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Abstract

This paper proposes a multiscale surface characterization of biocomposites using the
nanoindentation technique to identify the functional relationship between the
measurement contact scale and the thermomechanical response of each
biocomposite component, typically natural plant fibers and the polymer matrix. Flax
fiber reinforced polypropylene composites are considered in this investigation. The
measurement contact scale in nanoindentation is monitored by the tip indenter radius
that ranges from ~ 10 nm to ~ 400 nm using different nanoindentation devices (AFM
and commercial triboindenters). The thermal contribution is considered by heating the
samples during the nanoindentation experiments. Finally, the outputs from multiscale
nanoindentation experiments are confronted with the thermomechanical properties
reported in the literature with conventional tensile tests as a reference. The results of
this paper show the fundamental importance of considering contact scale
measurement when characterizing the mechanical properties of biocomposites.
Indeed, flax fibers are highly affected by the geometrical contact scale of indentation,
while polypropylene does not show a significant dependence on the contact scale. On
the other side, flax fibers show a specific multiscale thermomechanical behavior that
is related to their hygrometric properties.
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1. Introduction

Biocomposite materials made with natural plant fibers are recognized by both scientific
and industrial communities as a viable alternative to synthetic fiber composites thanks
to many economic, ecological, and technical advantages [1-5]. Indeed, some types of
plant fibers have mechanical properties similar to synthetic glass fibers while being
lighter [3,6]. Plant fibers present also other technical properties such as thermal
insulation and soundproofing [7]. On the other hand, polypropylene (PP) is widely used
as a matrix material for natural fiber composites because it possesses several useful
properties like high heat distortion temperature, transparency, flame resistance,
dimensional stability, and high impact strength [8].

However, the use of biocomposites in the industry shows some limitations because of
the high variability of their mechanical properties, which complicates compliance with
industrial specifications [9]. The high variability of the mechanical properties of
biocomposites can be attributed in part to the multiscale structure of the plant fibrous
reinforcement that induces different mechanical responses at each scale level. Indeed,
the plan fibrous reinforcements have different structures at each scale: cellulose
microfibrils at the nanoscale, elementary fibers at the microscale, fiber bundles at the
mesoscale, and an assembly of fiber bundles and polymer matrix at the macroscale.
As shown in Figure 1(a), plant fibers are mechanically extracted from plant stem in
form of bundles by breaking and scutching [10]. In order to improve both the
mechanical properties of the fibrous structure and the cohesion between the fibrous
structure and the polymer matrix, fiber bundles are separated into smaller bundles by
hackling [10]. These small bundles are called technical fibers and are the basic form
used to perform fibrous reinforcement in the composite industry. Technical fibers are

composed of elementary fibers naturally gathered by the so-called middle lamella [11].



Elementary fibers consist of a stack of a primary cell wall (P in Figure 1(b)) and a
secondary cell wall (S in Figure 1(b)) arranged as concentric cylinders with a small
channel in the middle called a lumen [12]. The secondary cell wall is divided into three
layers (S1, S2, and S3 in Figure 1(b)). The bulk of the fiber is essentially constituted
by layer S2 of the secondary cell wall [12]. Each cell wall is itself a composite structure
that contains cellulose microfibrils embedded in amorphous polymers, typically
hemicellulose and lignin [13]. These elementary fiber components show a significant
difference in terms of mechanical properties. For example, the elastic modulus of
crystalline cellulose is in the range of 120 — 138 GPa, while it has been reported that
the elastic modulus is in the range of 3.5 — 8 GPa for hemicellulose and in the range
of 2 — 6.7 GPa for lignin [12,14]. For elementary flax fibers, the elastic modulus is in
the range of 28 — 100 GPa [9]. As reported in [15], the mechanical behavior of bundles
differs from that of elementary fibers as the former are bonded assemblies of

elementary fibers with a hierarchy of interfaces.
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Figure 1 : (a) multiscale plant fibrous structure from plant stem to elementary fiber [16], (b) Schematic depiction of
elementary plant fiber [17]



It can be concluded from this literature synthesis that the influence of the multiscale
organization of the plant fibrous reinforcements on their stiffness variability is
associated with the fact that the stiffness of elementary fibers (at the microscale) will
depend on the rate of cellulose microfibrils (at the nanoscale) which is present in
variable proportions on the fibers due to many natural and environmental factors [12],
and the stiffness of the fiber bundles (mesoscale) will depend on the numbers of
elementary fibers in the bundle which is also variable.

