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ARTICLE INFO ABSTRACT

Keywords: The cellulose microfibril realignment of unitary flax fibres with contrasted density of structural defects, which

Asroc‘meOSltes are also known as dislocations and defined as zones of microstructure heterogeneities, was investigated upon

g‘clmﬂb'“l angle tensile testing by means of X-ray diffraction performed on SWING beamline at synchrotron SOLEIL. The in situ
islocations

continuous tensile tests demonstrate a microfibril angle (MFA) decrease ranging from 3 to 24% depending on the
fibre, with initial MFA measured between 4.7° and 7.4°. The correlation between both the initial and final MFA
values and the defect density is further assessed thanks to polarized light microscopy measurements prior to
tensile testing. The influence of twisting and initial orientation of the fibres are also highlighted and discussed.
Both the heterogeneity of the MFA values along flax fibres and the cellulose microfibril reorientation upon
stretching are evidenced by stepwise tensile testing with an X-ray beam vertical size reaching 20 pm. Indeed,
initial MFA values vary between 4.5 and 17° along the fibres observed. The results are implemented in a finite
element model in the elastic domain based on precise fibre morphologies obtained by X-ray microtomography.
The numerical results quantify the influence of the microfibril realignment on the resulting apparent modulus,
with a stiffening between 1.5 and 7.5% only partly explaining the non-linearities observed experimentally.

Tensile behaviour
Finite element analysis

1. Introduction multinucleate cells of high aspect ratio (a few centimetres in length for a

diameter of 10 — 30 um [3]), which are mechanically extracted from the

In the present context of growing environmental concerns, the
energy-intensive production of most synthetic fibres combined to end-
of-life issues in composites applications have been driving the devel-
opment of alternatives. The expansion of plant-based biocomposites for
structural applications requires a better knowledge of the structure-
property relationship within plant fibres, and especially flax due to its
high potential [1]. In particular, the cellulose microfibril orientation and
its effect on the mechanical properties demand extensive investigation.

Plant fibres can be seen as composite materials where cellulose
crystalline microfibrils backboned with semi-crystalline areas reinforce
a surrounding matrix made of amorphous polysaccharides, mainly
hemicelluloses, pectins and lignin to a lesser extent [2]. Flax fibres are
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stems by scutching and hackling processes [4]. After the mechanical
extraction, the individualization is only partial and the fibres remain in
the form of bundles, i.e. few tens of fibres glued together by a pectin rich
interphase called the middle lamella [5, 6]. At the fibre scale, the flax
cell wall is divided in four layers: the primary cell wall and secondary
cell wall that is further divided between the S1, G and Gn layers [7-9].
The thickest gelatinous G layer, representing 5 — 10 um in thickness [10],
is formed from the progressive conversion of the Gn layer [11]. The fi-
bres present a main internal porosity called lumen and representing up
to 7% of the total fibre volume [12]. Therefore, both the orientation,
crystallinity and amount of cellulose in the different sublayers (and
especially in the main G-layer), as well as the porosity content; are
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important parameters influencing the mechanical properties of the fi-
bres [1, 6]. The overall cellulose content reported in the literature varies
between 50 and 90% [13]. Moreover, Bourmaud et al. [14] observed a
crystallinity rate between 52 and 56% on flax by NMR (Nuclear Mag-
netic Resonance) depending on the retting degree. In the main G-layer,
the cellulose microfibrils, with diameters between 2 and 4 nm [14, 15],
form Z-helix along the fibre cell walls, with a particular angle ¢ called
the MFA (Fig. 1). Down to the supramolecular scale, cellulose microfi-
brils are predominantly made of -(1-4)-D-glucopyranose chains, which
are assembled by hydrogen bonds between hydroxyl groups and van der
Waals interactions in generally accepted 24 or 36 chains model to form
cellulose Iy [16]. The resulting crystal unit cell is monoclinic, with the
following unit cell characteristics: a = 7.84 A, b = 8.20 A and ¢ = 10.38
A andy = 96.5°.

X-ray diffraction (XRD) is a widespread technique to assess the
crystallographic structure, phases, sizes, preferred orientation or
chemical composition of crystalline materials. For plant fibres, XRD
appears as a reliable method to determine the microfibril angle of
crystalline cellulose with the advantage of requiring no pre-treatment
and being statistically reliable. The technique is based on Bragg’s law,
enabling the determination of the diffraction conditions leading to
constructive interferences within a material containing periodic
structures:

nd = 2dyy, * sinf (@]

where 1 is the X-ray wavelength, 20 is the angle between the incident
beam and the diffracted beam, dyy is the periodic distance within the
sample and n is an integer. The diffraction planes, defined by the inci-
dent beam and the diffracted beam, include the direction of the related
structural periodicity. The alignment of the microfibrils with respect to
the fibre axis can therefore be measured. Compared to XRD, experi-
mental characterization of MFA by Atomic Force Microscopy, Scanning
Electron Microscopy (SEM) or second-harmonic generation (SHG) mi-
croscopy rather correspond to the angle between the fibre axis and a
bundle of microfibrils: the macrofibril [17]. Among diffraction tech-
niques, one can distinguish Small Angle (SAXS) and Wide Angle (WAXS)
X-ray Scattering depending of the range of wave vector observed. With
WAXS, the MFA is usually measured from the width of the (200)
reflection, representing the planes parallel to the microfibrils [18], or
using a combination of the (200) and (004) reflections, thanks to
different curve fitting or variance methods [19, 20]. With SAXS, the
equatorial streak width can also lead to a MFA measurement, as well as
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microfibril diameters [21]. Several authors exploited X-ray diffraction
techniques to measure the MFA of different plant fibres, and especially
flax, as summarized in Table 1. Bourmaud et al. [22] reported MFA
values for flax fibre bundles between 9.5 and 8.3°. Slightly lower values,
between 7.2 and 6.2° were measured on oleaginous and textile flax fibre
bundles by Wang et al. [23], in good agreement with SEM observations.
Astley and Donald [24] measured the MFA of flax at the fibre bundle
scale between 5.5 and 7.5° depending on the hydration level using SAXS.
The orientation of the cellulose microfibrils is believed to play a sig-
nificant role in the complex mechanical behaviour of plant fibres
[25-27]. Experimental validation was obtained by Keckes et al. [28] on
wood foil and fibres, showing a decrease of MFA correlated to the tensile
strain: the cellulose microfibrils were compared to springs. Placet et al.
[18] studied the MFA evolution during a stepwise tensile test on hemp
fibre bundles by WAXS. They evidenced a non-linear decrease of the
MFA, from 10.8 to 7.8° between 0 and 2% strain, distinguished into 3

Table 1
MFA values determined for different plant fibres by several authors and related
experimental parameters.

