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Abstract

Fibres from annual plants are a sustainable alternative for glass fibres in composite
manufacturing. However, both synthetic fibres, such as carbon fibres, and cellulosic fibres
exhibit heterogeneities along their lengths, which appeared as localized morphological
disorientations known as kink-bands. In plant fibres, kink-bands occur due to growing
conditions under abiotic stress, during the retting stage and the fibre extraction process.
Many studies have been conducted to identify the origin of such kink-bands and their impact
on the mechanical behaviour of composites but their characteristics and fine ultrastructure
remain unclear. Presence of cavities in transition zones was assessed by SEM and AFM and
confirmed by low intensity SHG signal, especially when large size kink-bands are
considered. Moreover, transverse indentation modulus is obtained by AFM in Peak force
mode; no substantial differences were observed between the kink-band and defect-free

regions with average values ranging from 6.2 to 7.3 GPa. Also, important MFA changes are



measured through SHG imaging, especially in large kink-bands with local misorientation up
to 47°. Thus, this intense investigation of kink-band areas reveals ultrastructure

heterogeneities and the presence of local defects.
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1. Introduction

Composites are often considered to be materials of the future, owing to their high-
performance mechanical properties, low weight and applicability in several domains, from
buildings to automotive or sport and leisure fields (Mohanty et al., 2018). To design eco-
friendly composite materials, plant fibres, and especially hemp and flax in Europe, have
attracted attention as renewable, biodegradable and cost-effective resources (Le Duigou et
al., 2011; Deyholos and Potter, 2014; Pil et al., 2016). Nevertheless, they exhibit certain
limitations compared to synthetic fibres (Madsen and Gamstedt, 2013; Deyholos and Potter,
2014). Moreover, the mechanical properties of plant fibres are dependent on the plant
growing conditions and on the overall agricultural and mechanical extraction process
(harvesting time, retting, scutching, hackling etc.) where decortication step has the main

impact.

More specifically, the living plant is subjected to certain abiotic stress when growing, such as
those related to wind conditions or dried soils, which can favour deformations and damages
on the fibres (Hughes et al., 2000; Thygesen and Asgharipour, 2008). Additional defects are
also introduced during the retting and scutching process (Nodder, 1922; Hughes et al., 2000;
Thuault et al., 2013; Zeng et al., 2015; Hernandez-Estrada et al., 2016). Such defects appear
under the optical microscope as local morphological deformations along the entire length of

the cell, and they are commonly termed as kink-bands, defects or dislocations, although



several other terms have been used in the literature; a list of these terms can be found in

(Nyholm et al., 2001). In the present work, we choose to use the term “kink-band”.

Flax fibres have a hierarchical structure consisting of different layers: the primary cell wall
(PCW) is the outermost layer of the fibre and the secondary cell wall is divided into three
sublayers, often called S1, S2 and S3 in the field of plant fibres composite materials, among
which the S2 is the thickest one and also the main responsible of the longitudinal mechanical
properties of the fibres. In the present paper, according to the poorly lignified and gelatinous
character, as well as to the low MFA of flax secondary cell walls (Melelli et al., 2020), we
choose to call the different layers of the secondary wall (from the compound middle lamella
to the lumen) S1, G and Gn, based on precise descriptions in the literature (Clair et al., 2018;
Gorshkova et al., 2018). In the centre of a single elementary fibre, a lumen is present as an
empty cavity, whose diameter depends on the botanical species, variety, maturity and
location along the plant stem (Bourmaud et al., 2018). These layers differ from each other in
terms of the chemical composition and cellulose microfibril orientation (Baley et al., 2018).
The microfibril angle (MFA) is defined as the angle between the cellulose microfibrils and the
fibre axis and has been generally reported to be approximately 8° in the G layer of flax
(Bourmaud et al., 2013). However, observations through second harmonic generation (SHG)
microscopy technique demonstrated that the MFA of flax G layer varies between 0° and 7°,
depending on the area examined (Melelli et al., 2020). Experimentally speaking, when SHG,
scanning electron (SEM) or atomic force microscopy (AFM) are used, the observed angle
does not directly correspond to the angle measured in microfibrils themselves but rather to
the angle between the fibre axis and a bundle of microfibrils, i.e. a macrofibril, with diameter
from 14 to 200 nm (Fahlén and Salmén, 2003; Balnois et al., 2007; Donaldson, 2007).
Indeed, in biology, a microfibril corresponds to several glucan chains (18-40 units) and to a
diameter ranging from 2 to 4 nm (Donaldson, 2007; Lyczakowski et al., 2019) estimated in a
relevant way only by more in-depth investigative methods such as Nuclear Magnetic

Resonance (NMR) (Bourmaud et al., 2019b).



This well-defined and ordered hierarchical structure present in flax cells can however be
modified when kink-bands occur. The inner structure of a kink-band in plant fibres has not
been clarified yet. Thygesen and Gerlinger demonstrated that kink-bands exhibited the same
chemical composition as in the homogeneous areas of the hemp fibres (Thygesen and
Gierlinger, 2013); however, around the largest kink-bands, transition areas were observed, in
which the cellulose orientation was modified, and thus, the microfibrils were less oriented.
The same authors also estimated that the MFA within and at the periphery of the kink-band

in hemp was 30° and 10°-15°, respectively (Thygesen and Gierlinger, 2013).

The evolution of kink-band areas behaviour and structure during a mechanical loading has
also been explored by various research groups. By using polarised light microscopy,
Thygesen et al. have evidenced a disappearance of kink-band areas on hemp fibre, by
realignment and straightening of macrofibrils under tensile loading (Thygesen et al., 2007).
Another team developed numerical modelling of cellulose microfibrils with local
misorientation under tensile loading and showed a slight realignment of dislocated chains
after a specific strain in kink-band region, but without leading to the full recrystallization of the
dislocated regions (Khodayari et al., 2020). Generally, the presence of significant kink-bands
corresponds to a lower tensile strength inside the fibres, because kink-bands are weak points
at which the cracks begin to propagate until the elementary fibre breaks during tensile testing
(Baley, 2004; Thygesen et al., 2007; Aslan et al., 2011; Beaugrand et al., 2017). Aslan et al.
(2011) hypothesised that the fractures were initiated in the outer layer of the region with the
largest kink-band and subsequently propagated inside the cell wall until they reached the
nearest small kink-band. Using a focused ion beam-scanning electron microscope (FIB-
SEM), Zhang et al. observed that the kink-band regions in flax fibres were consisting of a
main cavity composed of several voids assembled and separated by membranes. Moreover,
small pores were regrouped in the area close to the kink-band, and this phenomenon did not

occur in other areas of the fibre (Zhang et al., 2015).