The thermomechanical response of flax fibers depends hence on the mechanical
analysis scale and the contribution of each fiber component to the thermomechanical
response at this analysis scale. In this context, this paper aims to conduct a multiscale
thermomechanical characterization of a biocomposite made of unidirectional flax fibers
and polypropylene matrix using the nanoindentation technique. Nanoindentation has
been considered in this study rather than conventional tensile tests because it allows
targeting locally and separately each phase of the biocomposite material at different
scale levels to obtain fundamental mechanical property parameters. The multiscale
aspect is investigated in this study by monitoring the geometrical contact scale of
nanoindentation, typically the tip indenter radius. Since tensile tests are the most
conventional method to characterize mechanical properties, the multiscale results of
nanoindentation are then confronted with those of tensile tests from literature data as

a reference.

2. Experimental approach

The biocomposite considered in this work is supplied by Composites Evolution — UK.
The commercial name of the biocomposite is Biotex Flax/PP UD. It is composed of
unidirectional long flax fibers and polypropylene (PP) matrix as continuous warp flax

yarns. The volume fraction of flax fibers in the biocomposite is around 40%. As shown
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in the illustration of Figure 2(a), flax fibers are perpendicular to the worksurface in order
to work on the cross-section of fibers.

All the worksurfaces have been prepared through three steps of water-lubricated
polishing with a progressive decrease of the sandpaper grit size: 1 min with a grit size
of 18 ym, 2 min with a grit size of 10 ym, and 3 min with a grit size of 5 ym. Polished
samples are then left to dry for 48 hours at room temperature. It is important to note
that biocomposites are affected by humidity due to their hydrophilic nature which is
well-known in the literature [18-20]. However, this phenomenon has not been
considered in this work since the exposition time to water during the polishing process
is too short (6 minutes) to induce a significant water absorption in the composite. It has
been shown in the literature that biocomposites need at least ~ 10 hours of water
immersion to start seeing a weight change in the biocomposite samples and about 1
week of water immersion to see a variation of the elastic modulus due to moisture
content [20].

To characterize the mechanical properties of each biocomposite component at
different contact scale levels, nanoindentation has been chosen in this study because
it allows targeting each biocomposite phase independently of others. Thus, elementary
flax fibers can be indented separately from the polymer matrix and vice-versa as can
be shown in Figure 2(b) and Figure 2(c) with the pyramidal indentation traces made by
the tip indenter. This pyramidal trace is the shape of the well-known Berkovich tip
indenters illustrated in Figure 3(a). At the vertex of this tip indenter, the tip radius (R)
shown in Figure 3(b) represents the geometrical contact scale with which the
mechanical indentation contact is engaged.

As shown in Figure 3(c), the nanoindentation technique involves the normal contact of

an indenter on a worksurface and its penetration in this surface to a specified load or



depth [21]. The load is measured regarding the displacement into the worksurface to
get the load—penetration curve shown in Figure 3(d). The relevant parameters for the
nanoindentation analysis are the maximum displacement (h,,,4,), the maximum load
on the sample (F,,,), and the contact stiffness (S) which is the slope of the tangent

line to the unloading curve at the maximum loading point as illustrated in Figure 3(d).
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Figure 2: (a) Schematic representation of a biocomposite structure showing a technical flax fiber embedded in a PP matrix.
(b) AFM scanning image of PP matrix showing the indentation traces. (c) AFM scanning image of flax fibers showing the
indentation traces

Nanoindentation analysis is usually performed with the model of Oliver & Pharr [22] in
the case of Berkovich indenters to estimate the elastic modulus of the work-material
from the indentation curve [23-26]. It consists of computing the contact depth (h,)
which is dependent on the material deformation and the tip shape as shown in Figure

3(c). h. can be calculated using Eq (1) where ¢ is a constant related to the tip geometry



