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a b s t r a c t

The influence of water ageing on the evolution of damage during tensile loading in woven hemp/epoxy
composites is studied. First, the water uptakes of several types of samples are compared. Micro-CT obser-
vations show that, from the beginning of desorption but not during the water ageing, damage appears in
the composites. At macroscopic scale, tensile tests reveal a significant modification of mechanical prop-
erties of the composite after water ageing. Then, an original test, combining tensile loading and X-ray
microtomography, is performed on a ±45 hemp/epoxy composite material. The volume of damage inside
two specimens (with and without water ageing) at several steps during a tensile test can be quantified.
Results highlight significant differences in the evolution of the volume of damage between the two sam-
ples. This work shows how the mechanisms of deformation and damage of plant fibre composites are
governed by their moisture exposure history.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Plant-based fibre composites present numerous advantages,
notably good specific properties compared to those of glass fibre
composites [1–3], which tend to be replaced. However, a crucial
issue with plant fibre composites is their durability when they
are subjected to moisture. Indeed, plant fibres are highly hydrophi-
lic. The main component of plant fibres, cellulose, is a semicrys-
talline polysaccharide which gives the fibre its hydrophilic
property with the high percentage of hydroxyl groups (OH) that
it contains [4]. Hemicellulose is the principal contributor to the
moisture absorption due to its open structure containing hydroxyl
(OH) and acetyl (C2H3O) groups. The remaining main components,
lignin and pectin, have only small influence on water absorption. In
plant fibre composites, the fibres and the matrix have different
affinities with water. This induces a decrease in interfacial charac-
teristics compared to glass/polymer composites [5]. In a moist
environment, a composite with plant-based reinforcement will
have a higher decrease in its mechanical properties than a compos-
ite containing glass fibres, which absorb less water [6–8]. Indeed,
in synthetic fibre composites, moisture absorption is essentially
governed by the matrix whereas in plant fibre composites, it is
mainly governed by fibres. This high sensitivity to moist
environment constitutes, for the development of these materials,
a real barrier which needs to be studied in order to use plant fibres
as reliable and long lasting reinforcements in composite materials.

The water uptake in plant fibre composites is usually presented
in literature as generating several local degradations. Damage can
appear during the ageing but also after drying [6,9,10]. It has been
described that water diffuses in plant fibre reinforced polymer
composites by three different mechanisms [9]. The first one con-
cerns the water molecules getting into the microgaps between
polymer chains. The second one involves capillarity transport into
the gaps and cracks at the fibre/matrix interfaces, which are cre-
ated by poor wetting and impregnation defects between the two
components during the composite manufacturing. The last one
may involve transport of water by microcracks in the matrix aris-
ing from the swelling of fibres. Indeed, the absorbed water, by
causing a swelling of the natural fibres, generates stresses at the
fibre/matrix interface. Moreover, water-soluble substances can
leach from the fibres [10]. When the composite dries, the decrease
in fibre section due to the leaching and the matrix distortion
caused by molecular relaxation [6], combined with the differential
shrinkage between matrix and fibres, lead to the appearance of
cracks at the fibre/matrix interface. In a previous work, we focused
on the development of damage in a single hemp yarn composite
after water ageing [11]. No quantification of damage developing
after water ageing in the whole volume of a composite exists, to
our knowledge, in literature. It constitutes a necessary information
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for the well understanding of eco-composite, thus a 3D investiga-
tion appears useful.

X-ray microtomography is a non-contact and non-destructive
technique which enables the reconstruction in 3D of a material,
from images taken while the sample is rotated on an axis. As the
constituents of a composite have different densities, their absorp-
tions of X-rays are different and they can be easily distinguished
from one another thanks to their grey levels on the pictures. High
resolution can be reached and another advantage is that quantita-
tive measurements can be done in three dimensions, thanks to
many software programs developed for this technique.

