Polymer reinforced by flax fibres as a viscoelastoplastic material
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Abstract

Flax fibre reinforced polymers are at the heart of current scientific and societal concerns. However
their mechanical behaviour is still poorly known despite significant scientific efforts, in particular
the non-linear behaviour observed under tensile tests. In this paper, results of hardening, creep
and repeated progressive tests under uniaxial loading performed on various quasi-unidirectional
flax fibre reinforced composites are analyzed in terms of the volume fraction of fibre, the titration
of yarn reinforcement and temperature testing. To identify the respective parts of pure elastic,
viscoelastic and viscoplastic components in the global mechanical response, a phenomenological
model is built based on seven independent parameters. The parameter identification based on
experimental data and checked by a sensitivity analysis shows that the viscoelastic effects are non-
significant at room temperature. The non-linear behaviour can mainly be attributed to viscoplastic
effects. Viscoplastic modeling is based on a combination of two hardenings; the first classical
(linear) one describes the translation of the elastic domain; the second (nonlinear) one describes
a translation coupled with a contraction of the elastic domain during loading that improves the
unloading behaviour during repeated progressive loading test.
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1. Introduction

Nowadays the composite sector is looking for ecological resources which will allow the re-
placement of synthetic fibres. The fibres usually utilised in composite materials have mineral or
petrochemical origins such as glass, carbon and organic fibres. The economic stakes are high
enough to justify their replacement; the management of the structures at the end-of-life cycle
[1, 2], the increasing cost of fossil resources, and their disappearance in a near future, reinforce
the investigations towards the use of natural fibres in composite industry [3, 4, 5, 6]. Flax (Linum
usitatissimum Linaceae) fibre is a vegetal fibre. France is the first long flax fibre producer in the
world, with the Normandy region as the national leader. The traditional market is the textile sector.
Following the disruption of the European textile industry in recent years, the flax sector is seek-
ing new opportunities. Therefore, reinforcement of composites by natural fibres will represent an
important market for the flax sector. The particular properties of flax fibre reinforced polymers
(FFRP) for both economic and environmental benefit are within the worldwide trend towards a
sustainable development.

The performance of composite materials containing natural fibres has been studied for several
decades [6]. The FFRP has often been compared to glass fibre reinforced polymers (GFRP) [7,
8, 9, 10]. This comparison originates from the specific properties of individual flax fibre which
are of the same level as those of E-glass fibre [11, 12, 13]. The density of FFRP is lower (about
1.4 for FFRP against 1.8 for GFRP for a fibre percentage of 50 %). However there are many
differences between the FFRP and the GFRP. Flax fibres are not strictly included in the category
of long fibre-reinforced materials. Indeed, individual flax fibre length varies from 4 mm to 80 mm
for a diameter from 7 um to 77 pm [14]. Furthermore, the compatibility between the fibre and the
matrix is quite difficult to obtain. Despite extensive research aimed at overcoming this problem
for decades [15, 16, 17, 18], the interface between fibre and matrix is not so good in the case of
FFRP. These two behaviours (fibre length and fibre/matrix compability) explain the weak property
of failure of FFRP compared to that of GFRP [19]. Moisture behaviour is also different. The
water saturation of FFRP can reach 13.5% in contrast to 1.05% for a comparable GFRP [9].

High hydrophily of the flax fibre and porosity of the composite mainly due to imperfect interfaces



explain this phenomenon [18].

In this paper, we focus the discussion on another major difference between FFRP and GFRP:
the presence of a yield point at room temperature. Indeed, the tensile behaviour of reinforced
polymer by flax fibres shows two regions. This is visible on experimental curves in articles that do
not deal only with unidirectional reinforcement [20, 21] but also with reinforcement by random
mat of flax [22] or by other vegetable fibres [23, 24]. In order to achieve our goal, consolidation
of flax/epoxy containing a different fibre-to-matrix ratio was performed by hot platen press and
the mechanical properties have been characterised by tensile tests. We worked out, elaborated and
tested four laminated composites from two categories of prepreg intended for unidirectional rein-
forcement (section 2). All the plates are elaborated with 0 deg oriented plies. Then we proceeded
to the optimisation of the material that was intended to thin down prepreg by decreasing the titra-
tion of the yarns. The obtained results allow us to compare the performance of the products versus
the fibre percentage, the titration of used yarns and the temperature (section 3). Finally, in the
context of thermodynamics with internal variables [25], we developed a viscoelastoplastic model
based on a previous phenomenological model [26] in order to explain the mechanical behaviour of
flax/epoxy composite. We used repetitive progressive loading, creep and relaxation tests to iden-
tify and validate the model. Flax/epoxy behaviour is well described by a viscoelastic model in the

first region and a viscoelastoplastic model in the second region (section 4).