Microfibril angle ¢ :

the fibre axis

Cellulose microfibril:

oH
' OH
Ho- 0, om L
HO- A el
on " OH — G\Z;'\':?‘ HO—
2 ,

o

D-glucose 2

Molecular structure:

-(1-4)-D-glucopyranose

}H

—» \_ OH ’n

Z-helix in the tangential
plane with respect to

Author Fibre type and scale = MFA Tensile XRD
testing technique
Wang et al. Oleaginous and 6.2° — No WAXS
[23] textile flax fibre 7.2°
bundles
Bourmaud etal.  Flax fibre bundles 8.3° - No WAXS
[22] 9.5°
Astley and Flax fibre bundles, 5.5° (dry) No SAXS
Donald [24] different hydration -7.5°
levels (wet)
Astley and Flax fibre bundles - Yes SAXS and
Donald [30] WAXS
Miiller [21] Flax fibre + water 3.5° No USAXS
Miiller [37] Flax fibre 5.3° - SAXS +
6.4° WAXS
Kolln [31] Flax and wood - Yes WAXS
fibres
Thuault [63] Flax fibres - Yes WAXS
Placet et al. Hemp fibre bundles 10.8° Yes + WAXS
[18] cyclic
loading
Placet et al. Hemp fibre bundles  8°-11.2° No WAXS
[75]
Martinschitz Coir fibre bundles 45° Yes + WAXS
et al. [29] cycling
loading
Unit cell,
monoclinic
—l o—
— e 2 13

Supramolecular structure:
Microfibril cross-section
24 or 36 chain models
Cellulose Ig predominant

Fig. 1. Hierarchical organization of the cellulose microfibrils in the plant cell wall main G layer.
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phases correlated to the rigidity variations observed for the stress-strain
response. The MFA evolution of coir fibre bundles under quasi-static and
cyclic tensile loading was studied using WAXS by Martinschitz et al.
[29]. They reported a decrease of MFA upon increasing strain, with a
partial recovery of the initial MFA upon unloading. Finally, both SAXS
and WAXS measurements were performed by Astley and Donald [30] on
flax fibre bundles during in situ tensile testing. The authors concluded on
the absence of MFA reorientation upon loading and a strain-induced
crystallisation of initially orientated amorphous cellulose microfibrils.
These contradictory results were re-analysed and by Kolln et al. [31],
who found a decrease of MFA of about 15% at 1% strain and ruled out
the strain-induced crystallization scenario.

Laboratory facilities enable determination of the apparent MFA at
the fibre bundle scale, with the related strong hypothesis of a homoge-
neous microfibril orientation. X-ray microbeam measurements at the
unitary fibre, available on synchrotron beamlines, allow considering
cell-wall inhomogeneities such as defects. Indeed, strong misalignment
of the cellulose microfibrils from flax fibres have been observed in zones
also known among others as defects, dislocations, kink bands or spots of
micro-compressions [13, 32], with different severities and local micro-
fibril angles (MFA) up to 47° reported by SHG microscopy by Melelli
et al. [17]. Such defects appear when the fibre walls are subjected to
uniaxial compression in the direction of the fibres. According to Thy-
gesen et al. [33] defects creation could occur during the growth of the
fibres subjected to environmental stresses. However, recent works
converge towards defining the mechanical extraction of fibres from the
bundles as the critical step of defect creation [34-36]. The consequence
of defects in terms of mechanical properties and evolution upon tensile
testing require in situ investigations that are scarce in literature. It re-
mains a moot point [13] of interest to decipher in order to expand the
use of plant fibres for structural applications in the field of bio-
composites. Indeed, up to now, very few studies have been focusing on
the MFA heterogeneities in the cell wall during a mechanical test
because of the restricted access to the synchrotron and of the high
acquisition speed required to perform in situ tensile testing. The MFA
heterogeneities along a flax fibre and MFA evolution during a tensile test
were evidenced by Kolln et al. [9] using WAXS. With an X-ray micro-
beam focused down to 2 ym and a step-wise tensile test, the authors
highlighted inhomogeneities within the fibres and a tendency to a
higher orientation for the initially less orientated areas with increasing
strain. They also reported a decrease of microfibril angle between 10 and
20% depending on the fibre at 1% strain during continuous in situ tensile
testing. Miiller et al. [21] reported a mapping of a flax unitary fibre by
u-SAXS measurements after swelling in water to enhance the scattering
contrast between amorphous and crystalline cellulose. They determined
a mean MFA of 3.5° with variations along a flax unitary fibre. Higher
values close to 6° were reported at the fibre edges, which could be
attributed to less confident data such as the presence of an additional
signal caused by refraction effects. A combined p-SAXS/u-WAXS setup
was also implemented by the authors in another study on flax unitary
fibre [37], leading to MFA measurements between 5.3 and 6.4°
depending of the diffraction spot investigated (from SAXS strike or
planes (110), (110) or (200)).

Numerical modelling appears as a complementary tool to investigate
the consequences of microstructural organization on the mechanical
performances, especially in ranking the contribution of structuring
levels and testing the relevance of supposed deformation mechanisms. In
the research field of plant fibres, a few analytical or Finite Element (FE)
models have been taking into account the MFA [27, 38-43], and even
fewer attempted to model defects as MFA heterogeneities along the fi-
bres [44, 45]. In addition, meshless methods such as molecular dy-
namics have proven their ability to decipher mechanisms involving
different MFA at the cell wall scale [46] and defects at the scale of the
cellulose chains [47, 48]. However, most models were lacking accurate
experimental data as inputs, more specifically those related to the
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microstructural evolution under mechanical loading.

The aim of the study is to better understand the complex tensile
behaviour of flax fibres and the contribution of microfibril realignment,
especially in defected areas. Indeed, up to our knowledge the direct link
between defects and microfibril angle changes upon tensile testing was
never assessed before. In the present study, the microfibril orientation of
a contrasted panel of fibres in terms of defect density was therefore
measured during in situ tensile testing by X-ray diffraction experiments
on the SWING beamline at Synchrotron SOLEIL. Measurements were
achieved at different locations along fibres to assess the microfibril angle
heterogeneities. The results were further implemented in a FE model to
quantify the effect of realignment upon tensile loading and MFA het-
erogeneities along fibres on the mechanical properties.

2. Material and methods
2.1. Materials

Textile flax fibres (Linum usitatissimum) from the Bolchoi variety
were provided by Groupe Depestele / Teillage Vandecandelaere (Bour-
guebus, France). The plants were cultivated in 2017 in Normandy
(France), dew-retted in the field and scutched on an industrial facility
following the standard chain of fibre extraction [49]. In addition, the
scutched fibres were deliberately damaged by numerous additional
passages between fluted rollers on a pilot scutching line at ENIT (Tarbes)
[50]. Fibre extraction was achieved by hand from the middle section of
the scutched fibres.

2.2. Optical microscopy

Optical images were obtained using a microscope (Leitz DMRB, Leica
Microsystems, Nanterre, France) equipped with a Hamamatsu digital
camera (C11440 ORCA-Flash4.0 LT). High resolution image scanning
was performed thanks to a motorized stage (Marzhauser), allowing a 15
mm scanning along the fibres glued on a 15 mm cardboard frame. Im-
ages were acquired using both bright light and a linearly polarized light
with an optical objective x20, leading to a maximum spatial resolution
of 49,000 x 2000 pixels, with a pixel size of 328 nm. Image processing of
the polarized light scans was conducted using F1JI software (https://fiji.
sc/) in order to determine the surface area of defects which appear as
bright areas under polarized light [51]. The same threshold was applied
to all images. Each resulting binary image and initial grey-scale image
were compared to check the accuracy of the result. The proportion of
defects along each fibre is defined as follow:

Sa

p (%) = 100 5 (2)
f

Where Sy is the cumulative surface area of defects resulting from image
processing, and Syis the fibre surface area. The latter was estimated from
the mean diameter, calculated from 6 measurements along each fibre
multiplied by the image length.