The influence of the kink-bands is also demonstrated when fibres are used in biocomposites,
as the kink-band geometry renders a single fibre strongly inhomogeneous. During
mechanical testing, for example, stress concentration occurs in these areas, resulting in
fibre-matrix debonding and matrix micro-cracking (Hughes et al., 2000), and Le Duc et al.
also demonstrated a sensitivity of the kink-band regions when flax fibres are compounded
with a thermoplastic matrix (Le Duc et al., 2011). The overall weakness of flax kink-bands
was numerically confirmed by Sliseris et al. in both cases, at both the isolated bundle and the
composite scale (Sliseris et al., 2016). This negative effect of kink-bands on plant fibres and
associated composite materials properties leads to a research path that aims at avoiding the
formation of kink-bands by improving the fibre decortication process and investigating new
extraction methods, such as the use of aqueous ammonia (Zeng et al., 2015). In parallel, the
nature of kink-bands has been studied to describe the physical mechanism at their origin
(Nilsson and Gustafsson, 2007; Benabou, 2008) and to artificially reproduce these bands by

subjecting the fibres to bending or compression loads (Baley, 2004; Eder et al., 2008).

Despite all this research, only limited data are available in the literature on the internal
ultrastructure or internal mechanical properties of the cell walls involved in kink-bands, and
for this reason, an extensive investigation of the mechanical properties and the internal
ultrastructure of these specific regions is necessary. Therefore, in this work, a range of kink-
bands of flax fibres, representing 8 bundles and 12 single fibres, were examined with the
main objective to provide additional and more in-depth information by using two cutting-edge
investigation methods: i) AFM in Peak force quantitative nanomechanical mapping mode
(AMF PF-QNM), to investigate the indentation modulus in kink-band regions at a micro-scale
level, and, ii) the second harmonic generation microscopy at polarised controlled light (P-
SHG), to explore the MFA and ultrastructural changes in kink-bands areas. In addition, SEM

micrographs were acquired to obtain complementary information.

2. Materials and methods



21. Flax fibres
Flax fibres of the Bolchoi textile variety, organoleptic classification number 66233, cultivated
in 2018, Normandy, France, by the Depestele group, were retted for 6 weeks and then

mechanically scutched.

2.2. Methods

- SEM
A fibre bundle with a thickness of a few millimetres was extracted and glued on the sample
holder by using a conductive carbon tape. A thin gold-sputter coating was performed for 180 s
by using an Edwards Scancoat Six device, and the sample was successively scanned using a
Jeol JSM 6460LV scanning electron microscope. Furthermore, observations on other flax
bundles were carried out after cryofracturing; to induce cryofracturing, several flax bundles,
different from those used in AFM and SHG, were embedded in agar resin (epoxy resin agar
low viscosity resin (LV); Agar scientific UK) and placed in an oven at 60°C overnight to ensure
complete polymerisation. Subsequently, the blocks were frozen in liquid nitrogen and
mechanically broken using hand pliers, fibres being here submitted to a pull-out phenomenon.

The broken sections were successively gold sputtered and investigated.

- SHG
In order to perform investigations using the SHG microscopy technique, flax single fibres and
bundles were extracted from the Bolchoi fibre batch and mounted on paper support
according to ASTM C1557. The paper support was mounted between two coverslips to
acquire the SHG images. These fibre elements are different from those used for SEM and
AFM imaging and are used without any resin embedding, but they are both extracted from
the same flax batch. 8 different single fibres and 3 bundles were studied by SHG in the

present work.

A multiphoton Nikon A1 MP+ microscope (NIKON, France) was equipped with a long working

distance (LWD) 16x (NA 0.80) water immersion objective (NIKON, France), a tuneable Mai



Tai XF mode-5 locked Ti:sapphire femtosecond laser (SPECTRA PHYSICS, France) and a
half-wave plate (HWP) (MKS-Newport, USA) placed in front of the laser excitation beam. At
the excitation wavelength of 810 nm, the average laser power was 1.5 W, and only 5% of the
power was used to scan the flax fibres in order to avoid tissues damage and photo-
bleaching. Both the backward and forward signals were collected with three band pass filters
at 460/60 nm (autofluorescence), 550/88 nm (autofluorescence) and 406/15 nm (SHG
signal). The GaAsP NDD (gallium arsenide non-descanned) detectors were used. The scan
line average was 8, the scan velocity was fixed as 1 (fps) and the scan size was 512x512
pixels. Prior to each acquisition, the half wave plate (HWP) was set parallel to the fibre axis,
following Melelli et al. (2020). Several images in air were acquired before adding distilled

water between the two coverslips with a pipette and waiting for 5 min to saturate the fibres.

The NIS elements (NIKON, France) software was used to set the parameters of the
multiphoton microscope and collect the data. ImageJ software (National Institute of Health,

USA) (Schneider et al., 2012) was used to analyse the data.

- AFMin PF-QNM mode

Sample preparation

To perform the atomic force microscopy examination, another set of bundles were placed in
an oven for two hours at 60°C, in order to dry the sample without ethanol and thus limit
embedding resin penetration (Coste et al., 2021), while the agar resin was prepared in a
“soft” mixture, as described in its technical documentation (epoxy resin agar low viscosity
resin (LV); Agar scientific UK). Subsequently, the flax bundles were cut to have a length of
less than 5 mm and placed in a flat silicone embedding mould (Polysciences) in the
transverse direction, and the surface was prepared by cutting several flax fibres along their

length to highlight the inner structure.