2. Materials and methods

2.1. General characteristics of utilised fibres

The utilised fibres in the processing of tested prepreg are not subject to any particular selec-
tion. It should be noted that some studies have shown the utility, for the composite industry, of
selecting flax varieties and preserving only the central part of the plant [27, 28]. This approach,
that some manufacturers try to put into practice, has not been used here. Indeed, the objective of
the prepreg is to penetrate the composite market without deeply modifying the working tools of
flax professionals.

The preparation of flax fibres is thus carried out according to the four usual stages [29]: retting,

scutching, heckling, and folding/drawing. Retting is a natural process carried out in Normandy by
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the climate. After ripping out, the stems of the plant are left on the ground, in the form of swathes,
in order to facilitate the action of natural micro-organisms. Degradation of pectin cements, sup-
ported by the alternation of heat and moisture, makes it possible to obtain the first separation of
fibres and wood. Scutching consists in extracting fibres contained in the stems by rippling and
picking the straws. The mechanical actions carried out on fibres include sorting, picking, rippling
between two rib rollers, drawing by differential rolling and drafting. Heckling consists in carding
the bundle of fibres in a succession of increasingly fine heckles (sort of comb). Folding/drawing
of the flax allows to conglomerate fibres in order to obtain a several-meter long ribbon exploitable
by the flax spinning mills. The ribbon’s quality is standardised by mixture of fibres from different
origins.

In the domain of vegetable fibres, flax fibres offer top-of-the-range performances [30]. We
often divide the properties of fibres depending on their density in order to compare flax and con-
ventional fibres (table 1). p is the mass density, F is the Young’s modulus, o, is the ultimate stress
(or failure stress), ¢, is the ultimate strain (or failure strain), £/p is the specific Young’s modulus
and o, /p is the specific ultimate stress. Owing to the origin of the tested product, the median
values found in the literature [31] were selected and not those of the most performing flax fibres.

As can be seen, the specific modulus of flax fibre is similar to that of E-glass fibre.

[Table 1 about here.]

2.2. Development of the yarns

The flax ribbons are transformed into yarns by flax spinning mills. The ribbon undergoes suc-
cessive torsions and stretching in order to obtain the desired yarn titration. Titration is expressed
in tex, 1.e. in gram per kilometre of yarn. The cohesion of the yarn is mainly achieved through
adhesion between constitutive fibres [32]. The yarns used in the present work come from either
wet spinning or semi-wet spinning. In wet spinning, the flax ribbon is leached in a specific bath

during the spinning process. In semi-wet spinning, it is only water buffered.
2.3. Studied Prepreg

The prepreg is developed in two stages: the formation stage, possibly in fabric textures (linen

fabric), and the impregnation stage. Between these two stages, the flax yarns undergo a drying
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and a patented treatment [33] carried out by the manufacturer [34]. It has the double function
of ensuring the effectiveness of the interface between the resin and fibres and limiting the water
absorption of the fibres. The used resin is a standard epoxy for prepregs (Hunstman Araldite
LY5150/Aradur 5021/Hardener XB 3471 [35]), having the following average properties in tensile
test at room temperature: Young’s modulus 3.57 & 0.05 GPa, failure strain 2.5 + 0.5 %, failure
stress 73 + 5 MPa (manufacturer’s data).

We tested four models of prepreg intended for a unidirectional reinforcement (UD). The first
two models, UD380 and UD200, are only made up of warp threads developed from a weaver’s
beam. The other two models, FUD180 and FUD115, are woven. They contain a small amount of
weft threads making it possible to provide cohesion in the product and to facilitate its handling.
The properties of the tested prepregs are shown in table 2. The initial percentage by weight of resin
is between 50 % and 60 %. It is clear that the term unidirectional is not perfectly appropriate to the
tested prepregs. This is mainly true in the case of the prepregs which have weft threads. However,
the density of yarns according to the weft threads is low enough to allow us to compare prepregs
in the principal orientation. The four prepregs conform to the evolution of the materials desired
by the manufacturer. There has been a twofold improvement of the material: the reduction in the
titration of the linen yarns in order to decrease the thickness of the products, and the contraction

of the warp threads in order to preserve a high fibre percentage.

[Table 2 about here.]

