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A B S T R A C T

This work aims at evaluating the coefficients of linear thermal expansion (CLTE) of flax/green epoxy unidirec-
tional composites and the CLTE of flax fibre. This required using high precision measuring instrument to experi-
mentally evaluate the CLTE of unidirectional composites with various fibre contents. The flax fibre CLTE were
first estimated using an inverse approach with two micromechanical models. From the longitudinal and trans-
verse CLTE, the internal stresses of various symmetric and antisymmetric laminates, due to temperature varia-
tion, were then predicted by a 2D analytical model based on classical laminate theory. The inverse approach re-
sults showed that the transverse CLTE of flax fibre was positive and estimated at 75 ± 5 × 10−6 /K whereas the
longitudinal CLTE was negative and equal to -1.2 ± 0.1 × 10−6 /K, highlighting the high anisotropy of flax fi-
bres. The internal stress analysis in flax fibre laminates showed that the stacking sequence had a significant effect
on the internal stresses, whatever the temperature variation. Regarding stacking the layers, choosing symmetric
cross-ply laminate was more interesting than antisymmetric one for minimising the internal stresses. The normal
stresses reached their maximum absolute values for the cross-ply laminates, whereas the maximum shear stress
occurred in the [0/60]s and [0/60/0/60] stacking. This study highlighted the importance of choosing an opti-
mised stacking sequence, such as the 0/30° oriented laminates, and a relevant curing cycle prior to the manufac-
turing process, in order to obtain flax fibre laminates with low internal stresses.

1. Introduction

Because of the increasing ecological awareness and regulations to
reduce CO2 emissions, the development of composites made from nat-
ural fibres has attracted considerable interest (Madhu et al., 2019). The
use of natural fibres as reinforcement of polymer materials has gained
popularity for different engineering applications (Karthi et al., 2019;
Kim and Chalivendra, 2020). Among various natural fibres, flax is now
becoming a suitable choice that could replace glass fibres as reinforce-
ment of composites thanks to its good tensile properties (Goudenhooft
et al., 2017; Lefeuvre et al., 2013). Besides the environmental benefits,
compared to glass fibres, flax fibres have more advantages due to their
high tensile mechanical properties combined with low density, low cost
per weight and biodegradable characteristics (Amiri et al., 2017; Baley
et al., 2021; Ramesh et al., 2017).

So far, many research studies for example on the mechanical and
ageing characterisation of flax fibres are well reported by numerous au-

thors (Abida et al., 2019; Cadu et al., 2019; Chilali et al., 2018b; Gager
et al., 2019; Saidane et al., 2016b; Van Schoors et al., 2021). However,
in spite of this current knowledge, there is little information about the
transverse and longitudinal coefficients of linear thermal expansion
(CLTE) of flax fibres and their reinforced composites. Their values are
required, for example, to estimate the internal stresses generated during
the manufacturing process of flax-fibre composites or the mechanical
behaviour of flax-fibre composites in a temperature variable environ-
ment. In the first example, these stresses could occur between the man-
ufacturing and post-cooling of the composites as the temperature
changed from a relatively high manufacturing temperature to the ser-
vice temperature.

Indeed, the presence of internal stresses in the composite laminates
could influence the mechanical properties and the durability of the final
structure. In within this context that many works have focused on the
estimation of internal stresses in synthetic fibre-reinforced polymer
composites by using experimental or numerical approaches (Asghari et
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al., 2019; Dai et al., 2019; Gong et al., 2015; Magnier et al., 2021;
Parlevliet et al., 2007a, 2007b, 2006). For instance, Gong et al. (Gong et
al., 2015) used the incremental hole drilling method to determine the
residual stresses in carbon fibre-reinforced epoxy (CFRP) composite
laminates, combined with numerical modelling to calibrate coeffi-
cients. From several configurations of [02/θ2]s laminates, several find-
ings were established: i) the residual stresses within the layers of the
same orientation were approximately unchanging, ii) the residual
stresses were highest in the [02/902]s laminate compared to other types
of laminates and iii) for the [02/θ2]s laminate, the residual stresses as a
function of the angle θ were almost linear. In a study of Magnier et al.
(Magnier et al., 2021), the residual stresses on unidirectional CFRP
composites with different layers were experimentally measured by in-
troducing new orthotropic formalism for the incremental hole drilling
method. The reliability of the method used was demonstrated and it
could be used for laminates made of complex layer stacking sequences.
Despite these numerous works for traditional composites, few papers
dealt with the estimation of thermal and hygroscopic internal stresses
in natural fibre-reinforced composite laminates (Chilali et al., 2018a;
Djellouli et al., 2021; Péron et al., 2020, 2019). As an example, Péron et
al. (Péron et al., 2020) investigated the hygroscopic internal stresses by
exposing asymmetric flax fibre-reinforced polypropylene laminates to
various relative humidity conditions. They adopted an experimental
and modelling strategy in order to estimate the internal stresses distrib-
ution through the laminate thickness. First of all, they observed that the
composite laminates exposed to 0% RH (Relative Humidity) exhibited
the higher internal stresses compared to those stored in a 50 % RH con-
dition. Then, they underlined that the stresses intensity was reduced by
the progressive humidification due to the lower hygro-mechanical gra-
dients.

