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Abstract

The hygro-mechanical behaviour of a bio-sourced composite material (MAPP/flax) is experimentally
investigated through the characterization of its moisture diffusion and elastic properties, as well as the
in-plane hygroscopic swelling of a unidirectional ply sequence and curvature in the case of an
asymmetric lay-up sequence. From these considerations, we propose a hygro-mechanical model for
the material behaviour, based on a Fickian diffusion model solved in 1D with a finite difference
method, and coupled to a modified mechanical model based on laminate theory. The proposed model
takes into account the evolution of the mechanical properties as well as hygroscopic swelling during
moisture uptake to predict the stress state during water sorption of a biocomposite. Results show that
sorption kinetics is dependent on the lay-up sequence of the biocomposite structure. The stress state
determined from the thickness of the asymmetric lay-up shows that most of the plies (approx. 75% of
the whole laminate) are subjected to a compressive stress along their in-plane direction transverse to
the fibres. This stress distribution may lead to a decrease in the free-volume of the material, thus
modifying the hygroscopic properties by reducing its maximum moisture content compared to the
unidirectional laminate (the stress distribution being equal to zero for this latter laminate when
saturation is reached).

Keywords: natural fibre, moisture, hygroscopic stress, asymmetrical laminate

Introduction

Natural fibres such as flax have a strongly hydrophilic behaviour that leads to a high level of moisture
absorption, around 20-25% at 95% RH [1], combined with a large anisotropic swelling deformation.
The degree of hygroscopic deformation is higher in natural fibres compared with synthetic fibres
(glass or carbon), and therefore requires careful attention for biocomposite design.

Indeed, transverse hygroscopic expansion of a single flax fibre reaches 21 + 3 % at 95% RH [2]. This
hygroscopic strain is linked to the fibre microstructure (i.e. microfibril angle and biochemical
composition) and explains, for example, why coir fibres swell less than flax fibres [3]. Assuming

circular cross-section, the coefficient of hygroscopic expansion of a single flax fibre in the transverse



direction PBsr, as determined in the range 20-95% RH, attains 0.0114 &/%moist. content [2], Which is
drastically higher than its Coefficient of Thermal Expansion (CTE) osr (78.10°5/°C)[4].

At the scale of the ply and laminate, the change in humidity induces an overall change of the natural
fibre reinforced composites sample geometry as a function of the fibre orientation, content, microfibril
angle and biochemical composition [5]. The surrounding matrix produces a constraining effect on flax
fibres that reduces the fibre-free hygroexpansion and leads to a compressive state which promotes load
transfer within biocomposites [2][6]. The constraining effect of the matrix also causes a reduction of
the fibre’s accessibility to water [7][8].

However, the difference of swelling strain at the fibre/matrix interface is often cited as a major source
of damage that reduces biocomposite lifetime [9]. Indeed, numerous reviews in the literature claim
that differential swelling between a natural fibre and a polymer leads to matrix cracking, interface

debonding and ply delamination [9][10] [11].

This mechanism and the stress state generated within biocomposites have been only rarely studied in
the literature. Consequently, this aspect should be addressed to ensure the durability of biocomposite
parts.

Experimental techniques to estimate residual stresses have been reviewed by Parlevliet et al. [12].
Among these techniques, asymmetrical laminates subjected to environmental variations provide a
simple but indirect indication of residual stresses through the measurement of out-of-plane
deformation. Such laminates based on synthetic materials have been used, for example, to reveal
curing [13] or hygrothermal stresses [14]. Recently, asymmetric biocomposite laminates have been
used to develop bioinspired hygromorph composites with an original actuation functionality, i.e. a
large out-of-plane displacement or curvature triggered by a moisture gradient [3][5][15][16][17]. In

these cases, actuation is mainly due to hygroscopic radial stresses around natural fibres.

Once the hygroscopic behaviour and properties of the material have been experimentally determined,
it is possible to model its behaviour under environmental conditions, and hence the associated residual
stresses. More complete approaches based on both experimental and numerical investigations have

been performed using petro-based materials [7,18-24]. Two main approaches stem from the literature.



