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1. Introduction

Manufacturing of thin composites shell structures from stitched
unidirectional non-crimp fabrics (UD-NCF) in a liquid composite
moulding process provides high lightweight design performance.
UD-NCFs enable manufacturing of load-tailored structures because
the fibre orientation of each layer can be chosen independently
from the fibre orientation of other layers. This is contrary to com-
posite shell structures manufactured from biaxial fabrics where
two differently oriented layers are linked within one ply by weav-
ing or stitching. For such biaxial engineering textiles like woven
fabrics or biaxial NCF, the draping behaviour as well as character-
isation methods are well known. The draping behaviour of these
textiles is mostly affected by in-plane shear and bending character-
istics. In contrast to UD-NCFs, woven and biaxial fabrics are subject
of a large number of publications. Therefore, only selected publica-
tions are quoted and discussed in the following.

To characterise the shear deformation behaviour of woven or
non-crimped fabrics, picture frame tests [1-9] or uniaxial bias
extension tests [10,1,5,6,11-14] are commonly used. For balanced
woven fabrics, where fibres are approximately “pin-joint”, picture
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frame tests and bias extension tests provide comparable results
[10,1,6]. Fibres of biaxial NCF, on the other hand, are not “pin-
joint” and, hence, can slide at each other at the junctions of one
biaxial NCF ply. This sliding occurs when biaxial NCFs are
deformed in a bias extension test [11,14], whereas pure fibre rota-
tion and, thus, pure shear is enforced in a picture frame test [2].
Biaxial tensile tests have shown that tensile behaviour of woven
fabrics is nonlinear and depends on the strain ratio at biaxial load-
ing [15,16,7]. For biaxial NCF no nonlinearities in tensile behaviour
and no dependencies on biaxial strain ratio can be found due to
sewing of fibres [2]. To complete the characterisation of the drap-
ing behaviour of textiles, frictional behaviour (ply-ply-friction and
tool-ply-friction) and bending behaviour have to be investigated
[17-21] and [19,22-24], respectively. However, the investigations
presented here do not focus on these two deformation effects.

In addition to material characterisation tests, hemisphere tests
are often used to examine the draping behaviour under combined
loads and more realistic forming conditions [11,14,25-29]. Daniel
et al. [27] and Boisse [28] use hemisphere tests to demonstrate
the forming behaviour of a very unbalanced fabric. Furthermore,
hemisphere tests have been conducted for biaxial NCF to verify rel-
ative sliding between individual layers and to validated new drap-
ing simulation models [11,14,29]. Additionally to hemispheres,
other generic parts are used to study the draping behaviour of
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woven fabrics or biaxial NCF like a tetrahedral shape [30,31] or a
generic helicopter side frame [32].

Although UD-NCF provides high lightweight design perfor-
mance, in contrast to research on woven and biaxial fabrics, the
draping behaviour of UD-NCF is investigated only sparsely
[33,12,13,21]. Bohler et al. [33] investigate forming limits of
UD-NCF by conducting experimental draping studies at a geometry
of a truncated pyramid. They find in-plane wrinkling and forma-
tion of gaps between individual carbon fibre tows as significant
forming defects of UD-NCF. Furthermore, they classify the defor-
mation modes of UD-NCF in fibre slip, fibre compaction and fibre
shear. However, results of fundamental textile characterisation
tests are not presented and interaction between forming defects
and deformation modes is not discussed. One further open ques-
tion is the difference between fibre slip and fibre shear. Hartel
et al. [12] present a new test rig that enables investigation of tex-
tiles forming behaviour under various combinations of in-plane
and out-of-plane loads including investigation of in-plane fibre slip
of UD-NCF. By comparing results of fibre slip tests and bias exten-
sion tests, they found that the force level in fibre slip tests is clearly
higher than the force level in bias extension tests. However, inter-
action between fibre slip and fibre shear is again not discussed in
this paper. In [13] normalization methods for uniaxial bias exten-
sion tests are evaluated for different classes of engineering textiles
including UD-NCF. Due to fibre slip in UD-NCF, the theoretically
calculated shear angle deviates from the shear angle measured
via optical analysis. However, detailed measurements of strain
components within textile’s deformation are not presented. In
[21] the uniaxial bending behaviour of UD-NCF is investigated in
fibre and in transverse fibre direction with the main outcome that
bending stiffness of UD-NCF is strongly anisotropic: Whereas
bending stiffness in fibre direction is comparable to bending
stiffness of biaxial fabrics, bending stiffness in transverse fibre
direction hardly exits.

