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A B S T R A C T

Binder-stabilised preforms are being used increasingly in the production of large composite structures, such
as wind turbine blades, to increase the throughput. The transverse shear behaviour of the preform is one
of the driving factors in the development of wrinkling during manufacturing but has not previously been
characterised in the literature. In this paper, the combined intra- and inter-ply deformations during transverse
shearing of a binder-stabilised preforms for wind turbine blade manufacturing are characterised by a new test
methodology. The results from two experimental campaigns are presented. In the first campaign, preform
specimens are subjected to monotonic loading to a nominal transverse shear angle of 18.0◦ with three
different deformation rates. The results show an increase in maximum load levels with greater deformation
rates. In the second campaign, preform specimens are subjected to deformation-controlled cyclic loading
with two different deformation amplitudes corresponding to a nominal transverse shear angle of 1.5◦ and
12.2◦, respectively. During cyclic loading, permanent deformation is observed in all preform specimens and
the maximum load at the 19th cycle is reduced to 48% of the maximum load at the first cycle for the
tests with deformation amplitudes of 12.2◦. The data generated in this study is freely available at https:
//doi.org/10.17632/9m78sg3zwn.1.
1. Introduction

To reduce the production cost and increase the throughput of com-
posite structures, the simultaneous forming of multi-layered stacks
of fabrics is being used increasingly. This is both done in hot-drape
forming of aerospace structures [1], and resin transfer moulding of
automotive parts [2]. Lately, stacks of dry non-crimp fabrics (NCFs)
with a binder between each layer (binder-stabilised preforms) are
also getting interest in the production of wind turbine blades [3,4].
The focus of this work is on binder-stabilised preforms used in the
production of wind turbine blades.

Uncured composite materials are prone to defects due to a lot
of uncertainties involved in manufacturing [5]. During forming of
composite parts, some of the most significant defects arising are fibre
waviness or out-of-plane wrinkling [6]. These wrinkles can lead to a
severe knock-down in the strength of the finished solidified composite
part [7]. For wind turbine blades, the knock-down in strength has been
investigated in [8–10], with an observed knock-down of 66% for some
wrinkle configurations [10]. Numerous studies have investigated the
mechanisms leading to wrinkling in composite forming. Considering a
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single ply, one of the driving mechanisms for wrinkling is the inability
of the ply to conform to a double-curved mould through in-plane
shearing [11–13]. However, when multiple plies are formed together,
the properties of the interface between the individual plies greatly
influence the wrinkle creation [14–18]. Specifically, the risk of fibre
wrinkling increases when the plies are not capable of moving relative
to each other. This risk may increase for plies of similar orientation
due to an increase in friction [19]. In composite manufacturing with
binder-stabilised preforms, the polymeric binder serves the purpose
of stabilising the preform to avoid wrinkling during handling of the
uncured preform and to significantly reduce the layup time in the
main mould [20,21]. On the other hand, the binder may also impede
inter-ply movement, which may lead to wrinkles during forming. These
wrinkles are, typically, located at single or double curvature geometric
transitions [22]. An example of such a transition is a ramp, illustrated
in Fig. 1, which is common at core material transitions in wind tur-
bine blades. To achieve wrinkle-free forming of preforms, a trade-off
between stability and formability of the preform is sought.
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Fig. 1. Illustration of the forming of a binder-stabilised preform over a ramp. At the
transition edges, wrinkles may appear if the preform does not undergo transverse shear-
ing (top). The preform shear is a combination of intra-ply and inter-ply deformations
(bottom).