Only few studies deal with the use of X-ray microtomography
on plant fibre composites and they generally use it for a material
characterisation purpose, as for example the measurement of ori-
entation, distribution and dimension of short fibres in composites
[12,13], or the control of the presence of defects, including the
porosity content [14,15]. One paper, to our knowledge, used this
technique associated with mechanical tests in order to analyse
the development of damage in a plant fibre composite under load-
ing condition, without water ageing. Rask et al. [16] observed
in situ the damage evolution in a unidirectional flax/polypropylene
composite under tensile loading, with the help of synchrotron X-
ray tomography. With this device, a voxel size of 0.74 mm could
be reached and several types of damage could be differentiated
(debonding at the fibre/matrix interface, cracks in the matrix and
fibre failure).

In this work, the influence of water ageing on the evolution of
mechanical damage in woven hemp yarn/epoxy composites is
studied. First, the water absorption for several types of hemp/
epoxy composites is measured. Next, observation of the sample
at desorption (i.e. when removed from water) is presented. The
effect of the water ageing on the tensile properties of selected
specimens is analysed and original testing, combining tensile test
and X-ray microtomography, is performed. The analysis of the pic-
tures enables us to quantify the volume of damage inside the mate-
rial and to compare its evolution during tensile test, with and
without water ageing.
2. Materials and methods

2.1. Tested materials

All the studied composite materials were made of seven plies of
a woven hemp fabric impregnated with epoxy resin. Two different
fabrics and two epoxy resins were used. The first hemp fabric,
denoted Oleron, was a plain weave which had three yarns for
each warp and weft strand (Fig. 1a), and had a fabric weight of
267 ± 1 g/m2. The yarns had a twist angle of 13 ± 4�. The second
fabric, denoted Brison, was a plain weave (Fig. 1b) which had a
Fig. 1. Hemp fabrics used in the woven composites (a) Oleron, (b) Brison. (For interpretat
version of this article.)
fabric weight of 290 ± 6 g/m2. The twist angle of the yarns was
18 ± 5�. The first of the two matrices was a fully synthetic epoxy
resin, Epolam 2020 (Axson Technologies), having a density of
1.16 g/cm3 after curing [17]. The second one was a partially bio-
based resin, Greenpoxy 56 (Sicomin), containing 56% of bio-based
carbon atoms, with a density of 1.18 g/cm3.

The composite plates were manufactured at the Pprime Insti-
tute, France, by an infusion process. The hemp fabrics were dried
at 40 �C for 24 h before manufacturing. The composite plates made
with the Epolam resin were cured with the following cycle: 24 h at
ambient temperature, 3 h at 40 �C, 2 h at 60 �C, 2 h at 80 �C and 4 h
at 100 �C, to achieve a cross-linkage as complete as possible. The
plates made with the Greenpoxy resin were cured 24 h at ambient
temperature, 24 h at 40 �C, 16 h at 60 �C, 8 h at 80 �C and 30 min at
95 �C. The optimisation of these curing cycles was based on the
neat resins and the final glass transition temperature was
89 ± 2 �C for Epolam 2020 and 83 ± 2 �C for Greenpoxy 56. From
the plates, rectangular specimens were cut with the dimensions
of 150 � 20 mm2, the longitudinal axis being denoted x. Some
Oleron/Epolam specimens were cut with the warp direction paral-
lel to the x axis (noted 0/90), and others in a way that they were
oriented with an angle of 45�with respect to the x direction (noted
±45).
2.2. Water ageing

In order to study the influence of moisture, a set of specimens
was immersed in water at ambient temperature. Several times
during the first day of ageing, and then less and less frequently,
samples were removed from water, wiped with paper towel to
remove any excess of water on the surface, and weighted with a
Sartorius RC210D precision balance (with a 0.01 mg accuracy).
Water uptake Mt was obtained from Eq. (1),

Mt ¼ mt �m0

m0
� 100 ð1Þ

where mt is the mass of the sample at time t, and m0 the initial
mass.

