection cycles against -66 % and -61 % for long
flax and wood fibres, respectively). The numerical model developed and fed by the mechanical and morpho-
logical measurements carried out on the reinforcements made it possible to compare the experimental and nu-
merical values. Overall, a close match was obtained between the two sets of parameters. The small differences
obtained can be explained by the increase in fibre dispersion as the recycling process progresses, as well as by the
possible increase in wood stiffness after several processing cycles.

1. Introduction

To respect the Paris Climate Agreement (United Nations Framework
Convention on Climate Change, 2015) and new European environ-
mental regulations about CO2 emissions (The European parliament and
the council of the European union, 2009) and recycling (The European
parliament and the council of the European union, 2000), automotive
industries are moving towards natural products to avoid the use of pe-
troleum products (E-glass fibres for example), which strongly contribute
to global warming. Integration of plant fibres as a composite polymer
reinforcement is a suitable alternative. Wood could be an interesting
product to reinforce composites, especially since it can be found locally
and because co-products are available (Rafighi et al., 2014). However,
wood fibres have mechanical properties which are of less interest than
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other plant fibres like flax for example (Bourmaud et al., 2018).
Different intrinsic factors such as a low fibre aspect ratio or cellulose
content as well as a high microfibrillar angle value (MFA) may be the
cause of its moderate mechanical properties (Bourmaud and Baley,
2009). Another reason for the relative low apparent mechanical prop-
erties is the considerable size of the lumens in the wood fibres which
penalize both the apparent strength and Young’s modulus (Tanguy
et al., 2016).

There is a great deal of literature concerning the recycling of plant
fibres reinforced composites and the morphological damage occurring
during extrusion or injection moulding steps (Albrecht et al., 2018;
Beaugrand and Berzin, 2013; Berzin et al., 2014) ; in the case of flax,
breakage preferentially occurs in the kink-band defects, which can be
considered as an area of weakness, especially due to MFA
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rearrangements and a low cellulose crystallization rate. These kinds of
defects do not exist in wood, which generally maintains a relative con-
servation of its initial length, even after several processing cycles
(Dickson et al., 2014a). Due to the specific architecture of the plant and
efficient mechanical extraction, flax reinforcements are able to divide
during composite processing which enables a quasi-stable value of the
fibre aspect ratio to be maintained with the processing cycles (Oksman
etal., 2009). This assessment is in favour of stable composite mechanical
performances. Nevertheless the high morphological sensitivity of fibres
to processing can be a major drawback due to the significant increase of
fine particle elements (<200 pm) which can strongly penalizes the
mechanical performances of associated composites (Bourmaud et al.,
2019).

In order to help the designer who wishes to identify the best mor-
phologies or natures of fibres and matrices, the development of a pre-
dictive model is a relevant tool. Several works have been performed in
such a domain for bio-composites. Using analytical micro-mechanic
formulations and experimental micrographs, Zuccarello et al. (Zuccar-
ello and Scaffaro, 2017) determined the mechanical properties of nat-
ural short and long fibres reinforced PLA or epoxy matrix composites.
They also demonstrated the impact of the fibre type (short or long) and
treatment on the mechanical strength of the composite. Analytical
models and rule of mixtures (ROM) as well as the Halpin-Tsai approach
have been used in conjunction with a design of experiments (DOE) by
Silva et al. (Da Silva et al., 2012) to study the influence of the type of
fibres, the volume fraction and the modified matrix phase on the me-
chanical responses of hybrid natural fibres reinforced composites.

Scida et al. (Scida et al., 2017) determined the elastic properties of
the flax/epoxy woven fibre composite taking into account the anisot-
ropy due to the fibre morphology and using Ashby-type plots, Sobczak
et al. (Sobczak et al., 2012) compared the mechanical performance of
injection moulded natural fibre composites and wood polymer com-
posites to conventional fibres reinforced polypropylene composites.
They described the contribution of the mechanical filler properties since
the composite behaviours are a result of its constituent properties and
their interactions.

Most studies focus on the calculation of elastic properties as
described previously. Few models are available to describe the non-
linear stress-strain curve by integrating morphological elements of
bio-based composites. The non-linear response of the composite is usu-
ally driven by the behaviour of the matrix. The latter undergoes rate-(in)
dependent behaviour which may lead to a damage initiation. Using the
so-called multisite modelling, Azoti et al. (Azoti et al., 2015) derived
effective properties, obtained by micromechanics for a rate-independent
elasto-plasticity matrix. Moreover, accounting for the damage evolution
and an interfacial discontinuity is studied (Azoti and Elmarakbi, 2017;
Tchalla et al., 2015) for polymer matrix composites. Recently, Azoti
et al. (Azoti et al., 2019) derived the effective properties of a rate
dependent elasto(visco)-plastic matrix reinforced by thermoelastic fi-
bres applied to flax/polypropylene PP composites.

The aim of this work is to finely study the mechanical and recycling
behaviour of PP-wood fibres composites in comparison with reference
reinforcement. Flax fibres and long and individualized wood fibres will
be also studied. Firstly, an accurate study of the fibres morphology will
be explored using scanning electronic microscopy (SEM) and a
morphological dynamic analyser. Then, the mechanical behaviour of the
composites will be explored by static and dynamic tensile tests and a
modelling study will be implemented to develop prediction tools for
plant fibre composite mechanical behaviour. This numerical and
experimental approach was carried out on the initial composites but also
after a recycling phase in order to evaluate the mechanical performances
and the predictive capacity of the model at the different stages of the life
cycle of the products.

Industrial Crops & Products 167 (2021) 113518
2. Materials and methods
2.1. Materials

The matrix used for injection moulded composites manufacturing is a
poly-(propylene) (PP) block copolymer from Exxon ®. The melt flow
index of this PP injection grade is ~100 g/10 min at 230 °C (under a
load of 2.16 kg). In order to improve the compatibility between the fi-
bres and the PP matrix, we used a maleic anhydride grafted PP (PPgMA).

The flax fibre (linum usitassinum L., Alizé variety) used in this study
come from plants which were sawed in March 2015 and harvested at the
end of June 2015 in Normandy (France). Then, plants were dew-retted
during 6 weeks, scutched and hackled. To prepare the compounding
stage, flax fibres were then mechanically cut at a 2 mm length.

The wood used for the wood fibres came from logs of hardwood from
France. Fibres were calibrated with different grinding steps to obtain an
average length of 1 mm. In the following study, these fibres are named
Vegetal Technic (VT).

