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1. Introduction

In any composite manufacturing process a crucial step is the 
forming of the initial planar reinforcement into a desired three-
dimensional shape. After shaping, the formed reinforcement is 
impregnated with resin and consolidated. In the forming process, 
the deformability of the reinforcement plays a key role in defini-
tion of the fibres’ orientations, which influences permeability of the 
preform and finally defines the mechanical performance of the 
composite component [1,2]. Therefore, the knowledge of the 
deformation behaviour of a dry composite reinforcement is impor-
tant to predict and avoid defects (e.g. wrinkles) in complex preform 
shapes.

Focusing on continuous fibre materials, the investigations 
available in the literature [1,2] are mainly dedicated to the 
deformability and formability of textile reinforcements with 2D 
interlacements, and recently of textiles with 3D architectures ([3–
6]), made of synthetic fibres (i.e. glass, carbon, etc.).

In the last decade the interest in environmentally friendly com-
posites has been rapidly increased. Several works have been pub-
lished on research dealing with natural fibres, bio-based matrices 
and their composites (e.g. [7–13]). Natural fibres are particularly 
attractive for several reasons: they are very popular and abundant 
in developing countries; they have low cost compared to synthetic
fibres; they have good specific mechanical properties and good 
acoustic or vibrational damping. Moreover, the energy needed for 
production of natural fibres is much lower than for synthetic fibres 
and, at last, life cycle analysis (LCA) studies strongly support fur-
ther development of biomaterials [14]. The main disadvantages of 
natural fibres as reinforcement of composites are the compati-bility 
between fibre and matrix and their relatively high moisture 
absorption [11]. In spite of the fast growing interest for natural 
fibres in the composites industry, the deformability and formabil-
ity behaviour of natural fibre fabrics as reinforcement are not dee-
ply known and investigated. Only recently, in the authors’ 
knowledge, few investigations on the mechanical properties and 
complex shape forming of flax woven fabrics have been published 
([15–17]).

In this paper, the deformability and formability of a flax fabric 
adopted as reinforcement in manufacturing complex shape com-
posite components are experimentally investigated. The fabric 
(commercialized as FLAXPLY UD 180 by LINEO) is a quasi-unidirec-
tional woven fabric with thin twisted weft yarns connecting thick 
warp yarns using a weft rep weave interlacing pattern. The unbal-
anced nature of the quasi-unidirectional weave presents additional 
challenges to the fabric forming [18].

The first part of the study is focused on the measurement of the 
main deformation mechanisms of the fabric involved in shaping 
processes: in-plane uniaxial and biaxial tension; in-plane shear; 
out-of-plane bending and out-of-plane compression. Particular 
attention is dedicated to the deformation during shear loading, this
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Table 1
Measured properties of the quasi-unidirectional flax reinforcement.

Fabric plies 1
Areal density (g/m2) 180

Warp Insertion density (ends/cm) 42.5
Linear density of yarns (tex) 41.6

Weft Insertion density (picks/cm) 3
Linear density of yarns (tex) 27.7
being considered the primary deformation mechanism in rein-
forcement shaping processes [19]. The tests are assisted by the 2D 
digital image correlation (DIC) technique to have a continuous 
measurement of the local deformations on the fabric surface. The 
peculiarities of the deformation behaviour are highlighted and 
connected to the quasi-unidirectional construction of the flax fibre 
fabric.

The second part is dedicated to the experimental study of a 
complex 3D shape forming process. The drapability of the quasi-
unidirectional flax reinforcement was observed using a double-
dome punch in an open die forming process. The tests are assisted 
by 3D digital image correlation technique to have a continuous 
measurement of the local deformation during shaping, in particu-
lar of the shear deformation.