Figure 1

As illustrated in Figure 1, different bundles of flax fibres were embedded in epoxy resin, and
the block was placed in an oven at 60°C overnight to realise the final polymerisation. It was
successively reduced in thickness to attain a final height of approximately 4 mm and glued
on a 12 mm AFM stainless steel mounting disc. The sample surface was cut using an
ultramicrotome (Ultracut S, Leica Microsystems SAS, France) equipped with diamond knives
(Histo and Ultra AFM, Diatome, Switzerland) to obtain thin sections (final thickness of
approximately 50 nm) at a reduced cutting speed (~1 mm/s), to minimise the compression
and sample deformation during the cutting process, and thereby reduce the sample surface

damage and topography modification.

AFM measurements

A Multimode 8 atomic force microscope (Bruker, Billerica, Massachusetts, USA) was
equipped with a RTESPA-525 probe (Bruker probes, Billerica, Massachusetts USA). The
average normal spring constant ranged between 147 and 203 N/m, calculated using the
Sader method (https://sadermethod.org/), and the resonance frequency was approximately
525 kHz. The cantilever deflection sensitivity was calibrated on sapphire as a hard material.
To reduce the process time, the relative method was applied to calibrate the tip radius, and
Aramid fibres K305 Kevlar 21 Taffetas 305 g/m? (Sicomin epoxy systems-France),
embedded in agar resin (agar low viscosity resin (LV); Agar Scientific, UK) with the same
protocol as that used for the flax fibres, were chosen as standard materials for the calibration
of the tip radius (Arnould et al., 2017). Their indentation modulus was previously measured
by nanoindentation (~24.3 GPa and 5.4 GPa for the centre of aramid fibres and embedded

resin, respectively). The obtained tip radius ranged between 40 and 55 nm.



The fast scan axis angle was set at 90°, the maximum peak force setpoint was 200 nN and
the oscillation frequency was 2 kHz. The maximum fast scan velocity was set at 8 um/s, and

the image resolution was 512x512 pixels. The gain was set in the automatic mode.

Different kink-bands areas of the fibres were accurately selected and investigated; to design
the distribution figures of the indentation modulus (IM), data were calculated for each AFM

force curves, representing between 3,300 and 16,700 points for each image analysed.

3. Results and discussion

3.1. SEM results in the kink-band area
The surface of a bundle of flax fibres was initially analysed using the SEM technique; first, it
is necessary to define vocabulary and type of kink-bands we investigated here. In the fibre
bundle, kink-bands were present in the entire group of fibres and appeared as a single
continuous deficient area (Fig.2.a, b), as already reported in the literature (Madsen et al.,
2016; Beaugrand et al., 2017). In (Nyholm et al., 2001), a fine description of the most
common forms of kink-bands is listed; schemes of the kink-band region in a flax fibre bundle
and elementary flax fibres are depicted in Figures 2.c and 2.d, respectively. In the present
work, we have chosen to differentiate kink-bands according to their size using the terms type

A (TA) and type B (TB) for the most and least pronounced, respectively.

Figure 2

Then, local structure and defects in each kind of kink-band are deeply investigated by SEM;
SEM observations of peeled and cryo-fractured flax fibres and bundles are shown in Figure
3. The significant differences into the organization and orientation of the cellulose

macrofibrils network showed in Figs.3.c, d and e could suggest that different layers of the



fibre are exposed. This observation allowed us to hypothesize a distinction of the visible
layers by identifying them as primary cell wall (PCW), S1 and G. Indeed, the pattern of the
surface of the G appeared to have a highly ordered structure, and this is in agreement with
the one defined using almost all the existing models (Baley et al., 2018). Regarding S1,
several studies reported the presence of a crisscrossed network of cellulose microfibrils at a
significant angle to the axis (Wang et al., 2018; Bourmaud et al., 2019b), and the images
obtained in (Zhang et al., 2015) by using the FIB-SEM also suggested the presence of a
layer with a similar pattern, although each pattern was not attributed to a corresponding
layer. This crisscrossed cellulose network in the layer expected to correspond to arguably S1
was less visible in the micrograph obtained in the present work, although it is clearly
observable that cellulose orientation is not homogenous (Fig.3.c) or even in the opposite
direction (Fig.3.d) than that observed in G layer (Fig.3.e). Nevertheless, both the layers of the
secondary wall exhibited a deviation in the orientation of their macrofibrils in the kink-band
region. This deviation occurred with a well-defined angle, following the shape of the kink-
band (Fig. 3.b); it is clearly visible in Fig.3.e with a significant local orientation change for G

layer macrofibrils.

Figure 3

Fig. 3.h shows a typical flax fibre after a cryo fracture process, with the innermost cell wall
layers exposed and the lumen (white arrow) clearly observable. The main advantage of
investigating cryo-fractured fibres is that the deformation of the fibres is limited and allows to
examine sections with a clean break. We also noted that fractures owing to the cryofracture
process often occur in the kink-band region, indicating that kinks are the weakest areas of
the fibres. Hence, we focused on TA (Fig.3.f) and TB (Fig.3.g) kink-bands and Fig 3.i and k
show corresponding inner layers of the flax cells where the areas selected are the regions at

higher magnification illustrated in Figs 3.j and I, respectively. In general, all the macrofibrils

10



were highly deviated following the shape of the kink, and all the layers were involved up to
the lumen in both TA and TB kink-bands. Fig. 3.j highlights that certain macrofibrils were
detached and less deviated than others, thereby creating cavities (see red arrows) between
them and the other bundles of macrofibrils. These cavities are numerous and detectable in
the largest TA kink-bands. On the other hand, inside the TB kink-band illustrated in Fig.3.l,
one can notice a poor number of cavities, probably due to the less drastic deviation of the

macrofibrils to their natural angle.

The impact of the preparation mode and the original existence of these cavities can be
debated; in order to better understand the internal architecture of kink-bands regions and
provide matching elements, the following sections aim to explore these areas by SHG and

AFM microscopies.