WoodForce Fast pellets (WF) are made of short fibres of softwood
and are produced by Sonae Arauco (Maia, Portugal). The origin of the
wood is unknown.

2.2. Compounding and processing

Plant fibres were used as is (without pre-drying) but with specifica-
tions for their humidity content. A twin-screw extruder (Coperion ZSK
26MC) was used for the compounding stage, at 250 rpm and 190 °C.
Then, the extruded filament was water cooled and cut in pellets from 2
to 4 mm long.

An injection moulding machine (Battenfeld, 80 tons) was used to
produce ISO-527 normalized specimens. The screw temperature and the
mould temperature were 190 °C and 30 °C, respectively, for all the
compounds. After the first injection cycle, 20 parts were kept for me-
chanical testing, the remaining material was ground again and injected.
The grinding process was performed using a CMB 2700 rotary blade
grinder to obtain pellets, at 500 rpm at room temperature with a 3.5 mm
sieve. Six successive recycling stages were performed for each batch. In
the manuscript, these cycles are named recycling cycle 0, 1, 2, 3, 4 and 5.
Cycle 0 corresponds to the first injection, without any recycling.

Table 1 shows the detail of the different formulations elaborated and
investigated in the present work.

2.3. Quasi static tensile tests

Samples were tensile tested at room temperature of 23 °C, with a
humidity of 48 % according to ISO 527 using an MTS Criterion Model
C42.503E tensile machine equipped with a 5 kN load cell (MTS, Eden
Prairie, MN, USA) with a tensile speed of 1 mm/min. To monitor the
displacement, an axial MTS extensometer HTE was used (nominal length
25.0 mm). Five reproducible tests were selected to calculate average
mechanical values.

Table 1
Composition of the four studied compounds and the reference PP. For all the
samples, the fibre weight fraction is 30 %.

Sample PP PP-g-MA Vegetal Flax (FF) WoodForce
(%-vol) (%-vol) Technic (VT) (%-vol) (WF) (%-vol)
(%-vol)

PP 97 3 - - -

PP-VT 76.6 2.4 21.0 - -

PP-Flax 77.2 2.4 - 20.4 -

PP-WF 76.6 2.4 - - 21.0

PP-VT/  76.9 2.4 10.5 10.2 -

Flax
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2.4. Charpy impact

Samples were notched Charpy impact tested at room temperature
using a Tinius Olsen machine. Tensile specimens were cut according to
the ISO 179 standard with a sample size of 80 x 10 x 4 mm?®.

Results were arithmetically averaged from at least 10 tests.

2.5. Nanoindentation investigations

The virgin fibres were embedded in an epoxy resin and then the
samples were meticulously polished to a 1-ym particle size finishing
solution. Nanoindentation tests were performed with a Nanoindenter XP
(MTS Nano Instruments) in controlled environment (23 + 1 °C and 50 %
RH). A Berkovich diamond indenter was used and before the experi-
ments, the area function was carefully calibrated thanks to a silica
sample. Indentation tests were conducted with a constant penetration
depth of the indenter of 120 nm.

The nanoindentation hardness is defined as the indentation load
divided by the projected contact area and the effective elastic modulus
Er can be calculated with the relationships as illustrated in Eq (1):

S = 2aE, = %E,.\/Z @

where a is the contact radius and p is a constant depending on the ge-
ometry of the indenter (1.034 for a Berkovitch tip). The reduced
modulus, Er, accounting for deformation of both the indenter and the
sample is given by:

1 (11— (1-17)
E- E | E @

In the above equation, Ei (1140 GPa) and vi (0.07) are the elastic
properties of the diamond indenter. E and v are the elastic modulus and
Poisson’s ratio of the sample.

Indents were made in the S2 layer of the flax fibres; 50 indents were
performed for each batch but between 1 and 5 indents were performed
in each fibre. Consequently, the number of fibres studied per batch is
around 20. The nanoindentation modulus and hardness calculated are
average values from 80 to 120 nm.

2.6. Particle size analysis

The morphometry analysis was done thanks to a dynamic image
analyser called QICPIC (SympaTec GmbH, Germany). The image anal-
ysis was done thanks to the PAQXOS software (SympaTec GmbH, Ger-
many), with two main indicators as the LEFI (Length of the Fiber) and
the DIFI (Diameter of the Fiber) for the particle length and diameter
respectively. Several morphological parameters of interested were
selected as the (a) the particle length, which is defined as the shortest
direct path, along the skeleton of the fibre between their farthest end-
points (without loops or deviations), (b) the particle diameter which is
the quotient of the total projection area and the sum of all lengths of the
branches of the main skeleton, (c) the particle aspect ratio, which is
defined as the length over the diameter.

In addition, other samples from morphometric characterisation were
further conducted on particles from the PP matrix composites. For that,
the PP was dissolved with o-xylene (Sigma Aldrich, France) at 150 °C
during 3 days with the reflux method. Particles obtained were washed
with boiling xylene and further matrix traces removed with acetone. All
the samples were dried before analysis (60 °C overnight).

Samples were characterised with the he dynamic particle analyser
with a liquid or a dry dispersion unit depending on the nature of sam-
ples. The non-processed flax and wood fibers, which were particles are
easy to separate, were tested with the dry system (VIBRI, SympaTec
GmbH, Germany) all the others samples showing aggregation after PP
extraction, were tested with a liquid dispersion unit (MIXCEL, SympaTec
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GmbH, Germany). In that case, the samples were pre-dispersed in 5 mL
of ethanol before being diluted appropriately in water. Between 20,000
and 10 millions of particles was analysed according to the samples
studied. Every sample was analysed in duplicate.

2.7. Monosaccharide composition

The content of monosaccharide was quantified by operating a ho-
mogenization step by cryogrinding (SPEX 6700 freezer Mill) of
approximately 1 g of samples. The powdered samples were then
hydrolysed (5 mg per assay) in 12 M HySO4 (Sigma Aldrich) for 2 h at
25 °C followed by additional hydrolysis of 2 h at 100 °C in diluted 1.5 M
H,SO4 in presence of inositol as internal standard. Neutral mono-
saccharides (arabinose, rhamnose, fucose, glucose, xylose, galactose and
mannose) were analysed as their alditol acetate derivatives (Blakeney
et al., 1983) by gas-liquid chromatography (Perkin Elmer, Clarus 580,
Shelton, CT, USA) equipped with an DB 225 capillary column (J&W
Scientific, Folsorn, CA, USA) at 205 °C, with Hj as the carrier gas. For
calibration pupose; we used standards of carbohydrate solutions of three
known concentrations. Analyses were performed in three independent
assays. The total monosaccharide content is the sum of each mono-
saccharide amount, and is expressed as the percentage of the dry matter
mass.