2.4. Development of composite plates and specimens

In our flax/epoxy composite study, all plies have the same orientation (0 deg). The number of
plies depends on the product (see tab. 3). The process of the development of the composite plates

is carried out by using a male mould and female mould according to the following stages:
+ cutting of folds of 110 mm x 200 mm according to the chosen orientation,
+ waxing of the moulds,

* stacking of the folds in the male mould,



* putting adjusted metallic plates which allow us to choose the air gap in the mould,
* placing and tightening of the female mould by screw,

* curing in enclosure equipped with a thermostat in atmospheric pressure,

+ removing the composite plate from the mould after return in room temperature.

The relationship between fold number and thickness of the plates allows us to slightly act on
the volumic percentage of the fibres VV". Consequently, the resin surplus is more or less important
according to this ratio. Curing is in conformity with the manufacturer’s instructions [35], 30 min
at 80 °C and then 60 min at 130 °C.

The specimens, 20 mm x 200 mm, are cut out with a diamond disc. Water cooling is utilised in
order to avoid burning the composite. After drying, heels are stuck on the specimens in compliance

with the ISO 527-4 and ISO 527-5 standards [36, 37].

2.5. Mass density of matrix and fibre

Mass densities of reinforcement p" and matrix p™ have to be known in order to estimate mass
density of composite material p¢. The matrix is composed of an epoxy resin, a hardener paste,
and a hardener. The density of the matrix after polymerisation was measured using the normalised
pycnometer method (ISO 1183-1 [38]). Nine samples were prepared with the same resin under
the same conditions as those used to prepare composites. We obtain the mass density p™ = 1204 +
10 kgm™3.

The density p" of individual fibres of flax varies from 1380 kg m 2 to 1540 kg m 2 according
to the literature [39, 40]. To prevent water absorption during measurements with a pycnometer we
conducted a measurement by a direct method. A hundred and fifty individual fibres of different
lengths were taken from a scutched flax ribbon. These fibres were separated randomly into a set of
hundred fibres and a set of fifty fibres. The first set was used to measure the linear density of fibres
per unit of dry flax. The length of each fibre was measured. The total length of fibres was 4.905 m.
This set was weighed with a Mettler Toledo®XS105 balance (accuracy 107° g). The moisture
content of the flax fibres under ambient condition is 8 % (measured on fabrics before impregnation

by the resin). After adjustment of 8%, the linear density of dried flax fibres is obtained: p} =
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662 4+ 8 ugm—!. The second set was used to measure the middle section of individual fibre of flax.
Each fibre was fixed in a paper frame. The transverse dimension " of each fibre was measured
under a microscope all about 100 wm. A mean value " = 23.3 & 7.3 um was obtained. We assume
that the representative section of the fibre is hexagonal and that ¢" is the average diameter of the
equivalent circular section. This leads to a flax density of 1549 4+ 18 kg m~2 without removing
the section of the lumen (hollow section in the center of fibre). This density is consistent with
the value p" = 1540 kg m— mentioned in the literature [39]. We retain this last value for fibre

percentage computation of FFRP.

2.6. Mechanical tests

We performed tensile tests in the principal orientation (that of the warp threads). Loading
was applied to the specimens using a hydraulic machine Instron® 100 kN, at a cross-head speed
of 2mm min~! (according to [36, 37]). An extensometer with a gauge length of 12.5 mm was
attached to the specimen in order to measure the longitudinal strain. The testing consisted mainly

of:
* monotonic tensile tests at atmospheric temperature,
* tensile tests at 20 °C, 50 °C, 100 °C and 150 °C in repetitive progressive loading.

Each monotonic test is carried out on a series of four or five specimens. The repetitive progressive
loading instruction is described in figure 7(a). The results of a monotonic test must be known
before launching a test of this type.

Two creep tests and a relaxation test were also carried out in order to identify and validate the

parameters of the phenomenological model.

2.7. Mechanical behaviour model

In order to provide an accurate prediction of the uniaxial mechanic response of FFRP at 20 °C,
a viscoelastoplastic model has been developped. The total strain € is partitioned in an elastic part
e¢ (instantaneous reversible strain) and an inelastic part €™ which is the sum of viscoelastic con-

tribution £ (time-dependent reversible strain) and viscoplastic contribution £*? (time-dependent



irreversible strain):

£=¢%+ &M =g+ "+ e, (1)

In the context of thermodynamics with internal variables [25], the standardised framework
[41] assumes that mechanical behaviour is obtained when two potentials are defined: a free energy
density v to define state laws and a dissipation potential {2 to determine flow direction. Based
on experimental results (section 2.6) and by implying that elasticity and inelastic behaviours are
uncoupled, the two potentials are proposed.