Numerical simulation models may be used to help assess the forma-
bility of multi-layered preforms and defect generation during form-
ing [17,22,23]. These models require accurate characterisation of rele-
vant deformation modes, which includes the transverse shear behaviour
for binder-stabilised preforms. The two overall mechanisms that govern
transverse shearing of the preform are intra-ply shearing and inter-ply
sliding. The inter-ply sliding is the relative movement of the NCFs with
respect to each other, while the intra-ply shearing occurs when the
fibres in the NCF slide relative to each other. Notice that, intra-ply
shearing in this context refers to the out-of-plane transverse shearing of
the NCF and not the in-plane shearing. Several experimental setups for
characterising the inter-ply behaviour of fabrics used in the manufac-
turing of composite structures are described in the literature. They can,
generally, be divided into two overall categories: sled-type tests and
pull-through/pull-out tests. For the sled-type tests, the normal load is
applied by weights [24–26] whereas, pull-through/pull-out tests apply
normal loads by clamps [27–33]. These setups have both been used to
characterise the friction between dry fabrics (woven or NCF) [24,26,
30], non-consolidated fabrics with binder dispersed on top [25], and
prepreg material systems [27–29,32,33]. Recently, a custom-built setup
has been used to study the friction between carbon NCFs under vacuum
to emulate double-diaphragm forming processing conditions [34].

The intra-ply shear of thermoplastic UD melts has been charac-
terised by [35] using a torsional test rig. A custom-made shear rig was
designed to characterise the intra-ply shearing on yarn level in [36].
More recently, the intra-ply shear of UD-tapes has been characterised
using Timoshenko beam theory on bent fabrics in a dynamic mechani-
cal analysis (DMA) [37]. All current methods of measuring the intra-ply
shearing of fabrics are used on UD composite materials. To the author’s
knowledge, no general applicable methodology for characterising the
through-thickness intra-ply shearing of NCF and other fabrics has been
described in the literature. To characterise the intra-ply transverse
shear stiffness of thick 3D woven (interlock) fabrics a custom-built
transverse shear fixture was made in [38]. Variations of this setup are
2

described in [39] and, more recently, in [40]. A similar test fixture is
used to characterise the shear properties of sandwich core material in
ASTM C 273 [41].

During handling of the binder-stabilised preform and placement in
the main casting mould, the preform may be subjected to repeated
loading. During repeated loading, fabric materials often show strong
hysteretic behaviour. This has been observed in [42,43] where the
static coefficient of friction was shown to decrease with repeated
loading. The reason for this was argued in [42] to be due to abrasion
and reorganisation of the fibres inside the yarns. However, both studies
were carried out on woven fabrics that may be more unstable than NCFs
and, thus, more susceptible to fibre reorganisation.

Currently, the state-of-the-art for characterising binder-stabilised
preforms consists of inter-ply friction tests. As this test does not take
into account the intra-ply shearing of the NCFs, the transverse shear
behaviour of binder-stabilised preforms remains unclear. Measuring the
intra-ply shear characteristics on a single NCF is challenging because it
is difficult to fix the top and bottom of the NCFs. Furthermore, current
process models for assessing the formability of preforms in wind turbine
blade manufacturing consider the combined effect of inter-ply sliding
and intra-ply shearing when modelling transverse shearing [22].

The aim of this study is to characterise the transverse shear be-
haviour of dry binder-stabilised preforms for wind turbine blade man-
ufacturing (consisting of mainly UD-NCFs) during both monotonic and
cyclic loading. To achieve this, a new experimental methodology for
experimental characterisation and data processing of the transverse
shear behaviour of thick preforms is presented. The main novelty
associated with the work presented in this paper is the characterisation
of the transverse shear behaviour of a dry binder-stabilised preform
material system. The results of such a characterisation are important
for studying preform formability and are, to the authors’ knowledge,
yet to be reported in the literature. The preform used in this study is
representative of what is used in wind turbine blade manufacturing.
The rest of the paper is structured as follows: in Section 2 the test fixture
is presented with a description of the preform material tested. The
results are presented in Section 3 and discussed in Section 4. Finally,
the paper is concluded in Section 5.

2. Material and methods

2.1. Preform shear test fixture

To carry out transverse shear tests of dry binder-stabilised preforms,
a test fixture is designed that can be mounted in a standard tensile test
machine. The fixture consists of two L-shaped aluminium blocks with a
widened slot on one surface of each block such that it can be mounted
in the grips of the test machine with a threaded rod. The slot allows for
adjusting the threaded rod to make the shear load apply to the centre
line of specimens with varying thickness. One of the L-shaped blocks
is fixed during testing, while the other is moved by the cross-head
of the test machine. Each block consists of a horizontal and vertical
part that are supported by a bracket to prevent significant deflection
during loading of the specimen. Two disposable aluminium plates are
screwed to the blocks, and the preform specimen is glued in between
the aluminium plates. To measure displacement during the test, a Crack
Opening Displacement (COD) gauge extensometer is mounted between
two COD gauge plates. A schematic of the test fixture is shown in Fig. 2.
The fixture is installed in an Instron ElectroPuls E10000 test machine
as shown in Fig. 3. The block, which is clamped to the lower part of
the machine, is the fixed block, whereas the moving block is clamped
to the upper part of the machine. Both the fixed and moving blocks are
gripped in a set of vee wedge jaws with a fully threaded rod such that