To manufacture complex structures with UD-NCF and to simu-
late the draping process reliably, the draping behaviour of UD-NCF
has to be investigated fundamentally and appropriate methods to
characterise the draping behaviour are required. Consequently,
this work evaluates existing standard material testing methods
in terms of their capability to characterise the draping behaviour
and discusses the draping behaviour of UD-NCFs regarding the
well-known draping behaviour of woven fabrics. The correlations
between the applied material characterisation methods, the
observed basic deformation modes and the resulting deformation
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defects are investigated. Initially, in-plane shear and in-plane
tensile behaviour is investigated. Based on the observed results, a
new test method to characterise the tensile behaviour in trans-
verse fibre direction is presented. Finally, hemisphere tests are
performed to correlate the measured material properties with real
forming behaviour of UD-NCF on double curved geometries.

2. Materials

To investigate the draping behaviour of stitched UD-NCF, a uni-
directional NCF from SGL Group with the labelling SGL “HPT-320-
C0” is used (see Fig. 1a). Within UD-NCF, thin glass fibres that are
oriented perpendicularly to the carbon fibres are stitched with car-
bon fibres via polyethylene (PE) fibre stitching. The stitching in this
fabric is done by knitting. The function of the glass fibres is only to
ensure the structural cohesion of the UD-NCF in manufacturing.
The total area weight of “HPT-320-C0” UD-NCF is 320 g/m?
whereas the area weight of carbon fibres is 300 g/m?2. The carbon
fibres tow width is 5 mm and its yarn count is 3300 tex. The area
weight of the stitching thread is 7 g/m? and the area weight of
the glass fibres is 13 g/m?. The yarn count of the glass fibre tows
is 68 tex. To compare picture frame test results of UD-NCF with
results of a woven fabric, Hexcel’s “HexForce® PrimeTex™ 48331
C 1500” balanced plain weave is used (see Fig. 1b). The area weight
of “HexForce® PrimeTex™ 48331 C 1500” is 330 g/m? and the tow
width is 4 mm.

3. Experimental setups and test procedures

For all material characterisation tests described in the follow-
ing, a Zwick universal testing machine with a Xforce 2.5 kN load
cell, provided by Institute for Applied Materials at KIT, is used.
Crosshead displacement velocity for all material characterisation
tests is 100 mm/min.

3.1. Picture frame test

A picture frame or trellis frame is an apparatus to measure
shear characteristics of textiles [1-9] (see Fig. 2). Textiles are
clamped in the frame with fibres being aligned parallel to the arms
of the frame. To minimize friction forces induced by the picture
frame itself, needle bearings are used in this frame’s joints. A thin
rubber-layer on the clamps allows for alignment of initially

(b) Plain weave

HexForce® PrimeTex ™
48331 C 1500

90° glass fiber

Fig. 1. (a) SGL HPT-320-CO unidirectional non-crimp carbon fabric; (b) Hexcel “HexForce® PrimeTex™ 48331 C 1500” balanced plain weave. (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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(a)

Fig. 2. (a) Picture frame test setup in starting position; (b) schematic representation
of the deformation of the picture frame adapted from [6]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

misaligned fibres at low shear angles. Using this test method, pure
shear is triggered by the kinematics of the frame. The shear angle is
calculated by
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using the frame’s arms’ length Lgqme and the measured displacement
Urame 6], cf. Fig. 2b. The normalized shear force Fsy is calculated
from the measured force Fpgme Via
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where Lgric is the sample’s clamping length, Lgqm. is the length of
picture frame’s arms and Fspe,r is the shear force induced by the
picture frame [6]. The length Lgame of this frame’s arms is 204 mm
and sample’s clamping length Ly is 170 mm. The deformation
of the textile in picture frame test is observed via two video cam-
eras. The first camera is positioned in front of the picture frame
and the second camera is positioned sideways (approximately 70°
regarding camera one) to observe buckling. Picture frame tests are
performed for SGL UD-NCF as well as for Hexcel’s woven fabric.