The state laws can then be written as:

0

o=pot @)
0

Xi=pot )

where «; and X; variables represent inelastic phenomena, p is the mass density, and o is the
Cauchy’s stress.

And the evolution of internal variables is expressed as:

, o0

in o — gve +évp (4)
. 9]
Y=o ©)

The system of ordinary differential equations has been solved with an homemade simulation
software MIC2M [42] using an algorithm based on the Runge-Kutta method. The constitutive
material parameters of the model have been identified using an inverse method which is presented

in the next section.

2.8. Parametric identification and identifiability analysis

An inverse method approach is used to extract the constitutive parameters from the experimen-
tal strain measurements. This approach consists of an optimisation problem where the objective
is to minimize the gap between the experimental results (section 2.6) and the numerical results
(section 2.7):

O = argminf(O) (6)

e
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where the vector ® = [0y, --- ,6,] collects the unknown parameters to be identified and f(©)
is the cost function, i.e. the gap between the experimental strain ¢,, (m “measured”) and the

numerical results €. (¢ ’calculated”), which can be defined for one experimental test as:

1o =3 (PR ) ”

i=1

In equation (7), the i** data point corresponds to the acquisition time ¢;. IV is the number of the
acquisition times in the experimental test. €, 1s a weighting coefficient defined as the maximum
strain values in the considered test. If several tests are used, the data points are added to the cost
function by the same principle of normalization.

The minimization problem (6 was solved using an algorithm based on the Levenberg-Marquardt
method coupled with genetic approach implemented in MIC2M sofware [42].

To determine if the information contained in the available experimental data is suitable for
reliable parameter estimation ©*, a practical identifiability analysis (based on concepts of control
system theory [43]) was performed on results. This identifiability analysis is based on local sensi-
tivity functions. Such functions quantify the relationship between the outputs and the parameters

of the model. It is useful to define the following two nondimensional sensitivity functions:

75“2L (8)

1] N 9 .
03 \/ k=150

The sensitivity ranking of the j* parameter is done through indicators numerically estimated

and defined by:

9; 860(@, t,L)

Sij = emax 00;

N
0= > 18- )

i=1
0, represents the influence of each parameter in the outputs. Poor identifiability of the model
parameters can be due to a small sensitivity of the model results to a parameter, or by a linear

approximation dependence of sensitivity functions on the results with respect to the parameters. It

is evaluated through a collinearity index which is a measure of the shape of the confidence region:

1

JB - /\min

(10)



where A\, 1s the smallest eigenvalue of sensitivity matrix TSS. High collinearity index indi-
cates correlation among the parameters. According to Brun et al. [44], parameter subsets with

collinearity index smaller than 5 are considered as good and values above 20 are critical.

3. Experimental results
3.1. Aspect and volumic percentage of fibres

[Table 3 about here.]

The characteristics of the produced plates are shown in table 3. VP is the volumic percentage
of porosity. The final material has a good aspect. Its appearance is drier than stratified glass/epoxy
and stratified carbon/epoxy. Figure 1 shows a cross section of a plate observed by optical mi-
croscope. In figure 1(a) we distinguish the UD380 through the thickness of a plate containing
eight layers of prepreg. In figure 1(b) we see a yarn coated with resin and we distinguish three
neighbouring yarns. In figure 1(c) we distinguish elementary fibres in the middle of that yarn.
The lumen is visible although compressed on certain fibres. The cross section of the flax fibre is
polygonal. The penetration of the resin within yarns is globally good but not perfect in the middle
of yarns (black regions in figure 1(c)). The percentage of fibres V" was calculated by measuring
the sizes and the mass of plates and by knowing the density of fibre and matrix (section 2.5). The
mean final density p° is close to 1.31 and the mean final volumic percentage of porosity is close to

6 % (see table 3).

[Figure 1 about here.]

3.2. Effect of fibre percentage, yarn titration, and temperature
Figure 2 represents a typical result obtained in tensile tests at room temperature. For a fixed set

of parameters, the curves are hardly ever dispersed (fig. 2(a)). This indicates that the fabrication

process of the material is reproducible.
[Figure 2 about here.]