The obtained results represent a complete data set for charac-
terisation of the deformation capabilities of the quasi-unidirec-
tional flax reinforcement during complex 3D shape forming 
processes and provide benchmarking data for numerical predic-
tions. Based on the present results, in future work available numer-
ical modelling approaches (e.g. [20–22]) can be adopted to predict 
the forming process of complex shapes assuming the knowledge of 
the main mechanical features of the quasi-unidirectional flax rein-
forcement, as described in Section 4, and assessing the accuracy 
with the experimental forming results presented in Section 5. This 
investigation can increase the confidence in adopting the flax fibre 
quasi-UD reinforcement instead of or beside to synthetic fibre 
woven fabrics in forming complex composite shapes without 
undesirable defects.

2. Material

The fabric is a quasi-unidirectional flax reinforcement (com-
mercialized as FLAXPLY UD 180 by LINEO). The fibres architecture 
of the preform has 95.5% of the fibres (by weight) in warp direction 
and 4.5% in weft. The flax fibre density is 1.4 g/cm3. The fabric has a 
weft rep weave 4/4(4), i.e. each weft yarn goes up and under 4 warp 
yarns (see Fig. 1). Some measured features of the reinforce-ment 
are listed in Table 1.

3. Experimental methodologies and devices

Biaxial tensile tests at different velocity ratios at two axes were 
performed to gather information on the initial non-linear stiffening 
due to the very low crimp in the tows, while uniaxial bias exten-
sion and picture frame tests were carried out to experimentally 
determine the in-plane shear behaviour of the flax preform. During 
these tests, images were recorded by a digital camera for image 
correlation analysis by Vic-2D software [23]. For this purpose the 
specimen surface was speckled with black acrylic paint for strain
Fig. 1. Quasi-unidirectional flax reinforcement (LINEO – FLAXPLY UD 180).
components measurements with a digital image correlation sys-
tem [24]. The procedure followed for image analysis is detailed 
in [25].

Out-of-plane deformability behaviour was investigated with 
bending and compression tests.

Bending stiffness of a textile plays an important role in its drap-
ability [26] and transverse compression is one of the main defor-
mation modes [27] during the compaction stage of resin infusion 
processes due to the applied vacuum and possible additional pres-
sure, which modifies the final material thickness.

Furthermore, the forming stage using a complex double curva-
ture mould was experimentally investigated for two orientations of 
the fibres, assuming a punch with double-dome shape and mea-
suring the full field displacement with three dimensional image 
correlation analyses by MatchID3D software [28].

The tests were performed in the labs of Politecnico di Milano 
and KU Leuven.

3.1. Biaxial tension tests

Biaxial and uniaxial tension tests were performed on square 
specimens of the fabric, using a biaxial testing machine in KU Leu-
ven equipped with two independent orthogonal axes (Fig. 2), with 
grips of length 190 mm. Velocity of the two loading axes was set in 
the range 1–2 mm/min to have different warp to weft velocity 
ratios (k = warp velocity/weft velocity). It should be underlined 
that the velocity ratio (imposed by the device) does not coincide 
with the strain ratio in the centre of a specimen under biaxial load-
ing. Four load cells of 5 kN were used to measure the force applied 
to each side of the specimen. During testing, a digital camera 
acquired frames at a frequency of 1 Hz for image post-processing. 
The biaxial tension test set up is illustrated in Fig. 2.

3.2. In-plane shear behaviour

Two tests are generally performed for in-plane shear character-
isation of engineering fabrics, namely uniaxial bias extension and 
picture frame test (see e.g. [2,29]). Most of the studies concerning 
shear testing of fabrics ([29,30]) include normalization procedures 
for the bias force, based on the energy approach proposed by Har-
rison et al. in [30]. The normalization procedures provide the
Fig. 2. Uni/biaxial tension test. Biaxial tensile machine and test set-up.



Fig. 4. Picture frame: (a) set up; and (b) specimen geometry.
intrinsic shear behaviour of fabrics and allow a comparison 
between bias extension and picture frame results.

In the present work, uniaxial bias extension and picture frame 
tests are compared using the normalization procedures detailed 
in [31,32] and [29,33], respectively.

During shear tests a digital camera acquired frames at a fre-
quency of 1 Hz, for the measurement of the local shear angle by 
digital image correlation. The local shear angle evaluation follows 
the procedure detailed in [33] based on the coordinates of the cor-
ners of the facets (initially square), virtually imposed on the textile 
surface, extracted on each image by the software Vic-2D [23].