the shear load applies to the centre line of the preform test specimens.
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Fig. 2. Test fixture configuration.

2.2. Testing procedure

A 10 kN load cell is used for the test. The load cell and the COD
are zeroed before running each test. All tests are carried out at room
temperature. Two different test campaigns are carried out: a monotonic
test campaign and a cyclic test campaign. In the monotonic tests, the
specimens undergo 6.0 mm displacement at three different speeds of
the cross-head: 2 mm/min, 20 mm/min and 60 mm/min, respectively.
A displacement of 6.0 mm corresponds to an average shear angle of
18.0◦ for the specimens tested. The target shear angle was chosen
based on the initiation of interface failure, see Fig. 9. Five repeats
with pristine specimens are carried out for each deformation rate. The
displacement and force are logged during the experiment.

Cyclic testing is carried out, as the preform is loaded repeatedly
during transport, handling and placement when manufacturing wind
turbine blades. Depending on the level of the loading, this may need to
be accounted for in the process modelling. The cyclic tests are carried
out with a speed of the cross-head of 20 mm/min with two different
displacement amplitudes for the loading–unloading loops. For the first
case, each sample is cycled 50 times with a triangular cyclic function for
the displacement with a mean equal to 0.0 mm and an amplitude equal
to 0.5 mm. A displacement of 0.5 mm corresponds to an average shear
angle of 1.5◦ for the tested specimens (small displacement amplitudes).
For the second case, each sample undergo 20 cycles with a triangular
cyclic function for the displacement with a mean equal to 0.0 mm and
an amplitude equal to 4.0 mm. A displacement of 4.0 mm corresponds
to an average shear angle of 12.2◦ for the tested specimens (large
displacement amplitudes). For each case, 5 repeats are carried out with
pristine specimens. The two displacement amplitudes are chosen to
investigate either side of the transition point between the shear and
the interface degradation zone for the monotonic tests, see Fig. 9.

A monochrome 5MP FLIR Blackfly S camera with a 25 mm Fujinon
lens that is synchronised with the displacement is used to acquire
images of the side of the specimen at a rate of 7 Hz for the monotonic
tests and 1 Hz for the cyclic tests.

2.3. Material and sample fabrication

The results from characterising a single type of preform specimen
is presented in this paper. The tested preform consists of three types of
3

Fig. 3. The test fixture mounted in the test machine.

Fig. 4. Non-crimp fabrics (NCFs) used for the preforms specimens. NCF type 1 is
uni-directional and has an architecture similar to NCF type 2.

glass fibre NCFs that are described in the following. NCF type 1 has an
area weight of 712 g/m2. It consists of 92 wt% H-glass fibres oriented
at 0 degrees. There are 8 wt% E-glass backing fibres oriented at ±80
degrees. The fibre angles are given relative to the warp direction of
the fabric; see Fig. 4. The stitch is a combined tricot-chain of polyester
thread. The thickness of NCF type 1 is approximately 0.5 mm. NCF type
2 has an area weight of 1380 g/m2. It consists of 96 wt% H-glass fibres
oriented at 0 degrees. There are 4 wt% E-glass backing fibres oriented
at ±80 degrees. The fibre angles are given relative to the warp direction
of the fabric: see Fig. 4. The stitch is a combined tricot-chain stitch of
polyester thread. The thickness of NCF type 2 is approximately 1.0 mm.
NCF type 3 has an area weight of 806 g/m2. It consists of H-glass fibres
oriented at ±45 degrees. The fibre angles are given relative to the warp
direction of the fabric; see Fig. 4. The stitch is a chain stitch of polyester
thread. The thickness of NCF type 3 is approximately 1.0 mm.