2.8. Lignin content

The Lignin content was quantified in homogenised powdered parti-
cles of samples. Lignin was assess by spectrophotometry following the
acetyl bromide method (Hatfield and Fukushima, 2005) on mass weight
samples of approx. 20 mg per essay, The chemicals were laboratory
grade from Sigma Aldrich and the analyses were performed in at four
independent assays, with lignin expressed as the percentage of the dry
matter mass.

2.9. SEM analysis

Polished sections of tensile specimens were analysed using scanning
electron microscopy (SEM). The samples were sputter-coated with a thin
layer of gold in an Edwards Sputter Coater and analysed with a Jeol JSM
6460 L V electron scanning microscope.

2.10. Mechanical modelling

2.10.1. Effective properties of the composite

Let us consider a representative volume element RVE, which is
composed of inclusions embedded within a matrix phase. From a
micromechanics point of view, the effective properties of this composite
material are given by:

N
T =¢° +Zf,(c' —c%): A 3
=

where ¢%stands for the elastic stiffness tensor of the matrix whereas ¢/,
Al f; represents the elastic stiffness tensor, the global strain concentra-
tion tensor and the volume fraction of the inclusion phase I, respectively.
The global strain concentration tensor A’ contains all the information
about the microstructure. Its expression is given by (Vieville et al.,
2066):

1 1,/ I\"!
{Aa.<a> )

a =[1+T":ac]"

with A¢! = ¢! — C". The tensor C"is defined as the uniform stiffness tensor
of a homogeneous reference medium. The tensor a! stands for the local
strain concentration tensor and the tensor T/represents the interaction
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between inclusions. The expression of T gives:
T =5: (") ()

where S represents the Eshelby’s tensor (Eshelby and Peierls, 1957).
The expression of @' is given by:

-1

@ =[1+7" s8] = 1455 ()" e )

It is worth highlighting that the Eshelby’s tensor S depends on the aspect
ratio AR of the ellipsoidal inclusion and the material properties of the
surrounding matrix ¢°. Herein the aspect ratio of the inclusion is
considered by the ratio of the length by the diameter of the inclusion. It
gives:

L

AR = D )

Finally, for the Mori-Tanaka scheme (Mori and Tanaka, 1973), the
reference medium is assumed to be the matrix phase leading to C* = ¢°.
Therefore, the average strain field inside the matrix is approximated by
the strain within the reference medium, leading to a° = L. The effective
Mori-Tanaka properties C% are given as a function of the global strain
concentration tensor of the matrix Aogiven by (Vieville et al., 2006):

-1
N
A'=a": <a'>71 = <ﬁ,1+zf,a’>
[
N N
CT=> fid'd = (foco +Zﬁc’a’> :A°
I=1

1=0

®

2.10.2. Modelling of the nonlinear behaviour

Let us consider a matrix undergoing a ductile damage behaviour. The
effective stress 6 representing the undamaged matrix is related to the
damaged stress 6 is given by:

6= (1-D)o
{0§D<1 ©)

where D represents the damage variable. The nonlinear behaviour can
be derived from the classical J, plasticity and “Lemaitre-Chaboche”
ductile damage model given by(Azoti and Elmarakbi, 2017; Tchalla
et al., 2015):

6= (1-D)C": (e —¢")
f(6,R,D) =J,(6 — R(r) — oy

r—lp- (3 )/ 10)

) Yy
D= (S—> pifp > p.andD < D,
0

In Eq. (10), C*'represents the elastic stiffness tensor of the matrix and
R(p) represents the hardening function. The variable p is the accumu-
lated plastic strain. It drives the evolution of the damage within the
matrix through the function Yand the material parameters Soand s.
Detailed information about the damage variables can be found in works
by Doghri (Doghri, 2000). Based on the return mapping algorithm and
the implicit integration scheme, two tangent moduli can be derived
mainly by:

(11) The effective elasto-plasticf‘eptangent modulus, which is given
by:
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2
¢ = 2D NN
~ o 3§
N===-—= 11
do 2 (o an
R
h:3G+d—>0
dp

(12) and the effective algorithmic (A,’algtangent modulus :

dg aep 5., ON
" =07 - 26)2ap 2 %X
Oy do
12)
N 13 o
—~=—1I""_N&®N
06 0,2 @

In Egs. (11) and (12), G denotes the material shear modulus while N
is the normal to the yield surface in the stress space. o{;represents a trial

elastic predictor of 6., and I stands for the deviatoric part of the fourth
order identity tensor. A numerical algorithm developed in (Azoti and
Elmarakbi, 2017) helps the computation of the nonlinear internal vari-
ables for instance p and D. Therefore, Eq. (12) is fully determined,
leading to the algorithmic tangent operator C%2:

~al,
% = (1-D)C"* a3
The algorithmic tangent modulus C™® will serve as the matrix
constitutive behaviour in the Mori-Tanaka effective properties by Eq (8).
It means:

CO — Calg (14)
3. Results and discussion
3.1. Fibres properties before injection

Fig. 1 presents SEM pictures of the three different fibres used in this
study.

First of all, a clear difference in morphology can be observed between
the VT (Fig. 1B) and WF (Fig. 1A) fibres. This is due to the fibre
extraction and preparation process. WF fibres are obtained by grinding
of wood, so pieces resulting from this grinding can be found, which can
themselves be made up of an assembly of elementary wood cells. The
process which makes it possible to produce WF fibres aims to individ-
ualize the elementary wood fibres, it makes it possible to obtain particles
further divided and close to an elementary cell. This difference in
morphology is confirmed by the results of a morphological analysis
presented in Table 2.

It can be observed that a significant difference in cell individualisa-
tion exists between VT and WF fibres, the diameters of these fibres being
87.5 + 33.2 pm and 30.8 + 14.6 pm, respectively. The diameters ob-
tained by the WoodForce process makes it possible to have particle di-
ameters close to that of the elementary fibres, which is between 10 and
60 pm depending on the varieties of wood considered (Bourmaud et al.,
2018); consequently their aspect ratio exhibits very relevant value
(45.1). Flax fibres, on the other hand, have intermediate diameters with
an average value of 64.3 + 33.9 pm; this dimension is larger than that of
the elementary fibres, which is around 15 pm (Baley and Bourmaud,
2014), irrespective of the variety of flax, and for normal growing con-
ditions. These morphological characteristics are also corroborated by
the details shown in Fig. 1D, E and F. The fibrous morphologies of flax
fibres and WF fibres are clearly visible, and a clearly visible lumen can
be seen on the WF fibres; note also the presence of kink-bands on the flax
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Fig. 1. Scanning electron microscopy (SEM) of WoodForce (A, D), Vegetal Technic (B, E) and Flax fibres (C, F).