3.2.1. Uniaxial bias extension test
Uniaxial bias extension tests involve rectangular specimens of 

material with warp and weft directions of the tows orientated ini-
tially at ±45� to the direction of the applied tension load. The spec-
imen is characterized by the free length/width ratio (k = Lo/wo), 
where the total free length (Lo) must be at least twice the width 
(wo), in order to guarantee a pure shear zone in the centre of the 
specimen (see e.g. [34]) assuming yarns being inextensible and no 
slip occurs in the sample [32]. When the length/width ratio (k) of 
the bias extension specimen is at least 2, the shear angle (c) in the 
centre zone should obey the kinematic relationship in Eq. (1), as 
long as deformation mechanisms, such as intra-ply slip, are 
insignificant compared with trellis shearing [35]. Eq. (1) corre-lates 
the shear angle (c) to the fabric geometry (length of the unde-
formed centre zone D) and the end displacement (d).

c ¼ p
2
� 2 cos�1 Dþ d

D
ffiffiffi
2
p

� �
ð1Þ

Glass fibre–epoxy tabs 2 mm thick, 100 mm wide and 65 mm 
long were glued at the ends of the fabric specimens, leaving 200 
mm free length between the grips, which gives a length/width ratio 
(k) of 2 (Fig. 3). A tensile machine (Instron 5567) was used with a 
load cell of 1 kN. A test speed of 5 mm/min was imposed.

3.2.2. Picture frame test
The picture frame shear test consists in clamping a fabric on a 

hinged frame whose directions are those of the fabric yarns [36]. In 
the present study the setup available in KU Leuven (see Fig. 4a) was 
used (see e.g. [29]). The lack of an official standard for picture frame 
test leads to difficulties in comparing the results of different test 
labs. The test has been the subject of a benchmark exercise to try to 
homogenize the results [29]. The procedure used in this work 
follows the ‘‘best practice’’ recommendations of [29].

Fig. 4a shows the adopted picture frame. The shear angle of the 
frame (c) is related to the displacement of the machine as detailed 
in [29,33].
Fig. 3. Bias extension test: test set-up.
The frame was mounted on an Instron 5567 tensile machine 
with 1 kN load cell. A test speed of 20 mm/min and a maximum dis-
placement of 22 mm, corresponding to a frame shear angle of �50�, 
were set. First, the load–displacement diagram was registered with 
the empty frame, to be subtracted from the load diagram in the test 
with the fabric, to produce the net force applied by the machine. 
The basics of the picture frame kinematics, as well as the calculation 
procedures for the shear force, are detailed in [25]. The tested sam-
ples had the cross-like shape depicted in Fig. 4b.

3.3. Out-of-plane bending test

Two test methods are adopted to measure the bending stiffness 
of fabrics [37]: a cantilever bending test, which originates from the 
work of Peirce [38] (see standard [39]) and the Kawabata test [40]. 
In the following, bending tests in warp and weft direction of the 
reinforcement are detailed using the same type of flexometer as the 
one described in [41]. The device consists of a metallic part, which 
enables to place the sample in cantilever configuration bending 
under its own weight (Fig. 5) and an optical device acquir-ing 
images of the bent specimen. The quasi-static bending tests with 
different overhanging lengths allow to measure the non-lin-ear 
moment vs. curvature relationship. After each length incre-ment 
and before taking an image of the deformed configuration, the 
reinforcement relaxes for five minutes reaching a ‘stable’ con-
figuration. The image processing generates digital profiles of bent 
specimens adopted for curvature and moment evaluations. The 
samples had width of 50 mm.

3.4. Out-of-plane compression test

The response of the reinforcement in terms of thickness varia-
tion is an important knowledge for the preliminary prediction of
Fig. 5. Bending test set up.