The preform specimens are made of 21 layers of glass non-crimp
fabric. The layup of the preform with the three types of NCF is listed
in Table 1 and sketched in Fig. 5. The preform is consolidated using a
soluble polyester binder that are dispersed as powder on the roving side
of the fabric. The binder is activated by consolidating the preform at
elevated temperatures. The binder primarily bonds the backing fibres
of one NCF to the rovings of the adjacent NCF. The total thickness of
the preform specimens is 18.5 mm.
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Fig. 5. Sketch of the layup of the preform specimens.

Fig. 6. Alignment of the specimens on the disposable aluminium plates. The four
alignment plates are highlighted with the red circles (top left). A light pressure is
added to the specimens during curing of the glue (top right). The glue is penetrating
layer 1, which is observed by the backing material of the adjacent plies sticking to the
plies (bottom).

Table 1
Layup of the preform specimens.

Layer Nr. 1 2–15 16–18 19–21

NCF type Type 1 Type 2 Type 1 Type 3

The preform specimens are glued to the aluminium plates with
Permalock EP-708 2-component epoxy glue at room temperature. The
contribution of the thickness of the glue to the total thickness of the
specimen is assumed negligible. During specimen preparation, it is
important that the preform is aligned with the load direction. To ensure
that, four alignment plates are mounted on the disposable plates to
position the preform samples in the middle of the plates, as shown
in Fig. 6. Two clamps are used to apply a small amount of pressure
during the curing of the glue while avoiding the glue to penetrate into
the preform, see Fig. 6. After curing, the penetration of the glue was
investigated by carefully removing one fabric layer at a time. It was
observed that the glue penetrates layer 1 (see Fig. 6). No penetration
4

Fig. 7. Stresses transferred to the preform specimen during loading. It is assumed that
the shear stresses are distributed evenly over the cross-sectional area and that the
specimen is shearing evenly over the entire thickness.

Fig. 8. The hysteresis curve from the cyclic tests consists of a loading curve and the
subsequent unloading curve. The first part of the curve, from the start of loading until
the first reversal of load, is referred to as the monotonic curve. The dissipated energy for
a cycle is calculated as the area inside the hysteresis curve. Definition of displacement
ranges and load ranges are given in the figure.

of the glue was observed in the other layers. With a thickness of
approximately 0.5 mm of layer 1, the influence of the glue penetration
on the transverse shear behaviour is negligible. As a final preparation
step, the alignment plates are removed from the disposable plates and
the prepared sample may be installed in the test fixture and tested.

The preform specimen, glued in between the two disposable plates,
has the size of 200 mm × 50 mm × 18.5 mm (Length × Width × Thick-
ness).

2.4. Data processing

The test fixture enforces a simple shear deformation on the preform
specimen [44]. It is assumed that the test specimen deforms in simple
shear and that the only stresses transferred to the preform specimen
are shear stresses, as shown in Fig. 7. From the load cell and clip
gauge, respectively, load (𝐹 ) and displacement (𝐷) data are available.
Based on these, the average shear stress and average shear angle for
the preform specimen are calculated by,

𝛾 = tan−1
(𝐷)

, 𝜏 = 𝐹 (1)
𝑎𝑣𝑔 𝑡 𝑎𝑣𝑔 𝑙𝑤
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Fig. 9. Load–displacement curve for one of the monotonic loading tests of the preform with a displacement rate of 2 mm/min (left). Images of the specimen during loading
(right): (a) undeformed specimen, (b) sheared specimen at the maximum load and (c) specimen at the end with damages in the interface.
where 𝐷 is the displacement of the fixture, 𝐹 is the cross-head load, 𝑡
is the specimen thickness, 𝑙 is the length of the specimen, and 𝑤 is the
width of the specimen. In the monotonic tests, 𝐷 is based on the COD
displacement, while the cross-head displacement is used in the cyclic
tests as the COD offsets the measured displacement at a high number
of cycles.