The first approach, called uncoupled modelling, only takes into account the impact of moisture uptake
on hygroscopic swelling and associated stresses [19-21,23,24]. Uncoupled modelling as applied in
many studies allows a satisfactory reproduction of moisture uptake. However, it often fails to account
for plasticization, or the impact of stress intensity on the hygroscopic behaviour. The predicted internal
stresses may therefore be overestimated. Although coupled modelling is based on uncoupled
modelling, it also considers the impact of the stress state on the moisture diffusion process, as well as
on the mechanical properties of the composite [7,18,22]. This more comprehensive modeling approach
allows an accurate reproduction of the material behaviour, but requires a versatile characterization of
the material to identify the multiple phenomena involved. These multi-physical models, whether
uncoupled or coupled, are only rarely applied to the study of bio-sourced materials [25]. Therefore,
research along these lines would allow a better understanding of natural fibre based composites

submitted to variable environmental loadings.

In this context, the aim of our study is to gain a deeper insight into hygroscopic swelling and the
consequent stress state occurring in natural fibre composites exposed to hygrothermal variations. In
the present study, we use [0/90 ]n.s non-symmetrical laminates of maleic anhydride grafted
polypropylene (MAPP)/flax composites subjected to water immersion. In this way, we can evaluate,
both experimentally and numerically, the strain and stress states within the material as well as the
coupling between diffusion and swelling. At the ply scale, experimental procedures are applied here to
measure the diffusion kinetics, the anisotropic hygroscopic dilatation and mechanical properties of a
unidirectional MAPP/flax biocomposite. Then, we investigate the response of an asymmetric
MAPP/flax [01/90s] lay-up to hygroscopic loading at the laminate scale by measuring its curvature
during moisture sorption. Finally, we make use of a multiphysical model built from the modified
laminate theory to identify the sorption kinetics, the distribution of moisture content as well as the

strain and stress states across the sample due to gradients in moisture content during sorption.

Materials and methods

2.1. Materials



Flax fibres (Linum usitatissimum) were harvested in France and then dew retted before being scutched
and hackled. Unidirectional flax fibre tapes (50 g/m?) were supplied by Lineo®. The polymer films
were made up of film-casted polypropylene (PP) (PPC 3660 from Total Petrochemicals) and
compatibilized PP with 4% PP grafted maleic anhydride (MAPP) (Arkema Orevac CA 100). Then, a
stack of polymer films (PP + MAPP) and unidirectional flax-fibre tapes were prepared in a metallic
mould (130 x 130 mm?2). Composite laminates were manufactured with a dedicated hot pressing
protocol, heated at 190°C for 8 min at a pressure of 20 bars with an incremental pressure application to
maintain the fibre alignment [26]. The cooling ramp was set to 15°C/min. The flax fibre content was
set at 60 % by volume. Two different lay-ups were manufactured, one unidirectional [90¢] and the
other asymmetric [01,90s]. This latter configuration is based on a stacking that produces an optimal
curvature response when subjected to moisture absorption [3][17]. The overall thickness was 0.46 +
0.02 mm and the porosity volume fraction was Vp = 1.35+ 0.20%. Strips of 70 mm x 10 mm were
machine-milled for the curvature measurements. A high length-to-width ratio was chosen to reduce the
risk of double curvature [27]. The materials were then stored under equilibrium conditions (T= 23°C

and RH=50%) until the weight reached a constant value.

2.2. Experimental methods
2.2.1. Diffusion
Unidirectional and asymmetric biocomposites were stored at 50% RH and 23°C to allow attainment of
a reference state. Then, the materials were immersed in deionized water at room temperature. During
immersion, the samples were periodically removed to be weighed (using a balance with an accuracy of

10 g) and characterized. The percentage gain Cmean at time t is calculated as:
Crmean(t) = %- 100 (Equation 1)
0

where W; and W, are the weight of sample at time t after water exposure and the weight of the dry
material before immersion (for RH=50% and T=23°C), respectively. The maximum moisture
absorption C; is calculated as the average value of five consecutive measurements where each

measurement has been performed on 5 samples and averaged arithmetically.