Furthermore, after manufacturing of composite laminates, internal
stresses arose due the temperature variation between the high process-
ing temperature and the service temperature. This led to a higher
shrinkage of the polymer matrix compared to the fibres that intensified
the presence of internal stresses. These phenomena became more com-
plex when the fibres did not have an isotropic behaviour, such as flax fi-
bre. In this work, the thermo-mechanical behaviour of unidirectional
(UD) flax fibre-reinforced green epoxy composites with several fibre
volume fractions was investigated. First, the CLTE of UD composites
was evaluated according to the ASTM D6341 and E831 standards. Due
to their anisotropic structure, flax fibre UD composites were charac-
terised by two independent CLTE, longitudinal along the fibre axis and
transverse normal to this axis. The characterization approach was made
by taking length measurements with a three-dimensional measuring
machine (TMM) at three discrete temperatures. The longitudinal and
transverse CLTE of flax fibre were then estimated from an inverse ap-
proach by using two micromechanical models. It was required to use an
optimisation program based on the minimisation of the quadratic error,
described in (Saidane et al., 2016b). Finally, the internal stresses in-
duced by the thermal expansion were estimated in a symmetric and an-
tisymmetric cross-ply laminates ([0/90]s and [0/90/0/90], respec-
tively) by a 2D analytical model based on classical laminate theory. The
thermo-mechanical behaviour of the composites was governed by a lin-
ear elastic constitutive law taking into account the expansion strains in-
duced by thermal effects. Finally, the effect of the temperature varia-
tion and the stacking sequence on the internal stresses was studied.
Note that in the following we will refer to internal stresses as stresses
only induced thermally in the composite resulting from a temperature
variation.

2. Materials and methods

2.1. Materials and composites fabrication

Untreated quasi-UD flax-fibre fabric (Depestele Group) with an
areal weight W =200 g/m2 was used in this study. Corresponding weft
and warp ratio was 9/91 by weight. The flax fibres were bonded to-
gether by a specific binder to form a flat roving, of which the linear
mass was 500 Tex. According to the supplier, the flax fibre density ρf
was equal to 1450 kg/m3. Note that flax yarns in the weft direction
were removed to obtain UD fabrics. The thermoset matrix used to pro-
duce the composites was a green epoxy resin (SR GP 56), which has up
to 56 % of its molecular structure originating from plants. The epoxy
resin was chosen due to its good adhesion with flax fibres. This resin
and its hardener SD GP 505 were purchased from Sicomin Company.
The mixing ratio between the resin and its hardener was 100:42 by
weight. The mechanical and physical properties of green epoxy matrix
were provided by the supplier (E = 2.1 GPa, σ = 52 MPa, ε = 8.2 %,
ν = 0.4, ρm =1104.1 kg m−3).

The composite laminates were manufactured by compression
moulding at ambient temperature. Firstly, the dry fabrics were manu-
ally pre-impregnated in a generous manner with the liquid resin using a
hand roller. Secondly, each impregnated fabric was positioned and
stacked according to the same orientation with resin layers. The whole
assembly was placed between two steel trays covered with Teflon pa-
per. Plates were then cured in a mold at ambient temperature for 24 h.
A pressure was applied by using the clamping bolts fixed at the ends of
both steel trays. After the solidification of plates, they were polymer-
ized in an oven at 40 °C for 24 h, following one of the supplier’s recom-
mendations. To achieve the requested fibre volume fraction Vf, wedges
were included between the two platens in order to control the constant
thickness h of plates, deducted from:

(1)

where n is the number of plies.
Four fibre volume fractions were chosen: 25, 30, 35 and 40 %,

which results in plates with thicknesses of 2.21, 1.84, 1.57 and
1.36 mm, respectively. For each fraction, plates of 300 mm by 300 mm
were manufactured from 4 plies of UD flax fabric. Finally, the laminate
plates were cut and shaped in rectangular forms by using a diamond
saw blade. In addition to the four fibre volume fractions, the pure resin
was also studied. In the next sections, studied composites will be desig-
nated by C25, C30, C35 and C40 for the chosen fibre volume fractions
of 25, 30, 35 and 40 %, respectively.