For the cyclic tests, the hysteresis curve is considered, as shown in
Fig. 8. The deformation curve from the start of the loading (prescribed
displacement) until the first reversal of load (at 𝐷+) is referred to as
the monotonic curve. The unloading curve that follows the monotonic
curve (from 𝐷+ to 𝐷−) is, together with the monotonic curve, referred
to as cycle 0 (Fig. 13). The first cycle starts from 𝐷−, then loaded to
𝐷+, and then unloaded to 𝐷− again. After that, every cycle consists
of loading and then unloading in that order. This means that cycle
19 is the last cycle for the test with a displacement amplitude of
4.0 mm, while cycle 49 is the last cycle for the test with a displacement
amplitude of 0.5 mm.

For each cycle, the energy dissipated is computed as the area inside
the hysteresis curve (Fig. 8). The permanent deformation, 𝛥𝐷𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡, is
defined as the deformation range between the hysteresis curve at 𝐹 =
0. From the permanent deformation range and the total deformation
range, 𝛥𝐷𝑡𝑜𝑡𝑎𝑙, the elastic deformation range is defined as,

𝛥𝐷𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝛥𝐷𝑡𝑜𝑡𝑎𝑙 − 𝛥𝐷𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 (2)

With this definition, the elastic deformation is a measure of the defor-
mation that are recovered during one cycle. The amount of softening
at cycle 𝑖 is determined by the ratio,

𝑅𝑠𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔,𝑖 =
𝛥𝐹𝑖
𝛥𝐹0

(3)

where 𝛥𝐹𝑖 is the load range at cycle 𝑖 as shown in Fig. 8, and 𝛥𝐹0 is
the load range at the zeroth cycle.

3. Results

The raw data from all test cases are freely available at https://doi.
org/10.17632/9m78sg3zwn.1. The resulting load–displacement curve
for one of the monotonic tests with a deformation rate of 2 mm/min
is shown in Fig. 9. This result is typical and representative of what is
observed in all the monotonic tests. The results from the monotonic test
are divided into two zones: the shear zone and the interface degradation
zone. The shear zone is characterised by increasing shear stresses
for increasing shear angles and visible uniform shearing on the test
specimens, see Fig. 9. The interface degradation zone is characterised
by a decrease in the load level for increasing deformations and visible
non-uniform shearing across the specimen. This non-continuity in the
specimens may be due to either damage in the interface or the NCF
5

Fig. 10. Images of the post-mortem inspection of the deformed specimens. Fibre
waviness is observed in the damaged interface.

Fig. 11. Average load–displacement curves for the shear testing at three deformation
rates. The shaded area indicates max and min bands.

(such as breakage of stitching or wrinkling). Post-mortem investigations
on the specimens have been carried out by carefully separating the
NCFs and observing the fibre architecture. In the damaged interfaces
the binder interface was broken and no longer holding the adjacent
NCFs together, making the NCFs easy to separate, while the nondam-
aged interfaces were more difficult to separate due to the intact binder
interface. An image of the NCF in a damaged and nondamaged interface
is shown in Fig. 10. In the damaged interface some of the fibres have
been ‘pulled’ between the stitches, which causes fibre waviness in
the rovings. The stitching remains intact in both the damaged and
nondamaged interface.

https://doi.org/10.17632/9m78sg3zwn.1
https://doi.org/10.17632/9m78sg3zwn.1
https://doi.org/10.17632/9m78sg3zwn.1
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Fig. 12. Comparison of the 𝜏𝑎𝑣𝑔 -𝛾𝑎𝑣𝑔 curves for different deformation rates. The results
are not truncated at the same shear angle, due to the degradation point (point b in
Fig. 9) being different for different deformation rates.