3.2. Multiphoton study of the cellulosic kink-band architecture
Multiphoton microscopy is used to deeply investigate the organisation of cellulose
macrofibrils within kink-bands area; two different elementary flax fibres were analysed by
multiphoton microscopy in air and water environment; resulting images are shown in Figure
4. Autofluorescence and SHG channels were separated to better examine the results
obtained and both autofluorescence and second harmonic signals are visible in the two
environments.
In air, the microfibril angle of the cellulose macrofibrils appears to be interrupted in the kink-
band area and emits a lower second harmonic signal, which suggests a lower cellulose
organisation compared to that in the area of the fibres free of defects, in line with the
investigations conducted by other teams (Dai and Fan, 2011; Thygesen and Gierlinger,
2013). The SHG strongly depends on the polarisation angle of the laser and various SHG
signals in the kink-bands can be collected by changing the polarisation angle with the HWP;

however, the detected signals are lower than that in the remaining part of the fibre.
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Few studies have examined the impact of moisture on the structure and mechanical
behaviour of elementary plant bast fibres; in fact, the hygroscopicity has been principally
studied only when plant fibres are used in composites to characterise the final product
(Célino et al., 2014a). Using the small-angle X-ray diffraction technique, Astley and Donald
noted that the MFA in flax fibres increased from 11° in a dry state to 15° in a wet state (Astley
and Donald, 2001).

In our case (Fig.4.a), one can argue there is a difference in contrast between the kink-band
region and the rest of the fibre. In the water environment, the dark area between the kink-

band and defect-free areas was less contrasted than that previously observed in air.

Figure 4

Toba et al. and Célino et al. examined fibre bundles (wood and flax, hemp and sisal) through
XRD and Fourier transform infrared spectroscopy in attenuated total reflectance mode (FTIR-
ATR) (Toba et al., 2013; Célino et al., 2014b). In both of these studies, the authors first
examined the wet samples and successively the dehydrated state and they found that the
crystallinity increased owing to the sorption of water. This increment in the crystallinity linked
with the sorbed water was also observed by Nakamura et al., who examined cotton by using
differential scanning calorimetry and XRD (Nakamura et al., 1983). Nakamura et al. (1983),
followed by Célino et al. (2014b), suggested that the amorphous phase of the cellulose likely
became more crystalline with moisture. The increase in the crystallinity when the fibres were
in a wet state likely occurred due to the hydrogen bonds that water formed with cellulose or
hemicellulose, which broke after the dehydration, thereby causing a relaxation of the
cellulose structure and a consequent decrease in the crystallinity.

The SHG observations in the kink-bands areas support the hypothesis that an amorphous
region may evolve towards a more crystalline region after wetting, resulting in a more
ordered structure that led to the collection of a higher SHG signal corresponding to a lower

contrast (with the remaining fibre). However, a second hypothesis for the smaller difference
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in contrast when considering the fibres mounted in water is a partial re-organization of the
macrofibril network, which was previously disoriented during the formation of the kink-band,
due to the swelling of the fibre.

In Figure 4.b, the SHG was used to analyse a bundle consisting of three elementary fibres,
two of them visible in the foreground and the third one hidden by the two, mounted in water.
Here 4 images along the Z-axis were acquired with a step of 8 um. Measurements were
recorded in water. Different macrofibrils orientations in the SHG channel, along with the
lumen+Gn layer on the autofluorescence channels can be observed. On both foreground
fibres, the lumen appears progressively, approximately in the middle plane of the fibre. This
latter phenomenon is highly visible due to the autofluorescence channels in blue/cyan
(R460/60 and T460/60) and magenta (R550/88 and T550/88 TNDD), which highlight the Gn
layer around the lumen that follows the shape of the kink-band. This fluorescent signal is
attributed to the remaining cytosolic fluorescent components or cytochrome components
liberated after the cell death (Evert et al., 2006; Skulachev et al., 2009).

Occasionally, we noticed an accumulation of the fluorescent material at the lumen/Gn level in
the kink-band region, as shown in Fig. S1, and irregular interruptions of the fluorescence
signal in this layer along the fibre length, which can be attributed to a localised reduced
thickness of the Gn cell wall or a localised modification of the composition that can lead to a
lower fluorescence emission. Interestingly it is possible to note that even this innermost layer
is deviated following the kink-band.

These images reported in Fig.4 demonstrate the continuity of the lumen along the kink-band
area and allow the detection of darker areas, with less SHG response, throughout the fibre
thickness. This finding demonstrates that the kink-band is not only a volumetric and localised
geometric defect in the fibre periphery but in the entire volume of the fibre, including the G
and the Gn layers.

In order to evaluate the MFA values in the kink-band regions, Figure 5 shows a focus of SHG

analysis in the bundle and one of the elementary fibres already illustrated in Fig.4, both
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mounded in water environment; Fig 5.a and b correspond to TA and TB kink-bands,

respectively.

Figure 5

MFA values are generally included between 0 and 10° in defect-free areas (Melelli et al., 2020);
here, with this complementary study, we observed that stronger deviations exist in kink-band
regions but they are mainly not an increase of the helix angle of the microfibrils to the fibre axis
but rather an additional radial angular offset (Fig. 5). Nevertheless, in connection with the
literature, we will denote MFA the whole microfibrils angle between the fibre longitudinal axis
and the macrofibrils orientation. The MFA was manually estimated to range from 6° to 47° and
4° to 17° and for type A (Fig 5.a) and type B kink-bands (Fig 5.b), respectively. These values
are well correlated with the MFA reported by Thygesen et al. (2013) who examined hemp kink-
bands through Raman polarisation. Although the lack of spatial resolution of the SHG
microscopy may lead to misinterpretation, it allows the in-situ investigation of the local MFA,
as the macrofibrils are clearly visible in the acquired images. In contrast, when the MFA is
measured using the X-ray scattering diffraction technique, various limitations are encountered:
i. the values are deduced by fitting the signals, ii. they are a mean of the whole fibre bundle
and iii. MFA < 8-9° cannot be measured without specific calibration. These limits can be
overcome using the SHG microscopy as the MFA is directly measured.

