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ABSTRACT: (50-100 words)

The use of natural fibers in composite industry requires a deep understanding of their
complex mechanical behavior related to their multiscale cellulosic structure. This
chapter aims to investigate the tribo-mechanical properties of flax fiber reinforced
polypropylene composites using nanoindentation and scratch-test techniques in order
to analyze each composite phase separately. Unlike the polymer matrix, the tribo-
mechanical behavior of flax fibers shows a strong scale effect that is controlled by the
chemical composition of the natural fiber. This specific comportment is also impacted
by the temperature. The outcomes of this investigation should be considered for the
design of these eco-friendly materials.
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1. Introduction

Natural fiber composites (NFC) are arousing the interest of automotive and aerospace
industry thanks to many economic, ecological, and technical benefits that natural fibers
provide to the composite applications (Dittenber and GangaRao, 2012; Faruk et al.,
2012; Mastura et al., 2018; Ramesh et al., 2017; Yan et al., 2014). Therefore, many
research works have addressed the manufacturing processes of these ecofriendly
materials to investigate the possibility to substitute glass fiber composites in the
composite industry (Bos et al., 2006; Goutianos et al., 2006; Jiang et al., 2017; Shah,
2013; Shalwan and Yousif, 2013).

Machining processes, which are unavoidable operations for industrial parts made with
long fiber composites, were also investigated to understand the cutting behavior of
natural fibers and optimize the machined surface quality of NFC materials (Chegdani
et al., 2018a, 2016; F. Chegdani et al., 2015; Faissal Chegdani et al., 2015; Chegdani
and El Mansori, 2019, 2018; Chegdani and Mansori, 2018; Lotfi et al., 2019; Nassar et
al., 2017; Rajmohan et al., 2019; Roy Choudhury et al., 2018; Vinayagamoorthy and
Rajmohan, 2018). It has been shown that the machinability of NFC is highly sensitive
to the small variations of material and process parameters (Refer to Chapter 7.8 for
further details). The specific cutting behavior of natural fibers is caused by their
multiscale complex structure that differs from nanoscale to macroscale (Baley, 2002;
Charlet et al., 2007; Marrot et al., 2013). In order to control the machinability of NFC
materials, the tribomechanical behavior of natural fibers within the composite should
be investigated and understood at each scale level of the natural fibrous structure.
This chapter proposes a multiscale tribomechanical study on flax fiber reinforced
polypropylene composites. The aim is to explore both the mechanical and the

tribological responses of falx fibers and polypropylene separately and at different



contact scale levels. This will give to the reader an advanced knowledge about the
scale effect on the tribomechanical behavior of natural fibers within the composite

materials.

2. Multiscale structure of natural fibrous reinforcement in

composites

Figure 1 illustrates the multiscale structure of NFC materials from macroscale to
nanoscale. The macroscopic scale covers the overall composite structure that contains
the natural fibrous reinforcement and the polymer matrix (Figure 1(a)). The mesoscopic
scale distinguishes the technical fiber that includes some elementary fibers gathered
together naturally with pectic interfaces (Figure 1(b)). At microscale, each elementary
fiber is structured with a stacking of cellulosic cell walls (Figure 1(c)). The important
cell wall is S2 that covers the main fiber volume and controls the fiber properties (Baley,
2002). As shown in Figure 1(d), the cell wall S2 is itself a composite material at
nanoscale with cellulose microfibrils embedded in natural amorphous polymers of
hemicellulose, lignin, and pectin (Baley, 2002; Charlet et al., 2007). Cellulose
microfibrils are oriented toward the fiber axis with and angle “0” called microfibrillar
angle.

Figure 1 demonstrates that NFC materials have different compositions that vary by
changing the scale level. This finding is should be considered to investigate the
behavior of NFC during high tribomechanical solicitations such as machining. The next

sections will address the contact scale effect on the tribomechanical reponse of NFC.
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Figure 1: Multiscale structure of natural fiber composites from macroscale to nanoscale

3. Experimental procedure

3.1.NFC samples

NFC samples used in this study are composed of unidirectional flax fibers as
reinforcement and polypropylene (PP) as polymer matrix as shown in Figure 2(a). The
worksurface is perpendicular to the fiber orientation in order to perform the
tribomechanical experiments on the cross-sections of flax fibers as shown in Figure
2(b). It can be seen that flax fibers present a high variability in terms of shape and
diameter which a high variability on their mechanical properties obtained from literature

by mechanical tensile tests (Dittenber and GangaRao, 2012).
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Figure 2: (a) photographic image of unidirectional flax fiber composite sample. (b) SEM image of the
worksurface of unidirectional flax fiber composite sample

3.2. Tribomechanical tests approach

The tribomechanical method used in this study is based on nanoindentation and
scratch-test experiments. The choice of these two tribomechanical techniques is
justified by the fact that both mechanical and tribological experiments should be
performed on flax fibers and PP matrix separately in order to reveal the
tribomechanical response of each composite phase.