Fig. 7. Forming test set up of double-dome shape.
the fibre content in the composite component and, as consequence, 
of the mechanical properties. The thickness of the considered fab-
ric during transverse compression was experimentally measured 
with a set-up similar to the one detailed in [42]. It consists of a 
metallic cylindrical punch of diameter 70 mm applying compres-
sive pressure, and a metal frame for specimen positioning. A spher-
ical hinge was adopted to uniformly distribute the pressure on the 
contact surface reducing the possible slight error of parallelism 
between the punch and textile plane. The compression test set-up 
is illustrated in Fig. 6a; while the sample geometry is depicted in 
Fig. 6b.

First a calibration curve is recorded in a compression test with-
out specimen to account for the machine compliance. After calibra-
tion, fabric specimens are inserted and clamped in the frame.

For each specimen three load–unload cycles were performed. 
The thickness vs. pressure diagram was deduced subtracting the 
calibration curve from the load–displacement data of each 
specimen.

An Instron 5567 machine, with a load cell of 1 kN was used. The 
maximum applied pressure in each cycle was 250 kPa.

3.5. Forming test

The forming process was investigated with the test set-up illus-
trated in Fig. 7. It consists of two modules: a set of metal compo-
nents and optical devices. The first module is made up of a punch 
with double-dome shape, a metal open die on which the composite 
reinforcement is placed and a rectangular blankholder. The double-
dome punch was the one introduced in the benchmark study [43] 
and was also used in [44]. The geometry of the metal tools is 
depicted in Fig. 8. The optical module is a stereo vision sys-tem (see 
Fig. 7), which acquires images of the forming process at a frequency 
of 1 Hz for 3D image correlation analysis by MatchID3D software 
[28]. For this purpose the specimen surface is speckled with black 
acrylic paint for displacement measurements with dig-ital image 
correlation technique. A rectangular blank (500 � 400 mm) is 
placed on the die and then the punch is pushed down at a constant 
rate of 10 mm/min. The test continues until the forming process is 
finished, i.e. the punch passes entirely through the die 
(approximately 55 mm of punch displacement).

4. Results of deformability tests

4.1. Biaxial tensile behaviour

Fig. 9 summarizes the results of the uniaxial tension test in 
warp and weft direction, as well as biaxial tension in the principal
Fig. 6. Compression test: (a) set-up
directions. Each curve in Fig. 9 is the average of three/four speci-
mens. The biaxial tests were performed with four different velocity 
ratios k (warp/weft).

The force levels when tested in the weft direction are consider-
ably lower, which is a logical consequence of the warp/weft distri-
bution of the yarns in the fabric. The reinforcement shows a larger 
non-linear range in the weft direction, which is probably related to 
two aspects: the higher crimp of the weft yarns which gives the 
main non-linear contribution, and the weft yarn twist which con-
tribution is relatively small observing the initial limited nonlinear 
behaviour during tensile tests of yarns extracted from the fabric. 
When tested in warp direction, the behaviour is less sensitive to 
the tension applied in the weft direction (see Fig. 9a), with the 
biaxial curves close to each other (k = 1/1, 1/2, 1/0, 2/1). This is 
probably again related to the low weft yarn density and the non-
linear behaviour of the weft yarns. However, when comparing 
the biaxial test results with the unconstrained sample, it is remark-
able that the introduction of tension in the weft direction causes a 
strong reduction in initial strain in the warp direction.

Fig. 9a shows a reduced experimental scatter for loading in warp 
direction. The curves, after the initial non-linear range, become 
approximately linear with slope close to the one of the uniaxial 
tension. The maximum slope of the curves obtained by biaxial and 
uniaxial tensile tests represents almost the stiffness of the adopted 
flax yarns. In fact, assuming a flax density 1.4 g/cm3, the data of the 
yarns in Table 1, the maximum slope of each curve in warp 
direction and the theoretical cross section of the warp yarns, the 
obtained stiffness is in the range 15.6–18.8 GPa. The stiffness of 
24 flax yarns extracted from the fabric in warp
; and (b) specimen geometry.



Fig. 8. Geometry of (a) double-dome punch, (b) open die (thickness 8 mm) and (c) blankholder (thickness 4 mm).