Table 2

Equivalent fibres length LEFI, equivalent fibres diameter DIFI and aspect ratio of
three not injected samples (Virgin WF, virgin VT, virgin Flax) and four samples
after the first injection cycle (PP-Flax, PP-VT, PP-WF, PP-VT/Flax). The four last
samples have been extracted before analysis (As detailed in paragraph 1.7).

Sample Fibres length LEFI Fibres diameter DIFI Aspectratio L/
(um) (um) D
Virgin Flax 2,060 + 626 64.3 +33.9 321
Virgin VT 1,054 + 402 87.5 +33.2 12.1
Virgin WF 1,386 + 893 30.8 + 14.6 45.1
PP-Flax cycle 0 1,021 + 737 27.2+14.6 37.5
PP-VT cycle 0 979 + 322 107.4 + 38.0 9.1
PP-WF cycle 0 727 + 572 42.0 £ 42.1 17.5
PP-VT/Flax 745 + 625 40.4 +32.6 18.5
cycle 0
Table 3

fibres; these do not exist on the wood; they can constitute areas of
fragility on flax fibres (Le Duc et al., 2011). Due to the grinding process,
VT fibres are more like cell wall fractions than fibres, punctuations,
which allow the sap to circulate, are visible and are a characteristic of
wood. These three fibres also present significant differences in terms of
length, the target cutting dimension for flax is 2 mm. The value obtained
by morphological analysis demonstrates the quality of cut used; for VT
and WF fibres, the length is imposed not only by the preparation and
sieving processes, but also by the short initial length of the fibres in the
plant; those of flax can reach up to 80 mm, those of wood are generally
between 1 and 8 mm (Table 3). Logically these dimensions have an
impact on the aspect ratios of the fibres, in this respect the most inter-
esting fibre is the WF fibre which has an aspect ratio of 45.1 which is a
particularly promising value for the reinforcement of composite mate-
rials (Kelly and Tyson, 1965).

Table 3 presents the mechanical properties of flax and wood fibres
from literature. Flax fibres have a superior Young’s modulus and

Morphological, mechanical properties and biochemical composition of flax and wood single fibres. General data from literature are shown for flax (Baley et al., 2012;
Bourmaud et al., 2016b, 2015, 2013b; Evert, 2006; Gassan and Bledzki, 1999) and wood (Burgert et al., 2002; Eder et al., 2008; Groom et al., 2002; Kersavage, 1973;
Miller, 1999; Panshin and DeZeeuw, 1980) and also results of nanoindentation tests conducted in the present work at the cell wall scale. All biochemical values are
indicated in % (relative to dried matter); total of components is not 100%; ashes or extractible (simple phenols, waxes, lipids) and proteins have not been quantified.

Fibres Length (mm) Diameter (mm) Density (g/cm3) Young Modulus (GPa) Strength (MPa) Strain at break (%)
Flax (Linum Usitatissimum L.) 6 -80 12.4-23.9 1.53-1.54 37.2-75.1 595 - 1,510 1.6-3.6
Wood (Different species) 1-8 10 - 60 1.44 - 1.50 15.4 - 27.5 553 - 1,300 3-7

Number of points

Indentation modulus (GPa) Indentation hardness (MPa)

Flax 32 195+1.5 387 +28

WoodForce 35 148 £1.6 362 + 37

Vegetal Technic 31 145+1.3 323+ 32

Flax WoodForce Vegetal technic

Lignin content 1.95 + 0.48 27.50 £ 0.72 28.80 + 0.95
Arabinose 0.74 £+ 0.06 1.29 +0.16 0.46 + 0.06
Rhamnose 0.63 + 0.11 0.58 +0.16 0.37+0.17
Galactose 2.75 + 0.25 2.07 £ 0.08 0.85 +0.22
Glucose 69.66 + 3.66 47.23 + 2.80 51.39 + 2.39
Xylose 1.01 +£0.17 3.97+0.11 8.14 + 0.31
Mannose 3.52 + 0.35 12.08 +0.73 1.73+0.24
Uronic acid 1.92 4+ 0.01 0.00 £ 0.00 0.00 + 0.00
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strength than wood fibres. These differences of properties mainly come
from the biochemical composition of the two species, flax fibres having a
higher crystalline cellulose fraction, but also come from the ultrastruc-
ture of the fibres themselves; in particular the microfibrillar angle (MFA)
of flax fibres is considered to be around 8—10°,whereas it is generally
between 20—30° for conventional wood fibres (Bourmaud et al., 2018).
These two parameters have a major impact on the longitudinal prop-
erties of flax fibres. Conversely, the transverse stiffness of flax is lower
than that of wood, creating a very specific and strongly anisotropic
mechanical behaviour which is confirmed by the nanoindentation tests
(Table 3). Due to the very short length of wood fibres, except with
specific and very time-consuming protocols (Burgert et al., 2005; Ker-
savage, 1973) it is not possible to directly tensile test wood cell walls.
To solve this issue, the mechanical properties of the 3 fibres were
compared using nanoindentation experiments; as expected, flax exhibits
a slightly higher indentation modulus compared to VT or WF fibres.
Nevertheless, the difference is not as significant as that of the tensile
scale; the nanoindentation modulus is mainly impacted by the MFA and
longitudinal stiffness but also by the shear and transverse modulus (Eder
et al., 2012; Jager et al., 2011), the latter being very low for flax fibres
(Bourmaud and Baley, 2009). Thus, nanoindentation does not enable a
suitable and absolute longitudinal modulus to be obtained, but it is a
good method for comparing efficiency and quantifying differences be-
tween a range of fibres. Our results clearly confirmed the hierarchy of
properties addressed in literature with a higher cell wall stiffness for
flax, highlighting the influence of MFA and parietal composition on the
mechanical performance of plant fibres. At the single fibre tensile scale,
another key parameter is the lumen size, which is generally large on
wood (Fig. 2D), whereas it represents only a few percent of the cross
section of flax fibre, which highly impacts the apparent stiffness and
strength (Table 3) when the whole fibre is considered. In addition,
Table 3 also shows biochemical composition of flax, VT and WF FV;
additional informations can be correlated to mechanical properties and
especially the cellulose content (indicated here by the glucose fraction)
which is significantly higher for flax compared to VT and WF fibres; in
addition, as usual for gelatinous fibres, lignin content is very low for flax
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3.2. Mechanical properties after the first injection

Fig. 2 presents the average tensile stress-strain curve and Table 4
illustrates the results of the Young’s modulus, strength and finite strain
for the raw PP and associated composites. All data corresponds to the
first injection cycle, before any recycling stages. In addition, Fig. 3
shows the evolution of fibre length distribution before and after injec-
tion, for each considered composite.