Nanomechanical characterization is used to measure and evaluate numerous
mechanical properties of materials, including modulus, hardness, fracture toughness,
wear resistance and friction coefficient. Nanomechanical characterization, as well as
visualization of surface topography, provides crucial information concerning the
performance of materials. Nanoindentation is commonly used to characterize the local
stiffness of materials by determining the elastic modulus and hardness. On the other
hand, acquiring quantitative force and displacement data in the lateral direction leads
to the quantification of friction coefficient, scratch resistance and wear parameters.
Two different techniques for nanoindentation and scratch-test have emerged. These

are Atomic Force Microscopy (AFM) and Rigid Probe Microscopy (RPM) as shown in



Figure 3. Nanoindentation and nanoscratching with AFM technique are based on the
cantilever deflection when the tip indenter is in contact with the material (Figure 3(a)).
The cantilever deflection is measured using a laser sensor. This characterization
method requires small contact areas in order to avoid the inaccuracy of measurements
caused by the own deflection of the cantilever. Therefore, smaller tips indenter radii (r
<100 nm) can be used to indent the sample surface, and it is possible to produce low
force indentations over the desired region with well-controlled position accuracy

(Monclus et al., 2010). For the RPM technique, the tip indenter is directly related to a

rigid probe that is normal to the surface as shown in Figure 3(b). This configuration

avoids the cantilevered motion and allows the use of higher loadings and higher tip
indenter radii comparing to the AFM technique.

The AFM method has been used in this study with “Dimension Edge™” instrument

from “Bruker®”. Berkovich diamond tip indenter is considered with a small tip radius (r

=40 nm). The tip indenter is related to a steel cantilever that has a spring constant of

450 N/m.

The RPM technique has been performed with two instruments:

e The commercial tribomechanical instrument “Nanoindenter XP” from “MTS Nano
Instruments®” equipped with a Berkovich diamond tip indenter that has a tip radius
of ~ 400 nm.

e The commercial tribomechanical instrument “TI-950” from “Hysitron®”. Two tip
indenters have been tested: Berkovich diamond tip indenter and Berkovich
Sapphire tip indenter that have a tip radius of 100 nm and 150 nm, respectively.

The aim of this instrument’s choice is to investigates a large range of tip indenter radii

and evaluate the effect of the geometrical contact scale.
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Figure 3: Schematic illustration of (a) AFM indenter, (b) RPM indenter, (c) Nanoindentation technique, and
(d) Scratch-test technique

3.2.1. Nanoindentation analysis

Nanoindentation method involves the normal contact of an indenter on the worksurface
and its penetration in this surface to a specified load or depth as illustrated in Figure
4(a) (Bourmaud and Pimbert, 2008). The load is measured as a function of penetration
depth as shown in Figure 4(b). From this load—penetration curve, the pertinent
parameters for the analysis are the maximum displacement (h,,,,), 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 (see Figure 4(b)).

In the case of Berkovich tip indenter, the model of Oliver & Pharr (Oliver and Pharr,
1992) is generally used to calculate the elastic modulus of each material using the

parameters extracted from load—penetration curve of nanoindentation. This model



assumes the elastic behavior as the basis foundation of this calculation procedure
(Doerner and Nix, 1986; Oliver and Pharr, 1992). The Oliver & Pharr method consists
on computing the contact depth (h.) which is dependent on the material deformation
and the tip shape as shown in Figure 4(a). h, can be calculated using the Eq (1). ¢ is
a constant related to the tip geometry (0.72 for Berkovich tip (Bourmaud and Pimbert,
2008)). The projected contact area (A) can be calculated using the Eq (2). Then, the
reduced elastic modulus is obtained using the Eq (3) where S is a constant related to
the tip geometry (1.034 for Berkovich tip (Bourmaud and Pimbert, 2008)). Finally, the
elastic modulus of the indented material can be calculated with the 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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Figure 4: (a) Schematic illustration of the contact between the tip indenter and the worksurface. (b)
Typical load/displacement curve generated by nanoindentation tests



3.2.2. Scratch-test analysis

Scratch-test method involves the sliding contact of an indenter on the worksurface and
the resistance of this surface to the sliding motion. Indeed, the tip indenter slides on
the worksurface with specific load, speed, and length (Figure 3(d)). The in-situ normal
and lateral forces are measured and the dynamic friction coefficient (up) is calculated
as the ratio between the lateral force and the normal force. In this study, the considered
scratching length is 10 um in order to work on elementary flax fibers and PP matrix

separately. up is evaluated in function of sliding speed and load.