2.3. Tensile testing
e Reference tensile testing

42 unitary fibres from the Bolchoi variety were tensile tested using a
MTS machine (MTS System, Créteil, France). The testing parameters
were the following: a 2 N load cell, a displacement rate of 1 mm/min and
a controlled environment of 25 + 1 °C and 48 + 2% of relative hu-
midity. The fibres were extracted manually from the middle part of the
bundles and glued on a cardboard frame with a gauge length of 10 mm
following the standard AFNOR NF T 25-501-2 and enabling comparison
with literature data. Finally, the compliance of the system was consid-
ered in the calculations to compensate the influence of non-specimen
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extension in tensile testing leading to an under-estimation of Young’s
modulus (E) and over-estimation of strain [52].

e In situ tensile testing

Tensile testing experiments were carried out during X-ray measure-
ments on unitary fibres using a Linkam machine TST350 (Linkam Sci-
entific Instruments, Epsom, UK) with a 20 N load cell and a 15 mm gauge
length due to technical specifications of the machine (Fig. 2). The fibres
were glued on cardboard frames prepared by laser cut and adapted for
optimal fibre alignment on the tensile bench. Moreover, laser markings
were placed at intervals of 0.5 mm in the 5.5 mm central zone accessible
to X-ray measurement to recall specific locations of interest noticed
during optical scanning (Fig. 2b). The environment was recorded thanks
to a unified humidity-temperature sensor placed close to the jaws, with
temperature and relative humidity values of respectively 25.5 + 1.5 °C
and 42 + 7%. Both continuous and stepwise tensile tests were conducted
with a displacement rate of 1 mm/min corresponding to a strain rate of
6.7% / min. For the stepwise tensile tests, displacement increments of 30
- 60 pm were employed.

For both tensile testing experiments, the cross-sectional areas are
needed to calculate the resulting stress and Young’s modulus and were
determined under the assumption of cylindrical cross-section, and the
mean diameter was obtained from 6 measurements along each fibre [53]
using the optical microscope described in 2.2.

2.4. X-ray diffraction

X-ray diffraction experiments were performed on the SWING
beamline of SOLEIL Synchrotron radiation facility (Gif-sur-Yvette,
France). The overall set-up is displayed on Fig. 2a. The X-ray beam was
set to an energy of 15 keV. A diamond active beam-stop recently
developed by Desjardins et al. [54] was used for stopping the direct
beam. The CCD detector of 1032 x 1088 pixels (77.4 x 81.6 mm) was
placed at 520 mm from the sample, allowing to obtain a quarter of the
diffraction pattern with q value up to 2.03 A~! (Fig. 2c). The tensile
machine was placed on two translating tables, allowing 1 pm precision
on the displacements in the horizontal (X) and vertical (Z) directions.
Three different settings were used in the experiment (Fig. 3): 1) a
continuous tensile testing at a single location along the fibres positioned
horizontally, with acquisition times ranging from 160 to 600 ms and a
X-ray beam size of 250 x 20 um? — 550 x 20 um?; and stepwise tensile
testing allowing a mapping along the fibres, with an X-ray beam length
of 250 x 20 um and fibres positioned 2) horizontally and 3) vertically.
The displacement was applied at both clamping ends. In the case of
setting 1, the X-ray beam of 250 um in length was focused in the middle
of the fibres, therefore the assumption of negligible fibre translation was
made. In the case of settings 2 and 3, as the 5 mm central part of the 15
mm-fibre was scanned by XRD, the uncertainties regarding fibre trans-
lation upon tensile testing are more important, estimated to a maximum
absolute value of 35 pm and 10 pm, respectively (one third of the
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maximum displacement applied at each fibre edge).

As the fibres were not naturally perfectly straight and not perfectly
horizontally or vertically fixed on the cardboard frames, a crucial point
is to place the centre of fibre on the X-ray beam and assess the related
error on the MFA measurements. Therefore, jaws displacements of 10
um were applied to each fibre prior to the tensile test until reaching an
initial force of 0.01 N to ensure a straight fibre. XRD measurements were
then recorded during transversal scan of the fibre to determine the
centre of the fibre for the acquisition, as displayed in Fig. 4, showing an
optimal Z-position corresponding to the maximum signal azimuthal
integration intensity around 20 — 25 pym, and a related error on the MFA
estimated to 0.5° for the rest of the experiments.

The software Foxtrot developed by Synchrotron SOLEIL was used for
data analysis. Several diffraction spots could be analysed on the
diffraction pattern (Fig. 2c). The (200) reflection was selected as it
provides a high signal to noise ratio with sufficient counting statistics
and no overlapping with other diffraction spots, in agreement with the
method described by several authors [18, 22, 55, 56].

The inter-plane distance daqo is linked to the diffusion vector Qg by:

211
Qo

dZ()() = (3)
where I~ 3.14159.

The first step involved the masking of the blank pixels between the
detector frames and beam stop on the diffraction patterns. Then, a first
radial integration of the intensity was conducted on the masked
diffraction pattern (Fig. 2¢). A Gaussian curve fitting using the following
equation was realized to determine the optimal Qg corresponding to the
maximum intensity of the (200) plane:

2
f(x)—AeXP<(x_Q0)>+Bx+C @

202

where A, B, and C are constants determined from the fitting routine.

At this particular Qo, a second integration of the azimuthal profile
was achieved (Fig. 2c). The resulting Half Width at Half Maximum
(HWHM) of a Gaussian curve fitting is estimated from the standard
deviation ¢ through the following equation:

HWHM ~1.178 * ¢ )

The HWHM, referred to as the MFA, provides an estimation of the
microfibril orientation. However, it should be mentioned that this
common method used to estimate a mean MFA based on the curve fitting
analysis of the reflection (200) depends on the shape of the fibre [19]. As
the geometries of flax fibres usually differ from one to another and along
their length [12], the calculation method induces uncertainties. More
sophisticated methods, involving the complementary use of the re-
flections (200) and (004) for instance [57], can be used to improve the
reliability of the data and estimate the shape of the cells. However, the
(004) reflection was not usable (Fig. 2¢) in our case as it requires

Fig. 2. (a) Experimental set-up on SWING beamline, (b) Zoom on the cardboard frame design mounted on the tensile bench, (c) Diffraction pattern of a flax unitary
fibre and schematic representation of the two integrations involved in the data processing of the (200) diffraction spot.
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Fig. 3. The three different settings used for XRD experiments. N.B.: the length of the fibre is minimized in this schematic representation in order to visualize correctly
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Fig. 4. Microfibril angle and azimuthal intensity calculated on a unitary fibre for different X-ray beam vertical position (setting 1). The black vertical bar represents

the z-position chosen for further acquisition.

significantly altering the setup. The present values remain of interest for
comparison purposes as it is the case in the present article.

Following tensile testing, the realignment is calculated using Eq. (6),
with MFA; and MFAy the microfibril angles calculated respectively
immediately after the pretension stage (i) and just before the fibre
failure (f):

MFA; — MFA;

MFA; ©

Realignment(%) = 100 =

2.5. Numerical model

Three different numerical models were built in order to i) assess the
influence of the MFA on Young’s modulus depending on the porosity
content (lumen) using fibre models, ii) quantify the evolution of Young’s
modulus upon microfibril realignment at a single location along two
contrasted fibres in terms of defect content and MFA initial values and
realignment upon tensile testing (called thereafter A4 and As) analysed

: Evolution of E upon
Influence of the MFA on E T : P Heteoregen_ous
) microfibril realignment MFA along fibres
g : 5 | (Z7I7E(E (203
= g = =N ==
= = p= .:i Z\2 \=Z \ 2
—
6 x 200 um
* Fibre geometries from X-ray
| { tomography Fa, Fb, Fc and Fd and Model fibres M0x6
4 model fibres M0, M10 Strain from 0 to 1.3%
+ Model fibres M0 and M10 * Experimental results of setting 1 (fibres 3.1. Experimental results of setting 2
* MFA varied between 0 and 60° A4 and As) _ ‘ (fibre By)
* Calculations at 1% strain * Parametric study: strain from 0to 1.7% 3.2. MFA ranging from 5 to 30°

Fig. 5. Details of the considered finite element models used in the study.
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on SWING beamline, and iii) consider the heterogeneous microfibril
orientations along a fibre (called thereafter B;) analysed on SWING
beamline and a second scenario with initial MFA ranging between 5 and
30° (fibre models). The main parameters of the models are summarized
in Fig. 5 and details of the fibre geometry and meshing are summarized
in Table 3. The model was based on precise geometry of fibres obtained
by X-ray microtomography and compared to cylindrical fibre approxi-
mation without taking into account the MFA in previous studies con-
ducted by the team [50, 58].