On initial examination, this curve has two "linear” regions. The first region makes it possible to

measure the apparent longitudinal modulus, £, which is taken as the initial slope. It increases
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with the percentage of fibre (fig. 2(b)). Note that variation of strain rate shows that £/ does not
significantly change from 1 x 107°s7 ! to 1 x 107?s7! (fig. 2(c)). Then, the apparent modulus
which is mesured at standard speed (1 x 107%s7!) is very close to the Young’s modulus of the
material. The limit between the first region and the second region pointed by an arrow in figure
2(a) allows us to introduce a yield point. Considering the narrowness of the first region and the
general shape of the curve, we have chosen the point from which the irreversible deformation is
equal to 0.02 %. This behaviour — with two regions — was observed for all types of flax/epoxy
prepregs. The failure is clean in tension. In this work, we did not witness any “explosion” of the
specimen under the action of a collective failure of the fibres. Therefore, the global behaviour of
the flax is different from that of carbon fibre or glass fibre [45].

The main results obtained in monotonic tensile test at 20 °C are listed in table 4. o, is the

ultimate stress, £, is the ultimate strain, oy is the yield stress and ey the yield strain.
[Table 4 about here.]

The properties at room temperature are analysed considering, on the one hand, the influence
of the fibre percentage of the composite material for the prepreg composed of yarns of 42 tex
(fig. 3), and on the other hand, the influence of the titration of the yarns for the plates made of
approximately 60 % fibre in volume (fig. 4). It is shown that the ultimate stress, the ultimate
strain and the apparent longitudinal modulus are proportional to V" (fig. 3(a) and 3(b)) and their
evolution versus V" are conform to the rule of mixture [45]. However, for the studied material, as
the percentage of porosity is not null, it is important to take it into account when developping the
rule of mixture [18]. In a first approach, F, o, and ¢, are inversely proportional to the titration
(fig. 4(a) and 4(b)), but the relationships must be analysed more closely. It is the result of two
trends. On the one hand the fineness of the yarn facilitates the penetration of the resin in the
heart of the reinforcement (i.e. the yarn). This avoids in the case of fine yarns the impregnation
problems that can be seen on larger yarns (fig. 1(c)). On the other hand, with the spinning process,
fine yarns are more efficient than larger ones (i.e. the worst performing fibres are eliminated at the
beginning). This phenomenon is amplified in the case of yarns of 42 tex by the spinning process

used. Wet spinning allows to better separate individual fibres originally linked by pectins, which
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increases the area of interface between the resin and the fibres [46]. This results in a nonlinear
relationship between the mechanical properties and the titration of the reinforcement (fig. 4(a) and
4(b)). Therefore, using yarns with low titration to decrease the prepreg thickness is a good choice
regarding the mechanical properties of composites.

The yield point also depends on titration and on fibre percentage. Yield stress is proportional
to V' and yield strain is inversely proportional to V" (fig. 3(c)). The increase of the composite
performance with V" causes an overall rotation of the stress/strain curve (fig. 2(b)). Regarding
the influence of the titration, there is the same non-linearity as described for other mechanical
properties (fig. 4(c)). The yarns of 42 tex produced by wet spinning is better as reinforcement

than yarns of 105 tex or 400 tex developed by semi-wet spinning.
[Figure 3 about here.]
[Figure 4 about here.]

The effect of temperature on modulus, failure behaviour, and yield point is exhibited in fig-
ure 5. The value of glass transition temperature 7z was measured using a Differential Scanning
Calorimetry to be about 143 °C for epoxy and 100 °C for FUD180 [47]. Then, the loss of mechan-
ical properties for a temperature above 100 °C could be correlated to the glass transition tempera-
ture of material. Except for the yield point, we show that the results do not really change up to a
temperature between 50 °C and 100 °C. Beyond this threshold temperature, the apparent modulus
decreases (fig. 5(a)), and the rupture follows the same trend as previously described: a decrease
in the ultimate stress together with an increase in the ultimate strain (fig. 5(b)). However, the first
region area continuously decreases with temperature (fig. 5(c)). This decrease can be influenced
by reinforcement behaviour, matrix behaviour, and by reinforcement/matrix interface evolution

with temperature.

[Figure 5 about here. |

3.3. Focus on the mechanical behaviour
We now focus our analysis on the mechanical behaviour of flax/epoxy composite at 20 °C. Two
creep tests on FFRP, one in the first region, and the other in the second region, have confirmed the

irreversible character of the second region at room temperature (fig. 6).
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[Figure 6 about here.]

Figure 7 shows typical results of the tensile test in repetitive progressive loading (RPL) at various
temperatures. The monotonic tensile curve at room temperature is included for comparison. We
notice that the test at 50 °C is perfectly fixed on that curve (the same applies to the result at 20 °C,
not represented in the figure), meaning that the prepregs are not degraded in tension below 50 °C.
We also notice that the first discharge does not present any irreversible strain at 20 °C or 50 °C
(fig. 7(b)). Therefore, for this material, the yield stress at room temperature is higher than 50 MPa

(instruction of the first loading).
[Figure 7 about here.]