The stress-strain curves show similar general trends but the impact of
the fibre origin is clearly visible. As expected, the incorporation of wood
or flax fibres leads to a significant stiffening of the PP which results in a
lower elongation, but a significant improvement of the Young’s modulus
and stress at break. Significant differences in reinforcement are found
depending on their nature.

Focusing on the Young’s modulus, very similar values obtained for
WF, Flax and VT/Flax composite with a stiffness around 3.600 GPa
(Table 4) can be observed. Surprisingly, the post-injection aspect ratios
(Table 2) and the fibre structures are very different (Fig. 1), based on
these data, the performance of the PP/flax composite should be superior.
However, in an injected composite material, while the fibre length and
aspect ratio are important parameters, the microstructure of the parts
and the interface between fibres and matrix are also significant, and can
lead to unintuitive results, as has been shown for example on injected
PP-Jute compounds (Tanguy et al., 2018). The composition of the cell
walls is also a factor of the first order, a very significant difference in
composition exists between flax and wood as demonstrated through the
biochemical assessment and values given in Table 3. Flax fibres contain
a very high fraction of cellulose (with pectic and hemicellulosic poly-
mers in a lesser proportion), whereas wood fibres have reduced fraction
of cellulose but more important lignin and xylose content (Bourmaud
etal., 2018). It has been shown that lignin, especially when incorporated

Table 4
Quasi static tensile test result of the four studied compounds and PP after the
first injection (Recycling cycle 0).

fibres compared to fibres from wood species. Regarding other compo- Sample Young Modulus Strength (MPa) Strain at break
. . . 0,
nents and main differences between WF and VT, one can notice the (MPa) “0)
important mannose content in WF (12.08 + 0.73 % against 1.73 4+ 0.24 PP cycle 0 1,576 + 48 251+0.7 43+0,3
% for the VT), probably due to its important content in galactomannans, PP-Flax cycle 0 3,606 + 316 385+02 34+03
strongly found in the cell walls of softwoods. Oppositely, the xylose PP-VT cycle 0 2,906 & 140 287201 3:3+02
&y ) ot - LPpositely, the Xy PP-WF cycle 0 3,629 + 72 40.8 £ 0,1 2.6 +£0.1
amount is lower for the WF, this sensitive and labile sugar being prob- PP-VT/Flax cycle 0 3,586 + 139 37.4 + 0,4 2.7 4+ 0.2
ably impacted by the extraction treatment applied to obtain WF fibres.
45
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Fig. 2. Average tensile curves of the samples after the first injection (recycling cycle 0).
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Fig. 3. Distribution of equivalent particle lengths LEFI of the reinforced fibre particles before and after injection (with logarithmic scale).

and matrix free compared to WF fibres (Fig. 4C and D), proving the
strong fibres/matrix interface adhesion of wood particles, probably due
in our case to high lignin content of VT fibres. This performing interface

in a PP matrix, plays a role as an adhesion promoter (Graupner et al.,
2014). Fig. 4 shows SEM images focusing on a fibre matrix interface for
PP/flax and PP/WF. Interestingly, flax fibres (Fig. 4A and B) are cleaner

Fig. 4. SEM pictures of the fibres of the breaking pattern after the tensile test at recycling cycle 0. The pictures A and B correspond to PP-Flax and the pictures C and
D to PP-WF.
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is also assessed because a significant gap exists between the flax fibre
and the matrix (Fig. 4A and B), contra WF fibres, which have a much
closer contact with the matrix. These observations help to explain the
very similar tensile Young’s modulus between PP-Flax and wood rein-
forced composites. In addition, when VT is used, the composite material
contains fibres with a very low aspect ratio in comparison to flax or WF,
and has very short fibre lengths (745.8 + 625.6 pm) compared to those
found in PP-Flax (1,350.1 + 787.9 pm) or even in PP-VT (979.4 + 322.4
pm). It also exhibits a significantly different distribution (Fig. 3), due to
the presence of different particles (i.e. flax fibres and wood particles);
thus, two peaks (approx. 1,000 pm and 1,600 pm) corresponding to the
two populations are clearly visible in Fig. 3. It would have been logical
to obtain a particle length intermediate to these two mixtures. It is
therefore likely that the addition of wood particles with flax produced
synergy and increased shear, probably favour better dispersion and
individualization of the reinforcements.

Irrespective of the formulations studied, an increase in stiffness is
observed when compared to virgin PP (Table 4), even for PP-VT which
has a +84 % increase in the Young’s modulus compared to the matrix. It
is lower than that of the other three compounds (approx. + 130 %),
mainly due to the aspect ratio of VT fibres after injection which is only
9.1, the others being between 17.5 and 37.5.

The different observations made for the modulus are also valid for
the maximum strength which follows the same trend, even if the in-
crease is lower for PP-VT. All composite materials have a higher strength
than the matrix, which demonstrates their reinforcing effect, even for
modest aspect ratios. In an injected composite, the stress values are
mainly impacted not only by the individualisation of the reinforcements,
by their aspect ratio and by their mechanical properties but also by the
quality of the fibre-matrix interface, as previously discussed and sup-
ported by Fig. 4. The results presented in Table 4 show, as for the
modulus, significantly higher values of strength at max for the PP-Flax,
PP-VT and PP-WF compounds, which confirms the hypotheses presented
previously and in particular the improved interface when the composite
contains wood fibres, due to their high lignin content (Table 3).

Moreover, compatibilizing agents such as those we have used were
mainly developed for plant fibre composites incorporating wood
(boosted by the decking industry) and not annual plant fibres with a
lower lignin content.

The strain corresponding to the maximum of the stress-strain curves
is also significantly impacted by the addition of plant fibres (Table 4). In
any case, it leads to a decrease in this elongation, but PP-flax retains an
interesting elongation, which demonstrates the importance of the role of
the length of the fibres, higher in this case (Table 2), for this parameter.
This is also the case for PP-VT but for a different reason, the lower
stiffness of this material naturally leads to a higher elongation. The other
two composites, PP-WT and PP-VT/Flax have lower elongations due to
the shorter fibre lengths in these composites.