The material is considered elastic, neglecting viscous and plastic
contributions. Therefore, following Hooke’s law:

[o] = [$]" *[e] = [C]*[¢] Q)
and
[¢] = [5°]  [o] ®

Where [o] is the stress matrix (3 x 3), [e] the strain matrix (3 x 3),
[S] the tensor of compliance and [C] the stiffness tensor. In the local
coordinate system related to the cellulose microfibrils (1,2,3) (Figs. 1,
6), the direction of the microfibrils is an axis of symmetry, and the fibre
cell wall can be seen as a transverse isotropic material. Therefore, the
elastic compliance tensor is the following:

o -
- v Pno 0 0
E; Er  Er

1
e A ¢ 0 0
ET ET ET

1
St e 0 0 0

sy | B BB ©

0 0

where Ep and Er are the longitudinal and transverse Young’s moduli of
the cell wall, Gyt and Gyt are the shear moduli and vrr, v, viT are the

Microfibril coordinate system
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Poisson’s coefficients. By adding the symmetry of the compliance matrix
and the transverse isotropy in Eq. (10), the number of independent
variables is reduced to 5:

Er
O T liem a0

The material inputs (cellulose content and crystallinity) were chosen
in agreement with experimental values assessed on the same batch
origin [50], i.e. a cellulose content of 75% and cellulose crystallinity of
60%. A homogenisation law materialised by two consecutive rules of
mixtures was used to determine the elastic properties of the cell walls
from their main constituents found in literature, following the procedure
detailed in [58, 59]. The matrix was considered made of hemicellulose
only, as the pectins and lignin content is low in the cell wall [7, 13].
Poisson’s coefficienturr was set to 0.2, knowing that its magnitude does
not influence Young’s modulus. Details of the resulting elastic constants
can also be found in [58].

Since the MFA is considered in this study, the material is no longer
considered as transverse isotropic in the local coordinate system (x,y,z).
Therefore, the new stiffness tensor [C*] is expressed as a function of the
MFA called ¢ in the local coordinate system by using the following
equation:

[C]=[T])*[C*] +T" an

with [T] a rotation matrix dependant of ¢:

1 0 0 0 0 0
0 cos’ph sin’¢ 2cos¢sing 0 0
(7] 0 sin’¢ cos’eh —2cos¢psing 0 0
T |0 —cosgsing cosgsing cos’gp — sin’¢p 0 0
0 0 0 0 cos¢p —sing
0 0 0 0 sing  cos¢g

12)

Finally, ¢ is evolving with the strain according to experimental data
from SWING curve fitted equations in order to consider the evolution of
MFA upon tensile testing. The load conditions are simulated through the
displacement increase according to the experimental conditions and all
computations are conducted using the COMSOL Multiphysics® software
[60], with ¢ and consequently the stiffness matrix being modified at
each displacement step following different evolutions developed below

Local coordinate system

(—)—)—))
172’3

Ciy Cp Gz 0 0 07
Cy Coy Cs 0O 0 0
[Cg.]z Cl3 C23 C33 0 0 0
0 0 0 Cy O O
0 0 0 0 Cs O
[0 0 0 0 0 Cgl

. From XRD data:

: [ ]
TR 77 e

> (222
X'y 'z

©)

Rotation along _r>
[CE1=[T] x [C* ] x [T]"
with [T] =f (¢)

€1y G2 Gz €y O 07
Cia G Gz Cy 0 0
[Cg] — C:13 Cj23 C:33 CIH 0 0
Cis Czq C34 Cuy 0 0

0 0 0 0 Css Cs

L 0 0 0 0 Cs56 Celd

Fig. 6. Principle of the FE model taking into account the MFA and related stiffness matrix.
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for each model. The adjustments, involving the evolution from a trans-
verse isotropic material expressed in the microfibril coordinate system
to a material no longer transverse isotropic in the local coordinate sys-
tem, are summarized in Fig. 6.

The following boundary conditions were applied to simulate tensile
testing conditions: a displacement d was applied to the nodes of the
lower surface in the direction 3 and the upper surface of the fibre was
clamped (i.e. displacement at all nodes of the surface equal to 0 in all
directions), summarized in the following equations, with Uj, Uy and Us
the displacements in the directions 1, 2 and 3 respectively:

Upper surface : U, = U, = Us =0 13)

Lowersurface : Uy =U, =0; U; =d a14)

The longitudinal Young’s modulus Es33 is calculated following
Hooke’s law as the ratio between the resulting stresses and strains. The
engineering stress and strain values are determined using the Eqn 15 and
16, where Fj3 is the reaction force in the direction 3, S is the surface of the
filled fibre, d is the displacement imposed and L is the fibre length. In
particular, the resulting stress is expressed from the mean between the
surface integrals of the reaction forces at the nodes of both fibre edges
since they do not have the same transverse surface areas.

6= l (IIF3 (x=0) +ffF3 (x=d) ) (15)

2\ Su=o) Su=d)

d
€ (%) = 100 *7 (16)

The relative difference of apparent modulus between two states is
calculated as follow, with E; the apparent modulus of the initial state and
Ey the apparent modulus of the final state:

L - E

% difference = 100 % a7

The studies were performed under the hypothesis of a quasi-static
analysis, using a direct solver. The calculations were performed thanks
to a high-performance computer equipped with 1 TB of RAM and a bi-
socket architecture operating at 4.4 GHz.

2.5.1. Influence of the MFA on Young’s modulus

e Cylindrical fibres MO and M10, with a porosity content of respec-
tively 0 and 10% corresponding to the central lumen, an external
diameter of 15 ym and a length of 140 pm were created and meshed
directly using Comsol software.

e The MFA was varied between 0 and 60°.

e For each microfibril angle, the resulting Young’s modulus was
calculated at a displacement rate corresponding to 1% deformation,
as only one loading step was required.

2.5.2. Evolution of Young’s modulus upon microfibril realignment

e 3D volumes of fibres called Fa, Fb, Fc, and Fd obtained from X-ray
microtomography were meshed using Simpleware™ ScanIP [61] and
tetrahedrons of the second order (serendipity elements, quadratic
discretization), with 3 degrees of freedom (dof) at each node corre-
sponding to the displacements in the x, y and z directions. A mesh
sensitivity analysis was performed in order to find the best
compromise in terms of calculation time / accuracy of the result by
varying the meshing coarseness of fibre Fa [50]. The optimal
meshing coarseness was applied to all fibres, leading to numbers of
dof between 0.5.10° and 5.10°. In order to compare the results and
better quantify the consequences of the intricate lumen shapes evi-
denced by X-ray microtomography, cylindrical fibre models with a
diameter of 15 pym, a length of 140 um and a varied lumen content
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from 0 to 10% (MO and M10 respectively) were created and meshed
directly on Comsol software.

e A 4th order polynomial function is used to represent the kinetics of
realignment of fibres A4 and As (SWING curve fitted equations of
two contrasted fibres) are the following, with ¢ the MFA (°) and ¢ the
engineering strain level (%):

o, =052x 6" —1.80 %6 + 173 & — 051 x£+5.23 (18)

o, = 19456 —7.53 %6 + 92256 — 433564 6.63 19)

The model is no longer linear elastic due to the varied stiffness upon
loading; therefore, parametric studies with displacements corre-
sponding to deformations between 0% and 1.7%, with a step of 0.1%,
were applied, in agreement with experimental data.