The diffusion of water in a solid is usually described by the
Fick’s second law of diffusion. The sorption increases linearly with
the square root of time in a first step and then reaches a saturation
plateau. For short times, the sorption can be described by the Eq.
(2), as proposed by Shen and Springer [18]:

Mt

M1
¼ 1� 8

p2

X1
j¼0

1

ð2jþ 1Þ2
exp �ð2jþ 1Þ2p2Dt

h2

" #
ð2Þ

where M1 is the water uptake at saturation, h is the sample
thickness and D the diffusion coefficient.
ion of the references to colour in this figure legend, the reader is referred to the web



Fig. 2. (a) Water uptake of different woven hemp/epoxy composites immersed at ambient temperature, (b) Water uptake of an Oleron/Epolam ±45 sample according to
Fickian and Langmuir-type models. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Diffusion parameters of the studied hemp/epoxy composites obtained by the Fickian model.

Material M1 (%) M1/vf k (10�3 %.s�0.5) h (mm) D (10�6 mm2/s)

Oleron/Epolam 0/90 7.75 ± 0.34 0.245 ± 0.009 4.898 ± 0.152 4.35 ± 0.04 1.50 ± 0.27
Oleron/Epolam ± 45 7.58 ± 0.04 0.247 ± 0.013 4.728 ± 0.106 4.30 ± 0.07 1.41 ± 0.15
Brison/Epolam 0/90 6.73 ± 0.16 0.203 ± 0.004 3.228 ± 0.302 4.09 ± 0.15 0.75 ± 0.16
Brison/Greenpoxy 0/90 7.60 ± 0.16 0.250 ± 0.006 4.603 ± 0.253 3.94 ± 0.07 1.12 ± 0.09

Table 2
Diffusion parameters of the studied hemp/epoxy composites obtained by the
Langmuir-type model.

Material b (10�8 s�1) c (10�8 s�1)

Oleron/Epolam 0/90 8.65 ± 4.04 3.31 ± 2.26
Oleron/Epolam ± 45 27.7 ± 19.7 25.7 ± 30.4
Brison/Epolam 0/90 17.3 ± 3.17 6.68 ± 2.63
Brison/Greenpoxy 0/90 9.87 ± 4.60 2.86 ± 1.72
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An approximation of the Eq. (2) for short times is given by the
Eq. (3).

Mt

M1
¼ 4

h

ffiffiffiffiffiffi
Dt
p

r
ð3Þ

This equation gives the expression of the diffusion coefficient D,
equal to:

D ¼ p
ð4M1Þ2

Mthffiffi
t

p
� �2

¼ p k
4M1

� �2

ð4Þ

k being the slope of the linear part of the Mt ¼ f ð ffiffi
t

p
=hÞ curve.

In some cases the sorption does not follow a Fickian behaviour. A
common approach to describe this behaviour is the Langmuir-type
Fig. 3. Water desorption of a ±45 hemp/epoxy (Oleron/Epolam) sample; observation of
temperature. (For interpretation of the references to colour in this figure legend, the rea
absorption. This model is based on the hypothesis that water exists
in two forms inside the solid: bound water and free water.
The Langmuir-type model associates to each molecule of each type
a probability b that a bound water molecule becomes free and a
probability c that a free molecule becomes bound [19]. Then, the
water sorption can be approximated, for short times, by the
Eq. (5) [19]:

Mt ¼ 4

p3
2

b
cþ b

M1

� � ffiffiffiffiffiffi
jt

p
ð5Þ

with j ¼ p2D
h2
, and for long times (Dt=h2

> 0:05) by the Eq. (6), as

proposed by Bonniau and Bunsell [20]:

Mt ¼ M1 1� c
cþ b

e�bt � b
cþ b

8
p2 e

�Dt
h2
p2

� �
ð6Þ
2.3. Micro-CT apparatus

Image acquisition was performed at Pprime Institute using an
UltraTom CT scanner manufactured by RX Solutions (France). A
18 lm resolution has been used in this work, with an accelerating
voltage of 70 kV and a beam current of 141 mA. The flat panel
detector used in this study has 1920 x 1536 pixels with a pixel size
the change in colour with time after an immersion of 266 days in water at ambient
der is referred to the web version of this article.)