The final fibre volume fractions Vf and the porosities Vp of the stud-
ied laminates were experimentally determined by weighing the cured
plates, the dry fabrics and by taking into account the density of flax fi-
bres and the matrix, from the following equations:

(2)

(3)

where mc and mf are the weights of the composite samples and the dry
flax fabrics, respectively; L, w and h are the dimensions of the rectangu-
lar samples obtained from the cured plates (length, width and thick-
ness).

The final fibre volume contents, porosity values and nominal thick-
nesses for different composites were given in Table 1. Note that the fi-
nal fibre volume contents were lower than those chosen due to the pres-
ence of porosities.
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Table 1
Fibre volume fraction, void volume fraction and nominal thickness of studied
laminates.

Composite
designation

Fibre volume content
(%)

Void volume content
(%)

Nominal thickness
(mm)

C25 23.08 ± 0.18 2.64 ± 0.11 2.21 ± 0.01
C30 28.19 ± 0.25 2.47 ± 0.05 1.84 ± 0.02
C35 33.61 ± 0.32 2.14 ± 0.03 1.57 ± 0.01
C40 38.85 ± 0.21 1.95 ± 0.11 1.36 ± 0.02

2.2. Procedure of CLTE determination

To evaluate the CLTE, the rectangular samples were polished in or-
der to obtain clean edges, with smooth and parallel surfaces. For both
longitudinal and transverse directions, 20 mm long samples on each
side were used. To accurately measure the length of each specimen, a
line parallel to the length was marked with an indelible ink marker on
the surface of the specimen along its full length. According to the ASTM
D6341 standard (ASTM D6341-16, 2016), all the samples were condi-
tioned sequentially at three discrete temperatures and a relative humid-
ity (RH) controlled at 50 ± 5% during 48 h. The tested specimens were
conditioned first in a freezer set (T1 = -19.5 ± 0.5 °C at 50 % RH), then
at ambient temperature (T0 = 22.4 ± 0.2 °C at 50 % RH), and finally
in an environmental chamber (T2 = 59.9 ± 0.1 °C at 50 % RH). After
each condition, the specimen length was measured within 1 min of re-
moval from the conditioning chamber. The measurements were made
by a TMM (Global Statue 575 model of Hexagon Metrology) with a high
precision of ±10−5mm according to the ASTM E831-06, 2006). Length
measurements of the sample were carried out on the surfaces adjacent
to the drawn lines at each end of the specimen. It is worth noting that,
to minimize errors due to the formation of ice or condensation on the
specimen surfaces, the surfaces were wiped with an absorbent cotton
rag just prior to making the measurements.

The CLTE α for a specimen, whose initial length is L0 at ambient
temperature, is defined by the slope of the best-fit line of the curve of
sample length variation (ΔL/L0) versus temperature difference, given
by:

(4)

where ΔL is the change in length of test specimen, in mm, due to cooling
or to heating; L0 is the length of test specimen in mm, at ambient tem-
perature, and ΔT is the temperature difference, in Kelvin, for which the
change in the length ΔL of the specimen is measured. Note that this test-
ing method was used to determine the CLTE for both longitudinal and
transverse directions, i.e. αL and αT.

3. Results and discussion

3.1. Experimental evaluation of the CLTE of UD composites

Fig. 1 illustrates the relative longitudinal and transverse length vari-
ation (ΔL/L0) according to the temperature difference (ΔT) of the C35
composite (Vf = 33.61 %). Note that each point presents an average
value and a standard deviation of 9 samples. To identify the CLTE of
each specimen, the data were fitted by a straight linear regression and
the slope of the curve, i.e. the CLTE, was calculated. One can notice that
the relative length variation varies in a quasi-linear way with the in-
crease of the temperature difference. All the correlation coefficients
(R2) were larger than 0.99. This indicates that the change of the ther-
mal expansion strain with the applied temperature was linear.