It was observed that the utilised reinforcements are yarns which are twisted. Moreover the
FUD shows a slight warp shrinkage. But these two elements can not explain the observation of
a yield point because, as mentioned in the introduction, the two regions are observed for FFRP
reinforced by both unidirectional fibres and random mat of flax [20, 22].

The most important results obtained in RPL in tensile test are exhibited in table 5. The hystere-
sis observed during the successive unloading/reloading after the first one means that the material

dissipates a considerable amount of energy during these phases.
[Table 5 about here.]

These results led us to model the behaviour of the material by a phenomenological model with

kinematic hardening taking viscosity into account.

4. Identification results
4.1. Material constitutive equations

In this section we develop the viscoelastoplastic model presented in section 2.7 in the case of
uni-axial behaviour of UD reinforcements at 20 °C. Note that the used methodology would be the
same for FUD composites, but the inelastic material parameters would be different (according to
the difference of properties given in table 4).

The state variables can be divided into observable variables and internal variables as defined

in table 6.
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[Table 6 about here. |

Based on experimental results, the free energy and dissipation potential are proposed in the fol-

lowing equations:

1 1
P, o) = —F(e%)* + — Cia? (11)
(e ) 2 (€%) 2p;
Q=0"+Q% = i(U—X )2+ L<f>2 (12)
2 Yot oK
with
F=lo—Xo— Xs| — oy + —2?3X§ (13)

where p is the mass density, £ and oy are the Young’s modulus and the initial yield stress, re-
spectively. 1 and K are viscosity coefficients corresponding to elastic and plastic phenomena,
respectively. C' is the viscoelastic stiffness. Cs, C'3 and ~3 are hardening coefficients. C5 char-
acterizes linear kinematic hardening. C5 and ~y3 refer to nonlinear kinematic hardening coupled
to a contraction of elastic domain in order to improve the unloading modeling in RPL tests. The
symbols () denote Macauley’s brackets such as (z) = 0ifx < 0 and (z) = x ifx > 0.

The state laws defined by equations (2) and (3) becomes:
o= Fe° (14)

And the evolution of internal variables defined by equations (4) and (5) becomes:

gUe 4 g — %(O’—Xl) —I—%Sign(a—Xg — X3) (16)
) 1

a1 = 5(0’ — X1> (17)

dg = %sign(a — X2 — X3> (18)

s = % sign(o — Xy — X3) — g—ZX3 . (19)

From a rheological point of view the model proposed here is, for elastic contribution, a linear

spring F, and for viscoelastic contribution, a classical Kelvin-Voigt model which comprises a
14



linear viscous damper 7 and a linear spring C'; — with internal stress X; — connected in parallel. For
viscoplastic contribution, a more complex model is required, it consists in adding two kinematic
hardenings such as [48, 49]: a linear kinematic hardening [50], in which the evolution of the
kinematic variable X, is collinear with the evolution of the plastic strain and a nonlinear kinematic
hardening X3 [51]. In addition, a coupling between translation and contraction during loading
of the elastic domain is added through the last term of equation (13). Finally, seven inelastic
parameters have to be identified: ® = [0y, - - - , 6;]. They are summarized in table 7. The Young’s

modulus was chosen from the measurements on UD composites (£ ~ 26 900 MPa, cf. table 4).

[Table 7 about here. |

4.2. Parameters identification

The inverse method approach defined in section 2.8 is used to extract constitutive inelastic

parameters of UD composites at 20 °C from the strain measurements on two tests:
» Test A: Repetitive progressive loading in tension (fig. 7),
* Test B: Creep in tension at 29 MPa (fig. 6).

The result of the identification is presented in table 7. Figure 8 shows simulated responses with
identified parameters for RPL and creep tests. The experimental data are respectively the RPL data

at 20 °C and the creep data at 29 MPa presented in figure 6.
[Figure 8 about here. ]

The very low value of the K parameter (< 1073n) should be noted; this indicates that vis-
coplastic phenomena are about 1000 time faster than viscoelastic ones. Figure 9 illustrates the
elastic, viscoelastic and viscoplastic contributions for RPL and creep test at 20 °C. It is clear that
at room temperature, the RPL test at usual strain rate activates mainly viscoplastic phenomena and

the creep test — here under the initial yield stress — activates mainly viscoelastic phenomena.