4. Scale effect on the tribo-mechanical response of natural fiber

composites

4.1. Multiscale mechanical response of natural fiber composites

As explained in section 3.2, the mechanical characterization of NFC is realized on
elementary fibers and polymer matrix separately. The mechanical response of flax
fibers and PP matrix has been first performed by nanoindentation using the AFM
method with diamond Berkovich indenter (r = 40 nm) and am applied load of 500 yN
(Chegdani et al., 2017).

Figure 5 presents the indentation traces and the corresponding elastic modulus values
for flax fibers and PP matrix. Figure 5(a) and Figure 5(c) show that nanoindentation
technique is able to target flax fibers and PP matrix separately. The elastic modulus of
PP matrix is more affected by the contact depth than that of flax fibers. With the same
applied load, flax fiber generates contact depths between 170 nm and 210 nm (Figure

5(b)), while PP matrix generates contact depths between 70 nm and 160 nm (Figure



5(d)). Consequently, the elastic modulus of PP matrix (~ 1 — 2 GPa) is higher than that

of flax fibers (~ 0.7 — 1 GPa) at the same applied load.
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Figure 5: (a) AFM scanning image of indented flax fibers. (b) Elastic modulus of flax fibers obtained by
AFM nanoindentation. (a) AFM scanning image of indented PP matrix. (c) Elastic modulus of PP matrix
obtained by AFM nanoindentation

To increase the geometrical contact scale, Figure 6 shows the elastic modulus values
obtained by nanoindentation using the RPM technique with the Hysitron TI-950 device
(Chegdani et al., 2018b). In this investigation, a higher tip indenter radius than that of
AFM has been used (r = 100 nm) and am applied load range from 100 uN to 500 uN
has been considered to generate a large range of contact depth.

Figure 6(a) reveals a different mechanical response of flax fibers comparing to that of
AFM indentation of Figure 5(b). Indeed, Figure 6(a) shows an elastic modulus of flax

fibers between 5 GPa and 22 GPa for a contact depth range from 25 nm to 230 nm.
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These elastic modulus values are largely higher than that obtained by AFM indentation.
On the other hand, the mechanical response of PP matrix shown in Figure 6(b) is not
significantly different from that of AFM nanoindentation method shown in Figure 5(d)
at the same contact depth range. With a tip indenter radius of 100 nm, the elastic

modulus of flax fibers becomes higher than that of PP matrix.
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Figure 6: (a) Elastic modulus of flax fibers obtained by RPM nanoindentation. (b) Elastic modulus of PP
matrix obtained by RPM nanoindentation

The investigation of the tip indenter radius (r) effect has been performed also with r =
150 nm (Chegdani et al., 2019) and r = 400 nm (Chegdani et al., 2017). Figure 7 gives
a comparison of the elastic modulus obtained with the different tip indenter radii for flax
fibers and PP matrix for the same applied load (F,,,, = 500 uN).

The elastic modulus of flax fibers shows a significant increase when increasing the tip
indenter radius, while the elastic modulus of PP matrix remains almost constant. This
demonstrates the scale effect on the mechanical response of flax fiber induced by the
geometrical contact scale. The multiscale mechanical behavior of flax fibers shown in
this study is strongly related to the multiscale cellulosic structure of natural fibers
(microfibrils — mesofibrils — elementary fibers) that affects the nature of the
mechanical contact during the indentation. Indeed, when indenting with low tip indenter

radius below the mesofibrils diameter (100 — 300 nm) (Bos et al., 2004), the cellulose
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microfibrils (diameters between 1 —4 nm (Bos et al., 2004)) are transversally deviated
from the indentation path as shown in Figure 7(a). The mechanical response is almost
that of non-cellulosic polymers in contact with the tip indenter. Since the tip intender
radius reaches the mesofibrils size, the indentation contact interface will include also
the microfibrils that have high stiffness (135 GPa (Baley, 2002)) as shown in Figure
7(b). Therefore, the indentation modulus increases by increasing the microfibrils

contents in the contact area.
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Figure 7: Elastic modulus of flax fibers and PP matrix obtained with different tip indenter radii. (a)
Schematic illustration of fiber/indenter contact with low indenter radius. (b) Schematic illustration of
fiber/indenter contact with high indenter radius
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4.2. Multiscale frictional response of natural fiber composites