The procedure described for the sample C35 was also applied to the
other samples, i.e. the samples C25, C30, C40 and pure resin. The val-
ues of the CLTE of UD composites and pure resin were directly deter-
mined as the slope of the fitting curve as shown in Fig. 1 for the C35
composites. The maximum imprecision in the calculated coefficient of
linear thermal expansion was calculated from the corresponding for-
mula given by the ASTM E831-06 standard. This required in particular
the imprecision in the measurement of ΔT, which was measured and
equal to 3 ± 1 K. This calculation was performed for each coefficient
and the value of 7.6 % was obtained on average for the maximum devi-
ation.

For the pure resin, the CLTE in longitudinal and transverse direc-
tions are identical and equal to 38.5 ± 2.93 × 10−6 /K and
38.1 ± 2.89 × 10−6 /K, respectively. This was expected due to the
isotropy of green epoxy resin. Note that our value was close to the CLTE
values given in the literature for other epoxy resins (Karadeniz and
Kumlutas, 2007). Table 2 summarizes the obtained values of the longi-
tudinal and transverse CLTE for all composites. One can notice that the
CLTE values of the flax fibre composites in the transverse direction
were more important in absolute value than those in the longitudinal
one (from 36 to 55 times more important). This can be explained by the
microstructure and anisotropic properties of wall components of the
flax fibre (Baley et al., 2016). It can also be seen in Table 2 that the
higher the fibre content, the lower the longitudinal CLTE value and the
higher the transverse CLTE value.

3.2. Estimation of the CLTE of flax fibre

Measuring the CLTE of a flax fibre remains quite complicated. For
this purpose, it was calculated from an inverse approach using the mi-
cromechanical models of Schapery (Schapery, 1968) and Chamis
(Chamis, 1983) associated with an optimization program of Matlab
software.

Fig. 1. Length variation of the C35 composite (Vf = 33.61 %) as function of the temperature difference: a) longitudinal direction, b) transverse direction.
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Table 2
Coefficient of linear thermal expansion of studied laminates.

Composite designation Coefficient of thermal expansion (× 10−6 / K)

Longitudinal direction (αL) Transverse direction (αT)

C25 1.77 ± 0.14 63.24 ± 4.81
C30 1.57 ± 0.12 64.14 ± 4.88
C35 1.41 ± 0.11 65.11 ± 4.95
C40 1.23 ± 0.09 66.26 ± 5.04

Based on energy principles, Schapery proposed an expression for the
longitudinal CLTE of UD composites, i.e. αL, based on the longitudinal
CLTE of the fibre. So, for the longitudinal CLTE, most micromechanical
models derived identical expressions to Schapery’s formulae, given by
the following equation:

(5)

where and are the fibre volume fraction and the porosity volume
fraction of the considered composite, respectively (Table 1). and
are the longitudinal modulus and CLTE of the fibre, respectively.
and are the experimental Young’s modulus and the CLTE of the ma-
trix, respectively.

For the transverse direction, several micromechanical models iden-
tified different expressions to estimate the transverse CLTE for UD com-
posites. In this study, Chamis model, based on strength of materials ap-
proach, was used to evaluate the CLTE in the transverse direction (Eq.
(6)). The choice of this model was mainly justified by the fact that it
took into account the transversely isotropic behaviour of fibres. The ex-
pression of the transverse CLTE is given as follows:

(6)

where is the transverse CLTE of the fibre, is the Poisson’s ratio of
the matrix and is the elastic modulus for the longitudinal direction of
different composites.

It is worth noting that in Eqs. (5) and (6), we considered a good ad-
hesion between the flax fibre and the epoxy resin (Le Duigou et al.,
2017). The porosities were also taken into account in the longitudinal
CLTE evaluation (Eq. (5).

In this work, we used an average value of 51.7 ± 9 GPa for the
modulus determined from tensile tests (not shown here) on flax fi-
bres. This value is rather close to that obtained by Baley and Bourmaud
(Baley and Bourmaud, 2014) for French elementary flax fibres
(52.5 ± 8 GPa). For the matrix and different composites, the mechani-
cal properties determined from the tensile tests according to the ASTM
D3039 standard were used. Note that the tensile modulus was deter-
mined by calculating the slope of the initial linear portion of the stress-
strain curve.

3.2.1. Optimization program
With the aim of estimating or of flax fibre from an inverse ap-

proach, the analytical solution (Eqs. (5) or (6)) by using the optimiza-
tion toolbox of Matlab was applied to experimental data obtained from
the different UD composites. This optimization was based on the mini-
mization of the quadratic error q as:

(7)

where is the estimated CLTE for the UD composite with fibre
content in the longitudinal or transverse direction assessed from Eq.