(0.72 for Berkovich tip [21]). The projected contact area of nanoindentation (4) can be
calculated using Eq (2). Then, the reduced elastic modulus is obtained using Eq (3)
where f8 is a constant related to the tip geometry (1.034 for Berkovich tip [21]). The
elastic modulus of the work-material can be calculated with Eq (4) where E; and v; are
respectively the elastic modulus and the Poisson coefficient of the tip indenter. v is the

Poisson coefficient of the indented material.
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The geometrical contact scale has been monitored in this study by the tip indenter
radius (R). To investigate a large range of tip indenter radii, different indenter devices
have been used as shown in Figure 4. Nanoindentation with an Atomic force
microscope (AFM) allows using indenters with tip radii that can reach ~ 10 nm. The
commercial Bruker Hysitron triboindenter is suitable for tip radii in the range of 100 —
150 nm, while the commercial MTS Nanoindenter XP can work with tip indenters that
have tip radii of ~ 400 nm. Therefore, 5 values of tip indenter radii are considered in

this study as follows: 10 nm, 40 nm, 100 nm, 150 nm, and 400 nm.
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Figure 3: (a) Berkovich tip indenter shape. (b) Schematic illustration of the tip indenter radius. (c) Schematic depiction of the
indentation process showing the characteristic depths. (c) Loading/unloading curves obtained from nanoindentation
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Figure 4: Instruments used for nanoindentation experiments in the function of the considered tip indenter radii

Figure 5 shows the experimental setup for the thermomechanical analysis. A
biocomposite sample of 1 mm of thickness is clamped between two heating elements
that control the temperature of the active zone. The temperature reached in this active
zone is measured with thermocouples and the nanoindentation experiments are
performed once the desired temperature is reached. For the thermomechanical

analysis, only the indenter with a tip radius of 150 nm was used on the Bruker Hysitron



Triboindenter because they are the only indenter and device adapted for the thermal
setup. All the tests have been made at the same room condition and the same
conditioning time (15 min). The average room humidity was 60% and the average room

temperature was 25°C.
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Figure 5: Schematic depiction of the thermal setup used for nanoindentation experiments

Before each nanoindentation experiment, the worksurface is scanned using the
scanning probe of the corresponding device so the biocomposite components (fibers
and matrix) can be targeted separately as shown in Figure 2(b) and Figure 2(c). On
flax fibers, between 10 and 35 indentations are performed on the same fiber depending
on the fiber section dimensions. On the PP matrix, between 55 and 60 indentations
are performed on the same scanned surface. Each nanoindentation configuration is
repeated 5 to 6 times at different locations on the worksurface in order to ensure
repeatability. Thus, the output values from nanoindentation experiments are presented
as the mean of these repeated tests. Errors are considered as the average of the

absolute deviations of data repeatability tests from their mean.

3. Results and discussion

3.1. Effect of the measurement contact scale on the indentation behavior



Figure 6 shows the indentation curves obtained for flax fibers and PP matrix with tip
radii of 100 nm and 150 nm. The applied loading instruction has been fixed to 500 uN.
This value has been achieved with a tip radius of 150 nm while the indentation with a
tip radius of 100 nm does not exceed 450 pyN. It can be seen from Figure 6 that
changing the Berkovich tip indenter radius from 100 nm to 150 nm reduces the
indentation depth by 46% for flax fibers (Figure 6(a)) and by 17 % for the PP matrix
(Figure 6(b)). Flax fibers show hence a strong dependence on the indentation contact
size compared to the PP matrix where the increase of the tip indenter radius leads to
an important increase in the flax fiber resistance to the indentation loading. This

specific behavior will be investigated in depth in the next section.
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Figure 6: Load-unload curves obtained with nanoindentation experiments showing the effect of the tip indenter radius on (a)
flax fibers and (b) PP matrix