2.5.3. Heterogeneous microfibril orientations along the fibres

o A cylindrical fibre model MO x 6 made of 6 cylinders with a diameter
of 15 um, a length of 200 ym and no central lumen was created and
meshed directly using Comsol software.

In a first part, the fibre MO x 6 was modelled following the experi-
mental results of setting 2 (Fig. 3, fibre B;) over 1 mm (between x =
—3 and x = —2 mm) to keep a reasonable calculation time. The MFA
evolutions for the 6 consecutive cylinders were the following, with ¢
the MFA (°) and ¢ the strain (%):

& 5.81
&, 0.51 % €* — 1.06 x & +5.52
_| 9| 5.37
¢= d, | T ] 028%€* —0.96%e+7.07 20
s 6.29
b6 0.78 % &2 — 1.79 % £ + 7.46

In a second study, two different MFA evolutions were implemented
for the fibre MOx6: the MFA was set constant at 5° to represent non-
defected areas, and an initial MFA of 30° decreasing linearly to 5° at
1.3% strain was set to represent defects. The number of cylinders
imbedding defects was varied between 0 and 6, corresponding to a
defect quantity ranging from 0 to 100%. As only Young’s modulus was
investigated here, when considering the same number of cylinders
representing defects, the results were not influenced by their position
along the fibre.

e For fibre MOx6, parametric studies with displacements corre-
sponding to deformations between 0% and 1.3% were applied, in
agreement with experimental data.

3. Results and discussion
3.1. Experimental evidence

3.1.1. Reference tensile testing

The reference tensile tests without X-ray diffraction evidenced a
mean Young’s modulus of 39.3 + 12.3 GPa, strain at break of 2.24 +
0.83% and strength at break of 700 + 268 MPa (Table 2). The tensile
values appear in the average in terms of strain at break and in the lower
bound in terms of Young’s modulus and strength at break compared to
literature data [62].

3.1.2. Realignment of cellulose microfibrils under continuous tensile testing

In situ tensile tests were conducted on 9 unitary fibres with con-
trasted defect content expressed in Table 4, following the setting 1
(Fig. 3, continuous tensile testing, horizontal fibre). The resulting MFA
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Table 2

Summary of different fibre geometries and related parameters used for the finite
element analysis. The fibre geometries which include variations of cross-
sectional areas along their length are specified in the fifth column.

Name  Porosity Degrees of  Mean Variations Modelling
content freedom volume of  along fibre configuration (
(%) (Dof) element length Fig. 5)

(x10%) x10°°
um?®)

Fa 7.30 2.2 15 X 2

Fb 2.60 4.3 15 X 2

Fc 0.01 4.8 25 X 2

Fd 0 4.2 23 X 2

MO 0 0.5 207 1-2

M10 10 0.7 135 1-2

MO x 0 0.6 166 3

6

evolutions as a function of strain are plotted in Fig. 7, revealing con-
trasted behaviours. Indeed, MFA initial values vary between 4.7° and
7.4° depending on the fibre (Table 4), in agreement with previously
reported XRD measurements (Table 1). Other techniques such as
second-harmonic generation microscopy under controlled polarised
light also revealed MFA inhomogeneities along flax fibres [10], with
values varying between 0° and 10° and an average around 5°. Moreover,
a microfibril realignment ranging between 3 and 24% upon tensile
testing was observed depending of the sample. Therefore, rearrange-
ment of cellulose microfibrils in the cell walls seem to appear in most
cases upon tensile testing, as already reported in the literature [18, 30,
31, 63]. Moreover, one must keep in mind the high strain rate of
6.7%,/min used in this study following the 1 mm / min displacement rate
specified in NF-T 501-2 standard, which can explain the limited reor-
ientation of microfibrils compared to other studies in the literature
conducted with a lower strain rate, due to the viscoelastic nature of flax.
The low mechanical properties obtained in XRD-coupled tests compared
to the mean values obtained under laboratory conditions (without X-ray
beam) can partly be attributed to damage induced by irradiation.
Indeed, while the mean strain at break of 1.61 + 0.52% appears 30%
lower for the XRD-coupled tests in comparison to reference tests, a
decrease of more than 50% is observed for the mean strength of 318 +
82 MPa (Table 2). However, no significant differences between the
samples scanned with different X-ray beam size in length and resulting
acquisition times were evidenced. We should also keep in mind that the
gauge length of the reference tensile test is 10 mm, whereas it is 15 mm
for in situ tensile tests due to technical specifications of the machine. The
strength might be lowered for the higher gauge length following the
weakest link theory developed by Griffith [64].
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The discrepancies encountered in this study in terms of microfibril
initial values and evolution upon tensile testing might partly explain the
complex mechanical response of plant fibres. Indeed, most plant fibres
including flax present a predominant non-linear response to tensile
loading [65]. Numerous authors tried to decipher the underlying
mechanisms, which remains a moot point due to difficult experimental
validation. Among the possible influential factors, one can mention the
biochemical composition [65], fibre shape and internal lumen [40, 59],
ultrastructural parameters including the microfibril orientation [39]
especially in defects [45, 66], and strain-induced crystallisation of par-
acrystalline cellulose [30]. Unfortunately, the non-linearities of the
stress-strain curves were not accessible during our experiment due to the
insufficient resolution of the load cell in the tensile experiment. The
disparities observed in our study may find their origin in experimental
parameters or intrinsic variabilities of the fibres detailed below.

a Experimental parameters:

Although great efforts have been made in the last decades to stan-
dardize mechanical characterization of plant fibres, experimental vari-
abilities remain inherent to the characterization of small entities such as
flax fibres. In our study, the fibres A3, Ag and Ag exhibit a phase of MFA
increase followed by a decrease, when increasing strain, which is
attributed to the presence of a twist in the fibres before tensile testing,
revealed by optical microscopy. Indeed, the presence of a twist might
result locally in a higher microfibril angle, as shown by Burgert et al.
[67], who observed a MFA increase from 5 to 12° between untwisted
and twisted individual chemically isolated wood fibres by WAXS mea-
surements. During tensile testing, as the fibre is stretched it may unfold
in order for its mass centre to reach back equilibrium on the median line.
Therefore, the twist might reach gradually the X-ray measurement
location before disappearing upon stretching. This phenomenon of MFA
increase followed by a decrease was not observed on experiments per-
formed at the fibre bundle scale, where the fibre torsion is likely to be
prevented by the neighbouring cells. The experiments at the fibre bundle
scale are not presented in detail here as it is not the scope of the present
article. These local twists highlight the experimental difficulties induced
by the handling of such small entities, but also the need to consider the
possible rotation induced by specific environmental relative humidity
conditions. Indeed, anti-clockwise rotation of the fibres upon drying was
witnessed by several authors [67-69]. For instance, Placet et al. [26]
observed a lower yield point and an additional increase in stiffness for a
twisted fibre compared to its second half with no rotation, revealing a
modification of cell wall. In addition, the low defect content, inducing a
small initial MFA and strains at break of fibres A; and A3 (4.7 and 4.8°
respectively with strains at break of 0.8 and 1%) might be attributed to