2.2.2. Hygroscopic dilatation
Transverse and longitudinal dilatation due to moisture sorption (hygroscopic dilatation) were
periodically measured with a micrometer (with an accuracy of £ 1 um) on unidirectional
biocomposites during the sorption phase. Three square biocomposite samples of 20 mm X 20 mm
were cut out. Then, three lines were traced longitudinally and transversally to the fibre direction to
ensure that the swelling measurements were always performed at the same point. The results were then
averaged arithmetically.

2.2.3. Hygro-elastic properties
The tensile properties of dry and wet unidirectional biocomposites with flax fibre orientation set at 0°
(Ev) and 90° (Ev) were measured separately according to 1ISO 527-4 standards, using an Instron 5566
universal testing machine (cell load 10 kN) at controlled temperature (23°C) with a crosshead speed of
1 mm/min. The samples have the following dimensions (thickness t and width w): to- = 1 mm and
width wge = 15 mm; tee-= 2 mm and wge-=25 mm. Mechanical tests were performed on samples that
had reached their saturation time. An axial extensometer with a nominal length of 25 mm (Lo) was
used to measure the strain. Tensile modulus is determined within a range of strains between 0.05 and
0.1 % according to the procedure suggested by Shah et al [28].

2.2.4. Curvature
The bending curvature of the asymmetric biocomposites [01,90s] during immersion in deionized water
was estimated by periodically taking images of one side of the clamped sample (Lciamped= 10 mm).
Image analysis was performed using ImageJ® software (National Institutes of Health, USA). The
curvature was measured by fitting the time-evolution of the sample to a ‘circle’ function. Bending
curvature (K) was calculated with the radius of the fitted circle. More information can be found in
[17].

Experimental results
3.1. Diffusion kinetics

Figure 1 presents the diffusion kinetics obtained by gravimetric measurements on unidirectional [90¢]
and asymmetric MAPP/flax composite [01, 90s] laminates, as a function of the square root of time ¢.

For both materials, the diffusion behaviour is characterized by two distinct sections: a linear part is



visible on the left of the graph, followed by a saturation plateau that corresponds to the maximal
moisture absorption C,. This behaviour is typical of a Fickian diffusion process, which is then used as

a first approach to describe the diffusion kinetics.
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Figure. 1. Diffusion kinetics of unidirectional [0s ] and asymmetrical [01 ,90s] biocomposite laminates. The dashed curves

represent the evolution of numerical mean moisture content Cmean given by the Fick model

In the present case, geometrical considerations lead us to assume a one-dimensional diffusion due to
the very small thickness of the laminates (e = 0.46 + 0.02 mm) compared to their in-plane dimensions.
An analytical solution is given by Crank [29] for thin plates, which provides a constant diffusion

coefficient (Eq.2).

2
_ 8 1 2n+1 2 .
Coroan(£) = (1 - LS exp (D (1) 5 t>> «C.. (Equation. 2)
where C; is the saturation moisture content (%) and D corresponds to the diffusion coefficient (mm?/s).

The diffusion coefficients of unidirectional biocomposites and asymmetric laminates are calculated
from this equation and experimental data by minimizing the quadratic sum of the difference between
experimental and predicted values. Numerical results are computed using the open source software
Scilab© and are also presented in figure 1, showing a good agreement with the experimental data
which allows us to validate the model used here. The determined diffusion coefficients and saturation

moisture contents for both ply sequences are summarized in Table 1.



D (mm?/s) Cs (%)
Unidirectional [90¢] 1.07.10° 33
Asymmetrical [0, 90s] | 0.96.10 28

Table 1 Identification of diffusion parameters according to the Fick model

The type of laminate lay-up does not lead to any significant change of the diffusion coefficient. The
values obtained for Fickian diffusion are in the same range as those published elsewhere on natural
fibre composites [30]. However, we note a clear dependence of the maximal moisture sorption on the
ply sequence (Figure 1). The mechanical state resulting from the asymmetrical lay-up influences the
moisture sorption capacity of the biocomposite.