Fig. 4. Gauge length of ±45 non aged hemp/epoxy (Oleron/Epolam) samples (a)
virgin and (b) after a tensile test up to failure. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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of 127 mm. This X-ray detector consists in an X-ray CsI scintillator
screen which is settled on an amorphous silicon layer. The image
acquisition time was about 2 h per specimen. For 3D reconstruc-
tion, images were acquired from 1120 rotation views over 360�
of rotation (0.32� rotation step). The reconstruction was performed
using an algorithm based on the filtered back-projection procedure
for Feldkamp cone beam geometry.
2.4. Repeated progressive tensile loading

To observe the formation and growth of cracks in woven hemp
composites, ±45 Oleron/Epolam specimens were tested with a
repeated progressive loading test, coupled with X-ray microtomog-
raphy. First, the sample was loaded in a tensile testing machine
until a low stress level. Then, it was unloaded and removed from
the testing machine to perform a micro-CT analysis. After that,
the sample was mounted again in the testing machine and loaded
to a stress level higher than the previous one. The whole procedure
was repeated in this way until the specimen failure.

Tests were made on an INSTRON 1195 tensile testing machine
with a load cell of ±50 kN, and a crosshead speed of 0.5 mm/min.
A 12.5 mm extensometer was used to measure the longitudinal
Fig. 5. (a) Device used to make microtomographic scan of a ± 45 hemp/epoxy (Oleron/E
(For interpretation of the references to colour in this figure legend, the reader is referre
strain (in the x direction). Each specimen extremity was clamped
by the jaws of the test machine over a length of 30 mm.
3. Results and discussion

3.1. Water uptake

The absorption curves of the specimens immersed in water are
shown in Fig. 2a. Each curve is one example for each kind of hemp/
epoxy composites. In order to get rid of the influence of the volume
fraction of fibres, which can be different between the samples, the
water uptake is divided by the volume fraction of fibres. In the
same way, the square root of time is divided by the thickness of
each specimen to avoid differences in the water uptake caused
by variations in the thicknesses of the samples. It appears from
these experimental data that the resin used has an influence on
the amount of water which the material can absorb. Indeed, the
composite with the Greenpoxy matrix (Brison/Greenpoxy) absorbs
more water at saturation (M1=v f ratio of 0.258) than the compos-
ite with Epolam matrix (Brison/Epolam), with a M1=v f ratio of
0.207. In regards to the mean values obtained from several samples
of each material (Table 1), the same observation is made.

The type of reinforcement has also an influence, as the compar-
ison between the Oleron/Epolam and the Brison/Epolam specimens
shows. The Oleron fabric seems to let the composite absorb more
water. This difference can be explained by the different yarns
and fabric architectures which were used. The Oleron fabric is less
closely woven than the Brison fabric (Fig. 1), and its yarns have a
lower twist angle; this could make easier the absorption of a higher
amount of water. The water absorptions of Oleron/Epolam 0/90
and Oleron/Epolam ±45 specimens are close, in accordance with
the fact that the same material is involved. The smaller absorption
of the Brison fabric seems balanced by the high absorption of the
Greenpoxy matrix, resulting in the same absorption for the Bri-
son/Greenpoxy 0/90 and the Oleron/Epolam 0/90 (ratio of 0.258
and 0.254, respectively). The number of days needed to reach a sat-
uration plateau change also with the materials. The two specimens
Brison/Greenpoxy 0/90 and Oleron/Epolam 0/90 are saturated after
around 600 days, whereas the Brison/Epolam 0/90 and Oleron/Epo-
lam ±45 need 262 and 342 days, respectively. Fig. 2b displays for a
±45 Oleron/Epolam specimen the superposition of the experimen-
tal curve, the Fickian and the Langmuir-type absorption models.
polam) composite sample in water and (b) Micro-CT image of the sample in water.
d to the web version of this article.)