3.1. Monotonic loading with different deformation rates

The resulting load–displacement curves from the monotonic test
with the three different deformation rates are shown in Fig. 11. As
the deformation rate increases, the load levels in the shear zone,
generally, increase. The variability in the results (indicated by the
width of the max–min bands) increases with increasing deformation
rates. The 𝜏𝑎𝑣𝑔-𝛾𝑎𝑣𝑔 curves for the preform specimens are shown in
Fig. 12. The curves are only shown in the shear zone, cf. Fig. 9, as
the assumption of uniform shear across the thickness of the specimen
is not valid in the interface degradation zone defined in Fig. 9. The
maximum relative difference between the average 𝜏𝑎𝑣𝑔-𝛾𝑎𝑣𝑔 curves for
the 2 mm/min and 20 mm/min deformation rates is 26.70% (at low
shear angles), while the minimum relative difference is 8.19% (close
to the maximum load). The average relative difference is 11.81%. The
maximum relative difference between the average 𝜏𝑎𝑣𝑔-𝛾𝑎𝑣𝑔 curves for
he 2 mm/min and 60 mm/min deformation rates is 44.94% (at low
hear angles), while the minimum relative difference is 11.61% (close
o the maximum load). The average relative difference is 23.40%. The
hear zone, cf. Fig. 9, based on the averaged curves is smaller for
reater deformation rates. The start of the interface degradation zone,
or the specimens tested, is 9.0◦ at 2 mm/min, 8.3◦ at 20 mm/min,
nd 7.0◦ at 60 mm/min, as indicated by the maximum load in Fig. 11.
he transverse shear stiffnesses are similar at intermediate shear an-
les, however, at low shear angles the stiffness increases at larger
eformation rates.

.2. Cyclic loading

Test data from a cyclic test with a displacement amplitude of
.5 mm and a test with a displacement amplitude of 4.0 mm are shown
n Fig. 13. The results from the two tests are representative of the other
ests. The images of the specimen in Fig. 13 are from the test with a
isplacement of 4.0 mm. The deformation of the preform specimens is
oo small to be visible on the images of the specimens tested with the
isplacement amplitude of 0.5 mm. The displacement of 4.0 mm is in
he interface degradation zone (cf. Fig. 9), which indicates that some
lip in the interface is expected already at the zeroth cycle. However,
he deformation of the specimen at the zeroth cycle in Fig. 13 is mostly
niform, which means that the interface degradation at the zeroth cycle
s expected to be minimal. During testing the deformation changes from
eing mostly uniform to concentrated at a single interface for the last
ycle (19th cycle). This is observed both at 4.0 mm and −4.0 mm
isplacement.

The softening factor as a function of cycle number is shown in
ig. 14. The averaged softening factor in the specimens tested with a
6
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Table 2
List of permanent and elastic deformation (as defined in Section 2.4) of the average
hysteresis loops. The ratio listed in this table is the ratio of permanent to total
deformation.

Test 𝛥𝐷𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝛥𝐷𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝛥𝐷𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡

𝛥𝐷𝑡𝑜𝑡𝑎𝑙

1st cycle

0.5 mm 0.493 mm 0.507 mm 0.493
4.0 mm 3.80 mm 4.20 mm 0.475

4th cycle

0.5 mm 0.516 mm 0.484 mm 0.516
4.0 mm 4.22 mm 3.78 mm 0.528

19th cycle

0.5 mm 0.543 mm 0.457 mm 0.543
4.0 mm 4.54 mm 3.46 mm 0.568

49th cycle

0.5 mm 0.564 mm 0.436 mm 0.564
4.0 mm – – –

displacement amplitude of 0.5 mm is 0.84 at the 19th cycle, while it is
0.48 for the specimens tested at 4.0 mm. This difference in softening
for the 0.5 and 4.0 mm displacement case is also evident in Fig. 13.
The energy dissipated per cycle of the cyclic experiments is shown in
Fig. 15. The shape of the curves for the dissipated energy is similar for
tests with the same displacement amplitude, but there is some variation
in the amount of energy dissipated as demonstrated by Fig. 15. The
averaged hysteresis curves at the 19th cycle, for both the 0.5 mm and
4.0 mm case, is shown in Fig. 16. Permanent deformation is observed
in both cases. The permanent deformation, elastic deformation, and the
ratio of permanent to total deformation are listed in Table 2 at different
cycles. The ratio of permanent to total deformation is increasing with
increasing number of cycles. Post-mortem inspection of the specimens
tested in cyclic deformation showed the same tendencies as for the
specimens tested in monotonic loading, ie. no damage to the stitching,
but some buckling of the UD-roving, see Fig. 10.