To conclude, there are many parameters which impact the tensile
test results of the studied composites. The aspect ratio, fibre length and
fibre/matrix interface probably play a key-role in the behaviour of these
materials. Despite the weak fibre/matrix interface, the aspect ratio and
the fibre’s length are the assets of the PP-Flax composite which enables it
to obtain notable stiffness properties. Conversely, PP-WF has approx-
imatively the same stiffness results due to an advantageous balance
between fibre/matrix adhesion and aspect ratio. Because of its weak
aspect ratio, PP-VT has lower stiffness results than flax or WF reinforced
composites, and consequently a significant elongation. In all cases, the
addition of vegetal particles in a PP matrix considerably increases the
stiffness of the final composite and decreases the elongation.

3.3. Modelling of the mechanical performances of the composites
The effective properties of the composite are conducted on the

compound made after the first injection (recycling cycle 0). The PP
matrix undergoes an elasto-plastic ductile damage behaviour. An
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isotropic hardening power function is defined such as R(p) = kp™. The
hardening (k,m) and the damage (S,.s) parameters are obtained from
fitting the experimental curve of the matrix PP. Values of k, m, S, and s
are 135 MPa, 0.51, 4 MPa and O.1, respectively. The Young modulus,
Poisson ratio and yield stress of the matrix are 1,576 MPa, 0.36 and
7 MPa, respectively.

The properties of the reinforcements considered for this modelling
work are given in Table 5. The Young’s Modulus and Poisson’s ratio
come from literature data and the fibre volume fraction and aspect ratio
come from the experimental results of the present work (Tables 1 and 2).

Table 6 compares the composites response in terms of the Youngs’s
modulus, the maximum strength, and the strain at break between the
experiments and the numerical modelling for the recycling cycle 0. An
overall good agreement is found between both the experimental and
numerical results, confirming the pertinence of the numerical model
developed here.

Fig. 5 shows the comparison of the tensile behaviour of the studied
composites from experimental tests (Fig. 5A) with the numerical simu-
lation (Fig. 5B). The two main influential parameters on the effective
behaviour of the composites are the fibre aspect ratio L/D and the vol-
ume fraction fi. It is well-known that the volume fraction tends to stiffen
the global response of the composite. The higher the volume fraction,
the stiffer the composite through its Young’s modulus, yields stress and
hardening modulus. This trend is confirmed for each composite versus
the matrix phase in Fig. 5. The aspect ratio is the second design
parameter to account for the effective behaviour. An enhancement of the
macroscopic stress-strain response with the increasing of the aspect ratio
can be observed from an experimental or numeric point of view.

More detailed comments can be added for each study case
considered:

Composite PP-VT: Fig. 6A depicts a good agreement between the
experimental results and the numerical predictions. The effective
behaviour of the composite follows a trend governed by the nonlinear
matrix phase. In the elastic range, numerical predictions fit experi-
mental results well, leading to a Young’s modulus with a moderate
relative error of 6.5 %. In the plastic domain, the softening of the
composite is predicted fully with a close evolution to the experimental
response.

Composite PP-Flax: Its behaviour is shown in Fig. 6B. An increase of
the composite’s characteristics in terms of the Young’s modulus, the
initial yield strength and the plastic hardening modulus can be observed.
This enhancement is due to the aspect ratio of the fibres. The higher the
aspect ratio, the stiffer the mechanical properties. In the elastic range,
the numerical predictions perfectly fit experimental results with a
Young’s modulus relative error of 0.3 %. Note that for flax fibres, the
Young’s Modulus of single fibres can be experimentally measured,
which is not the case for VT or WF fibres; for the latter two, values come
from literature and, although the authors have selected wood species
close to those used here, small differences may occur in the stiffness of

Table 5

Material properties, volume fraction and aspect ratio of flax, VT, WF and VT/
Flax for the Recycling cycle 0. * indicates average value of VT and flax fibre
modulus.

Reinforcements Young modulus E Poisson’sratio  Fibre Aspect

(GPa) v volume ratio L/D
fraction Vf

Flax 52.5 - (Scida 0.498 - (Scida 0.204 37.5
et al., 2017) et al., 2017)

Vegetal Technic 30 - (Jager et al., 0.33 - (Jager 0.21 9.1
2011) et al., 2011)

WoodForce 25- (Pupureetal., 0.33 - (Jager 0.21 17.5
2020; Sobczak et al., 2011)
et al., 2012)

Vegetal Technic 41.25* 0.41* 0.207 18.5

/ Flax
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Table 6

Mechanical properties of the four studied compounds and PP after the first in-

jection (Recycling cycle 0).

Sample Young Modulus Strength Strain at break
(MPa) (MPa) (%)
Exp. Num. Exp. Num Exp. Num.
PP-Flax 3,606 +316 3,616 385+0,2 415 34+03 1.8
cycle 0
PP-VT 2,906 + 140 2,717 28.7 £0,1 28.91 3.3+£0.2 3.0
cycle 0
PP-WF 3,629 + 72 3,346 40.8+0,1 4218 26+01 22
cycle 0
PP-VT/ 3,586 +139 3,329 374+04 3777 27+02 27
Flax
cycle 0

the fibres used. However, at the plastic deformation stage, the numerical
predictions remain stiffer than the experiment. This stiffness result is
explained in the first instance by the perfect interface assumption used
in the modelling which is not the case here (Fig. 4). In addition, only the
ductile damage of the matrix is accounted for in the modelling, while the
fibres are considered to be linear elastic. So, the damage in the fibres is
not accounted for in the present modelling. As a further enhancement,
an interfacial behaviour can be considered in the model by introducing
discontinuities in the displacement and/or stress fields at the interface.
Possible analytical formulations are based on the free sliding model FSM
(Ghahremani, 1980) and interface stress model ISM (Duan et al., 2005)
as well as linear spring model LSM (Qu, 1993).

Composite PP-WF: Fig. 6C shows a good agreement between the
numerical predictions and the experiments at the elastic range. The
Young’s modulus relative error is about 7.7 %, probably due to a small
approximation in fibre stiffness, as discussed previously. In the plastic
domain, a close outcome is obtained between the numerical predictions
and the experimental results until a deformatione ~ 0.017. Beyond that
threshold, numerical results become stiffer, and follow a trend driven by
the behaviour of the fibres.