(5) or Eq. (6), respectively; is the average of CLTE in the longi-
tudinal or transverse direction measured experimentally from the UD
composite with fibre content (Table 2).

Initial values of and were then changed in order to minimize
q, i.e. until the CLTE predicted by the analytical solution converged
with those deducted from the experimental statements. This optimiza-
tion procedure, giving optimum values of and , was extensively
described in our previous works (Saidane et al., 2016a, 2016b).

3.2.2. Results
Fig. 2 shows the evolution of the CLTE values of different compos-

ites as a function of fibre content in longitudinal and transverse direc-
tions. Fig. 2 indicates that the CLTE values of all composites predicted
by Schapery and Chamis models were in agreement with the experi-
mental ones in each direction, since R2 was higher than 0.997. As a re-
minder, knowing αL and αT of each UD composite and the matrix, the
CLTE of the flax fibre in the longitudinal and transverse directions
could be determined by the micromechanical models mentioned above.
The execution of the optimization program associated with Eqs. (5) and
(6) resulted in values of the and of the flax fibre equal to -
1.2 ± 0.1 × 10−6 /K and 75 ± 5 × 10−6 /K, respectively. These val-
ues were well correlated with the existing values in the literature (-
1 × 10−6 /K for (Pomel, 2003) and approximatively 78 × 10−6 /K
for (Gentles et al., 2010)). This highlights the accuracy of the
method used in this work to evaluate the longitudinal and transverse
CLTE of flax fibre. On the other hand, our values were well correlated
with results obtained from a thermal mechanical technique for the sin-
gle jute fibre at room temperature. Cichocki and Thomason (Cichocki
and Thomason, 2002) found values of and equal to −0.6 × 10−6

and 77.2 × 10−6 /K, respectively. This was mainly due to the fact that
the structure of jute fibre is broadly similar to that of flax fibre (Gon et
al., 2012). According to these results, it should be noted that natural fi-
bres exhibit a negative CLTE in the longitudinal direction. This behav-
iour was also observed in the case of traditional fibres such as Kevlar fi-
bres (Rojstaczer et al., 1985). In contrast, the CLTE in the transverse di-
rection was positive and exceeding 70 × 10−6 /K. Finally, it was shown
that the of the flax fibre was approximatively 63 times more impor-
tant than that of . This difference was due to the hierarchical mi-
crostructure and anisotropic properties of wall components of flax fi-
bres.

The results also show that the experimental CLTE of UD composites
in the transverse direction was higher than that in the longitudinal di-
rection and that of green epoxy resin. In fact, the fibre stiffness mostly
prevents the matrix expansion in the longitudinal direction. This forces

Fig. 2. Experimental coefficients of linear thermal expansion of different com-
posites as function of fibre volume fraction.
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the matrix to expand considerably in the transverse direction (Tezvergil
et al., 2003).

3.3. Application to the calculation of internal stresses

In this Section, the internal stresses induced by the thermal expan-
sion were estimated in symmetric and antisymmetric cross-ply lami-
nates ([0/90]s and [0/90/0/90], respectively). An example of the stack-
ing sequence of the symmetric cross-ply laminate is shown in Fig. 3. The
aim of this calculation, performed on a concrete example, was to esti-
mate the influence of temperature variation itself on the internal
stresses. The laminate was made of four UD layers of 1 mm thick with
the following mechanical characteristics determined from the same
procedure described in (Scida et al., 2017) for Vf = 40 %:
EL = 22.3 GPa, ET = 3.7 GPa, νLT = 0.44 and GLT = 1.15 GPa. The
corresponding values of the and of the laminate was equal to
1.08 ± 0.08 × 10−6 /K and 67.2 ± 5.1 × 10−6 /K. The estimation of
internal stresses was made by a 2D analytical model based on classical
laminate theory. The thermo-mechanical behaviour of the composite
was governed by a linear elastic constitutive law taking into account
the expansion strains induced by thermal effects. Finally, the effect of
the temperature difference (ΔT) and the stacking sequence on the inter-
nal stresses was studied.

3.3.1. Classical laminate theory (CLT)
In practice, the composite structures are submitted to temperature

variations during their manufacturing process as well as during their
service. The first effect of the temperature variation is the reduction of
the mechanical properties and the durability of the final structure. In
addition, the temperature variation generates a thermal expansion of
the material. The thermal expansion phenomena can be described by
writing the thermal strains of the laminate ( ) at point (x, y, z) and at
instant t as:

(8)

where are the thermal expansion coefficients, is the temperature
variation.