Fig. 6. Micro-CT images of a ±45 hemp/epoxy (Oleron/Epolam) composite sample, 1 h after the removing from water (266 days immersed) and after 24 h. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Experimental tensile stress–strain curves of ±45 non-aged and water-aged
(366 days) hemp/epoxy (Oleron/Epolam) composites. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The sample does not follow a Fickian absorption, whereas it
appears that the Langmuir-type model is more suitable to describe
the kinetic of absorption of the composite sample. This constitutes
an example for one specimen, but the same observation was made
with the others.

Although experimental data do not obey the Fickian absorption,
it still can be used to calculate diffusion coefficients. Indeed, for
short times of ageing, the initial portion of the curve, linearly
proportional to the square root of time, is successfully described
by this law. From Table 1, it is shown that the Brison/
Epolam 0/90 composite has the lowest diffusion coefficient, with
0.75 ± 0.16 � 10–6 mm2/s. This composite is also the one which
absorbs the less among the materials studied here, as seen
Table 3
Maximum applied stress level (in MPa) for each loading cycle of the progressive repeated

Loading cycle

1 2 3 4

Non-aged sample 45 61 65 66
Water-aged sample 21 35 40 44
previously. The parameters computed from the Langmuir-type
absorption model are presented in Table 2.
3.2. Water desorption

When the specimens were removed from water, after they
reached their saturated level, a progressive whitening of the com-
posite was observed. The evolution of the colour of a ±45 Oleron/
Epolam sample is presented in Fig. 3, for different durations at
ambient air. This specimen was previously aged in water for
266 days at ambient temperature. The whitening started from
the edges, and then propagated towards the centre of the sample.
Due to the orientation of the plies, every yarn inside the sample has
its both ends coincident with two edges of the specimen. As plant
fibres are very hydrophilic, the edges are privileged locations for
water absorption but also desorption, unlike the two faces which
have epoxy resin as external layers.

Fig. 4 shows the gauge length of a virgin specimen (Fig. 4a) and
a non-aged specimen after a tensile test (Fig. 4b). It can be noticed
that the colour of the material after the tensile test is the same as
the colour of the water-aged sample during desorption. Thus, a
mechanical explanation can be at the origin of the whitening: it
could come from damage.

In order to verify whether the damage, which was observed at
desorption, already exists during the water ageing, a ± 45 Oleron/
Epolam specimen immersed in water for 117 days (93% of M1)
was analysed by micro-CT while it was still in water. A specific
device which reduced the amount of water crossed by the X-rays
was used (Fig. 5a). In this way, sufficient visibility of the material
could be achieved. The strands, made of three yarns and oriented
at 45� with respect to the tensile direction can be recognized in
the Fig. 5b. No damage was observed in the obtained pictures
tensile loading tests.

5 6 7 8 9

64
46 48 51 53 52



Fig. 8. Micro-CT images of the ±45 non-aged hemp/epoxy (Oleron/Epolam) sample
(a) at the initial state and after loading at (b) 65 MPa, (c) 66 MPa and (d) after
failure. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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(Fig. 5b). This tends to show that damage appeared only at desorp-
tion. Further investigations on the development of damage at des-
orption at the yarn scale were also made in this project and
confirm this observation [11].

A specimen of ±45 hemp/epoxy (Oleron/Epolam) composite
was immersed in water during 266 days and then was analysed
by micro-CT after its removing from water, without any loading
applied on it. One can see in Fig. 6 some cracks running along
the hemp yarns on the edge of the specimen. The red lines at
t = 1 h (duration needed for the micro-CT acquisition) in Fig. 6 indi-
cate the location of some of them. This result shows that the
whitening observed after the removing from water is due to dam-
age, which does not appear during immersion but only at the des-
orption. Fig. 3 showed that the damage which propagates in a
sample is quite advanced after 24 h. In the micro-CT pictures, the
evolution of the damage, between 1 h and 24 h, is not easily visible.
This can be explained by the fact that the resolution of the pictures
is 18 mm for 1 pixel, which makes difficult the detection of the
smallest cracks.