MEA (°)

Ay

Defect
content

0 0.5 1.0

1.5

Strain (%)

25

Fig. 7. Microfibril angle of different unitary fibres calculated during a tensile test, as a function of strain.
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an initial pre-tension applied by the operator upon sample preparation.
In the same vein, as the XRD acquisition started at a strain of 0.2% for
fibre Ay, the behaviour at the onset of stretching is lacking, likely
inducing an underestimation of the initial MFA and overall realignment.
Furthermore, misalignment of a fibre arguably may contribute to dis-
crepancies in the results because in the tensile machine, it might induce
additional shear, which might in turn influence the ability of the mi-
crofibrils to realign in the surrounding matrix. The misalignment can
arise either from the positioning of the fibre on the cardboard or from
the positioning of the cardboard on the tensile device. Finally, as dis-
cussed in part 2.4., the calculation method induces uncertainties
depending on the fibre shape [19], which might contribute to the dif-
ferences observed from one fibre to another.

b Intrinsic variabilities:

Quantification of defects and reversible disappearance upon tensile
testing were observed by several authors upon tensile testing thanks to
polarized light microscopy [26, 66]. Moreover, some authors evidenced
microfibril reorientation in a flax fibre with heterogeneous initial
orientation [31]. However, up to our knowledge the direct link between
defects and microfibril angle changes upon tensile testing was never
assessed before. In our study conducted on contrasted fibres in terms of
defect quantities, a correlation between the defect quantity and ini-
tial/final MFA is evidenced in Fig. 8a, with linear determination co-
efficients of 0.7. The initial MFA values corroborate with the microfibril
misalignment observed by several authors in defects [17, 70]. Moreover,
the trend towards a more important realignment for unitary fibres with
higher initial MFA is evidenced in Fig. 8b.The defect density might
partly explain the differences observed in terms of initial MFA and
realignment, and therefore mechanical properties. Moreover, a trend
towards a higher realignment in the last part of the tensile testing is
observed in Fig. 7, in agreement with the qualitative observations of
defect disappearance described by Placet et al. [26], attributing the
stiffening occurring in last part of the stress-strain curves to the
realignment of cellulose microfibrils, especially in defects. In addition,
the cross-sectional variations inherent to plant fibres [3] might induce
additional shear stresses in some fibres, again influencing the stick-slip
mechanism, interfaces and ease of the microfibrils to realign upon ten-
sile testing. Moreover, rotation of the fibre can also appear upon tensile
testing for the thinnest-walled fibres, as a result of buckling induced by
shear strains [71, 72]. Finally, the matrix properties and composition
themselves may differ from a fibre to another and again influence the
microfibril ease of movements.

o Initial + Final :
70 R2=0.72..

MFA (°)

.. _ .
5ol - . R2=0.68

0 10 20 30 40 50 60

Proportion of defects (%)

(a)
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Two fibres contrasted in terms of defect quantity and realignment
behaviour (fibre A4 and A5s) were selected as inputs for the FE model.
Their MFA, stress evolution as a function of strain, and related defect
density evidenced by polarized light microscopy are plotted in Fig. 9.
Fibre Asrepresents a higher defect density (22% of the total fibre area),
an initial MFA of 6.7° and important realignment of 24.1%, whereas
fibre A4 exhibits less defects (8% of the total fibre area), a lower initial
MFA of 5.2° and realignment of 6% upon tensile testing (Table 4).
Interestingly, a MFA realignment with three different slopes is evi-
denced for fibre As(Fig. 9), which resemble to the stress-strain curves
non-linearities in three phases encountered with most plant fibres [65].
The mechanical properties of fibres A4 and Asare similar with a strain at
break of 1.73% and a strength of 340 and 308 MPa respectively, despite
their different MFA values and evolution. It highlights the difficulty to
correlate local information such as MFA measurements at one particular
location along the fibre with global mechanical properties. Therefore,
XRD measurements were taken at different locations along the fibres in
the next part of the study to better characterize the fibre globally.

3.1.3. Heterogeneous microfibril orientation along fibres

The MFA evolution along unitary fibres with contrasted defect den-
sities was revealed by X-ray diffraction mappings and stepwise tensile
testing using X-ray beam lengths of respectively 250 and 20 pym (settings
2 and 3 in Fig. 3). With setting 2, heterogeneous microfibril orientations
along fibre B; are revealed at different strain steps comprised between
0 and 1.3% corresponding to stresses up to 110 MPa (Fig. 10). Indeed,
while most of the fibre exhibits MFA between 5 and 8°, the area close to
the right extremity shows a MFA reaching 17° at 0.2% strain, in
agreement with the bright area observed under polarized light, char-
acteristic of the presence of numerous defects. At this location, the MFA
at 0% strain could not be calculated because the fibre was not entirely
straight and the area dropped out of the X-ray beam. Despite the
experimental issue, the fibre represents a realignment ratio of more than
50% between 0.2 and 1.3% strain. Within the rest of the fibre, realign-
ment fluctuates between —7 and 25%. The negative values appear
within the error range of 0.5° (Fig. 4). It is assumed that no microfibril
rearrangement at these locations occur. The tendency observed towards
a preferential realignment in the most misaligned microfibrils is
confirmed by the findings of Kolln et al. [31] and agrees with the results
of continuous tensile testing displayed in Fig. 8b. Although the link
between high MFA and defects observed under polarized light is clear
for the extreme right of the fibre, it is less obvious for the left part.
Indeed, experimental limits are arguably the output as the error of
spatial correlation between optical image and X-ray location is
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Fig. 8. (a) MFA of different unitary fibres measured at the initial and final steps of tensile testing, as a function of the proportion of defects; (b) MFA of different
unitary fibres calculated at the first step of tensile testing, as a function of the final realignment. The values of R? represent the linear determination coefficients

associated to the curves.
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Fig. 9. Top: MFA and stress evolutions as a function of strain for two fibres A; and As, with contrasted defect density observed by polarized light microscopy
(bottom). The X-ray beam, of 250 and 550 um in length for fibres A4 and As respectively, was positioned at the centre of the initial microscopy image and is
represented as a white rectangle above. The dotted lines delimit the three parts of the non-linear MFA evolution of A4 (I, II and III).

estimated to 100 pm and X-ray measurements are averaged on 250 ym in

Table 3 . . o . . this configuration. This lack of spatial resolution might explain the lower
Results of reference tensile testing and in situ tensile testing (mean values of . . .
Table 4) values obtained in defects compared to literature [17, 70]. Indeed,

Thygesen et al. [70] reported MFA of up to 30° in large dislocations

Strain at break surrounded by zones of intermediate orientations with MFA between 10

Young’s modulus Strength at break

GP. MP. % . . . . .
(GPa) (MPa) 6 and 15° in hemp fibres using polarized Raman microspectroscopy. The
Reference tensile 39.3+£123 700 + 268 2.24 £0.83 work of Melelli et al. [17] is in agreement with such results, as authors
testing measured strongly heterogeneous macrofibril orientations ranging from
In situ tensile - 318 + 82 1.61 + 0.52 . X . . N .
testing 0 to 47° in flax fibres by SHG imaging under controlled polarised light.