The shape of the monotonic curves is compared with the cyclic
loading and unloading curves at the 19th cycle (cf. Fig. 8) in the follow-
ing to study the symmetry of the hysteresis curve, and the difference
between the monotonic and cyclic loading curves. The unloading curve
is rotated 180◦ to compare it with the loading curve. Both the loading
nd the unloading curves are translated to start at (0,0) to compare
hem with the monotonic curve. The results of the comparison for both
he 0.5 mm and 4.0 mm cases are shown in Fig. 17. There is a good
greement between the monotonic curve, and the cyclic loading and
nloading curve for the 0.5 mm case, while the difference between the
onotonic and cyclic curves for the 4.0 mm case is substantial.

. Discussion

In the previous section, the results from characterising the trans-
erse shear behaviour of a binder-stabilised preform subjected to mono-
onic and cyclic loading have been presented. To aid the discussion,
he main deformation modes of the individual NCFs in the preform are
ketched in Fig. 18. It is out of the scope of this paper to present a
odel for representing the transverse shear behaviour of the preforms,
owever, some considerations and observations will be incluæded in
his discussion to support future modelling of preforms. The preform
haracterised in this work primarily consists of quasi uni-directional
on-crimp fabrics (UD-NCFs). The term ‘quasi’ indicates that the UD-
CFs have been stabilised with a backing layer. During transverse

hear deformation of the preform, the NCFs may deform either due to
ntra-ply shearing or inter-ply sliding. The contribution of the binder
hearing is limited as the thickness of the binder interface is negligible.
he mechanisms that may cause intra-ply shearing are: sliding of
ibres in the UD-roving, sliding between UD-rovings and backing, and

nstabilities of fibres, as outlined in Fig. 18.
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Fig. 13. Load–displacement curve from one of the cyclic tests using a displacement amplitude of 0.5 mm and a cyclic test using a displacement amplitude of 4.0 mm (left). Images
of the deformed specimen at 4 mm and −4 mm displacement for the 0th, 1st, 4th and 19th cycle, respectively (right).
Fig. 14. Softening factor as a function of cycle number for the cyclic tests with an
amplitude of 0.5 mm (blue curve) and 4.0 mm (orange curve).

The load–displacement curves from the monotonic tests are divided
into two zones: the shear zone and the interface degradation zone
(Fig. 9). In the shear zone (before the maximum load level is achieved),
the preform specimens undergo uniform shearing across the thickness,
while non-uniform shearing is observed in the interface degradation
zone. From the post-mortem investigations of the preform specimens,
it was observed that the binder interface was broken and no longer
holding the adjacent NCFs together. Furthermore, the rovings were
pulled-out at the non-uniform interfaces. Similar damage has been
observed in literature with waviness and roving pull-out in ply-ply
interfaces observed in [24], and damage to binder yarns of 3D fabrics
(interlock) for large shear angles observed in [39]. For the interfaces
that were shearing uniformly, no loss of adhesiveness of the binder
and buckling of rovings were observed when separating the layers
post mortem. In this case, the main deformation may occur by sliding
between the UD rovings and backing as previous literature suggests
that the inter-ply friction is lower for rovings oriented perpendicular
7

to each other than for parallel rovings [19,34]. The buckling of the
rovings observed in the non-uniform interfaces is not desired during
manufacturing as it could cause a knock-down in the strength of the
composite part. This means that the preform ideally should remain in
the shear zone during manufacturing.

The average load level in the shear zone is increased with increasing
deformation rate as shown in Fig. 12. Similar observations have been
made on prepreg material systems [29,31,33], which indicates that
the polymeric binder may contribute to the viscous behaviour of the
preform. Furthermore, it is observed that the shear zone gets smaller
with increasing deformation rates. This may be due to the increase in
load levels accelerating the onset of interface damage.