[Figure 9 about here.]
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4.3. Identifiability analysis and model validation

To ensure parameter identification, sensitivity analysis was applied through ¢; indicators de-
fined by equation (9). Figure 10(a) shows these indicators as numerically estimated. As can be
seen, the influence on the outputs of each parameter is of the same magnitude (prerequisite for
reliable identifiability).

A test of non collinearity of the sensibility matrix has been conducted in order to confirm
that all parameters are identifiable. The collinearity index Jp = 7.7, calculated using equation
(10), indicates an acceptable identifiability level (Jz < 10). Figure 10(b) shows the change of
Jp with the number of data points included in the calculation. The evolution of .Jp illustrates the
complementarity of RPL and creep tests in the identification strategy. Combination of both tests

allows us to achieve the threshold (Jz < 20).
[Figure 10 about here.]

Two validation tests were finally done on a creep test at 126 MPa (fig. 11(a)) and a relaxation
test at 0.33 % (fig. 11(b)). The experimental data are respectively the creep test data at 126 MPa
used in figure 6 and relaxation test data not presented before. It should be noted that these two tests
are complementary with the tests used for identification (fig.8). Figure 11 shows the fit between

simulation and experimental data, which validates our model identification.

[Figure 11 about here.]

5. Discussion

The correlation between experimental results and simulation is good for a model with only
seven parameters. At room temperature, the proposed model allows us to correctly simulate the
behaviour of flax/epoxy UD in repetitive progressive loading, creep test and relaxation test. The
used parameters take into account viscoelastic and viscoplastic contributions. The first region
of tensile curves is quasi-elastic and the second region is viscoelastoplastic. It appears that the
viscoelastic contribution is negligible on the RPL behaviour (see fig. 9 and fig. 10). Note that
in such a case the apparent longitudinal modulus measured in the first region is very close to

the Young’s modulus of the material, as shown in section 3.2. The hysteresis loops observed in
16



repetitive progressive loading come from a kinematic hardening coupled to a contraction of the
elastic domain.

The possibility of an interface fibrer-matrix mechanism was envisaged, but the two regions are
observed on FFRP by polypropylene matrix [22] or after severe hygrothermal ageing [52] as by
flax/paper/epoxy composites [21]. There is no reason why the interface should be similar for all
these studies, therefore we excluded the fact that yield point of FFRP originates from an interface
fibre-matrix mechanism. Furthermore, we have checked that the resin does not show a yield point
at room temperature as in the case of the composite. Therefore the yield point of FFRP arises from
flax reinforcement.

In the case of the tested materials, the reinforcement is multiscale. The bigger scales are that
of fabric and that of unidirectionnal yarn. The median scales are that of bundle of fibres and
that of individual fibre itself. The lower scale of reinforcement is that of microfibril which is the
main component of individual fibre. In tensile test, flax yarn does not show any threshold [18]
but flax fibres show a decrease of the apparent modulus after £ ~ 0.2 % and an increase at the
end of stress-strain curve [53, 54, 55]. The major explanation of this behaviour is the cellulose
microfibrils reorientation [53]. The fact that FFRP has a yield point at ¢ ~ 0.2 % coupled to a
contraction of elastic domain with deformation and with temperature tends to prove a correlation
between these phenomena and the behaviour of individual flax fibres.

We are finally led to the conclusion that mechanical behaviour of unidirectionnel flax/epoxy
composite is mainly due to the individual flax fibre beaviour. The end of the first region of the
monotonic tensile test occurs on average at € = 0.2 %, value which hardly depends on fibre volume
fraction (fig. 3(c)), titration (fig. 4(c)), temperature (fig. 5(c)) and moisture rate of the composite
[52]. It could be correlated to the beginning of a collective reorientation of microfibrils. The re-
lationship between microfibrilar angle and Young’s modulus of individual flax fibres was recently
demonstrated with X-ray diffraction on a bundle of fibres that were not embedded into a polymer
matrix [56]. The measurement of the reorientation of microfibrils during a tensile test by the same
method is an exciting challenge to take up but it not seems possible with the tested material due to

the complexity of the reinforcement.
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6. Conclusion

Four types of laminate composites were elaborated and tested from two categories of prepregs
intended for an unidirectional reinforcement. The prepregs were produced industrially from linen
yarns. The four prepregs contain yarns of 400, 105 or 42 tex. Our results show that the failure
stress, the failure strain and the apparent longitudinal modulus are proportional to the percentage of
fibres and are inversely proportional to the titration of yarns. The finest linen threads mostly used
in the textile industry have a titration of 28 tex or exceptionally 21 tex. Although the technological
difficulty to make such yarns is enormous, their use for the development of reinforcement is then
a promising path to be explored.