3.3. Effect on mechanical properties

Tensile tests performed on the different hemp/epoxy samples
have shown that the ±45 Oleron/Epolam samples have the highest
sensitivity to the water ageing. Thus, the following results will be
focused on the behaviour of this composite, with or without water
ageing. Fig. 7 presents the typical tensile test curves for two spec-
imens, one being non-aged and the other one being aged for
366 days in water. The water ageing caused a decrease in the
Young’s modulus from 6.04 ± 0.25 GPa to 3.10 ± 0.63 GPa. The ten-
sile stress at failure decreased from 66 ± 3 MPa to 57 ± 4 MPa and
the strain at break (eR) increased from 5.9 ± 0.9% to 22 ± 0.1%.
These evolutions are consistent with other studies which concern
the influence of water ageing on the mechanical properties of nat-
ural fibre composites at macroscopic scale, for example with hemp
[9,21,22], flax [7,23] or other bio-based reinforcements [24,25]. At
the whole composite scale, a decrease in Young’s modulus and ten-
sile stress at failure, and an increase in elongation at break are gen-
erally noticed, attributed to the plasticising effect of water on the
resin.

3.4. Damage analysis

3.4.1. Micro-CT observations
In order to better understand the development of damage dur-

ing tensile tests in this eco-composite with and without water age-
ing, progressive repeated tensile loading tests combined with
micro-CT were performed until the failure of the specimens. A
non-aged and a water-aged (for 266 days) ±45 Oleron/Epolam
specimens were tested. The non-aged sample was submitted to
five loading cycles until failure, and the water-aged sample to nine
cycles. Table 3 presents the maximum stress levels reached for
every loading cycles applied to the two specimens. It has to be
noted that the tensile stress at failure (at the last loading cycle)
is slightly lower than the stress level reached at the previous cycle,
for both specimens. In the next paragraphs of the document, the
ultimate strength (ru) will refer, for each specimen, to the highest
stress level reached during the whole repeated progressive tensile
loading test.

After each loading cycle, the samples were scanned in the
micro-tomograph. Fig. 8 shows the pictures obtained with micro-
CT of the non-aged sample for several loading cycles. The displayed
pictures correspond to a same area in the specimen, but variations
in the position of the sample in the microtomograph make them
slightly different. At the initial state (i.e. before tensile loading),
no damage could be seen in the specimen (Fig. 8a). A crack was
detected in the observed plane after the third loading cycle, corre-
sponding to a maximum applied stress of 65 MPa, highlighted by
the red cycle (Fig. 8b). This crack grew during the following loading
cycle (Fig. 8c): it became longer and wider. Finally, it led to the fail-
ure of the composite during the fifth cycle, for an applied stress
level of 64 MPa (Fig. 8d).

For the water-aged specimen, the micro-CT pictures in Fig. 9
show, in the observed plane and with this resolution (18 mm), that
cracks appeared at the end of the fifth loading cycle (maximum
applied stress of 46 MPa). Some of them are highlighted by red cir-
cles in Fig. 9b. There were only few of them and few visible at the
beginning, but they progressively developed with the following
loading cycles (Fig. 9d and e). Their number was a lot higher than
in the non-aged sample. Finally, the failure occurred in a weak area
of the specimen which let some cracks joint from an edge to
another (Fig. 9f).

3.4.2. Measurement of the volume of damage
One of the interest of micro-CT images is that they can be com-

bined to reconstruct the entire volume of the analysed sample. The
analysis of this volume can give quantitative information about the
development of damage after each loading cycle in the two
specimens presented in this work. Fig. 10 shows a 3D view of the
non-aged sample, as well as detected cracks (in red) at the end
of the third and fourth loading cycles (at 99% and 100% of ru,



Fig. 9. Micro-CT images of the ±45 water-aged (266 days) hemp/epoxy (Oleron/Epolam) sample after loading at (a) 44 MPa, (b) 46 MPa, (c) 48 MPa, (d) 51 MPa, (e) 53 MPa
and (f) after failure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Micro-CT 3D reconstruction at initial state and appearance and propagation of damage inside the ±45 non-aged hemp/epoxy (Oleron/Epolam) sample during
repeated progressive tensile loading test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Micro-CT 3D reconstruction at initial state and appearance and propagation of damage inside the ±45 water-aged hemp/epoxy (Oleron/Epolam) sample during
repeated progressive tensile loading test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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respectively). The cracks were localized and stood mainly along the
edges of the specimen. At the fourth cycle, the previously created
cracks increased and new ones appeared, notably in the centre of
the sample.