Fig. 9. Uniaxial and biaxial tests. Average tension vs. strain curves in (a) warp and (b) weft direction for different ratios k (k = warp/weft velocity); k = 1/free and k = free/1
denote uniaxial tests in the warp and weft directions. Error bars give the standard deviation of three/four tests.
direction was measured by tensile tests. The adopted free length of 
200 mm and the theoretical cross section allow having an average 
stiffness of the warp yarn of 17.4 GPa.

A larger experimental scatter is observed for loading in weft 
direction (Fig. 9b). This is mainly due to the reduced number of 
yarns in weft direction and the relatively low applied loads. The 
stiffness of the fabric in weft direction slightly increases with 
increase of k, due to the tensioning effect of the large fraction of 
warp yarns.

4.2. In-plane shear behaviour

The assumptions of the normalization procedure adopted for 
bias tension, presented in Section 3.2.1, have been assessed for sev-
eral 2D reinforcements (see e.g. benchmark in [29]). These hypoth-
eses are now verified for the quasi-uniaxial heavily unbalanced flax 
fabric under consideration.
The comparison of the local shear angle measured by DIC in the 
centre of five specimens during bias tests, and the theoretical shear 
angle, calculated based on kinematic analysis (Eq. (1)), is detailed in 
Fig. 10a. The measured and the theoretical shear angles are in 
agreement in the considered range with an underestimation of the 
DIC lower than 3� for shear angle above 30�. Analogous infor-
mation is obtained comparing the measured shear angle in the 
centre of the specimen to the frame shear angle of five picture 
frame tests (Fig. 10b). The frame shear angle is related to the dis-
placement of the machine and to the kinematics of the picture 
frame; it does not contain assumptions on the deformation mech-
anism of the fabric. In Fig. 10b the difference between the nominal 
and DIC-measured shear angle is negligible (less than 2�).

The measured shear angle distribution on the complete surface 
(200 � 100 mm) of a bias specimen for an applied theoretical shear 
angle of �20� is depicted in Fig. 11a. The assumption of the kine-
matic model (see e.g. [34]), i.e. distinction of three deformation



Fig. 10. Comparison of measured and theoretical shear angle of five: (a) bias extension tests and (b) picture frame tests.

Fig. 12. Comparison of bias extension and picture frame tests: average normalized
shear force vs. DIC shear angle curves. Error bars give the standard deviation of five
tests.
zones, is clearly observed in the experiments. Moreover, the shear 
angle distribution in the centre of a picture frame specimen under 
the theoretical shear angle of �20� is detailed in Fig. 11b. The pic-
ture shows shear angles in the range 18–22�.

The average normalized shear force vs. DIC shear angle curve of 
five specimens subjected to bias extension is depicted in Fig. 12 and 
compared to the one obtained with five picture frame tests. The 
diagram shows the curves, measured with two different tests, very 
close to each other and in the same experimental scatter band for a 
large shear angle range up to 40�.

The good agreement of the shear curves obtained with the two 
different tests is not frequently observed in the literature. It is usual 
to have a discrepancy of the test results due to the different 
clamping of the specimen in the two test setups ([25,30]). The con-
sidered quasi-unidirectional flax reinforcement does not show a 
considerable influence of the specimen clamping on the shear 
behaviour, because of the interlacement of the quasi-UD fabric 
(highly unbalanced distribution of the fibres in the warp and weft 
direction) leading to a weak interaction during relative rotation of 
the fibres.