Composite PP-VT/Flax: Results from the modelling in Fig. 6D show
a good agreement with respect to the experiments at the elastic stage
with a Young’s modulus relative error of 7.2 %. Nevertheless, the
modelling slightly underestimates the experiments at the plastic stage.

3.4. Behaviour of plant fibre composites during recycling: evolution of
tensile mechanical properties and impact resistance

Table 7 presents the results of the morphological analysis performed
on extracted fibres of the composites at 3 recycling cycles: 0, 3 and 5
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(respectively, after injection processes 1, 4 and 6). Equivalent length,
equivalent diameter and aspect ratio are shown. In addition, Fig. 7
presents the distribution of equivalent particle lengths of the particles
for these 3 recycling cycles and always for the 4 composite materials
studied.

Interestingly, the same tendency for the four composites can be
observed. With the recycling process, there is a decrease in the particle’s
length which tends to be a minimal specific value, according to the
nature of reinforcement. For fibre elements, i.e. flax and WF fibres, the
final length value is 299 + 229 mm and 247 + 203 mm, respectively
(Table 7) whereas it is 538 + 262 mm for VT particles. Thus, fibre shape
seems to be more sensitive to breakage, possibly due to their aspect ratio
and their specific behaviour with the melt polymer. For flax, the pres-
ence of kink-bands is also a key point, the latter being more susceptible
breakage areas as demonstrated in the literature (Le Duc et al., 2011).
This reduction in size is more significant for the first process than that of
the following; however, note that no strict threshold is clearly visible,
the number of cycles probably being insufficient for this. This phe-
nomenon is obtained during both the grinding and the injection steps
carried out at each recycling process which cuts the fibres and homog-
enizes their size (Albrecht et al., 2018; Beaugrand and Berzin, 2013;
Berzin et al., 2014). For all the composites, the distribution width
(Fig. 7) and standard deviation (Table 7) decreases with the number of
cycles, evidencing a significant homogenization of the reinforcement
particles. Globally, there is also a decrease in the aspect ratio with the
number of recycling stages, due to the fibre length decreasing faster than
the width decreasing. This explains, in Table 7, why the aspect ratios at
cycle 5 are closer between the four composites than at the cycle 0. Only
the flax composite aspect ratio remains above 10, which is considered to
be the minimal value for maintaining a potential for reinforcement in a
composite material (Kelly and Tyson, 1965). With regards to the evo-
lution of particle diameter, it is noted that the final diameter of flax and
WF particles is not much higher than the average of the single cells
(Table 2) from the first cycle. The diameter of VT particles is higher, the
initial cells are much more cohesive and lignin-rich (Table 3), and it is
difficult, even after several cycles, to individualize them correctly. These
differences in behaviour observed for VT particles are also noticeable in
the case of the VT-Flax compounds; it has intermediate final particle
lengths and diameters between flax and VT that perfectly reflect its
composition.

Fig. 8 presents the tensile strength, Young’s modulus and strain at
break for the raw PP and the composite materials studied. Results from
cycle O correspond to the Table 4 data, previously discussed in section
3.2. Generally speaking, the mechanical properties of the plant fibres
reinforced composites and matrix are stable with several recycling
process; this observation is consistent with the scientific literature
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Fig. 6. Experimental versus numerical results of PP-VT (A), PP-Flax (B), PP-WF (C) and PP-VT/Flax compounds for the recycling cycle 0.

Table 7

Equivalent fibres length LEFI, equivalent fibres diameter DIFI and aspect ratio of
four samples at the recycling cycles 0, 3 and 5. (PP-Flax, PP-VT, PP-WF, PP-VT/

Flax).
Sample Fibres length LEFI Fibres diameter DIFI Aspectratio L/
(im) (um) D
PP-Flax cycle 0 1,021 + 737 27.2 +14.6 37.5
PP-Flax cycle 3 439 + 351 249 +124 17.6
PP-Flax cycle 5 299 + 229 23.6 +10.3 12.7
PP-VT cycle 0 979 + 322 107.4 + 38.0 9.1
PP-VT cycle 3 689 + 289 89.4 £35.1 7.7
PP-VT cycle 5 538 + 262 77.7 £ 33.8 6.9
PP-WF cycle 0 727 + 573 42.0 £42.1 17.5
PP-WF cycle 3 326 £+ 276 36.2 +£23.3 9.0
PP-WF cycle 5 247 + 203 35.4 + 22.2 6.9
PP-VT/Flax 745 + 626 40.4 + 32.6 18.5
cycle 0
PP-VT/Flax 448 + 356 42.9 £ 355 10.4
cycle 3
PP-VT/Flax 378 + 294 43.4 £ 339 8.7
cycle 5

(Bourmaud et al., 2016a; Dickson et al., 2014b; Renouard et al., 2017).
However, some specificities can be underlined, according to the
considered composite materials. A smooth and regular decrease in
strength is observed with the number of recycling cycles for PP-Flax
(-15.8 %), PP-WF (-13.5 %) and PP-VT/Flax (-7.4 %) composite mate-
rials. Conversely, the PP-VT strength slightly increases with an
improvement of +5.6 % between cycles 0 and 5. This moderate strength
can be compared with the low decrease in strength observed for the
PP-VT/Flax composite, which has a significant fraction of VT particles,

10

compared to flax and WF reinforced composites. Thus, after 5 recycling
stages, the strength of PP-VT/Flax is better than PP-Flax. These results
are in line with the evolution of both the particle length and aspect ratio
during recycling; VT particles morphology is poorly impacted by the
recycling process compared to WF or flax fibres; moreover, the succes-
sive recycling stages generally induce a better homogenisation of par-
ticles within the composite, with a decrease of the number and size of
bundles which represents privileged areas of breakage (Bourmaud et al.,
2013a).

Regarding the tensile Young’s modulus, the trend is globally less
pronounced than that of the strength. PP-Flax, PP-WF, PP-VT/Flax and
PP-VT exhibit evolution, between cycle 0 and 5, of -12.5 %, -4.7 %, -4.9
% and +5.4 %. However, the tendency between the considered com-
pounds is the same with a better recycling behaviour for the PP-VT
composite. Interestingly, the PP-Flax exhibits a constant modulus
value up to cycle 2 then a significant decrease to reach a final value
lower than PP-WF and PP-VT/Flax. This composite also presents a sig-
nificant drop in the reinforcement aspect ratio from cycle 3 compared to
the others. For injected parts, the aspect ratio plays a major role in the
Young’s Modulus value (Halpin and Kardos, 1976). In addition, it has
been proved that, due to strong biochemical composition, flax fibres are
more sensitive to successive processing stages (Bourmaud et al., 2016a)
than wood fibres (Soccalingame et al., 2015), the latter being more
lignified and less thermolabile.