Other phenomena can induce some effects analogous to thermal ef-
fects, such as absorption of humidity or gas. Note that the correspond-
ing strains (as swelling strains) were not considered since this study was
only focused on thermal effects.

The law of elasticity was first defined in a reference state where the
strains due to thermal expansion were zero. In order to take into ac-
count only the thermal expansion phenomena, the law of elasticity was
modified and given by the following relation:

(9)

where are the compliance matrix components.

The inverse form of the law of elasticity (Eq. 9) is written as:

(10)

where are the stiffness matrix components.
Thus, in the case of orthotropic materials, the law of elasticity in Eq.

10, reported to main axes, is written as:

(11)

For a plane-stress state by introducing the components of the re-
duced stiffness matrix, the Eq. (11) is reduced as:

(12)

Reduced stiffness matrix of a UD laminate layer is calculated us-
ing the elastic engineering constants of the material, as:

(13)

For a layer k oriented by an angle θ with respect to the reference
axes (x, y, z), the law of elasticity given by Eq.(12) becomes when re-
ported to these axes:

(14)

where are the components of the transformed reduced stiffness ma-
trix of the material expressed in the global coordinates of the laminate
which are obtained from the Eq. (15). are the in-plane components of
the thermal strain vectors.

Fig. 3. Symmetric cross-ply laminate ([0/90]s).
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(15)

where , and is the orientation angle of the considered
layer.

The strains ( , , ) in Eq. (14) are expressed as follow:

(16)

where , , are the midplane strains and , , are the cur-
vatures.

The thermal strains ( , , ) are expressed in the global coordi-
nate system only as functions of thermal strains and , which are
referred to the layer directions. Indeed, the thermal expansion phenom-
ena have in practice no effect on the shear strains. They are defined by
the following equation:

(17)

where:

(18)

The CLT approach requires characterising the relation of laminate
forces and moments to strains and curvatures. This means introducing
the mechanical loading, which is composed of forces per unit length Nx,
Ny, Nxy and moments per unit length Mx, My, Mxy. Note that those re-
sultant forces and moments acting on the laminate are related to the
stresses in each layer by integration through the laminate thickness.
Thus, relations incorporating forces and moments can replace the
stress-strain relations leading to the constitutive equation of the CLT.
When thermal expansion is taken into account, the constitutive equa-
tion based on midplane strains and curvatures differs since the resul-
tants and moments owed to the thermal expansion processes are in-
cluded as follow:

(19)

where , , are the coefficients of the matrices [A], [B], and [D]
referred to as extension, bending-extension coupling and bending stiff-
ness respectively, given by Eq. (20). The in-plane resultants Nx*, Ny*,
Nxy* and the resultant moments Mx*, My*, Mxy* due to the dilatation
phenomena are given by Eq. (21).

(20)

where n represents the number of layers and hk is the distance from the
mid-plane to top kth layer.

(21)

The midplane strains , , and curvatures , , are de-
termined according to the resultants and moments of the constitutive
equation (Eq.(19)) without external mechanical load (N = M = 0) on
the laminate as following:

(22)

Finally, the internal stresses in the layer k are expressed by the rela-
tion:

(23)

3.3.2. Internal stresses of the cross-ply laminates
The distribution of internal stresses through the laminate thickness

is obtained using the Eq. (23). Fig. 4 represents the internal stresses ,
and distribution through the thickness of the symmetric and an-

tisymmetric cross-ply laminates for a temperature variation ΔT =
−50 K. For the symmetric laminate (Fig. 4a), one can note that the in-
ternal stresses are constant and uniform in each layer due to the sym-
metry of the laminate. The results show that externals 0° plies are sub-
ject only to a compressive stress of -9.3 ± -0.7 MPa in the x-direction
and to a tensile stress of 9.3 ± 0.7 MPa in the y-direction. Due to the
stacking sequence (i.e. symmetric cross-ply laminate), the opposite was
expected and finally observed for the internal 90° plies ( =
9.3 ± 0.7 MPa and = -9.3 ± -0.7 MPa). Note that the calculated
shear stress is equal to zero whatever the layer orientation. It can be
concluded that the internal stresses in each direction remain invariable
with the thickness in the layers with the same orientation. The absolute
values of and are identical for the 0° and 90° plies.