In this study, a variability was noted between the angles of deviation in the large (TA) and
small (TB) kink-bands, influencing the entire macrofibrillar network. In the type B kink-band,
the deviation angle of the macrofibrils is lower, and the network is still ordered even inside
the kink-band. On the contrary, the type A kink-band exhibits dark areas in which the network
is not detected even when the fibre is mounted in water, possibly linked to the presence of

detached macrofibrils that create cavities as previously evidenced by SEM observations.
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3.3. AFM-PF-QNM mapping to explore mechanical properties and topography of
kink-bands areas

The micro-mechanical properties of the kink-band are a key aspect. Nevertheless, although
several papers suggest that kink-bands are the weakest point, structurally or mechanically
speaking, relevant information regarding the mechanical behaviour of this region compared
to that in the defect-free areas of the same fibre is not available in the literature.
The AFM PF-QNM technique, and other very similar fast force-distance curves modes, can
be used to evaluate the indentation modulus of plant cell walls at the micro and nanoscale
levels (Arnould et al., 2017; Casdorff et al., 2017; Goudenhooft et al., 2018; Casdorff et al.,
2018; Bourmaud et al., 2019a; Coste et al., 2020); however, to the best of our knowledge,
until now, mechanical information pertaining to the kink-band areas of bast fibres has not
been provided. Although the AFM technique has been applied in other fields to investigate
kink-bands in collagen (Stylianou and Yova, 2013) and polymeric fibres (Hu et al., 2003),

conventional AFM modes were applied and do not provide mechanical information.

Figure 6 shows two maps of indentation modulus of kink-band regions in a bundle consisting

of at least two single flax fibres (Fig.6.a) and in an elementary fibre (Fig.6.b) respectively.

In the bundle, three homogenous areas were selected in the kink-band, indicated by blue
squares, and these areas were considered to calculate the mean indentation modulus inside
the kink-band region. In addition, four areas (black squares) were selected to calculate the
mean indentation modulus in a homogeneous area without defects. Similar work was
performed in the single fibre kink-band, by selecting two areas inside the kink-band (red
squares) and three areas outside (black squares). All the regions of interest were carefully
selected in the areas of the image that showed no evidence of accumulated material or
roughness generated during the sample preparation, especially during the cutting step with

the ultramicrotome.

Figure 6
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A small difference is observed in the indentation modulus calculated on the defect-free areas
of the two fibre elements, around 6.2 GPa for the bundle and 7.3 GPa for the elementary
fibre, that could be due to a difference in the MFA or the cutting angle. In all cases,
indentation modulus distributions of the kink-band region and the region without defects are
similar, with values of about 6.8-7.0 GPa for the kink-band areas. The small difference likely
occurs as the topography is considerably more inhomogeneous inside the kink-band and
affects the values of the indentation moduli. If two neighbouring points with the same
indentation modulus have a marked difference in the topography at the scale of the tip
radius, their indentation moduli are expected to be underestimated or overestimated, due to
an erroneous implicitly used contact area in the indentation stiffness formulae (Stan and
Cook, 2008; Heinze et al., 2018). The fact that the indentation modulus is similar in all areas,
while the apparent MFA measured by SHG is not the same, could be mainly explained by the
fact that the measured surface is parallel to the microfibrils direction and their rotation in the

kink-bands is in this plane.

Figure 7

In Fig.7.a, the topography of the bundle in Fig.6.a is reported and specific areas analysed in
detail are indicated with white dashed squares. Fig. 7.b and Fig.7.c show the details of the
area affected; the kink-band topography exhibits a particular morphology corresponding to a
transition region, which involves depression of the cell wall alternated by a crest-like
structure, as illustrated in the 3D topography (Fig.7.d) and indicated by a blue and red arrow
respectively. Similar morphology was also observed in Fig.7.e and Fig.7.f, which show the
topography and the 3D of the single fibre previously analysed in Fig.6.b.

This particular topography seems to be a specific feature of TA kink-bands. However, we

cannot completely exclude the hypothesis that it could be attributed to a pull-out
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phenomenon that occurred when cutting the sample with the diamond knife due to the higher

misalignment of the microfibril with the cutting direction.

Figure 8

The crest-depression structure can be correlated with the image of the bundle obtained using
the SHG microscopy technique (Figure 8), in which certain folds are visible. In contrast to the
SHG microscopy, which performs measurements within the core of the fibre, AFM
measurements are performed at the surface of the fibre cut in two parts along its length,
albeit above or below the lumen. We assume that the structures observed in the AFM likely
resulted from the cutting of the folds observed in the SHG. The crests in the AFM could

correspond to the area with the most misaligned macrofibrillar network in the SHG.

3.4. Kink-band areas, a complex and sensitive structure
Through this work, a set of structural and mechanical information was obtained, using three
different techniques. In TA kink-band areas, heterogeneous zones, located in the transition
zones between kink-band and defect-free areas were highlighted by SEM (Fig.3.j) and
confirmed with SHG and AFM observations. In these regions, there is no or very poor SHG
emission signal (Fig.8), indicating a more disordered structure. These observations are in
line with literature assessments and in particular with the hypothesis of Zhang et al. (Zhang
et al., 2015) where the authors noted that the kink-band region included a main cavity
consisting of several voids assembled and separated by membranes, also associated with
the presence of small pores regrouped in the area close to the kink. By using AFM, it is
possible to explore further these defect regions, inside the kink-band zone.
According to this objective, Figure 9.a shows the same bundle of Fig.6, with the areas
analysed in detail represented by white dashed squares. In Figs.9.b, ¢ and d,

inhomogeneities at the transition zones located at the limit between the kink-band the defect-
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free areas are clearly highlighted. Macrofibrils have a highly ordered structure in the
depression regions, even though they are deflected with a well-defined angle; however, at
the top of the crest, the macrofibrillar network appears less ordered, and it is impossible to
distinguish the single macrofibrils from each other (Figs.9.b, e and f). The cavities that
alternate with the crest-like inhomogeneities may suggest a weaker point at which the stress
during tensile load may be accumulated until failure (Dhakal and Sain, 2019). The
observations made here on a TA kink-band contrast with the much smaller defects and
cavities observed on TB kink-band (Fig.S2). This observation can support the hypothesis of
Aslan et al. (2011): the large kink-bands are likely the areas where failures begin, because
they exhibit the most considerable heterogeneities. The indentation modulus maps shown in
Figs.9.b, ¢ and d indicate that, in some cases, a discontinuity may occur between
macrofibrils, which may result in a break with the lines having a lower indentation modulus. In
the topography, these lines, which appear as a detachment between the macrofibrils
bundles, correspond to small depression regions, as observed in the SEM micrographs
presented in Fig.3.i and j.