3.2. Effect of measurement contact scale on the elastic properties

To analyze the effect of the indentation contact scale on the mechanical response of
flax fibers and PP matrix, Figure 7 presents the elastic modulus calculated from the
indentation curves with the Oliver & Pharr model described in section 2. Results from
indentation experiments with different tip edge radii are confronted in Figure 7 with the
results of conventional tensile tests obtained from the literature for elementary flax

fibers [27] and PP matrix [28].
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Figure 7 shows a significant scale effect for the mechanical characterization of flax
fibers. The increase of the tip edge radius from 10 nm to 400 nm leads to an increase
of the average elastic modulus from 0.42 GPa to 15.5 GPa for flax fibers, and from 1
GPa to 2.5 GPa for the PP matrix. The increase of the tip edge radius leads to a
considerable increase in the elastic modulus of flax fibers to approach the values
obtained with conventional tensile tests that are around 52.5*6 GPa based on the
results of [27] but can vary from 28 to 100 GPa as reported in [9]. In contrast, the tensile
modulus of the PP matrix (1.8%%2 GPa [28]) is in the range of values obtained with
nanoindentation (1 — 2.5 GPa). Literature works on nanoindentation of PP matrix have
reported an average elastic modulus of 1.85 GPa with the same nanoindentation
technique of this study (single-step nanoindentation) [29], and 3 GPa with the
continuous nanoindentation method [30]. The literature variability of PP modulus could
be due to the difference in the nanoindentation method, or to the difference in the
molecular weight and crystallinity of each PP type [30].

It is important to mention that the polishing technique contributes to the enlargement
of the voids and the deformation of the matrix with a consequent increase of the
porosity, which has been attributed to the higher applied shear forces compared to
other preparation techniques such as microtome [31]. Therefore, the elastic modulus
of biocomposite components obtained by nanoindentation could be affected by the
polishing process but the trend in the function of the tip indenter radius should be the
same since all the surfaces are polished similarly.

The specific mechanical behavior of flax fibers in the function of the measurement
contact scale of nanoindentation could be due to their multiscale complex structure
shown in Figure 1. Indeed, when indenting with a small tip indenter radius, the most

probable hypothesis is that cellulose microfibrils (that have the highest mechanical
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properties) are not solicited because of their transverse deformation as shown in
Figure 7(a). With the increase of the tip indenter radius, cellulose microfibrils are
involved in the indentation contact by compression as shown in Figure 7(b). Increasing
the tip indenter radius rises the involvement rate of cellulose microfibrils, which
contributes to an increase in the elastic modulus obtained by nanoindentation. In the
case of conventional tensile tests, all the cellulose microfibrils are involved by tension
in the mechanical load as shown in Figure 7(c). This could explain the highest values

of elastic modulus found with tensile tests for flax fibers.
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Figure 7: Elastic modulus of flax fibers and PP matrix obtained from nanoindentation experiments with different tip edge
radii. Results of tensile tests obtained from the literature [27,28] are given as a reference.

3.3. Effect of measurement contact scale on the thermomechanical behavior

Figure 8(a) shows the elastic modulus of flax fibers obtained from nanoindentation

experiments with a tip indenter radius of 150 nm at different applied loads and different
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sample temperatures. The effect of the applied load is not highly significant when
considering the standard deviation of measurements. However, flax fibers show a
specific thermomechanical behavior where the elastic modulus increases when
increasing the temperature from 25°C to 60°C. Then, the elastic modulus of flax fibers
decreases from 60°C to 100°C. This thermomechanical behavior at the nano-contact
scale could be attributed to the hygro-mechanical properties of flax fibers. Indeed, flax
fibers have a water content in their composition which is in the range of 8 — 12 % [6].
This moisture content contributes to a reduction in the elastic modulus of fibers by a
plasticization of their amorphous components [32-34]. Therefore, the increase in
temperature from 25°C to 60°C leads to a water release from fibers, which participates
in an increase of the elastic modulus by the stiffening of their amorphous components.
From 60°C, the decrease of the elastic modulus in the function of temperature increase
could be due to the progressive thermal softening of the amorphous components of
flax fiber, especially hemicellulose, and lignin. It has been shown in [35] that softening
temperatures of the lignin and the hemicellulose were decreased by the presence of
water molecules to reach values of about 55°C for hemicellulose and about 72°C for
lignin.