In contrast to that was observed for the symmetric laminate, the in-
ternal stresses are not uniform in the thickness of each laminate layer
(Fig. 4b). The corresponding values change layer by layer for both
cases. The results show that 0° plies undergo only a compressive stress
in the x-direction with variations ranging from -2.4 ± -0.3 to -7.1 ± -
0.6 MPa for the first layer and from -11.9 ± -0.9 to -16.6 ± -1.3 MPa
for the third layer. In the y-direction, the 0° plies are submitted to ten-
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Fig. 4. Internal stresses distribution through the thickness of the cross-ply laminate for ΔT = −50 K: a) symmetric laminate, b) antisymmetric laminate.

sile stresses, between 7.8 ± 0.6 and 8.3 ± 0.7 MPa for the first layer
and between 8.7 ± 0.7 and 9.2 ± 0.7 MPa for the third layer. In-
versely, the 90° plies are subjected to tensile stresses in the x-direction
(2nd layer: 9.2 ± 0.7–8.7 ± 0.7 MPa and 4th layer:
8.3 ± 0.7–7.8 ± 0.6 MPa). In the y-direction, the compressive stresses
vary between -16.6 ± -0.7 MPa and-11.9 ± -0.7 MPa for the second
layer and between -7.1 ± -0.7 and -2.4 ± 0.6 MPa the fourth layer.
These variations are mainly due to the presence of the curvatures in the
antisymmetric laminate. As observed for the symmetric laminate, the
calculated shear stress for the antisymmetric laminate is also equal
to zero.

By comparing the symmetrical and antisymmetrical stacking, the
values of and vary from -9.3 ± -0.7–9.3 ± 0.7 MPa for the sym-
metric laminate and from -16.6 ± -0.7–9.2 ± 0.7 MPa for the antisym-
metric laminate. Consequently, to minimise the damages induced by
the internal stresses, it is more interesting to choose the symmetric
[0/90]s laminate because the compressive stresses are lower and con-
stant in each layer. Indeed, some compressive stresses of the antisym-
metric laminate are higher with large variations in each layer, which
can lead to degradation mechanisms of natural fibre composites and
amplification of internal damage.

3.3.3. Effect of temperature difference and layer orientation on the internal
stresses

This sub-section deals first with the effect of temperature on the in-
ternal stresses of laminates characterised by a layer orientation varying
from 0 to 90°. Fig. 5 shows the results of the symmetric laminate [0/θ]s
for different ΔT. The values of ΔT were chosen according to the three
different curing cycles recommended by the green epoxy resin supplier:
24 h at 313 K, 16 h at 333 K or 8 h at 353 K. The corresponding value
of ΔT are −20, −40 and −60 K with respect to an operating temperature
of 293 K. Because of the symmetry of the laminate, internal stress val-
ues are presented only for the externals 0° plies of the laminate in Fig. 5.
The symmetric stacking sequence considered is [0/θ]s. The value of θ
was incremented in steps of 10° from 10° to 90°. As expected, results
show that the temperature has a significant influence on the internal
stresses of the composite laminates. In fact, the internal stresses in-
crease in absolute values when increasing the temperature difference.
For ΔT = −20 K, the internal stresses , and are equal to -3.7,
3.7 and 0 MPa, respectively, for θ = 90°. When the temperature differ-
ence is two or three times higher (ΔT = −40 or −60 K), these stresses
become two or three times higher than those at −20 K, which is an ex-
pected result. The results also reveal that the angle θ has a significant
influence on the internal stresses of composite laminates. The normal
stresses and increase in absolute value with the angle θ, while
the stress increases between 0 and 60° and decrease from 60°. At
θ = 45°, all three stresses are identical in absolute value. Whatever the

temperature variation, the normal stresses and reach their maxi-
mum absolute values at θ = 90° and are equal to zero for the 0°angle.
Another trend is observed for the in-shear stresses , with maximum
values occurring at θ = 60° and zero values at θ = 0 and 90°. The
knowledge of the plane stresses enabled us to estimate the principal in-
ternal stresses σ1 and σ2 and to find that they increase linearly with the
orientation angle θ. The same conclusion was reported in the case of
carbon fibre-reinforced epoxy composites (Gong et al., 2015).

To conclude on the choice of the green resin curing cycle, a tempera-
ture of 313 K is recommended during the manufacturing of symmetric
laminate if the cycle duration is not a constraining factor. Thus, the in-
ternal stress amplitude in the worst case remains moderate between -
3.7 ± -0.3 and 3.7 ± 0.3 MPa at 313 K, which is three times lower
than at 353 K.

