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ABSTRACT

The mechanical response of plant fibers to tensile loading is non-linear and related to their
moisture content. In order to model this complex behavior, it is necessary to evaluate it at different strain
rates. In this study, flax fiber bundles are subjected to cyclic loading and unloading tensile tests. Tensile
tests were performed at three crosshead speeds (0.1 mm/min, 1 mm/min, 10 mm/min). Moreover, the
samples were tested in different relative humidity conditions (15%, 50%, 75%). On the one hand, the
results show that flax bundles exhibited a non-linear mechanical behavior in the first tensile cycle with
significant residual strain. During the following tensile cycles, the stress-strain curve tends to become
linear with less residual strain. Moreover, all these stress-strain curves become almost superimposed
between the fourth and tenth tensile cycle. Finally, the impact of the tensile speed and the relative
humidity is investigated via the comparison of mechanical properties such as the maximum tangent
elastic modulus, the residual strain after each cycle and the area of the stress-strain hysteresis. The
influence of these different testing conditions on the visco-elasto-plastic behavior of flax fiber bundles
is then discussed to develop a predictive mechanical model.

1 INTRODUCTION

The use and interest of industries for bio-composite materials using plant fibers as reinforcement
is growing. The study of the mechanical behavior of plant fibers is an important turning point for
innovation. Comprehensive information on mechanical tensile characteristics of plant fibers can be
found in references [1], [2]. On the other hand, the complex mechanical behavior of plant fibers with
non-linear stress-strain curves has been revealed [3]. In the last years, the most comprehensive analyses
were mostly conducted on flax and hemp elementary fibers [2], [4]. To describe this behavior, the stress-
strain curves have been classified into three different types. Type I: Linear strain-stress curve, Type II:
linear with a decrease in stiffness from a threshold Type 111 Linear at the beginning of the strain-stress
curve then followed by a non-linear part during which the stiffness decreases then increases. Several
hypotheses have been proposed to explain the non-linearity of stress-strain curves for plant fibers: (1)
the modification of the micro-fibrillar angle (MFA) during a mechanical test [5], [6] (2) the presence of
defects and dislocation zones within the ultrastructure of elementary fibers [7], [8] (3) the crystallization
of a part of the amorphous cellulose in the cell walls during the mechanical test [9] and (4) the non-
linearity of the compliance of the tensile system including the force cell and the link between the sample
and the jaws of the traction machine (most of the time a glue or a resin) [10].

In order to investigate these different hypotheses, it is essential to analyze the different events
occurring during a tensile test in well-controlled testing conditions. It is thus interesting to subject plant
fibers to cyclic tensile tests, which has been done on hemp elementary fibers [11] and flax bundles [12].
These works showed the occurrence of residual deformation and stiffening of the samples after each
load-unload tensile cycle. These observations led to the development of a micro-mechanical model,
aiming to describe this complex mechanical behavior [13]. However, in order to enrich this type of
model, it is important to perform these experimental analyses with different cyclic test parameters.
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Besides, the visco-elastic behavior of some plant fibers has been studied by creep test, or by nano-
indentation [14]-[16]. This work has shown that the time dependency of the mechanical behavior has to
be considered with the influence of the moisture content in the fiber cell walls. Indeed, it has been shown
that moisture content has a major impact on the morphology [17], tensile properties [18] and visco-
elastic behavior [13] of plant fibers. These observations are similar to those made on wood fibres [19].
The use of plant fiber can therefore impact on the viscous behavior of a bio-composite material. This is
why the study of the visco-elastic behavior of plant fibers is necessary to develop biocomposites
materials. Therefore, the aim of this study is to study the impact of tensile speed and relative humidity
(RH) on the mechanical behavior of plant fibers during cyclic tensile tests. Experiments were carried
out on flax fiber bundles in controlled humid conditions from 15 %RH to 75 %RH. The influence of the
tensile speed was also studied from 0.1mm/min to 10mm/min to analyze their visco-elastic behavior.