Therefore, the kink-band areas show more or less disordered structures depending on their
morphology, with sometimes marked cavities resulting from the deformations at the origin of
the formation of kink-bands; the latter also lead to very significant changes in the local MFA
values as shown by SEM and SHG (Fig.3.e and Fig.5). Nevertheless, cell wall mechanical
properties are little affected, whatever the considered area and the kink-band type (Fig.6 and
Fig.S2). In the present work, we measured G transverse indentation modulus ranged from
6.2 to 7.3 GPa, which includes both kink-band and defect-free areas; these values are
significantly lower than local longitudinal indentation modulus obtained by Arnould et al. by
using the AFM in PF-QNM mode, confirming the highly anisotropic structure of fibres
(Bourmaud and Baley, 2009). Here, the AFM PF-QNM measurements can be used to
directly determine the transverse indentation modulus of flax cell walls. Our results are well
correlated with the direct measurements obtained by nanoindentation on wood (Eder et al.,

2013) or sisal and hemp (Bourmaud and Baley, 2009) but are more reliable due to the large
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number of measurement points (between 11,800 and 20,000 points for each image) and the
method of sample preparation, which allows the direct testing of the cell wall. Considering
wood cell walls, and by tilting the fibres to estimate their different stiffness tensor
components, Jager et al. (Jager et al., 2011) calculated the transverse indentation modulus
of spruce wood cell wall to be 6.02 + 0.38 GPa, which is in accordance with the presented
values, given the difference in the chemical composition and MFA.

Therefore, the kink-band areas exhibit (almost) unchanged G cell wall mechanical
performance compared to defect-free zones but an altered ultrastructure, whether in terms of
porosities or MFA changes, suggesting that they appear after the cell wall structuration and
explaining the differences in mechanical behaviour observed on fibres with a large number of
defects ( Baley, 2004; Thygesen et al., 2007); the cavities can also lead to easy-going
breaks, as we have seen after cryofracture (Fig.3.h), the ruptures occurring preferentially in
the kink-band areas, this is also the case when flax fibres are mixed with a thermoplastic

matrix (Le Duc et al., 2011).

3.5.  Three investigative techniques but also three scales of measurement; what are the
cell wall elements measured?

The use of three different techniques, with different resolutions, raises questions about the
nature of the objects measured in each case. Several models for the ultrastructure of plant
fibres have been reported in the literature. However, conclusions are sometimes
contradictory when describing the hierarchy from a fibril to the fibre bundle in terms of the
elementary unit with the relative diameter (Niklas, 2004; Zhu et al., 2014; Li et al., 2018) and
when describing the ultrastructure of a single elementary fibre and the cellulose microfibril
orientation inside the layers (Roland et al., 1995; Biagiotti et al., 2004; Domenges and
Charlet, 2010; Bourmaud et al., 2018; Baley et al., 2018).

In the classical attribution currently used in biology (Chinga-Carrasco, 2011), several glucan
chains (18—40 units) constitute a single elementary fibril of crystalline cellulose, and several

elementary fibrils are regrouped in a structure known as a microfibril, which has a diameter of
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a few nanometres (Meier, 1962; Frey-Wyssling, 1968; Blackwell and Kolpak, 1975; Azizi
Samir et al., 2005). Despite the disagreement pertaining to the smallest unitary fibril structure
and the terminology (for instance, the term “elementary fibril” is often used to indicate a
microfibril), it is generally accepted that microfibrils have a diameter ranging from 2 to 4 nm
(Donaldson, 2007; Lyczakowski et al., 2019; Bourmaud et al., 2019b), although certain
researchers reported on microfibrils having a diameter of approximately 20 nm for certain
plants (Azizi Samir et al., 2005; Summerscales et al., 2010). Nevertheless, this aspect is

irrelevant for our results, and furthering this debate is beyond the scope of this work.

In contrast, it has been confirmed that several microfibrils are grouped to form bundles
named macrofibrils (or mesofibrils). These structures have been examined using several
analytical techniques such as AFM, SEM or transmission electron microscopy (TEM) and it
has been noted they have a diameter ranging from 14 to 200 nm (Fahlén and Salmén, 2003;

Balnois et al., 2007; Donaldson, 2007).

Furthermore, the SEM, SHG microscopy and AFM techniques can help in understanding the
hierarchy between the micro/macro fibrils and the relationship with the MFA. Figure 10
shows the comparison between the three techniques used to investigate the thickness of the
micro/macrofibrils, and the corresponding results are shown in the graphics on the right. The
SEM microscopy can resolve the elements at the nanometre scale, and a single fibrillar unit

(profile in white) has a thickness of approximately 150 nm, typical of macrofibrils.

Figure 10

In contrast, the SHG microscopy exhibits bands with a thickness of approximately 1.0 um,

which is extremely large to be assigned to a single macrofibril. However, since the SHG

response depends on the order and geometry of the structure, the signal is likely the result of

a whole separate bundle of macrofibrils.
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The AFM has the highest resolution compared to the other techniques used in this work and
can correctly resolve an object of a few nanometres (Fahlén and Salmén, 2003; Balnois et
al., 2007; Raj et al., 2009). The smallest fibril structure examined in this study has a size
range of 40—60 nm (Figs.10 and S3, respectively); however, in the literature, the microfibrils
have been defined to have a diameter of approximately 4—10 nm. In addition, the tip of the
AFM probe has a finite dimension that leads to the well-known ‘dilation or convolution effect’
(Hanley et al., 1992; Thimm et al., 2000), i.e., the size of an isolated object measured by
AFM is enlarged by the size of the tip diameter. Moreover, the microfibrils may be embedded
or coated with a slight layer of the cell wall matrix, which makes them appear larger than they
are. In our case, the tip radius ranges from 40 and 55 nm; consequently, the size of the
objects measured in this work is comparable to that of the microfibrils, in line with the findings
of Donaldson (2007). In particular, Donaldson reported that the smallest microfibril found in
wood had a diameter of 14 nm; the measurements were performed using field emission

scanning electron microscope (FESEM), which, in this case, can resolve objects of a few

nanometres, similar to the AFM technique.