The second step investigated the effect of the stacking sequence on
the internal stresses for ΔT = −50 K. For this purpose, other configura-
tions were considered by varying the orientation angle θ in the antisym-
metric laminate described by the [0/θ/0/θ] stacking (θ = 30°, 45° and
60°). The obtained results are shown in Fig. 6 indicating that the inter-
nal stresses distribution through the thickness laminate exhibits a simi-
lar tendency for all stacking sequences. Although the internal stresses
distribution is identical, their values vary according to the orientation
angle θ. The [0/90/0/90] laminate presents the highest values of nor-
mal stresses and in both compression and tension for the most of
layers. For the in-shear stresses , the highest negative and positive
values are found in the [0/60/0/60] laminate. This result agrees with
the previous finding for the symmetrical laminate, which reaches its
maximum stress at 60°. Fig. 6 also shows that, among the studied stack-
ing sequences, the [0/30/0/30] stacking presents the best compromise
on the internal stresses , and since they are the lowest. The re-
sults highlight the importance of choosing an optimised stacking se-
quence, such as the [0/30/0/30], prior to the manufacturing process, in
order to obtain flax fibre composites with low internal stresses.

4. Conclusions

In this study, the longitudinal and transverse CLTE of flax fibres
were experimentally evaluated from an inverse approach using two mi-
cromechanical models. This approach required first measuring the
CLTE of UD composites with various fibre contents. The use of Schapery
and Chamis models enabled us to evaluate the CLTE of flax fibres in lon-
gitudinal and transverse directions. The results of the inverse approach
showed that flax fibres exhibit a negative CLTE in the longitudinal di-
rection, which was equal to -1.2 ± 0.1 × 10−6 /K. In contrast, the
CLTE in the transverse direction was positive and equal to
75 ± 5 × 10−6 /K, highlighting the highly anisotropic properties of
flax fibres. The knowledge of these two CLTE made it possible to predict
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Fig. 5. Internal stresses of 0° plies vs. ply orientation for ΔT = −20, −40, −60 K
in symmetric laminate [0/θ]s : a) σxx, b) σyy, c) σxy.

the internal stresses of various laminates, such as cross-ply, [0/θ]s and
[0/θ/0/θ]. This prediction was made by a 2D analytical model based on
classical laminate theory, taking into account the expansion strains in-
duced by thermal effects. The main findings of the analysis of the inter-
nal stress in flax-fibre laminates can be summarised as follows:

- Choosing a symmetric cross-ply laminate was more interesting for
minimising the internal stresses because the compressive stresses
were lower and constant in each layer. Indeed, some compressive
stresses of the antisymmetric laminate were higher with large
variations in each layer, which could lead to degradation
mechanisms of flax fibre laminates and amplification of its internal
damage.

- Whatever the temperature variation, the normal stresses and
of symmetric laminates reached their maximum absolute values for
the [0/90]s stacking and were equal to zero for the [0/0]s stacking.
Another trend was observed for the in-shear stress , with
maximum values occurring in the [0/60]s stacking and zero values
in the [0/0]s and [0/90]s stacking sequences.

- With regard to the choice of curing cycle for the green resin, a
temperature of 313 K was recommended when manufacturing
symmetrical laminate if the cycle duration was not a constraining
factor. Thus, the internal stress amplitude in the worst case remained
moderate (± 3.7 MPa) at 313 K, three times lower than at 353 K.

- For antisymmetric laminates, the highest stress values were found
for the [0/90/0/90] stacking regarding the normal stresses in both
compression and tension, and for the [0/60/0/60] stacking
regarding the shear stresses. Among the studied stacking sequences,
the [0/30/0/30] stacking presented the best compromise on the
internal internal stresses , and since they were the lowest.

The results obtained in this study made it possible to quantify the ef-
fect of a temperature variation on the internal stresses. This effect
should be taken into consideration as it could induce degradation
within the flax fibre laminate and be a source of its internal damage.
This study highlighted the importance of choosing an optimised stack-
ing sequence prior to the manufacturing process, in order to obtain flax
fibre composites with low internal stresses. It provided reliable data to
help designers in dimensioning calculation and thus in future decision
making.
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Fig. 6. Internal stresses distribution through the thickness of the antisymmetric laminates for ΔT = −50 K: a) [0/30/0/30], b) [0/45/0/45], c) [0/60/0/60], d) [0/
90/0/90].
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