2 EXPERIMENTAL METHOD
2.1 Material

The flax fiber bundles used were extracted from a linium usitatissimum (Alizee, Grandvilliers,
France, 2012) batch. Other previous works have been done on the same batch of fibers with similar
extraction methods [17], [20], [21]. For each combination of tensile speed and RH, 15 samples were
tested. Fibers that were broken during the cyclic tensile test (5 trials out of 135 in total) were excluded
from data analysis. Before all test, each bundle is glued at each end to a plastic tab using a photo-curing
glue (DYMAX, Wiesbaden, Germany). This method is further described in previous works [21].

2.2 Fibers conditioning and environmental conditions

The morphological measurements and mechanical tests were carried out at 23°C and 15, 50 and 75
%RH in a controlled environment chamber (ETS model 5532 chamber, ETS electro-tech systems,
Perkasie Pennsylvania, USA). Samples were before conditioned at the corresponding RH and
temperature for 12 hours.

2.3 Morphological measurements

All morphological analyses were carried using FDAS apparatus (Diastron Ltd, Hampshire, UK).
Considering a filtered elliptical model, as described in previous works [21], the median cross section
area (CSA) of each fiber bundle was calculated from the apparent diameters measured at controlled RH
before and after mechanical tests.

In this work, each bundle underwent a FDAS measurement to estimate its median elliptic CSA before
and after the tensile test. The results of these measurements are presented in Figure 1 concerning the
CSA. At first it is important to underline the great variability of elliptical CSA value of the samples. To
illustrate, on the 45 samples measured at 50% RH, the diameter goes from 77um to 206 um in a range
within 1,5*IQR (inter-quartile range) before the tensile test.

Moreover, it is difficult to observe the impact of RH on the potential swelling of the samples. The
main reason for this is that in the RH ranges tested, it was shown that the cross-sectional swelling was
only about 10% between 20% RH and 73% RH [17]. However, this swelling may be difficult to observe
if batches of different fibers are compared as opposed to monitoring the same sample under different
RH. Furthermore, these data highlight that the transverse dimensions of the samples were not modified
after mechanical testing.
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Figure 1: Boxplot of the elliptical CSA before and after tensile test of all flax bundles used in this
work in function of the relative humidity.

2.4 Tensile tests

The tensile tests were carried using a micro-tensile system LEX820 (Diastron Ltd, Hampshire, UK).
The initial length of the samples was fixed at ~30 mm. Each sample was subjected to 10 consecutive
loading-unloading cycles. Before each cycle, the crosshead was driven up to a slight 0.02 N pre-load.
The corresponding sample length measured by the apparatus was used as sample gauge length for the
next loading-unloading cycle. Based on this specific and evolving gauge length over the successive
cycles, the maximum strain was set at 1% for all loading cycles. This value of 1% strain at each cycle
was chosen based on monotonic tensile test measurements which showed that these flax bundles had a
strain at break of between 2 and 3% [10]. The objective was to observe the beginning stress-strain curve
with potential non-linearity without causing breakage during all ten tensile cycles. After this loading
phase, the sample undergoes an unloading phase at the same speed until it reaches the initial position of
the crosshead in the first cycle. This unloading phase can therefore imply a slight buckling of the sample.
Once the unloading phase is over, a new cycle starts without relaxation time. The initial gauge length
used to calculate the strain of the sample during the test is always the gauge length measured by the
apparatus after the pre-load at the first cycle. The acquisition frequency was adjusted from 1000 ms, 100
ms, 10 ms for tensile speeds of 0.1, 1 and 10 mm/min, respectively.

Once the ten loading-unloading cycles are completed, the stress/strain curves can be plotted for
each cycle, the tensile stress being calculated as the force divided by the CSA of the sample. The
displacement measured by the LEX is corrected assuming a constant system compliance of 0.03 mm/N.
This compliance value was estimated using the French standard method NFT 25-501-2 [22] on flax fiber
bundles. This value was corroborated by photomechanical measurements during tensile test in standard
conditions (50 %RH and a speed of 1 mm/min). This correction implies a reduction in the deformation
values.