The frictional response of NFC has been investigated by calculating the dynamic
friction coefficient (up) obtained from scratch-test experiments as the ratio between the
scratching force (friction force) and the applied load (normal force). Scratch-test
experiments were performed with AMF technique and RPM method by the Hisytron Tl-
950 device. Scratch-test experiments with AFM technique are not performed with the
similar loading scale as for the RPM device. Indeed, lateral scratching motions with
AFM indenters cannot be performed with high loads. Therefore, AFM scratch-tests
were limited to an applied load of 30 uN. For the Hisytron TI-950 devise, scratching
experiments were performed with the Diamond indenter (r = 100 nm) and Sapphire
indenter (r = 150 nm) with an applied load of 500 uN. Figure 8 shows the typical
scratching traces performed by RPM indenter. It can be seen that scratching traces of
flax fibers and PP matrix have not the same shape. Plowed material is clearly observed
at the bordered of each groove on PP matrix (Figure 8 (b)). For flax fibers, the grooves
are formed without any noticeable plowing (Figure 8(a)). The difference in the
scratching mechanisms that occurs on flax fibers and PP matrix can be due to the high
plasticity of PP matrix compared to flax fibers as shown in the nanoindentation study

reported in section 4.1.
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Figure 8: Scratching grooves performed with RPM device using Diamond indenter at 500 uN of applied
load on (a) flax fibers and (b) PP matrix

Figure 9 shows the dynamic friction coefficient (up) generated by scratch-test
experiments with AFM and RPM techniques. The first obvious observation is that AFM
scratching friction coefficient (Figure 9(a)) is not on the same order of magnitude than
that of RPM scratching (Figure 9(b)). Moreover, the friction coefficient of PP matrix is
higher than that of flax fibers during the AFM scratching. However, the trend is reversed
for the RPM scratching where the friction coefficient of flax fibers is higher than that of
PP matrix. The raisons behind this difference could be related to both the contact and
the load scales. Indeed, two scratching parameters are different between the two
methods:

e The applied load: 30uN for AFM scratching and 500 uN for RPM scratching

e The tip indenter radius: 40 nm for AFM scratching and 100 nm for RPM scratching
The variation of these two parameters affects the friction mechanisms. As well known,
friction is a complex phenomenon that cannot be reduced to a single mechanism, but
rather a result of a simultaneous action of various mechanisms at different hierarchy
and scale levels such as adhesion, shear, and plowing (Chegdani and ElI Mansori,

2018; Nosonovsky and Bhushan, 2007). At low applied loads (30 pN), the predominant

14



friction mechanism is adhesion that has an important role at nanoscale by controlling
the interaction forces between the atoms of the two surfaces in contact (Nosonovsky
and Bhushan, 2007). This explain the low values of friction coefficient obtained with
AFM scratching (Figure 9(a)). Changing the loading scale (30 uN - 500 uN) leads to
the inclusion of further friction mechanisms such us shearing and plowing due to the
increase of the contact depth of scratching. The friction coefficient is then upgraded to
another scale level as shown in Figure 9(b) for RPM scratching.

The frictional responses of flax fibers and PP matrix are also affected by the
geometrical contact scale that controls the mechanical response as shown with
nanoindentation experiments in section 4.1. Indeed, the geometrical contact with an
indenter radius of 40 nm engenders an elastic modulus of PP matrix higher than that
of flax fibers. Consequently, the tangential scratching force of PP matrix is higher than
that of flax fibers which is reflected on the friction coefficient results of Figure 9(a).
When upgrading the contact scale to 100 nm, the cellulose microfibrils come into play
and increase the tangential scratching force of flax fibers which makes the friction
coefficient of flax fibers higher than that of PP matrix as shown in Figure 9(b).

On the other hand, the difference of RPM scratching friction between Diamond tip
indenter (Figure 9(b)) and Sapphire tip indenter(Figure 9(c)) is mainly due to the effect
of the tip material that lead to change the frictional properties between the tip and the

worksurface.