The observed shear behaviour of the quasi-UD fabric has some 
differences in comparison to several two-dimensional reinforce-
ments for composites investigated in literature. It is usual to distin-
guish three different regions in the shear curve (e.g. [30,42]): an 
initial region of high initial stiffness, a second region of low shear 
stiffness and a third with a fast increase of the curves slope. These 
regions correspond to different shear resistance mechanisms and 
are well explained in the literature for two-dimensional fabrics
Fig. 11. Contour plot of the measured shear angle distribution by DIC for a t
(see e.g. [45,46]). For 2D textiles, the high initial stiffness originates 
from high resistance of the yarns to lateral bending, when they can-
not rotate in the intersections, as the applied force does not exceed 
friction between them. When the friction has been overcome, it 
becomes the main force factor and low shear stiffness is observed. 
Increasing the shear angle, the yarns are coming closer to one 
another and start being compressed laterally. The compression of 
fibrous assemblies is a non-linear process with fast increasing stiff-
ness, which explains the fast increase of the shear stiffness in the 
third stage of the deformation. The first region is not observed for
heoretical shear angle of 20�. (a) Bias extension; and (b) picture frame.



the quasi-unidirectional flax reinforcement. The low quantity of 
yarns in weft direction generates few intersections between warp 
and weft yarns and as consequence the initial friction at the inter-
sections does not play an important role in the initial shear behav-
iour. Up to a shear angle of almost 10� (Fig. 12), the flax yarns move 
closer to each other and the curves show negligible shear stiffness 
of the fabric. Then, the yarns start to be in contact and compressed 
laterally and the shear curves have a rapid non-linear increase of 
the slope. The contact of the yarns generates an initiation of wrin-
kles for a shear angle of about 20–23�, in both tests.

4.3. Out-of-plane bending behaviour

The average profiles of the bent specimens have been measured 
for different overhanging lengths by image post-processing (see 
Fig. 13). The bent profile of each specimen (y(x)) is fitted with a 
fourth order polynomial function. In Fig. 13, each curve in both
Fig. 13. Bending tests. Fourth order polynomial fitting of bent specimen average profiles
and (b) weft direction. Error bars give the standard deviation of five tests.

Fig. 14. Bending tests. (a) curvature vs. overhanging length; (b) bending m
warp and weft direction is the average of five tests. The curvature
(j) of the bent shape is calculated as:

jðxÞ ¼ y00

1þ y02ð Þ
3
2

ð2Þ

where apex means the derivative of the deflection y with respect to 
the coordinate x (see Fig. 5).

The bending moment has been calculated with a digital method 
as in [6]. The image of the bent profile is subdivided in segments of 
length 0.5 mm. The weight per unit length and the distance of the 
centroid to the clamp give the contribution of each segment to the 
bending moment.

The curvature and the bending moment at the clamp for differ-
ent overhanging lengths are summarized in Fig. 14a and b, respec-
tively. Four and three overhanging lengths have been considered in 
warp (from 50 to 125 mm) and weft (from 20 to 40 mm) direction,
extracted by images post-processing for different overhanging length, in: (a) warp

oment vs. overhanging length; and (c) bending moment vs. curvature.



Table 2
Comparison of bending moment and curvature for the flax quasi-UD and two carbon
textiles (Fabric A and Fabric B) adopted in [41], for an overhanging length of 125 mm.

Moment per unit width (N) Curvature (mm�1)

Fabric A – weft 0.042 0.017
Fabric B – weft 0.045 0.011
Flax quasi-UD – warp 0.014 0.018
respectively. The combination of these results provides the 
moment–curvature curves of the flax reinforcement in Fig. 14c.

As expected, the highly unbalanced flax fabric has a completely 
different bending behaviour in the two principal directions. The 
higher density of warp yarns gives a higher bending stiffness of the 
fabric along this direction.

For the sake of comparison with fabrics of synthetic fibres, the 
bending moment and curvature measured with the flax quasi-UD 
fabric and two carbon textiles adopted in [41] are listed in Table 2 
for an overhanging length of 125 mm. The carbon fabrics detailed in 
[41] are: a 2.5D carbon fabric 630 g/m2 (named Fabric A) and an 
interlock carbon fabric 600 g/m2 (named Fabric B). The compar-ison 
of the three reinforcements with different fibres (flax and car-bon) 
is not completely adequate. But, to the authors’ knowledge, 
bending stiffness measurements of other flax reinforcements for 
composites are not available in literature. The quasi-UD fabric has 
almost one-third of the bending moment and similar curvature as 
the carbon reinforcements. As expected, the flax reinforcement 
reveals a lower bending stiffness compared to the considered car-
bon textiles.
4.4. Out-of-plane compression behaviour

The fabric thickness as function of the compaction pressure has 
been measured with six specimens.