In comparison with conventional composites, the flax fibre reinforced polymers (FFRP) show
two remarkable behaviours which have hardly been studied in the literature until now. The first
is a yield point beyond which there are irreversible strains. This is demonstrated by creep tests.
The second is a viscous behaviour whatever the temperature. This is demonstrated using repeated
progressive loadings and monotonic tensile tests at different strain rates. In order to analyze these
two behaviours, a combined viscoelastic-viscoplastic model coupling a standard linear solid (SLS)
model and a viscoplastic model with nonlinear kinematic hardening is developed. An inverse
method is used to extract the constitutive parameters from the experimental strain measurements
and a practical identifiability analysis lead to justify the ability to identify the true” parameters
values from only two tests (RPL and creep). We show that the viscoelastic contributions are
negligible at normal condition, however they do explain creep and relaxation behaviour. The main
explanation for the overall behaviour of flax/epoxy comes from the plastic deformation of the
reinforcement after a short quasi-elastic region. This leads to a non-linear kinematic hardening of
the composite material coupled to a contraction of the elastic domain.

Besides their interest in terms of density and environmental promises, FFRP will plasticize
after a short elastic behaviour. This offers highly promising prospects regarding this category
of composite materials. A set of specific tests and simulations on unidirectionnal FFRP (with-
out twisted yarns), under a wide range of temperature and strain rate is expected to confirm our

hypothesis and to make more general description of FFRP viscoelastoplastic behaviour. Particu-
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larly, it seems possible to measure the reorientation of cellulose microfibrils with deformation with

X-ray diffraction.
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(c) several fibres in the middle of a yarn

Figure 1: Optical views of a cross section of a plate (UD380, 8 layers)
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Table 1: Mechanical properties of flax and conventional fibres

Aramid Carbon

1.45
135

Flax E-Glass
1.54 2.54
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Table 2: Characteristics of experimented prepregs
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Table 3: Main characteristics of the tested specimens at 2 mm min ! (RPL: repeated progressive loading)

Material Number of Instruction ~ Thickness (mm) V'(%) VP(%) p° (kgdm™3)
specimens  folds

UD380 5 8 monotonous 3.8 57 6 1.31
4 6 RPL 2.8 59 5 1.31
UD200 4 8 monotonous 2.2 60 13 1.22
FUD180 4 10 monotonous 2 60 8 1.36
5 10 monotonous 2 59 3 1.37
5 12 monotonous 2.3 64 2 1.33
4 10  monotonous 2.1 60 6 1.33
FUDI115 5 10  monotonous 1.8 46 5 1.24

Table 4: Main results obtained in monotonic tensile test at 20 °C, 4 or 5 specimens per line

Material V' (%) FE (GPa) o, (MPa) eu (%) oy (MPa) ey (%)
mean std mean std mean std mean std mean std
UD380 57 26.3 2.1 260 27 158 0.11 50.3 3.5 0.22 0.03
UD200 60 275 29 298 20 169 009 394 94 0.16 0.03
FUD180 60 33.1 04 357 13 193 0.10 596 6.6 0.20 0.02
59 33.3 0.5 339 18 1.72 0.08 61.2 24 0.20 0.01
64 33.6 1.5 331 29 164 0.13 639 83 021 0.03
60 31.8 0.6 330 6 172 002 685 58 024 0.02
FUDI115 46 23.1 14 235 16 151 0.12 59.7 55 0.28 0.03

Table 5: Main results obtained in RPL in tensile test at 20 °C, 50 °C, 100 °C and 150 °C (UD380, V" = 59 %)

0(°C) E (GPa) o, (MPa) &, (%) oy (MPa) ey (%)

20 26.6 255 1.44 72 0.30
50 29.4 257 1.40 53 0.20
100 17.3 198 1.73 40 0.25
150 18.0 135 1.56 20 0.13
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Table 6: Thermodynamic variables

State variable Associated variable
observable internal
€ o (Cauchy stress)
€ o
gin —0
o X;

Table 7: Inelastic material parameters 67

i Parameter 0r

1 n(MPa-s) viscosity coefficient in elastic domain  1.78 x 10°
2 (7 (MPa) viscoelastic stiffness 63 000

3 oy (MPa) initial yield stress 33.2

4 K (MPa-s) viscosity coefficient in plastic domain  2.24 x 10°
5 Oy (MPa) kinematic hardening coefficient 68 500

6 C3(MPa) non linear hardening 33900

7T 7 non linear hardening (recall) 964
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