An example of a corrected stress-strain curve is shown in Figure 2. The set of mechanical properties
determined from the load-unload cycles are described in Table (1). These properties can be determined
independently at each cycle, which makes it possible to study their evolution as a function of the number
of cycles already done by the bundle.
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Figure 2: Stress-strain curves for a 10 load-unload cyclic tensile test on a flax bundle at 50 %RH and a

tensile speed of 1 mm/min.

Properties Designation Definition
Calculated as the slope of the stress-strain curve between
0.05% and 0.5% strain
Calculated as the maximum slope of the stress-strain curve
during loading over a strain range half that used in the
calculation of Ej,;
Calculated as the maximum slope of the stress-strain curve
Recovery modulus Erec during unloading over a strain range half that used in the
calculation of Ej;,;

Initial modulus Eini

Maximum tangent E
modulus max

Dissipated energy W Hysteresis dissipative energy

Residual Strain . Residual deformation at the end of the unloading phase when
r the force reaches down 0.02N

Table 1: Main mechanical properties determined on each cyclic tensile test.

For more information, the E;,; is calculated as the same method used in previous work [10].
Regarding the E,,,x and E... modulus, they are calculated from slope estimation. These slopes are
calculated over ranges of deformations two times smaller than that one used to calculate E;,; i.e. over a
strain interval with an amplitude of 0.1125% on corrected strain-stress curve. During the load phase,
this choice was made so that the study of these slopes could be representative of the study of potential
non-linearities of the stress-strain curve. Furthermore, this choice allows E.. not to consider the
potential decrease in stiffness sometimes present at the end of the unloading phase. This modulus is then
calculated on a part of the stress-strain curve present at the beginning of the unloading. This allows to
characterize the material when his mechanical behavior is viscos-elastic without impact of the plasticity.
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3 RESULTS AND DISCUSSION
3.1 Effect of load-unload cycles

In this and the next part (3.3), only data measured at 50% of relative humidity and a tensile
speed of 1 mm/min are considered. This selection of 45 sample allows to discuss the impact of
successive cycles without considering the potential impact of relative humidity and/or the tensile
speed.

The curve presented in Figure 2 is representative of the mechanical behavior during the cyclic
tests carried on all the samples. First, we observe a significant difference in the loading behavior
between the first cycle and the following ones. Indeed, during this first cycle, all the tested fibers
present a stiffening between the beginning and the end of the cycle. This observation can be
quantified by calculating the difference between the modulus E;,; and E, .« later.

To observe in more detail what happens during the first load phase it is possible to plot the
evolution of the tangent modulus along the load curve. This evolution is illustrated for a selection of
ten different sample in Figure 3. For all samples, as in the one presented in Figure 1, we observe a
first stiffening phase at low deformation. In this first phase, the tangent modulus increases until a
local maximum is reached like is illustrated in the Figure 3. This is followed by a decrease in stiffness
or a constant value, illustrated in the Figure 2 like a second phase. Finally, a third phase is illustrated
in Figure 3 during which the tangent modulus increases with strain.

These observations are consistent with the hypotheses described in the introduction and
described by Placet et al. [11] who observed similar behavior over the same strain ranges. In other
works, it is also over this same range of strain, between 0% and 1%, that the microfibrillar angle
changes are observed by Placet et al. [23]. Following the charging phase, an unloading phase with a
steeper slope is observed, which will be illustrated by comparing the value of E... with the other
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Figure 3: Tangent modulus evolution during the loading phase of the first cycle for ten different

flax bundle at 1 mm/min and 50% HR.

As far as the shape of the stress-strain curve is concerned, the transition from the first cycle to the
second leads to important changes: (1) a loading phase which becomes linear (2) a slope value which is
strongly increasing (3) a much lower residual strain at the end of the cycle.