This mechanical state corresponding to the asymmetric MAPP/flax biocomposite is calculated and

further discussed in Section 5.

3.2. Hygroscopic expansion
Figure 2 shows the evolution of relative transversal and longitudinal hygroscopic strain (¢"9") of a
unidirectional [90s] biocomposite as a function of the mean moisture content Cpean . A well-marked
anisotropic behaviour is observed when longitudinal swelling is close to zero, while transverse
swelling reaches a maximum relative displacement of 3.20 + 0.17 %. Under similar environmental
conditions, a single flax fibre exhibits a transverse strain of 21 + 3 % at 95% RH [2]. Therefore, a
constraining effect of the matrix on the flax fibres is observed at the ply scale, which confirms the

results obtained by Joffre et al [8].
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Figure 2: Evolution of longitudinal and transverse hygroscopic strains. Red and black dots represent experimental data and

continuous lines represent theoretical results from model.

As an initial approximation, the hygroscopic strains £ along the longitudinal and transverse

directions, respectively, denoted with the subscripts L and T, are assumed to evolve linearly with

moisture content Crean:

g" = BAC

mean

(Equation 3)

where i = L or T, fi is the hygroscopic swelling coefficient for direction i and ACpean IS the difference

of moisture content between the current state and the initial state of the material. Therefore, S is

constant over the whole range of moisture uptake and can be obtained by dividing the hygroscopic

strain at saturation &™? (t = tsawration) Dy the final moisture content Cs. The obtained coefficients of

moisture expansion are . = -6.29 10° and Br = 9.74 10 &/%moist. conent. The theoretical strains obtained

from these coefficients are represented in Figure 2, showing a good agreement with experimental data.

3.3.

Hygroelastic properties

Figure 3 presents the hygro-elastic properties of the composite (i.e. longitudinal and transverse

Young’s moduli E, strain & and strength at break ) determined by tensile tests.
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Figure 3. Longitudinal and transverse hygro-elastic mechanical properties at break of dry and wet unidirectional

biocomposites: Tensile Modulus E, Stress at break (or) and strain at break (er) (orange for dry state and blue for wet state)

We observe a clear effect of plasticization on the mechanical properties due to moisture uptake, which

leads to a large decrease of the tensile moduli and strength at break associated with an increase of

elongation in both directions. A full understanding of the variation of the longitudinal and transverse



Tensile moduli with moisture content is necessary to predict the material behaviour during moisture
sorption. In the present study, the tensile modulus is assumed to show a large decrease at low moisture
contents (Cmean < 5%). This type of evolution has already been demonstrated in the literature [31] and

is shown in figure 4.
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Figure. 4. Evolution of transverse and longitudinal Young’s moduli as a function of water content Crmean.
3.4 Curvature evaluation
During the sorption step (Figure 5), the curvature of the asymmetric laminate shows a quasi-linear

variation with water content Crean Up t0 5-7 %. At higher values, a break in the slope is observed

which corresponds to a stabilization of curvature with increasing water uptake.
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Figure. 5. Evolution of laminate curvature as a function of water content Cmean.

4. Numerical modelling
A hygro-mechanical model is developed here to reproduce the hygroscopic behaviour of the composite

material and the evolution of its curvature during immersion. This model considers a weak coupling
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between water diffusion and the mechanical behaviour of the material. Although water uptake induces
hygroscopic swelling and a deterioration in the mechanical properties of the composite (plasticization),
the stress state does not modify the moisture diffusion coefficient (D and Cs). The diffusion problem is
solved first, allowing us to determine the water content distribution in the laminate. Then, the
mechanical problem is solved by taking into account the hygroscopic swelling and the plasticization
due to the previously calculated water contents. In the following sub-sections, we present a description

of both the physics and the associated numerical modelling strategy.