Clamping Area

Clamping Area

Clamping Area

(b)

3.2. Uniaxial bias extension test

The uniaxial bias extension test was originally developed to
characterise the shear behaviour of woven fabrics, where the trellis
mechanism is effective. In Fig. 3 the experimental setup of bias
extension test is shown. The deformation of the fabric can be clas-
sified in three distinct regions, illustrated in Fig. 3a. In case of
woven fabrics, perfect pure shear occurs in region A, only half
the shear angle occurs in region B and no shear occurs in region
C [10,5]. This assumption allows to calculate the shear angle and
the shear force from the measured tensile force and the displace-
ment of the clamping [6,10,13]. In case of UD-NCF, however, this
assumption is generally not applicable [12,13]. Nevertheless, bias
extension tests of UD-NCF are performed in this work to under-
stand the deformation behaviour and to compare results of bias
extension tests and picture frame tests regarding characterisation
of UD-NCF’s shear properties.

Within bias extension tests only the SGL UD-NCF is investigated.
The sample’s size is 320 x 160 mm? (H/W = 2) and samples are ini-
tially oriented 45° to loading direction. To observe and quantify the
deformation of the textile in bias extension tests, the edges of the
deformation regions A-C are marked with continuous white lines
(Fig. 3b). For detailed measurements of in-plane strain components,
a square pattern of white points with a distance of [, = 10 mm is
sprayed on the sample within region A (Fig. 3b and c). Deformation
of UD-NCF in bias extension test is recorded with a digital video
camera positioned in front of the sample. For optical strain analysis,
the displacement of each point is tracked via digital image correla-
tion using an enhancement of an open source matlab-script [34].
The mean strain of each square is calculated from the displacement
of the corners using the principles of finite element method [35].
Green-Lagrange strains are evaluated in a coordinate system that
is rotated in 45° direction (Fig. 3c). To evaluate UD-NCF’s deforma-
tion behaviour within bias extension tests, the homogenized strain
components of region A are used (Fig. 3c).

3.3. Uniaxial tensile tests

Based on results of [33,12] and based on the fact that the
glass fibres are stitched slackly within UD-NCF, an ambivalent
tensile behaviour of UD-NCF is expected: The tensile behaviour
transverse to carbon fibres presumably depends on the boundary
conditions of the glass fibres in clamping. Therefore, a new
experimental test method is developed to realise three different

(©)

Aregion A

Fig. 3. (a) Schematic representation of a uniaxial bias extension test adapted from [13]; (b) uniaxial bias extension test sample in starting position; (c) pattern of white points
for optical strain measurement within region A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



clamping configurations to investigate the ambivalence of
UD-NCF’s transverse tensile behaviour:

e Carbon fibres are clamped on both sample’s sides; glass fibres
are able to slip through clamping at both sample’s sides.

e Carbon fibres are clamped on both sample’s sides; glass fibres
are fixed only at one sample’s side and can slip at the opposite
clamping.

e Glass fibres and carbon fibres are both clamped on both
sample’s sides.

(2)

Fc ampin
(b) stitching \ ¢ famping
l_ é —
1 1 |
l / ]

\\ /
carbon fibres / TFclamping /

glass fibres

—J

distance plates
(©)

before testing after testing

AN

Fig. 4. (a) Notched clamps for uniaxial tensile tests with defined clamping of glass
and carbon fibres; (b) special clamping mechanism for uniaxial tensile tests: Carbon
fibres are clamped via distance plates, glass fibres are not clamped and are able to
slip through clamping due to textile’s deformation; (c) distance plates on UD-NCF
samples before and after tensile testing. (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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To ensure that both, glass and carbon fibres, are definitely fixed
in clamping, special notched clamps shown in Fig. 4a are used. To
enable glass fibres slipping through clamping, whereas carbon
fibres and stitching are definitely fixed, a new clamping mecha-
nism was developed (Fig. 4b and c). This clamping mechanism uses
small plastic distance plates positioned between the glass fibres to
induce clamping force into carbon fibres and stitching exclusively
and to ensure that glass fibres are able to slide through the clamp-
ing mechanism.