Fig. 15a details the average diagrams recorded in three consec-
utive compression quasi-static loading cycles. During the first 
loading, the fabric had preliminary compaction that remains per-
manent, having almost identical curves for the second and third 
loading cycle. In the first cycle some handling and production vari-
ations of the yarns position have been recovered.

The shape of the curves in Fig. 15a is characteristic for the com-
paction behaviour of textiles (e.g. [47,48]). Three regions can be 
distinguished according to the deformation mechanisms. The first 
region features a low compressive rigidity. Here friction and bend-
ing of yarns show low resistance while rearranging themselves 
inside the fabric structure. The second region, transition zone, is
Fig. 15. Transversal compression tests. (a) Average fabric thickness vs. compaction press
bars give the standard deviation of six tests.
strongly non-linear. The contact points between yarns are increas-
ing, creating a higher frictional and bending resistance. Lateral 
compression of adjacent yarns starts at some points. At last, the 
third region shows an almost asymptotic behaviour of the fabric 
where the compressive rigidity is very high. All yarns are in close 
contact and the lateral compression of the yarns features high 
compressive forces.

The importance in measuring the thickness variation during 
compaction is related to the preliminary prediction of the fibre vol-
ume fraction of the composite material reinforced with the consid-
ered fabric.

The fibre volume fraction (Vf) is estimated as Vf = A/qh, being A 
the fabric areal density, q the flax fibre density (1400 kg/m3) and h 
the measured fabric average thickness (assuming the thickness of 
the composite as the thickness of the fabric).

Fig. 15b shows the predicted fibre volume fraction vs. the 
applied pressure in the three loading cycles. Focussing the atten-
tion on the first cycle, as for a possible infusion process, the fibre 
volume fraction ranges from 23.5% for a pressure of 1 kPa to 39.4% 
applying 250 kPa. In [49], fibre volume fraction of 47% was reached 
for laminates made of the same LINEO prepreg at a pres-sure of 400 
kPa. These results are comparable to the data presented in [50] for a 
flax plain weave fabric and a flax non-crimped stitched 
unidirectional fabric which feature a fibre volume fraction in the 
range 40–50% after compression up to 250 kPa. It must be men-
tioned that the obtained theoretical fibre volume fraction of 39.4% 
is for one layer of quasi-UD fabric. Generally, a composite laminate 
contains several layers and the applied pressure in the infusion 
process generates nesting of the yarns and, as conse-quence, an 
increase of the fibre volume fraction. This was observed by 
compression tests of four layers of the quasi-UD fabric. For a 
pressure of 250 kPa, the theoretical fibre volume fraction was 
almost 46%.
5. Results of formability tests

The drapability of the quasi-unidirectional flax reinforcement on 
complex double curvature moulds was experimentally investi-
gated using a double-dome punch in an open die forming process 
(see details in Section 3.5).

Six tests were performed: three with warp yarns and three with 
weft yarns of the fabric initially aligned to the longer side of the 
rectangular open die (longitudinal direction).

Shear deformation is considered as one of the primary deforma-
tion mechanisms in the forming of composite reinforcements [19]. 
The local shear angle is calculated by means of the ‘grid method’,
ure; and (b) prediction of fabric fibre volume fraction vs. compaction pressure. Error



Fig. 16. (a) Displacement and (b) shear angle distribution at the end of forming process of double-dome shape with warp fibres in longitudinal direction.

Fig. 17. (a) Displacement and (b) shear angle distribution at the end of forming process of double-dome shape with weft fibres in longitudinal direction.