41. Diffusion modeling

Since the in-plane dimensions of the laminate are much larger than its thickness, it is considered that
water diffusion mainly occurs in the through-thickness direction. The experimental results from
section 3.1 show that the moisture uptake kinetics can be approached by a Fickian law. The water
diffusion problem can therefore be treated using a 1D formulation of Fick’s law, which is commonly
applied in the literature [18,19].
aC(z,t)

ot

C(-h,t)
C(z,0)

V,D,V,C(z,t) for—h<z<h

c(h.t)=C,, , (Equation. 4)
C

0

where C is the moisture content field, t is the time, z is the through-thickness coordinate, V; isthe
spatial differential operator along the z direction, D is the moisture diffusion coefficient in the through-
thickness direction, h is the half thickness of the laminate, Co and Cinp are the initial and imposed
moisture contents, respectively. For the different problems to be solved, we assume that Cimp = Cs.
This problem (Eg. 4) is solved by the finite difference scheme given in Matlab 2016a. In this way, the
mean water content value is estimated along with its distribution through the thickness of the
composite.

4.2. Hygro-mechanical behaviour modelling
Due to the small thickness of the unidirectional and the asymmetric laminate compared to the

dimensions along the in-plane directions, we use the modified Classical Laminate Theory proposed by
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Hyer [32]. This theory is based on a postulate of the displacement field to reproduce the

experimentally observed out-of-plane component w, which can be expressed as follows:
W:%(axz +by2), (Equation. 5)

where x and y are the in-plane general coordinates of the laminate, a and b are the curvatures of the
laminate along the x and y directions, respectively. From the displacement field, and according to the
Kirchhoff hypotheses, the in-plane strain components are determined with non-linear strain-

displacement relationships, following the von Karman approximation of Green’s strain measure:

Eyx =—+
T ax 2

~a 1[6\/\/)2_ 02w
OX

o 1[8\/\/}2 02w
E,.=—+—| — | —z2—
Yooy 2\ oy oy’

oy

OXoy

2 x

1lou® av0 (awj oW 2w
Exy =|———t——+ -
2| oy  ox

where & are the in-plane components of the strain tensor and u® and v° are the mid-plane
displacements along the x and y directions, respectively. Due to the small thickness of the laminate,
the stress state is assumed to follow the plane-stress formulation. The linear hygro-elastic stress vs.
strain relation can therefore be written as follows:

Oxx Qi1 Q12 Q6] /(Exx B1
{0-3’3’}: le QZZ q26 ({SYY}_{.BZ}ACmean)v (Equation' 6)

o €
xy Q16 Q26 Uso xy Bs

where g;j are the components of the stress tensor, (j, j are the components of the reduced stiffness

matrix of the material expressed in the global coordinates of the laminate [33] which are obtained from
the measured material parameters E, Er, v.r and Gt according to the classical lamination theory. fi
are the coefficients of moisture expansion and ACnean IS the difference between the current and the

initial moisture contents. The current moisture content corresponds to the mean value over the finite
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difference nodes associated with each ply. To increase the accuracy of the model, each ply is
potentially divided into several sub-plies of the same behaviour to capture the evolution of stresses

through the thickness of the laminate. More details concerning this discretization can be found in [19]

Then, the total potential energy W of the laminate can be expressed as follows:
W —lj e dV (Equation. 7)
— 2 V O-” 8'] ) q .

where V is the total volume of the laminate. The computation of the W value is discussed further
below.

Determination of the minimum total potential energy W consists of finding values for the kinematic
parameters (i.e. the curvatures a and b, and the other parameters) so that the first variation of W is
zero. The minimization of W can lead to different solutions, each corresponding to an equilibrium
shape. The process of finding a solution is thus completed by applying a stability criterion, which
consists of calculating the second derivative of W. If this latter is positive, the solution is stable and
vice versa. The whole resolution procedure is performed within the Symbolic Math toolbox in Matlab
2016a. For more details on the resolution procedure and the stability criterion, the reader should refer
to [32]. Once the different values of a, b and the other parameters are determined for a given moisture
content, it is possible to estimate the stress and strain distributions through the thickness of the
laminate. This distribution can be given either in the global laminate coordinates (x,y,z) or in the local
coordinate system of each independent ply (1,2,3). In the case of a unidirectional ply, the direction 1
corresponds to the longitudinal direction of the fibres, and 2 to the in-plane transverse direction.