From the images of the specimen during large displacement cyclic
loading (cf. Fig. 13), it is observed that the shear deformation ini-
tially is uniform across the thickness of the preform while later in
the test being concentrated at a single interface. No damage to the
stitching and only minor buckling to the rovings in the NCFs are
observed post-mortem. This indicates that the transition from uniform
to concentrated shearing primarily is due to damage development in
the binder interface. Softening of the shear response was observed
during cyclic loading. This softening was more pronounced for the
large displacement amplitude cyclic tests. The softening observed for
the small displacement cyclic tests may be due to abrasion or fibre
straightening [43], which decreases the friction between fibres in a
roving or between the backing and UD-rovings. The energy dissipated
during each cycle is shaped similarly to the softening response. This
is due to the shape of the hysteresis curve not changing much during
repeated loading. The dissipated energy may result in heat generation
which can affect the properties and behaviour of the binder material.
However, this is not considered a problem, because of the relatively
low loads involved in the forming of a preform.

Both permanent and elastic deformation are observed in the tests
(see Table 2). Fibre sliding may lead to permanent deformation in the
preform, while elastic deformation may arise due to fibre instabilities,
pulling of stitching and elastic deformation of the binder. Interestingly,
the ratio between the elastic and permanent deformation is similar
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Fig. 15. Energy dissipated per cycle for the test with an amplitude of 0.5 mm (left) and 4.0 mm (right).
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Fig. 16. Averaged hysteresis curves at the 19th cycle for the test with amplitude
0.5 mm (blue curve) and 4.0 mm (orange curve).

for the hysteresis curve with large amplitudes and low displacement
amplitudes, respectively. This suggests that the mechanisms causing
elastic deformation are not occurring at low shear angles only, but that
a mix of elastic and permanent deformation is happening continuously.

The comparison of the hysteresis curve at the 19th cycle with the
monotonic curve (cf. Fig. 17) shows that the response of the preform
drastically has softened for the large amplitude cyclic test compared
to the small amplitude test. The relatively small difference between
the small displacement cyclic response and the monotonic response
indicates that damage in the binder interface is limited, while damage
is pronounced for large displacement cyclic loading and needs to be ac-
counted for in the characterisation of the material. As discussed earlier,
damage in the interface may be undesired during manufacturing as it
may result in fibre wrinkling. In this case, a monotonic test is sufficient
for characterising the preform material.

5. Conclusion

The purpose of the present study has been to characterise the trans-
verse shear behaviour of a binder-stabilised preform during monotonic
and cyclic loading to help with assessing preform formability in wind
turbine blade manufacturing. A new test methodology was used to
test the preform specimens in monotonic and cyclic shearing, with a
data processing scheme developed to extract information on energy
dissipated and softening of the response during cyclic deformation. For
monotonic shearing, the preform specimens were loaded to a nominal
shear angle of 18.0◦ (6 mm of displacement). The behaviour of the
preform during monotonic loading was divided into two zones: in the
first zone (the shear zone) the load is increasing with increasing dis-
placement and the preform is shearing uniformly through the thickness
8

of the specimen, while the load is dropping and the shearing is concen-
trated in the second zone (interface degradation zone). The monotonic
loading experiments were carried out at three different deformation
rates: 2 mm/min, 20 mm/min and 60 mm/min. The averaged load in
the experiments increased with 11.8% when the deformation rate was
increased from 2 mm/min to 20 mm/min, and with 23.4% when the
rate was increased from 2 mm/min to 60 mm/min.

The preform was tested with deformation controlled cyclic loading
with two different displacement amplitudes: 0.5 mm and 4.0 mm,
corresponding to a nominal shear angle of 1.5◦ and 12.2◦, respectively.

he deformation rate of the cyclic tests was 20 mm/min. The results
howed a reduction with a factor of 0.48 in stiffness for the tests with
he large displacement amplitude at the 19th cycle, and a reduction
ith a factor of 0.84 for the small amplitude test.

The influence of the transverse shear properties on fibre wrinkling
nd defect generation is case-dependent, as it depends on the geometry
f the mould used and the handling of the preform. The results gen-
rated in this paper are freely available at https://doi.org/10.17632/
m78sg3zwn.1 and may readily be used in preform modelling to help
etermining the formability of the preform and fibre wrinkling in the
anufacturing of wind turbine blades.
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Fig. 17. Comparison of the cyclic loading, cyclic unloading and monotonic loading curve for 0.5 mm (left) and 4.0 mm (right) at the 19th cycle for a loading rate of 20 mm/min.
Fig. 18. Illustration of the mechanisms leading to transverse shearing of the preform.
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