On the other hand, the elastic tensile modulus of flax fibers reported from literature in
Figure 8(b) shows also a particulate thermomechanical behavior at the microscale.
The elastic tensile modulus decreases in the function of temperature from 20°C to 60°C
and becomes then stable above 60°C. This specific behavior has also been attributed
by the authors to the influence of the water in the fiber than to the temperature effect
because they found that the evolution of the mass loss of flax fibers with temperature
does not reveal any destruction of the essential components of the fiber in the

considered range of temperature [36]. However, in contrast to the nanoindentation
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process, the mechanical behavior of flax fibers with tensile tests is rather controlled by
cellulose microfibrils than by amorphous fiber components since the cellulose
microfibrils are oriented in the longitudinal direction of elementary fibers. The water
content in plant fibers leads to an increase in the elastic modulus by hygrometric
hardening due to the rearrangements of cellulose microfibrils toward the fiber axis [37].
Indeed, water molecules could induce plasticizing of the amorphous component and
the creep of cellulose microfibrils in the relaxed amorphous fiber region, leading to their
rearrangements toward the fiber axis [37]. This contributes to a decrease in the
microfibrillar angle as reported in [38]. Consequently, the progression of water release
from fibers between 20°C and 60°C could be the origin of the reduction of tensile
modulus shown in Figure 8(b). The hygrometric effect disappears after water release
(above 60°C), which explains the stabilization of the elastic tensile modulus above this

critical temperature.
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Figure 8: (a) Elastic modulus calculated from nanoindentation of flax fibers in the function of the sample temperature for
different values of the applied load. (b) Elastic modulus reported from literature with conventional tensile tests of flax fibers
in the function of sample temperature [36].

In the case of the PP matrix, Figure 9(a) shows that the elastic modulus obtained from
nanoindentation decreases significantly in the function of sample temperature. The
increase of the applied load contributes also to decreasing the elastic modulus. The

tensile elastic modulus of PP reported in the literature (Figure 9(b)) shows the same
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behavior as that calculated from nanoindentation measurements (Figure 9(a)).
Magnitudes of tensile elastic moduli of the PP matrix are close to those acquired with
a high applied load in the case of nanoindentation (500 uN in Figure 9(a)). Hence, the
thermomechanical behavior of the PP matrix does not show a significant measurement
scale effect. This thermomechanical behavior is well-known in the case of
thermoplastic polymers because of the thermal softening phenomenon that induces a
strong decrease in the polymer stiffness [39,40], especially for PP that is characterized
by a glass transition temperature lower than that of the ambient temperature (between

-23°C and -10 °C) [41].
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Figure 9: (a) Elastic modulus calculated from nanoindentation of PP matrix in the function of the sample temperature for
different values of the applied load. (b) Elastic modulus reported from literature with conventional tensile tests of PP matrix
in the function of sample temperature [42].
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4. Conclusions

This paper aims to characterize the multiscale thermo-mechanical behavior of

biocomposites made with unidirectional flax fibers and polypropylene matrix using the

nanoindentation technique. The multiscale analysis concerns the monitoring of the

measurement contact scale of the nanoindentation process by varying the edge radius

of the tip indenter. The resulting outputs have been confronted with the

thermomechanical properties reported in the literature with conventional tensile tests

as a reference. The following conclusions can be drawn:

Flax fibers show a high heterogeneity because of their complex morphology that is
considered as a cellulosic composite structure at the micro- and nanoscale.

The mechanical response of flax fibers is intimately dependent on the geometrical
contact scale of the mechanical characterization. Increasing the geometrical
contact scale from 10 nm to 400 nm increases the average elastic modulus of flax
fibers respectively from 0.42 GPa to 15.5 GPa, which was attributed to the increase
of cellulose microfibrils content that is involved in the mechanical contact.

The thermomechanical properties of flax fibers are differently affected by their
moisture content in the function of the measurement contact scale, which is related
to the hydrophilic properties. The elastic modulus of flax fibers shows an increase
from 25°C to 60°C, and then a decrease from 60°C to 100°C. A characteristic
temperature of 60°C has been identified as the water release temperature that
induces a modification of the mechanical behavior of flax fibers.

Mechanical and thermomechanical behaviors of polypropylene matrix from
nanoindentation experiments do not show a significant measurement scale effect

and correspond to the literature data obtained from conventional tensile tests.
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