The fibre length decrease coupled with individualization and ho-
mogenization of the flax fibres during the recycling and injection pro-
cesses increases the strain at break for the flax reinforced composites
(PP-Flax and PP-VT/Flax). For other composite samples, strain at break
is quite stable during the recycling process.

Regarding the raw PP matrix, irrespective of the considered
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Fig. 7. Distribution of equivalent particle lengths LEFI of the reinforced fibre particles at the recycling cycles 0, 3 and 5 (respectively after 1, 4 and 6 injection
processes) for the studied composites. PP-WF in Orange. PP-Flax in blue. PP-VT in green. PP-VT/Flax in yellow.

mechanical property, values are stable, proving as expected, the stability
of this matrix (Bourmaud and Baley, 2007); it confirms the interest to
consider the recycling as privileged end of life solution.

Table 8 shows the Charpy impact strength of the four studied com-
pounds. The Charpy impact strength is stable overall for the PP-WF (-5.1
%), PP-Flax (4+0.0 %) and PP-VT/Flax (+6.3 %). Interestingly, the PP-VT
composite material significantly increases (+27.7 %) from cycle 0-4.
Failure and breakage behaviour are generally influenced by the deteri-
oration of the interfacial bonding between reinforcing fibres and the
matrix or the reduction of reinforcement length. When the fibres become
shorter due to processing, this gives rise to a debonding processes, in
favour of better impact properties. In the case of VT particles,
improvement of dispersion and homogenization during recycling is also
a possible advantage for impact energy properties.

These changes in mechanical performance during recycling under-
line the high behaviour of VT wood particles reinforced composite.
Compared to long flax and WF fibres, their aspect ratio, already initially
low, evolves little and their stronger adhesion with a polyolefin matrix
makes them good candidates when an end of life by recycling is
considered.

3.5. Modelling after recycling - is it relevant?

The parameter affected by the recycling cycle is mainly the aspect
ratio L/D of the reinforcements. Table 9 gives comparative values be-
tween the experimental characteristics and the numerical predictions.
From Table 8, a decrease of the L/D is obtained for the selected fibres
with respect to the increase of the recycling cycle, respectively cycle 3
and cycle 5. This decrease of the aspect ratio results in a decrease of the
effective mechanical performance of the composite. A similar trend is
obtained for the numerical results in Table 9. With regards to recycling
cycles 3 and 5, the numerical properties are decreasing, as also shown by
the experimental results.

After several recycling cycles, the results of the modelling remain
relevant, irrespective of the composite considered for the values of
elongation and maximum stress. With regards to the Young’s modulus,
the model is very accurate for flax, but less so when wood particles are
introduced. There is evidence that successive recycling cycles produce a
strong homogenisation of the fibres in the composite (Doumbia et al.,
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2015). This is probably already the case for flax at the beginning of
recycling, as its fibres are already very individualised. For wood, the
initial diameters are higher and recycling improves the division and
therefore the homogenisation of the compound. This is confirmed by the
stability of the experimental values over the recycling cycles; even if the
aspect ratio decreases slightly, this decrease is compensated by the ho-
mogeneity of the blend, which is not taken into account by the model.
Moreover, it has been shown by nanoindentation that the rigidity of
wood fibres increases with recycling cycles under the effect of temper-
ature, due to the cross-linking of the xylose-lignin complex (Bourmaud
et al.,, 2020; Soccalingame et al., 2015). This may also explain the
discrepancy between experimental and numerical data in the Young’s
modulus.

4. Conclusion

During this study, we compared the values obtained experimentally
and numerically from injected compounds reinforced with ground wood
particles. These materials were compared to the pure PP matrix and also
to reference materials reinforced with wood and flax fibres.

Firstly, a fine morphological and mechanical description of the
particles and fibres used allowed us to take into account the strengths
and weaknesses of each of the reinforcements, and also to build a
database that could be used to feed our numerical model. In particular,
we were able to highlight significant differences in terms of the aspect
ratio and fibre stiffness, in favour of flax fibres.

Secondly, the mechanical performances of the composites were
experimentally measured and modelled. The aspect ratios of the fibres
used in the models were obtained by morphological measurements after
the extraction of the fibres from the injected specimens. Despite a lower
performance and aspect ratio, the wood fibres and particles reached
performances close to those of flax fibre reinforced composites. Their
better adhesion, illustrated by electron microscopy, is the reason high-
lighted here. The good performance of wood fibre-reinforced composites
was confirmed after the recycling stages. Flax fibre composites showed a
moderate decrease in their performance after recycling, whereas wood
particle composites are stable, confirming the good recycling values of
wood and its ability to be used in high volumes and moderate cost ap-
plications, such as in the automotive sector. This behaviour is also
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Fig. 8. Evolution of strength, Young’s Modulus and strain at break during the recycling cycle of the studied composites, with reference PP.

Table 8
Charpy impact strength (KJ/m?) of the four studied compounds for each recy-
cling cycle. Raw PP samples didn’t break.

Number of cycles PP-WF PP-VT PP-Flax PP-VT/Flax
0 13.7+£0.5 10.8+1.3 17.4+£0.9 144+ 0.5

1 13.2+0.3 122+1.1 176 £ 1.0 143+ 0.9

2 13.3+0.4 13.2+14 17.8+0.9 144+ 0.6

3 13.5+0.5 13.8+1.1 17.7 £ 0.4 159+ 0.9

4 13.1+0.8 14.4+£09 18.1+£0.6 15.0+1.1

5 13.0+0.8 13.8+1.2 17.4 £ 0.7 15.3+1.3

Evolution Cycle 0-5 —5.1% +27.7% 0% +6.3%

related to the good adhesion between the wood and the matrix, but also
to the stability of the aspect ratio of the reinforcements, which does not
decrease with recycling, unlike that of the initially longer fibres.
Subsequently, the modelling carried out demonstrated the relevance
of the model used which, in general, produced results in accordance
with the experimental data. The under-estimates obtained, particularly

12

when wood is present in the composite, are linked to the fact that the
improvement in the homogeneity of the mixtures was not taken into
account with recycling, but also to the fact that the rigidity of the wood
cell walls can evolve positively with recycling. Finally, for flax, the lower
quality of the interface was not taken into account by the model. It
would be interesting, in future developments, to consider these two
aspects in more depth.
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