A comparison between tests of configuration one, two and three
should give the information, if glass fibres should be able to slip
through clamping either at one or at both or at no clamping sides
to measure deformation of carbon fibres and stitching exclusively.
For this comparison samples with the size of 230 x 120 mm?
(width x length) are used. To investigate the impact of sample’s
length on test results clamping configuration two is used and
sample’s dimensions are varied as follows: 230 x 20 mm?,
230 x 40 mm?, 230 x 120 mm?, 230 x 180 mm? (width x length).
To observe the textile’s deformation two video cameras are used:
The first camera is positioned in front of the samples to observe
in-plane deformation. The second camera is positioned sideways
(90° regarding camera one) to samples to observe buckling.

3.4. Hemisphere test

Hemisphere tests are used to investigate UD-NCFs draping
behaviour under combined loads and on more realistic forming
conditions. Furthermore, the tests shall help to evaluate if defor-
mation effects observed in material characterisation tests can also
be observed on an up-scaled component level. Test setup and
dimensions are presented in Fig. 5. A textile sample with size of
350 x 350 mm? is positioned on a base plate with a hole. A hemi-
sphere is pushed into the textile to a total displacement of
u = 50 mm. To prevent extensive wrinkling, a blank holder induces
tensile membrane strains by its own weight (750 g). The diameter
of the hole in the base plate is dy, = 120 mm and the diameter of
the hemisphere is d;, = 100 mm.

4. Experimental results
4.1. Picture frame test

In picture frame tests of UD-NCFs, two effects can be observed:
On the one hand, the frame’s middle bearings get pushed sideways

into the textile sample due to the kinematics of the frame at shear
angles higher than 50° (Fig. 6a and b). On the other hand, the

(b)

dp = 100 mm

I

A

dpp = 120 mm

blank holder

hemisphere

Fig. 5. Test setup hemisphere test: (a) cross section view; (b) top view. (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. 6. Deformation within picture frame test of UD-NCF: (a) total front view; (b)
zoom of highlighted rectangle in total front view; (c) side view in direction of the
arrow in total front view; (d) schematic draft of carbon fibres buckling due to
compressive strains transverse to the fibres. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

distance between carbon fibre tows decreases with increasing
shear angle until tows get in contact (Fig. 6d). From this point,
out-of-plane buckling of UD-NCF begins (Fig. 6¢c and d).

Looking at the normalized shear force vs. shear angle curve of
UD-NCF (Fig. 7a), a small local maximum can be observed at the
beginning of the curve and a strong slope of the normalized shear
force is detected at shear angles higher than 50°. Comparing the
shear behaviour of UD-NCF with the shear behaviour of a woven
fabric (Fig. 7b), the slope of shear forces at high shear angles is,
however, almost disappearing for UD-NCF. At a shear angle of
70°, the normalized shear force of the woven fabric is nine times
higher than the normalized shear force of UD-NCF.