Fig. 18. Deformed shape at the end of forming process of double-dome shape with (a) warp fibres and (b) weft fibres in longitudinal direction.
presented in [25] and adopted for a 3D E-glass reinforcement in [6]. 
The grid consists of facets, made by spacing of points (i.e. step size 
in pixels), in the Area of Interest (AoI) analysed during the dig-ital 
image correlation. The adopted step size is 5 pixels. For each 
recorded incremental position of the mould, DIC analysis by Mat-
chID3D provides the 3D displacement in the field of view of the 
cameras as coordinates of the facets vertexes (see Figs. 16a and 
17a). The post-processing of these data allows evaluation of the 
local shear angle as variation of the angle between the diagonals of 
each facet.

The distributions of the shear angle on the reinforcement’s 
external surface at the end of the double-dome shape forming 
are depicted in Figs. 16b and 17b for a sample with warp yarns 
and weft yarns initially in the direction of the longer side of the 
die, respectively.
For both orientations, the higher values of shear angle are in the 
higher curvature zones as observed for other reinforcement fabrics 
(see e.g. [44,6]). The maximum shear angle does not exceed 14� for 
both orientations of the reinforcement in the final shape. This is an 
interesting observation because the recorded maximum shear 
angle is lower than measured for other reinforcements. For the 
same double-dome shape, the 3D E-glass reinforcement investi-
gated in [6] has maximum shear angle close to 25� while the twill 
2/2 glass-PP fabric adopted in [51] has a maximum angle of 28�.

Finally, it is important to underline that the quasi-unidirec-
tional flax reinforcement does not feature relevant defects (e.g. 
wrinkles or openings) during the double-dome forming for both the 
considered initial orientations of the yarns (Fig. 18). The observed 
good drapability of the flax fabric is mainly related to its 
architecture with a reduced number of intersections leading



to a reduced influence of the friction in the initial shear deforma-
tion, one of the primary deformation mechanisms in a reinforce-
ment shaping.

It should be mentioned that the considered double-dome is not
one of the most complex 3D shapes. For a wider assessment of the
formability of the flax fabric other more severe 3D shapes (e.g. tet-
rahedron) will be considered.
6. Conclusions

The experimental study presented in this paper was focused on
understanding the deformability and formability of a quasi-unidi-
rectional flax reinforcement for composite materials, commercial-
ized as FLAXPLY UD 180 by LINEO.

The first part was focused on the main deformation modes of
the flax fabric. The main results of the investigation are:

– The biaxial tensile tests, performed for different velocity
ratios k, provided a complete understanding of the biaxial
behaviour of the reinforcement. The fabric stiffness per yarn
in the warp direction at strain over 0.5% for biaxial test and
1% for uniaxial test is close to the stiffness of individual flax
yarn.

– The uniaxial bias extension and picture frame tests provide very
similar shear behaviour of the fabric and show good agreement
with theoretical models.

– The out-of-plane bending tests feature a completely different
bending behaviour in warp and weft direction of the fabric,
due to the difference in yarn density.

– The out-of-plane compression tests show the variation of the
fabric thickness when increasing the transverse pressure as in
the compaction stage of resin infusion processes. The response
of the reinforcement in terms of thickness variation allows the
preliminary prediction of the fibre content in the composite
and, as consequence, of the mechanical performance.

The second part of this study was dedicated to the experimental
simulation of a complex 3D shape forming process using a double-
dome punch. The main results are:

– Experimental observations showed a shear angle distribution
on the fabric surface similar to other reinforcements at the
end of the shaping process. Moreover, the maximum shear
angle measured on the quasi-UD flax fabric is definitively lower
than that observed for other reinforcements. The relatively low
shear angles generated in complex shape forming indicate the
very good drapability of the adopted flax fabric.

– The peculiar properties of the quasi-unidirectional flax rein-
forcement are appropriate to generate the considered complex
shape without visible defects.

The obtained results represent a complete and unique data set
for the knowledge of the deformation capabilities during complex
3D shape forming processes with the considered quasi-unidirec-
tional flax reinforcement for composite materials. Moreover, the
measurements obtained during experimental double-dome shap-
ing allow increasing the confidence in adopting the flax fibre
quasi-UD reinforcement in forming complex composite compo-
nents and assessing the accuracy of available predictive models.
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