This approach has already been adapted to the study of hygroscopic stress development in asymmetric
composite laminates [34,35]. However, this approach concerns the study of glass or carbon fibres in
epoxy matrix composites, and does not take into account plasticization of the material during moisture

diffusion.

5. Numerical results
The composite behaviour is numerically reproduced from the material properties identified in section 3

and the model developed in section 4. First, we discuss the diffusion modelling used for both ply
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sequences. Then, we focus on the hygromechanical behaviour of the UD laminate. Finally, we
investigate the hygromechanical response of the asymmetric laminate through its curvature and stress
distribution through the laminate thickness.

5.1 Diffusion modeling

The properties identified in section 3.1 are used as direct input into the diffusion model described in
section 4.1. The thicknesses of the unidirectional and the asymmetric laminates are set at 0.46 mm.
The spatial and temporal convergence is checked for both numerical simulations, leading to 200 finite
difference nodes and a time step of 20 s which ensures accuracy of the results.

Figure 6 shows the variation of mean moisture content Crean (computed from the finite difference
scheme for both the UD and the bilaminar ply sequences) compared with the experimental values
determined in section 3.1. Once again, we find an excellent agreement, which thus reveals the ability

of the hygroscopic model to describe the material behaviour.
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Figure 6: Evolution of the experimental and modelled mean moisture content for both ply sequences. Error bars on the
experimental results are not represented for the sake of clarity but can be found in Fig. 1.

Figure 6 also shows the characteristic diffusion time t;, with i varying from 1 to 7. For each t;, it is
possible to calculate the moisture content distribution through the laminate thickness (Fig 7). The
distribution of moisture across the thickness highlights the heterogeneous distribution of moisture

from the edge (Z = + 0,24) to the centre (z=0) of both samples during the diffusion process (1 to t7).
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As increasing moisture leads to a drastic effect on the hygro-mechanical properties of biocomposites,

the moisture distribution also involves a variation of this effect throughout the laminates.
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Figure. 7: Moisture distribution across the thickness of unidirectional (a) and asymmetric lay up (b) for different diffusion
times ti.

5.2 Hygroscopic swelling of the unidirectional laminate

From the model developed here, it is possible to estimate the in-plane strain for the unidirectional
biocomposites during the diffusion process. Numerical results plotted as a function of the mean
moisture content Cnean up are compared to experimental results and highlight a good correlation (Fig.
8). Hygroscopic strains vary non-linearly with moisture contents of up to 15% due to the evolution of
mechanical properties (see Fig 3). At higher moisture content, a linear trend is predicted by the model.
The largest difference (18%) between the experimental and numerical data occurs for a mean content

Of Cnean = 22.5%, which corresponds to a hygroscopic strain of 2.84 + 0.11 %.
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Figure 8: Experimental and predicted evolution of longitudinal and transverse strain in the unidirectional laminate.

From the numerical modeling, we can obtain the stress distribution within the material thickness. This
allows us to lay specific emphasis on the potential coupling between stress state and moisture
diffusion. For a MAPP/flax unidirectional laminate, the transverse stress o2,n corresponds to the
transverse direction with respect to the fibres. This parameter is specifically investigated here since it
illustrates a case of severe loading for the material used to target the fibre/matrix interface properties.
Evolution of the transverse stress 22 and moisture-induced damage should influence the moisture
diffusion behaviour of composites [36]. Figure 9 shows the distribution of o2, for different

characteristic times t;.
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Figure 9: Distribution through the material thickness of the transverse component of the stress tensor 22, for different