In all the tests, the stress-strain curves are greatly modified during the first three cycles and then
hardly move after the third cycle. Therefore, to illustrate this phenomenon, the evolution of the quantities
described in Table 1 will be presented between cycles 1, 2, 3 and 10.

More specifically on the modulus, Figure 4(a) illustrates the impact of the number of cycles on the
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values of the modulus E;,;, Eqmaxs Erec- It CaN be seen that E;,; is strongly impacted between the first
and the second cycle which agrees with the suppression of the stiffness loss phase present in the first
cycle. Indeed, in the introduction, possible origins of the non-linearity of the stress-strain curve are
discussed. Modification of the MFA, dislocation of certain defects or crystallization of part of the fiber
structure. In the case of load-unload tests, these phenomena appear to be partly irreversible. This
irreversibility could then explain why after the first cycle, the stress-strain curve no longer shows the
non-linearity resulting from these different phenomena.

In a second step, once the first cycle is over, we observe that the E;,; and E,,,,xmodulus increase little
by little with the number of cycles. These results are consistent with the literature which shows that the
modulus increases non-linearly with deformation during the loading [12], [24].

Moreover, it is possible to observe how the evolution of the tangent modulus during the load is
impacted by the number of cycles. A representative example of the full set of results is shown in Figure
4(b). For all the cycles, a phase of significant increase in the tangent modulus at very low strain is always
visible. On the other hand, contrary to the first cycle, the tangent modulus evolves only slightly or not
at all after this phase of rigidification. In addition, it is clearly observable that the modulus reached
during this linear phase is increased between the first and the second cycle then between the second and
the third cycle but hardly increases any more between cycle 3 and cycle 10.

Regarding the evolution of w;, or ¢, according to the number of cycles, this is discussed in the
following part integrating the impact of the tensile speed.
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Figure 4: (a) Boxplot of E;,;, Eax @nd Epec in function of the cycle during load-unload tensile test
and (b) a representative case of the evolution of the tangent modulus during the loading phase.

3.2 Influence of the tensile speed

Regarding the different tangent modulus, it is first observed that the tensile speed does not have
an impact during the loading phase. As it is represented in Figure 5(a), the values of E,., are similar
for a specific cycle. Furthermore, the increase in E,,,x modulus as a function of the number of cycles
also appears to be unaffected by speed.

However, as regards the E,... measured at the beginning of the unloading, it is observed in the
Figure 5(b) that it increases significantly with the tensile speed, especially at 10mm/min. This highlights
the significant influence of the viscous component to the mechanical behavior of flax bundles.
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Figure 5: Boxplot of (a) E,ax and (b) E,ec in function of the cycle and the tensile speed
at 50 %RH.

Subsequently, regarding residual strain (g,.) in the Figure 6(a), it is important to first highlight

the impact of the number of cycles on this residual deformation at the end of a cycle. As can be seen in
Figure 2, €, increases greatly between the first and second cycle and then stabilizes. This residual
deformation highlights a potentially irreversible phenomenon.
Regarding hysteresis dissipative energy (wy,) in the Figure 6(b), this one does not seem to be impacted
by the loading or unloading speed too. On the other hand, the impact of the number of cycles is
interesting to highlight. Indeed, as illustrated in Figure 2, the value of wy, is important during the first
cycle. But, during the second cycle, even though the hysteresis changes its shape entirely, the wy, value
increase.

These first two cycles take place at lower stress and strain values than the following ones, which
makes them difficult to compare with cycles from 3 to 10. However, if we compare cycles 3 and 10
only, we see a reduction of wy,. During these cycles, the stress and strain reached by the fiber are slightly
modified but tend to stabilize. The observation of a decrease wy, while the stress-strain curves are
stabilized implies that a part of the mechanical behaviour is visco-plastic. This part of visco-plasticity is
added with visco-elasticity during the cyclic tensile test. Increasing the number of cycles implies a
reduction in visco-plasticity which is consumed and therefore leads to a purely visco-elastic behaviour,
which explains the reduction of wy,.
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3.3 Influence of the relative humidity

literature [25], [26].