Figure 11

Thus, AFM confirms here its potential use as a powerful structural investigation tool; to
illustrate, in Fig.11.a, 6 microfibrils are group together to form a single macrofibril visible from
the drawn profile traced (Fig.11.b). The microfibrils, as well as the associated macrofibril, are

well distinguishable on the image of topography and corresponding profile.

4. Conclusions

In the present work, cutting-edge techniques, such as the atomic force microscopy in peak

force mode (AFM PF-QNM) and the second harmonic generation microscopy (SHG), were
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combined to study structural and mechanical properties of flax fibres kink-bands regions.
SEM analysis was also performed to consolidate and bring additional understanding

elements. The main conclusions of this cross study are the followings:

e SEM and AFM investigations evidenced the presence of cavities in large kink-bands
which was supported by a low SHG signal, proving a deficiency of crystalline cellulose or
a simply more disordered network in these specific zones, after the formation of the kink-
band.

¢ In kink-band areas, strong deviations of MFA were visually highlighted with the three
techniques, SEM exhibited significant MFA evolution in G layer and these observations
were quantified through SHG imaging; interestingly these changes were more pronounced
in TA kink-bands (6-47°) compared to TB ones (4-17°).

¢ Despite its deviation, a continuity of the lumen also in areas affected by kink-bands was
demonstrated through SHG and AFM observations, which suggest that the kink-band
involves also the inner structure of the cell.

e Deep mechanical characterization of kink-band transverse stiffness was addressed using
the AFM in PF-QNM mode; no substantial differences were observed between the kink-
band and defect-free regions.

o This original combination of techniques may give rise to a debate on the size and nature
of the objects measured which is different according to the tool used, from nanofibrils

through AFM to aggregates of macrofibrils by using multiphoton microscopy.

The elements provided in this work contribute to a better knowledge of these areas of
defects; using a crossover approach, relevant information was obtained on the MFA in this
specific zone; more than just the cell wall mechanical properties, weakness of kink-band
areas is attributed to defects in local structure, inducing an easier rupture under stress. The
present work does not pretend to be exhaustive. In future work, it would be interesting to

widen the panel of defects studied by focusing on their origins. Indeed, environmental
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conditions, abiotic stress during growth or the process of fibre extraction, can also influence

the shape and morphology of the kink-band region.
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Figure caption (main text)

Figure 1. Schematic illustrating the sample preparation process for the AFM PF-QNM
analysis. Several nearly aligned fibre bundles were embedded in agar resin in the transverse
direction. The thickness of the steel disc and the mounted block are not scaled to present an
enlarged view of the fibre bundles.

Figure 2. SEM micrographs of a flax fibre bundle (a, b), in which all the fibres exhibit kink-
bands located in the same area indicated by the red circle in (b); schematic representation
(c) of a kink-band region in a bundle and (d) two different common types of kink-bands in a
single fibre; the kink-band regions are indicated in red in (c) and (d).

Figure 3. SEM micrograph of a peeled elementary flax fibre (a) and magnified area showing
details of the kink-band region (b); sub-details of this area are given on S1 layer (c), S1/G
transition (d) zone and G layer structure (e). (h) is a SEM micrograph of a cryofractured fibre
broken in the kink-band region, the lumen (white arrow) and the inner layers are clearly
visible. The images (i, j) and (k, I) correspond to kink-bands type A (f) and B (g), respectively.
It can be noted that the macrofibrils deviated and followed the shape of the kink-band in all
the layers. In (j), certain macrofibrils were detached and less deviated than the surrounding
macrofibrils, which led to the creation of cavities between them (indicated with the red
arrows).

Figure 4. a) SHG microscopic imaging on two elementary flax fibres (a), mounted in air and
water, with the signals collected considering the autofluorescence (merge channels of
R460/60, T460/60, R550/88 and T550/88 TND) and SHG channels. The autofluorescence
channels 460/60 (blue) and 550/88 (magenta) highlight the lumen coupled with the Gn layer,
which is primarily responsible for the fluorescence signal, in the middle of the fibre; in
contrast, the SHG channel shows the second harmonic emission due to the macrofibrils, and
it can be noted that the MFA in the air and water environments is the same. The kink-band
region, however, exhibits a higher SHG emission in water than that in air, due to the more

orderly macrofibril network. In (b), a bundle of three fibres, two of which are in foreground,
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mounted in water was investigated at different depth. Kink-bands area show a different
macrofibril orientation in the SHG channel, as well as the presence of a lumen+Gn layer in
the autofluorescence channel.

Figure 5. SHG imaging of a bundles of three elementary flax fibres with two visible fibres in
foreground (a) and a single elementary fibre (b) mounted in water where TA and TB kink-bands
are identified, respectively. The MFA is approximately and manually estimated, following the
macrofibrillar orientation and taking the fibre axis as a reference (blue arrow). The difference
in terms of values between TA (a) and TB (b) is clearly observable.

Figure 6. Indentation moduli of a bundle consisting of at least two flax fibres (a) and of a single
fibre (b) cut along their length and with a well-defined kink-band area; the blue and red squares
represent the areas used to calculate the mean indentation modulus inside the defects, and
the black squares represent the areas used to calculate the mean indentation modulus in the
defect-free area. The graphic on the right represents the frequency distributions of the
calculated indentation modulus in fibre and bundle. Approximately 7,000 and 24,800
measurements points were used for the kink-band region and defect-free areas, respectively.
Figure 7. Topography images a) in the kink-band region of Fig.6.a with a focus on two areas
(white dashed squares) in (b) and (c); d) 3D topography of the same area presented in (c)
where a system of crest-depression is identified inside the kink-band region with red and blue
arrows. e) Topography of the single fibre showed in Fig.6.b and f) the associated 3D
topography where the same crest-depression system already noted in the bundle is observable
(blue and red arrows).

Figure 8. SHG microscopic image of a kink-band in a bundle of flax fibres; the transition zone
with a crest (red arrow) and depression (blue arrow) identified in the AFM topographic images
is assumed to be in morphological contrast to the SHG analysis. Fibre bundle mounted in
water.