characteristics times ti.
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During the moisture diffusion process, the plies located in the external part of the section are the first
to undergo moisture diffusion and hygroscopic swelling. However, these external plies suffer from
neighboring constraints from internal plies due to differential swelling [22][37]. The latter have a
lower moisture content and therefore a lower swelling strain. Hence, the external plies are in a
compression state and, conversely, plies located towards the centre undergo tensile stresses. This stress
state can be determined for each characteristic time, and the maximum values for tensile or
compression are found at t; and tz. This corresponds to the time when the moisture diffusion reaches
the centre of the material (Fig 7a). At this sorption time, the material at the centre is still dry and
subject to a tensile stress of around 15 MPa, which is double compared to the transverse tensile
strength measured at the dry state (Fig 3). When saturation is reached (t; on Figure 6), there is no
longer any moisture gradient in the material thickness, so the resulting stress state is consequently nil.
This is however to be considered with care as the developed model only described the behavior of
homogeneous equivalent plies. At the fibers scale, the matrix do not swells compared with the fiber
leading to a compressive state around the fiber along their radial direction. These phenomenon are

however not considered in the present study.
5.3 Hygro-mechanical behaviour of the asymmetric laminate

5.3.1 Curvature
Because of the swelling of each ply composing the asymmetric laminate, this latter exhibits a
curvature due to the difference in behaviour between plies oriented at 0° and plies oriented at 90°. This
curvature is experimentally measured (as described in section 2.2.4) and numerically predicted by the
model developed here. At saturation, the experimentally measured curvature reaches 0.08 mm,
whereas the model predicts a value of the curvature a = 0.087 mm, and of the curvature b = 0.003
mm-* which is considered negligible. This represents an error of 8.7% with the measured curvature
along the x direction, which reflects the ability of the model to reproduce the effective behaviour of the
bilaminar material.

5.3.2 Hygroscopic stress state
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The distribution of stresses through the laminate thickness is obtained using the model developed in
this study. Figure 10 represents the stresses components oxx and ayy distribution through the thickness
of the laminate for each specific time ti. The delimitation between the five plies at 90° and the ply at 0°

is also represented on this graph.
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Figure 10: Distribution of the global stress components oxx and ayy through the thickness of the asymmetric laminate for

different characteristic times ti.

The stresses distribution is more complex compared to the unidirectional case. During the first time
steps (at t; and t,), the moisture is only present near the laminate surfaces. The external plies are
therefore the first to undergo hygroscopic swelling along their transversal direction and to a small
contraction along their longitudinal direction, but they are blocked by the internal ply which are still
dry. This leads to a compressive stress for the external 90° and 0° plies along the x and y direction,
respectively, and to a tensile stress for the external 90° and 0° plies along the y and x direction,
respectively. As moisture diffuses through the thickness of the laminate, the stresses distribution then
evolves to reach the distribution at the equilibrium state (t7). The stresses distribution at this final step
corresponds to that of an asymmetric composite submitted to bending as described in [33]. In the x
direction, the outer 90° plies (from z = -0.234 to -0.125mm) are submitted to a tensile stress whereas
the internal plies (from z = -0.125 to 0.156mm) are submitted to a compressive stress. The 0° ply
undergoes a compressive stress at the outer surface and a tensile stress at the interface between the 0°
ply and the 90° plies. This stress distribution for the x direction is due to the curvature a of the
laminate. In the y direction, the 90° plies are submitted to a tensile stress and the 0° ply to a

compressive stress due to the curvature b of the laminate.
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From these stresses distribution, it is possible to extract the distribution of the stress component
transverse to the fiber, i.e. o2 in the local coordinate system of each ply. It corresponds to oy« for the

90° plies and to ayy for the 0° plies. It is represented for each specific time t; in Figure 11.
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Figure 11: Distribution of the transverse stress component 22 through the thickness of the asymmetric laminate for different

characteristic times ti.