We observe whatever the cycle that modulus under load, i.e., the E;,; in Figure 7(a) and E .«
in Figure 7(b), decrease when the relative humidity increases which is supported by existing data in
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Figure 7: Boxplot of (a) E;,; and (b) E,.x in function of the cycle and the relative humidity at
Imm/min.

The E... modulus also appears to decrease with increasing of RH, but less visibly than for the other
tangent modulus like it is represented in Figure 8. This observation suggests that the impact of RH is
limited with respect to the elastic component of the mechanical behaviour. Indeed, the E,.. modulus is
estimated on a part of the stress-strain curve in which the viscous component of the behaviour is limited.
This indicates that the RH would have an important impact on the viscous component of the mechanical
behaviour, which has already been observed by creep tests on hemp fibers [14].
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Figure 8: Boxplot of E,.. in function of the cycle and the relative humidity at Imm/min.

Finally, about €, and wy,, it can be seen in the Figure 9 that it is difficult to observe an overall trend in
the impact of RH over all cycles. However, it is possible to ignore the first two cycles, which take place
at different stress and strain levels than cycles 3 and 10. Once the stress-strain curve has stabilized, an
increase in RH implies an increase in €, and wy,. It is possible to propose the hypothesis that the increase
of the moisture content in the bundles decreases the relaxation time and increases the amplitude of the
deformations during the load-unload cycles. This could explain the increase in dissipated energy.
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Figure 9: Boxplot of (a) €,- and (b) wy, in function of the cycle and the relative humidity at 2mm/min.
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4 CONCLUSIONS AND PERSPECTIVES

The visco-elasto-plastic behavior of flax fiber bundles was studied from cyclic tensile tests conducted
in various conditions (crosshead speed and controlled RH). It was shown that the strong non-linearity
of the mechanical response observed in the loading part of the first cycles is absent beyond the third
cycle. It is hypothesized that that the phenomena that may cause this non-linearity occur irreversibly
during the first load cycles i.e. modification of the MFA, dislocation of certain defects or crystallization
of part of the fiber structure.

As a first step, the impacts of the tensile speed on the mechanical behavior was studied. It was shown
that the speed ranging from 0.1 to 10 mm/min has little influence on the mechanical properties measured
during the load phase i.e. E;,; and E,,,.x. The proposed hypothesis is that the viscous component of the
behaviour is difficult to observe in a loading phase where the plastic component of the behaviour is
important. In contrast, during the unloading phase, the E... modulus gives higher values when the speed
is at 10 mm/min. The plasticity not being considered during this phase of unloading, the sensitivity of
the modulus with the speed confirms the existence of a viscoelastic behavior.

As a second step, the impacts of the RH on the mechanical behavior was studied. First of all, it was
shown that an increase of the RH implies a decrease of the E;,; and E,,,,4 during the load phase for a
same speed. This shows that an increase in relative humidity tends to soften the flax bundles by affecting
the visco-elasto-plastic behavior. During unloading phase, the E... modulus seems to be less affected
by the increase in RH for the same speed. The proposed hypothesis is that the RH have an impact on the
plasticity part of the behaviour which is visible during the load phase and not during the unload phase.
This hypothesis can be combined with the hypothesis that the RH have an impact on the relaxation time
of the fibre. For example, with a higher RH the relaxation time can decreases. In this case, at this speed
the viscous part of the behaviour cannot be seen on E,... So, maybe, during the unloading phase, we
only see the elastic part of the behaviour which can be not really impacted be the RH.

As a follow-up to this work, the study of the coupled impact of the tensile speed and the RH would
make it possible to observe the impact of the RH on the viscous component of the behaviour. Moreover,
further tests at the elementary flax fiber scale can be realized to analyze structural and scaling effects on
mechanical behavior.

Thereafter, this research work aims to develop a mechanical model that would consider the tensile
speed and RH dependence of the different components of the visco-elasto-plastic behaviour of flax
bundles.
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