Figure 9. Indentation modulus of several areas at different scales of the flax fibre bundle and
kink-band area: a) whole bundle and areas investigated (white squares); b) and c) focus on

one of the central defects and d) focus on the macrofibrils network; e) and f) other defects in
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the fibre on the right, which highlight a well-ordered network of macrofibrils in the transition
zone.

Figure 10. SEM micrograph, SHG image and topographic map obtained using the AFM PF-
QNM. The images are compared to measure the fibril diameter. The grey value in the Y-axis
of the SEM and SHG profiles indicates the brightness of the pixels in the image.

Figure 11. Topography of the area selected in Fig. 9.d after image processing for the local
contrast to clearly highlight the bundles. The profile line (white) is shown in the graphic on the
right, and 6 microfibrils can be identified (red arrows). The dotted lines indicate the edge of

certain macrofibrils.

Figure caption (supplementary material)

Figure S1. SHG investigation; in the kink-band area, material accumulation from the Gn layer
has occurred.

Figure S2. Topography and indentation modulus acquired using the AFM PF-QNM technique,
by analysing another small kink-band region in the same fibre bundle as that examined in the
study. The kink-band region is highlighted as a red line and through white arrows in the
topography and indentation modulus map, respectively.

Figure S3. Topography of a small area selected from Fig. 8f; two profiles are considered to

measure the microfibril diameter.
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Figure 1. Schematic for the sample preparation process for the AFM PF-QNM analysis.
Several nearly aligned fibre bundles were embedded in agar resin in the transverse direction.

The thickness of the steel disc and the mounted block are not presented in scale to present an

enlarged view of the fibre bundles.
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Figure 2. SEM micrographs of a flax fibre bundle (a, b), in which all the fibres exhibit kink-
bands located in the same area indicated by the red circle in (b); schematic representation

(c) of a kink-band region in a bundle and (d) two different common types of kink-bands in a

single fibre; the kink-band regions are indicated in red in (c) and (d).
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Figure 3. SEM micrograph of a peeled elementary flax fibre (a) and magnified area showing
de- tails of the kink-band region (b); sub-details of this area are given on S1 layer (c), S1/G
tran- sition (d) zone and G layer structure (e). (h) is an SEM micrograph of a cryofractured
fibre broken in the kink-band region. The lumen (white arrow) and the inner layers are clearly
visible. Images (i, j) and (k, |) correspond to kink-band types A (f) and B (g), respectively. It
can be noted that the macrofibrils deviated and followed the shape of the kink-band in all the
layers. In (j), certain macrofibrils were detached and less deviated than the surrounding
macro- fibrils, which led to the creation of cavities be- tween them (indicated with the red

arrows).
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Figure 4. a) SHG microscopic imaging of two elementary flax fibres (a) mounted in air and
water, with the signals collected considering the autofluorescence (merged channels of
R460/60, T460/60, R550/88 and T550/88 TND) and SHG channels. The autofluorescence
channels 460/ 60 (blue) and 550/88 (magenta) highlight the lumen coupled with the Gn layer,
which is pri- marily responsible for the fluorescence signal, in the middle of the fibre; in
contrast, the SHG channel shows the second harmonic emission due to the macrofibrils, and
it can be noted that the MFA in the air and water environments is the same. The kink-band
region, however, ex- hibits a higher SHG emission in water than in air due to the more
orderly macrofibril network. In (b), a bundle of three fibres, two of which are in the foreground
mounted in water, was investi- gated at different depths. Kink-band areas show a different
macrofibril orientation in the SHG channel, as well as the presence of a lumen + Gn layer in

the autofluorescence channel.
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Figure 5. SHG imaging of bundles of three elementary flax fibres with two visible fibres in the
foreground (a) and a single elementary fibre (b) mounted in water where TA and TB kink-bands
are identified. The MFA is approximately and manually estimated, following the macrofibrillar
orientation and taking the fibre axis as a reference (blue arrow). The difference in terms of

values between TA (a) and TB (b) is clearly observable.
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Figure 6. Indentation moduli of a bundle consist- ing of at least two flax fibres (a) and of a

single fibre (b) cut along their length and with a well- defined kink-band area; the blue and red

squares represent the areas used to calculate the mean indentation modulus inside the

defects, and the black squares represent the areas used to calculate the mean indentation

modulus in the defect-free area. The graphic on the right represents the frequency distributions

of the calculated indentation modulus in the fibre and bundle. Approximately 7000 and 24,800

measurement points were used for the kink-band region and defect-free areas, respectively.
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Figure 7. Topography images a) in the kink-band region of Fig. 6.a with a focus on two areas
(white dashed squares) in (b) and (c); d) 3D topography of the same area presented in (c),
where a system of crest depressions is identified inside the kink-band region with red and blue
arrows. e) Topography of the single fibre shown in Fig. 6.b and f) the associated 3D topography
where the same crest-depression system already noted in the bundle is observable (blue and

red arrows).
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Figure 8. SHG microscopic image of a kink-band in a bundle of flax fibres; the junction region
with a crest (red arrow) and depression (blue arrow) identified in the AFM topographic images

is assumed to be in morphologically contrast to the SHG analysis. Fibre bundle mounted in

water.




Figure 9. a) Indentation modulus of several areas at different scales of the flax fibre bundle
and kink-band area a) whole bundle and areas investigated (white squares); b) and c) focus
on one of the central defects of the second fibre on the right and d) focus on the macrofibrils
network; e) and f) are other defects in the second fibre on the right, which highlight a well-

ordered network of macrofibrils in the junction region.
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Figure 10. SEM micrograph, SHG image and topographic map obtained using the AFM PF-
QNM. The images are compared to measure the fibril diameter. The grey value in the Y-axis

of the SEM and SHG profiles indicates the brightness of the pixels in the image.
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Figure 11. Topography of the area selected in Fig. 9.d after image processing for the local
contrast to clearly highlight the bundles. The profile line (white) is shown in the graphic on the
right, and 6 microfibrils can be identified (red arrows). The dotted lines indicate the edge of

certain macrofibrils.
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