Fig. 11 presents the 3D view of the water aged specimen. The
propagation of the cracks, which are more numerous, is clearly vis-
ible in the volume. Up to the fourth cycle (84% of ru), the cracks
stayed located on the edges of the specimen. After the following
loading cycle (87% of ru), the cracks on the edges propagated
and new ones appeared inside the material, helped by the mechan-
ical loading. Then, they developed during the following cycles and
are distributed in the whole volume.

The quantification of this damage was made from the micro-CT
pictures with the Avizo software. In each 3D representation, the
voxels associated with damage were separated from the voxels
attributed to the material, containing the fibres and matrix.
Obtained results cannot be taken as absolute values but are used
for comparison. Indeed, some cracks do not have a grey level suffi-
ciently dark to be qualified as cracks by the image analysis, and
thus are assimilated with the composite material. On the opposite,
undamaged dark areas can be associated with cracks. Moreover,
the analysed volume can vary, depending on how the image had
been trimmed (the external part of the volume which contains
external areas and/or artefacts were not taken into account in
the analysis); thus, the ratio between the volume of damage and
the total studied volume of the material will be used for the com-
parison between the two samples.

The studied volumes of the composites and the volume of dam-
age measured for each loading cycle are presented in Tables 4 and
5 for the non-aged and the water-aged samples, respectively. One
can see, in accordance with the observations made on the micro-CT
pictures, that the relative volume of damage increases with the
maximum applied stress for both samples. However, an anomaly
is found at the second loading cycle of the non-aged sample
(Table 4), for which the relative volume of damage is slightly lower
than the one of the previous cycle (1.08 � 10�6 vs 1.45 � 10�6),
whereas it should be logically higher. Indeed, when cracks are thin,
during first loading cycles, they are less easily detectable. This
shows the limit of the sensitivity of the method. It has also to be
noted that the volume analysis of damage could not be conducted
on samples after failure.

Finally, the results obtained at each loading level during the
tensile tests on both specimens enable us to quantify the influence
of the water ageing on the development of damage. The relative
volume of damage is higher for the water-aged specimen than
for the non-aged one. At the initial state, it is already 40 times
higher than in the non-aged sample. At the last analysed cycle,
the relative volume of damage is equal to 8320 � 10�6 for the aged
specimen and to 397 � 10�6 for the non-aged specimen. Moreover,
the aged sample has, just before failure, a volume of damage of



Table 4
Volume measurements obtained by micro-CT analysis for ± 45 non-aged hemp/epoxy (Oleron/Epolam) sample at each loading level during tensile test.

Loading cycle Initial 1 2 3 4

% of ru 0 68 93 99 100
Vmaterial (mm3) 2549.75 2497.06 2453.07 2490.06 2471.64
Vdamage (mm3) <0.001 0.004 0.003 0.202 0.982
Vtotal (mm3) 2549.75 2497.07 2453.08 2490.26 2472.62
Vdamage
Vtotal

(� 10�6) 0.178 1.45 1.08 81.2 397

Fig. 12. Evolution of the damage relative volume during tensile tests in the ±45 hemp/epoxy (Oleron/Epolam) non-aged and water-aged samples with levels of (a) strain, (b)
stress. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
Volume measurements obtained by micro-CT analysis for ±45 water-aged hemp/epoxy (Oleron/Epolam) sample at each loading level during tensile test.