The previous analysis leads to several observations concerning this stresses distribution. During the
first time steps represented in Fig. 11 (from t; to t4), the external plies are the first to undergo
hygroscopic swelling, but they are blocked by the internal plies. This differential swelling leads to a
compression stress state in peripheral plies, whereas the internal plies are subject to a tensile stress
state. The stress distribution is then modified from t4 to the end of the saturation. The ply at 0° tends to
swell steadily during diffusion, but it is however blocked by the surrounding plies at 90°, which are
little deformed along their longitudinal direction. The 0° ply is therefore highly constrained, and
subject to a compression stress state along its transverse direction during the whole diffusion process.
The plies at 90° then exhibit a stress distribution corresponding to the saturation of the laminate (t7).
The external 90° plies (from z = -0.234 to -0.125mm) are subject to a tensile stress state from ts to
saturation, whereas the internal plies (from z = -0.125 to 0.156 mm) undergo a compression stress state

from ts to saturation.

6. Discussion
As pointed out in section 3.1, there is a significant difference between the maximal sorption ability of

unidirectional and asymmetrical MAPP/flax laminates (Figure 1). These two ply sequences were
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obtained from the same material, with identical dimensions, fibre content and manufacturing process.
The only relevant difference arises from the lay-up sequences. Because the two lay-up sequences
induces different internal stresses during water absorption, we can assume that the hygroscopic
behaviour is dependent on the stress state. Indeed, for the asymmetrical biocomposite, most of the
plies remain in compression while being saturated. This leads to a reduction of free volume within the
composite, which consequently reduces the moisture uptake. This phenomenon has already been
observed for polymeric composites and is greatly influenced by the initial porosity [38][36].

In addition, the moisture gradient in the unidirectional laminate during diffusion, combined with the
evolution of mechanical properties, leads to a tensile state within the internal plies of the laminate. The
estimated transverse tensile stresses (with a maximum value of 15 MPa) are higher than the transverse
strength (estimated at 2.9+0.2 MPa). Therefore, damage could occur by cracking, leading also to a
potentially faster moisture uptake. This suggests that the differential swelling occurring between plies
could be a degradation mechanism for natural fibre composites even with a simple unidirectional lay-
up.

The curvature of experimental asymmetric laminate during moisture uptake shows a linear increase
followed by stabilization for moisture contents higher than 10% (Fig. 5). However, the free swelling of
the unidirectional ply continues far beyond this content until saturation (Fig. 8). Several possible
explanations can be proposed from the different results of this study. First, the estimated values of
transversal stress calculated from the model (with a maximum of 5 MPa in the internal 90° plies) are
higher than the material strength along this direction (with a value of 2.9+0.2 MPa). Therefore, it is
probable that the material undergoes damage, thus confirming previous observations on natural fibre
composites [39] and asymmetric hygromorph biocomposites [17]. Moreover, flax fibres are mainly
composed of polysaccharides, hemicelluloses and pectins, whose mechanical properties and glass
transition temperature Tg strongly depend on the moisture uptake [40][41]. The leaching of low molar
weight polysaccharides such as pectins would lead to the degradation of fibres [39] and fibre/matrix
interfaces due to void formation [42]. This damage can then modify the sorption behaviour of the

material, creating more free volume.
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4. Conclusion
This study experimentally investigates the moisture uptake in a bio-sourced composite (composed of
compatibilized polypropylene with grafted maleic anhydride and reinforced with 60%.. of flax fibres)
with several ply sequences. The two studied ply sequences correspond to a unidirectional and an
asymmetric composite, with ply sequences of [90e] and [0z, 90s], respectively. This study points out
that diffusion kinetics is highly impacted by the ply-sequence. As the materials used and initial
dimensions are the same for both ply sequences, this modification of properties could be explained by
the different strain and stress states between unidirectional and asymmetric laminates. From the model
developed here, we can predict the curvature induced after moisture diffusion in the asymmetric
laminate, together with the associated stress state. The final curvature values fall in a narrow range
with only 8.7% difference with the experimental results. The stress state determined through the
thickness of the asymmetric lay-up demonstrates that most of the plies (approx. 75% of the whole
laminate) are subject to a compressive stress state along their in-plane direction transverse to the
fibres. This stress distribution may lead to a decrease in the free-volume of the material, thus altering
its hygroscopic properties by reducing the maximum moisture content compared to the unidirectional

laminate (the stress distribution being nil for this latter when saturation is reached).
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