To increase the X-ray spatial resolution, the setting 3, with a X-ray
beam of 250 x 20 um and the fibre placed vertically (Fig. 3) was used,
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Fig. 10. View of fibre B; under polarized light revealing defects as bright areas (top); MFA measurements along the fibre at different strains (from 0 to 1.3%) using
setting 2 (middle); and corresponding realignment (bottom) calculated between the first and last tensile steps (except for the star marked value which is an estimation
between the second and last step of tensile testing).
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leading to the MFA evolution along fibre B, displayed in Fig. 11. X-ray
measurements were taken every 50 um along the z-direction at 0% and
0.4% strain, corresponding to stress levels of 60 and 166 MPa, repre-
senting low stress level as a mean tensile strength of 700 + 268 MPa was
reported for the reference tensile testing on the same variety and growth
conditions. To explain the early failure at 0.4% strain, the hypothesis of
a possible damage induced by repeated and long (4 s) X-ray irradiation is
put forward. The MFA varies between 4.5 and 7.7°, with significant
realignment superior to 5% observed in the central part of the fibre
(between —3 and —2.5 mm) and around —4 mm, which correspond to
defected areas according to the corresponding polarized light view.

3.2. Numerical predictions

3.2.1. Influence of the MFA on fibre overall stiffness

The influence of the MFA on Young’s modulus is considered through
a finite element model that is applied to the cylindrical fibre models MO
and M10 (with a porosity content of respectively 0 and 10%). This
computation aims at investigating the link between the microfibril angle
and resulting Young’s modulus. As evidenced in Fig. 12, Young’s
modulus decreases non-linearly as the microfibril angle increases, with a
steeper trend for low MFA, reaching more than 30% of drop in stiffness
between a MFA of 0° and a MFA of 10°. Moreover, the decrease reaches a
plateau after 40°. Regarding the influence of porosity, the relative dif-
ference in apparent modulus between MO and M10 is constant with a
value of 10% regardless of the MFA, explained by a rule of mixture
between the cell wall material and air. The decrease of Young’s modulus
upon MFA increase observed in Fig. 12 is in agreement with analytical
and FE models developed by several authors [27, 38, 39, 42, 43, 46].
With MFA values determined experimentally (red dotted lines, from
Table 1), the resulting Young’s modulus varies between 40 and 60 GPa,
in agreement with experimental data [62]. The major effect of the cel-
lulose MFA on Young’s modulus is explained by the high stiffness of
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crystalline cellulose (E = 134 GPa) compared to the surrounding matrix
constituents [38]. Therefore, the microfibril orientation, cellulose con-
tent and crystallinity strongly influence the overall fibre Young’s
modulus. Therefore, the low MFA combined to a high cellulose content
and crystallinity reported for hemp and flax fibres partly explain their
higher tensile properties compared to cotton or wood fibres for instance.

3.2.2. Evolution of Young’s modulus upon microfibril realignment

The consequences of the different MFA evolutions on the longitudi-
nal Young’s modulus were investigated thanks to the fibre model
involving contrasted porosity content (MO and M10) and on fibre ge-
ometries Fa, Fb, Fc and Fd obtained by X-ray microtomography. The
resulting apparent moduli are plotted as a function of strain in Fig. 13
considering the MFA evolution obtained experimentally for fibres A4
and Aj; respectively (Fig. 9), with curve fitting using polynomials of the
4th order. Compared to the model with MFA = 0°, a decrease in initial
modulus of 11 and 17% is observed with the initial MFA of fibres A4 and
Asrespectively. The phenomenon is observed for all fibre geometries but
visible here for the cylindrical model fibres, when comparing the initial
moduli values of the curves MO and M10 in Fig. 12 and the initial
moduli values of the curves MO and M10 in Fig. 13. Upon decreasing
MFA, a fibre stiffening effect is confirmed by the numerical model in
both cases, reaching 1.5% and more than 7.5% following the MFA
evolution of A4 and A5 respectively. This observation agrees with the
numerical results of several authors. Indeed, a micromechanical model
derived by Baley [27] concluded to a Young’s modulus which almost
doubled upon tensile testing. However, the rather strong hypothesis of
complete microfibril realignment (ranging from 10 to 0° upon tensile
testing) was currently not confirmed by any experimental results. An
important microfibril realignment (from 11° to 5.7° at 4% strain) was
assumed in an elastic model conducted on hemp unitary fibres by Tri-
vaudey et al. [44]. It resulted in a fibre stiffening with Young’s modulus
multiplied by 1.6, from 40 to 64 GPa. In our case, the lower stiffening
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Fig. 13. Evolution of Young’s modulus (left axis) for all considered fibres (Fa, Fb, Fc and Fd) and cylindrical model fibres with 0 and 10% porosity (MO and M10),

following the MFA evolution of fibre (a) A4 and (b) As, as a function of strain.

can be explained by the lower MFA decrease implemented, in agreement
with experimental data. Interestingly, the differences between Young’s
moduli of A4 and As decrease upon tensile loading to reach a similar
value as a result of the more important realignment of fibre As, ranging
from around 47 - 58 GPa depending on the fibre geometry. Conse-
quently, the final modulus is only 10 and 11% lower considering the
MFA evolution of A4 and As respectively compared to the model with
MFA = 0° at the end of the stress-strain curve (1.7% strain). The phe-
nomenon is observed for all fibre geometries but visible here for the
cylindrical model fibres, when comparing the initial moduli values of
the curves MO and M10 in Fig. 12 and the final moduli values of the
curves MO and M10 in Fig. 13. Therefore, in this case defected areas
seem to reach a similar MFA than non-defected areas, and thus a similar
stiffness after a more important stiffening.
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The apparent modulus evolutions are similar for all fibre geometries.
Therefore, no influence of the fibre morphology is visible here, contrary
to some models developed in literature. Indeed, Del Masto et al. [40]
have shown an influence of the degree of anisotropy on the
non-linearities, greatly enhanced by taking into account the viscoelas-
ticity of the material, which is not the case in our model. In addition,
Gassan et al. [39] observed an increase of Young’s modulus upon
increasing degree of anisotropy, but the influence was only significant
for highly elliptical fibres, i.e. with a ratio lower than 0.4 between the
largest and smallest half axes of the ellipse. Moreover, the differences of
stiffness between the fibres were explained in another work developed
by the team as a result of different porosity content and shearing induced
by geometrical considerations [58]. The influence of the dimensional
variations along fibres on their tensile behaviours was also developed in
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a numerical model by He et al. [73, 74].

The predicted stress-strain curves for the extreme geometry cases
(fibres MO and Fa) following the MFA evolution of fibres A4 and A5 and
a constant MFA equal to 0° are plotted in Fig. 14, together with the
experimental curves obtained for the reference tensile tested samples
without X-ray irradiation. The numerical responses are closer to the
experimental ones, with a lower apparent modulus, by taking into ac-
count a MFA greater than 5° (MO-A5, Fa-A5, M0-A4 and Fa-A5)
compared to the curves obtained with a MFA equal to 0° (MO-MFAOQ
and Fa-MFAO). However, the differences of MFA evolution between fi-
bres A4 and A are not sufficient to explain the variabilities encountered
experimentally. Indeed, the stress-strain curve of the extreme cases of
fibre geometries (MO and Fa) appear very close with both the MFA
evolutions from A4 and As. In addition, the curves obtained do not
reflect the strong non-linearities observed for most fibres during tensile
testing. Therefore, additional phenomena such as the plasticity of the
matrix as well as viscoelasticity and possible shear-induced crystal-
lisation of the cellulose should be considered both experimentally and
numerically. Indeed, the viscoelasticity introduced in a FE model by
Trivaudey et al. [44] leads to an initial stiffness decrease corresponding
well to the beginning of the non-linear experimental stress-strain curves
mainly observed for plant fibres. Moreover, the viscoelasticity that was
implemented in this model also induced a higher MFA decrease upon
tensile testing, which in turn contributed to an additional stiffening at
the end of the stress-strain curve, in agreement with experimental data.
Therefore, it could reflect the effect of water leading to a plasticization
of the matrix and consequently an ease of realignment for the cellulose
microfibrils. Moreover, the shear-induced crystallization introduced an
additional stiffening which fitted well with experimental data but re-
mains to be proven experimentally [31, 47]. The plasticity of the
hemicelluloses caused a non-linearity closer to experimental behaviour
in the work conducted by Nilsson et al. [45]. Finally, the interfacial
phenomena induced by the presence of defects for instance, might be
underestimated in this model. Therefore, a FE model taking into account
the MFA heterogeneities encountered along fibres is developed in the
next section, with the aim of better reflecting the global tensile response
by relying on less localized experimental information.