15
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Figure 9: Friction coefficient obtained by scratch-test with (a) AFM technique and diamond tip indenter,

(b) RPM technique and diamond tip indenter, and (c) RPM technique and Sapphire tip indenter.
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5. Thermal effect on the tribo-mechanical response of natural fiber

composites

5.1. Thermomechanical response of natural fiber composites

The effect of sample temperature on the mechanical response of flax fibers and PP
matrix has been performed with RPM nanoindentation technique using the Sapphire
tip indenter (Chegdani et al., 2019). A large sample temperature range has been
considered from room temperature (25 °C) to 100 °C. Figure 10 presents the evolution
of the elastic modulus in function of sample temperature at iso applied load (500 uN)
for flax fibers and PP matrix. Figure 10(b) shows that increasing the sample
temperature decreases significantly the stiffness of PP matrix. This reveals that the
sample temperature affects strongly the softening of PP matrix. This thermo-
mechanical behavior is well known in the literature for thermoplastic polymers
(Drozdov, 2010; Tripathi, 2002). Thermoplastic matrices soften under the effect of heat
and become malleable at high temperatures with a significant decrease of the viscosity
(Kannan et al., 2013).

On the other side, the thermal effect on flax fibers is completely different as shown in
Figure 10(a). Indeed, in the temperature range of [25 - 60 °C], the elastic modulus of
flax fibers increases by temperature increase. However, in the temperature range of
[60 - 100 °C], the elastic modulus of flax fibers decreases by temperature increase.
This specific behavior of flax fibers under thermal nanoindentation may be due to the
chemical composition of their cellulosic structure shown in section 2. Indeed, the
cellulosic composition of natural fibers provides them a hydrophilic character that gives
each elementary fiber the ability to absorb water molecules from the environment

(Dittenber and GangaRao, 2012). Therefore, when indenting flax fibers from 25°C to
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60°C, increasing the sample temperature leads to water release that acts as a
plasticizer into the fiber structure (N.-S. Hon and Shiraishi, 2000). This thermal effect
on moisture content of flax fibers can explain the stiffness increase when heating flax
fibers in the temperature range [25°C — 60°C]. Above 60°C, glass transition
temperatures of the amorphous polymers inside the flax fiber are reached which makes
the fiber softer. In fact, the glass transition temperature is 40 °C for hemicelluloses, 50
°C to 100 °C for lignin, and above 100 °C for cellulose (Kong et al., 2017). Therefore,
increasing the temperature above 60°C leads to exceeding the glass transition
temperature of hemicellulose which is responsible of the bonding of cellulose
microfibrils (Pere et al., 2019). Consequently, the rigidity of fiber decreases when

heating flax fibers in the temperature range [60°C — 100°C].
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Figure 10: Elastic modulus obtained by RPM nanoindentation at different sample temperatures for (a) flax
fibers, and (b) PP matrix

5.2. Thermo-frictional response of natural fiber composites

Thermo-frictional analysis of NFC has been performed with scratch-test using the
same experimental setup described in Section 5.1 to reveal the effect of sample
temperature. Figure 11 presents the friction coefficient of flax fibers and PP matrix at

different sample temperatures. The friction coefficient of PP matrix decreases by
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increasing the sample temperature. This frictional behavior at microscale is in good
agreement with its mechanical response shown in Figure 10(b) and also with the
sliding friction of PP reported in literature at macroscale by standard tribometers where
the sliding friction of PP polymer decreases with temperature increase (Ludema and
Tabor, 1966). This is due to the polymer softening that leads to the decrease of the
tangential scratching force (Chegdani et al., 2019).

The frictional response of flax fibers shows a specific behavior that is similar to their
mechanical behavior presented in section 5.1. Indeed, the friction coefficient of flax
fibers increases by increasing the sample temperature from 25 °C to 60 °C and
decreases by heating the samples even further from 60 °C to 100 °C as shown in
Figure 11. This demonstrated once again the local functional relationship between the
mechanical response and the frictional response of each composite component. As for
PP matrix, increasing the rigidity of flax fibers increases their tangential scratching

force which contributes to a rise of the friction coefficient.
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Figure 11: Friction coefficient obtained by RPM scratch-test for flax fibers and PP matrix.
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6. Conclusions

In this chapter, the tribo-mechanical behavior of natural fiber composites (NFC) has
been investigated by performing nanoindentation and scratch-test experiments on flax
fiber reinforced polypropylene matrix at different scale levels. The following
conclusions can be drawn:

e Unlike PP matrix, the elastic modulus of flax fibers shows a tough dependence on
the geometric contact scale where increasing the indenter tip radius increases
significantly the fiber stiffness. Therefore, flax fibers engender multiscale
mechanical properties that are related to their multiscale cellulosic structure.

e The local friction behavior of flax fibers and PP matrix shows a strong functional
relationship with their respective local mechanical properties.

e The mechanical properties of NFC show a significant thermal effect that differs from
flax fibers to the PP matrix. The thermal effect on mechanical properties is thus

transposed to the frictional behavior of flax fibers and PP matrix.
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