Loading cycle Initial 1 2 3 4 5 6 7 8

% of ru 0 40 65 75 84 87 91 97 100
Vmaterial (mm3) 2747.29 2686.21 2554.15 2584.26 2213.84 2588.75 2516.31 2477.81 2437.71
Vdamage (mm3) 0.019 0.027 0.037 0.044 0.137 0.703 3.862 14.171 20.441
Vtotal (mm3) 2747.30 2686.24 2554.19 2584.300 2213.98 2589.46 2520.17 2491.98 2458.15
Vdamage
Vtotal

(� 10�6) 6.79 9.90 14.5 17.1 61.8 271 1530 5690 8320
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20 mm3 whereas the non-aged one has a volume of damage lower
than 1 mm3.

Fig. 12a shows the relative volume of damage in relation with
the strain given by the tensile testing machine. The values of the
strains at break (noted eRm) are indicated with the dotted lines.
One can see that the mechanisms of deformation of the two sam-
ples are clearly different. They follow a same trend until a strain of
3.6%. Above this value, the relative volume of damage for the non-
aged specimen slightly increases, until a value of 0.40 � 10�3 at
5.07% of strain. The relative volume of damage for the water-
aged specimen significantly increases from 7% of strain and reaches
a value of 8.32 � 10�3 at 22.9% of strain. The hemp/Epolam com-
posite deforms much more after the water ageing, and the appear-
ance of a higher volume of damage is directly linked with the
increase in the strain at break.

Fig. 12b presents the same relative volumes of damage plotted
against the applied stress level reached for each loading cycle. The
values of the ultimate stresses (ru) are indicated with the dotted
lines. This graph shows that the development of the volume of
damage is similar for the two samples until a maximum applied
stress of 44 MPa. Then, the amount of damage in the water-aged
sample rapidly increases until failure, while it develops slowly in
the non-aged specimen. This illustrates the decrease in the stress
at break due to water ageing. These data demonstrate the major
influence of the water ageing on the development of damage dur-
ing a tensile test for a plant fibre composite.

4. Conclusions

The influence of water ageing on the evolution of damage dur-
ing tensile loading in woven hemp/epoxy composites was studied.
First, the water absorption of several types of hemp/epoxy com-
posites was measured. The gravimetric measurements of the
immersed woven composite samples showed that the water
absorption is influenced by the type of the resin but also by the
fabric architecture. Moreover, the kinetics of absorption is better
described by the Lamguir-type absorption model than by the Fick-
ian model. After removing the specimens from water, the desorp-
tion at ambient temperature created a whitening of the material
attributed to the appearance of damage. A specific analysis by
means of X-ray microtomography has been performed on an
immersed sample. The results showed that, during immersion, no
damage is seen but, from the beginning of desorption, damage
appears and develops without any applied loading. This damage
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essentially comes from the differential shrinkage between the dif-
ferent constituents of the materials while drying. This creates
cracks at the yarn/matrix interface.

The effect of the water ageing on the tensile properties of
selected specimens was analysed. Tensile tests revealed a signifi-
cant decrease in the Young’s modulus and the ultimate tensile
strength, and a noticeable increase in the strain at break for the
±45 hemp/epoxy composite. Therefore, an original testing, combin-
ing tensile test and X-ray microtomography, was performed on a
±45 woven hemp/epoxy composite material. The analysis of the
pictures enabled us to quantify the volume of damage inside the
material during tensile loading, with and without water ageing.
The appearance and the development of damage in the specimens
were observed and the volumes of damage for each applied stress
level were quantified. The results show that the evolution of the
volume of damage is completely different between the non-aged
and the water-aged hemp/epoxy composites. At the last loading
cycle before the failure, the relative volume of damage in the
water-aged sample is more than twenty times higher than in the
non-aged specimen.

This work shows how the mechanisms of deformation and
damage of plant fibre composites are governed by their moisture
exposure history. The results obtained demonstrate that during a
tensile test the damage created at the desorption is coupled with
the damage due to the mechanical loading. The conditions of test-
ing of plant fibre composites are therefore crucial.
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