3.2.3. Heterogeneous microfibril orientations along the fibres

According to SWING experimental results of setting 2 (Fig. 10), a
slight increase of 4.3% in Young’s modulus is revealed (Fig. 15a-SWING
curve) as a result of the MFA decrease in the zones of higher initial MFA
(Fig. 10). However, the non-linearity in the stress-strain curve is only
minor and do not reflect the experimental non-linearities observed

1200
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(Fig. 15b). As the experimental values might be under-estimated due to
the experimental condition (X-ray beam length of 250 um), more
important initial MFA of 30° were tested to model defects in a second
model. A linear realignment up to the level of adjacent free-of-defect
areas (5°) was assumed and the initial value of 30° was chosen in
agreement with experimental data reported by more localized tech-
niques such as SHG microscopy or polarized Raman spectroscopy [17,
70]. The results show that the increase of defect content leads to a more
important increase in Young’s modulus upon tensile testing, with a
stiffness increase ranging from O to more than 300% depending of the
defect content (between the first and last modulus values in Fig. 15a).
Moreover, the non-linearities are enhanced by the increasing defect
content. Therefore, the defect quantity might partly explain the
non-linearities and the variability observed experimentally, as defect
quantities between 3% and 53% were reported in the experimental part
of this study (Table 4). Trivaudey et al. [44] developed a fibre model
with a defect density of 25% and a more important microfibril realign-
ment in defected areas (from 30 down to 16° at 4% strain) than the
neighbouring areas (from 11 to 3.5° at 4% strain). Considering visco-
elasticity and strain-induced crystallization, they observed a significant
decrease in apparent stiffness compared to the model without defect,
which fitted well with experimental data. Moreover, the stress concen-
trations were enhanced using an elastic law compared to a viscoelastic
one. Nilsson et al. [45] modelled dislocations with a ratio of 13% of the
cell wall, and observed enhanced non-linearities as well. They used the
assumption of a dislocation angle depending on the radius, which re-
mains to be verified experimentally and could explain the diameter
dependency of Young’s modulus. However, in our case the hypothesis of
an initial MFA of 30° in defected areas and realignment up to 5° is rather
strong, and a stringent quantification using an X-ray microbeam upon
tensile testing would help confirm the results.

4. Conclusions

This study investigated the cellulose microfibril realignment upon
tensile testing depending on the defect density and heterogeneous MFA
distribution along a fibre, as well as their consequences on the me-
chanical properties by combined experimental and numerical
approaches.

The synchrotron X-ray diffraction results highlighted contrasted
initial microfibril angles between 4.7 and 7.4° depending on the fibre.
The realignment of microfibril towards the fibre direction upon
continuous tensile testing was measured between 3 and 24% depending
on the fibre. Defect density measurements by polarized light microscopy

[}
W

(5}

2.
(%)

Fig. 14. Superposition of the reference stress-strain curves obtained experimentally on samples from the same origin without X-ray irradiation and the extreme
numerical results (fibre geometries MO and Fa) following the experimental evolution of MFA from fibres A4 and As and with a MFA = 0° (MFAO).
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MFA of 30° decreasing linearly to 5° at 1.3% strain was set to represent defects.

Table 4
Evolution of the MFA, defect quantities and mechanical properties obtained
from continuous tensile testing for unitary fibres with different defect density.
The fibres A4 and As (in bold) were chosen as inputs for the finite element
analysis.

Sample  X-ray Initial Realignment Defect Strength Strain
beam MFA (%) quantity (MPa) at
size ©) (%) break
(um) (%)

Ay 550 4.7 4.8 3.1 407 0.80

A, 250 5.4 8.2 3.3 386 1.0

As 550 4.8 2.9 6.0 239 1.0

Ay 250 5.2 6.2 7.5 340 1.73

As 550 6.7 24.1 22.3 308 1.73

Ag 250 5.1 3.3 23.2 214 1.73

Ay 250 5.6 16.0 23.6 455 2.20

Ag 250 6.0 18.4 29.9 298 2.0

Aq 550 7.4 16.3 52.5 212 2.33

enabled to underline the trend towards a higher MFA for the most
defected fibres, leading to a more important realignment upon tensile
testing, with linear determination coefficients of 0.7. Variations of cross-
sections along fibres and matrix properties are as intrinsic parameters
involved in the variability of MFA evolutions upon tensile testing. In
addition, the influence of experimental parameters such as the possible
pretension, twisting and misalignment of the fibres was pointed out.
Finally, the heterogeneous MFA along flax fibres and reorientation were
evidenced by stepwise tensile testing with an X-ray beam length
reaching 20 um with MFA initial values reported between 4.5 and more
than 17°. The realignment upon tensile testing varied between 0 and
more than 50% along the fibres. Moreover, a more homogeneous MFA
distribution was reached upon tensile testing, as zones of higher initial
MFA presented the highest values of realignment. However, the exper-
imental resolution achieved was not sufficient to depict transition zones
and single defects in the range of the um in size. As a prospect, next
experiments will overcome the experimental issues described, with the
use of a goniometer to better control and assess the alignment and twist
of the fibre, as well as an X-ray microbeam to reach a higher spatial
resolution, ideally close to the um. In terms of data analysis, it would
also be of interest to investigate the possible strain-induced crystal-
lisation of cellulose and the cellulose crystallites elongation in the fibre
direction, by recording the diffraction spot corresponding to the planes
(004). Observation of fracture surfaces will also help deciphering the
influence of defects on the failure mechanisms.

The results of finite element modelling show the major influence of
the cellulose microfibrils on the tensile response, with a non-linear
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decrease of the overall Young’s modulus upon increasing microfibril
angle, from values between 58 and 65 GPa at MFA = 0°, depending
linearly of the porosity content, up to a threshold around 10 GPa above
40°. Following the contrasted MFA realignment upon tensile testing
obtained experimentally for two fibres, a stiffening between 1.5 and
7.5% was observed as a result of the finite element model depending on
the MFA evolution law, reaching a similar value. No influence of the
fibre aspect ratio on Young’s modulus was reported, probably because of
the simplicity of the elastic model. Moreover, the results only partly
explained the non-linearities observed experimentally. The last model
took into account the heterogeneous MFA distribution by implementing
different laws of MFA evolution along the fibre. Based on the experi-
mental values, a limited stiffness increase of 4.3% was observed.
Assuming defects as zones of initial MFA of 30°, in line with experi-
mental data obtained with spatially resolved SHG microscopy, and
linear decrease up to 5°, the values of non-defected areas, enhanced
nonlinearities were observed upon increasing defect content. As a
prospect, the next models should take into the viscoelasticity and plas-
ticity of the matrix, as well as more spatially resolved description of the
MFA. Finally, it would be of interest to investigate stress concentrations
in view of deciphering the failure mechanisms.
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