4.2. Uniaxial bias extension test

Looking at the deformed sample (Fig. 8a and c), it is evident that
two parallel edges of region A are elongated, whereas the two
edges perpendicular to the elongated edges are compressed.
Hence, the deformation within region A is not a pure shear defor-
mation in case of UD-NCF and buckling of individual carbon fibre
tows is observed (Fig. 8a). The global force (Fig. 8b) strongly
increases at the curve’s beginning and remains at a level of 2.5 N
in the range of 20-45 mm of the global displacement. From a glo-
bal displacement of 45 mm until the end of loading, the force is
increasing again. Fig. 8d shows the homogenized Green-Lagrange
strain components versus global displacement within region A.
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Fig. 7. Normalized shear force vs. shear angle of textiles in picture frame tests: (a)
SGL HPT-320-C0 UD-NCF (a); (b) comparison between UD-NCF (SGL HPT-320-C0)
and plain weave (HexForce® PrimeTex™ 48331 C 1500). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Indeed, shear strain is the major portion of deformation, but nor-
mal strain components are not negligible. Normal strains also
increase with global displacement. Further, it can be observed that
normal strain acting parallel to carbon fibres represents a compres-
sive strain, whereas normal strain acting transverse to carbon
fibres is a tensile strain. A comparison between the global force-
displacement curve (Fig. 8b) and the strain-displacement curves
(Fig. 8d) shows a sharp bend in all curves at a displacement of
45 mm. After this bend, global force and compressive strain paral-
lel to carbon fibres increase, while shear strain and tensile strain
transverse to carbon fibres rather stagnate.

4.3. Uniaxial tensile tests

4.3.1. Transverse tensile behaviour of samples with slipping glass fibres
at either one or both sides

At first, sample A (slipping glass fibres at one side, c.f.
Fig. 9a and c) is investigated. The extent of tensile strain is repre-
sented by the gap size between carbon fibres. The strain distribu-
tion within sample A is very inhomogeneous and normal strains
are concentrated at the lower sample’s side where glass fibres slip
through the clamping. It is observed that transverse normal strain
(transverse to carbon fibres) comes along with lateral contraction
of stitching and carbon fibre tows (compressive strain), respec-
tively. Thereby, lateral contraction of stitching exceeds lateral
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Fig. 8. (a) Uniaxial bias extension test of UD-NCF: undeformed and deformed sample with white marked edges of the deformation regions; (b) global tensile force vs. global
sample displacement (averaged values); (c) homogenized shear strain (Green-Lagrange strain) in region A calculated via optical strain analysis of undeformed and deformed
sample; (d) homogenized strain components (Green-Lagrange strain) vs. global sample displacement. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

contraction of carbon fibre tows (homogenized approach) and,
thus, the stitching yarns slide on carbon fibre tows in the direction
of lateral contraction. A schematic representation of deformation
of UD-NCF’s individual components and of fibre tow buckling in
transverse tensile test is outlined in Fig. 10a and c. The side view
image of the deformed sample (Fig. 9a and c¢) shows that increasing
transverses normal strains cause increasing fibre buckling. Further
it is found that maximum fibre buckling occurred in regions, where
the distance between glass fibres is, due to manufacturing defects,
higher than nominally.

In a next step the deformation of sample B (slipping glass fibres
at both sides, c.f. Fig. 9b and d) is examined. It can be recognized
that the strain distribution of sample B is more homogenous com-
pared to the strain distribution of sample A. Although the normal
strains are still concentrated close to the imperfect clamping (with
slipping glass fibres), the amount of strain concentration near
clamping in sample B is apparently lower than in sample A. Lateral
contraction of carbon fibre tows and fibre tow buckling can be
observed in sample B as well as in sample A, with the difference
that in sample B these effects are minor and occur at higher strain
level compared to sample A. Engineering stress vs. engineering
strain curves of both samples are presented in Fig. 10b. At the very
beginning of loading, both curves have a similar stiffness (see
zoomed image detail in Fig. 10b) but the curve of sample B bends
earlier and more heavily than the curve of sample A. Thus, total
stiffness of sample A is higher than total stiffness of sample B,

but variance is higher in sample A. However, sample A fails at
lower strain level than sample B.

4.3.2. Transverse tensile behaviour of samples with different initial
lengths and slipping glass fibres at both sides

In this test run, samples with slipping glass fibres at both sides
but different initial sizes are compared (Fig. 11). Lateral contraction
of carbon fibre tows as well as the amount of fibre tow buckling is
higher in long samples than in short samples. While the smallest
sample with an initial size of 230 x 20 mm? (Fig. 11a) shows
hardly any lateral contraction of fibre tows, the lateral contraction
of fibre tows in the longest sample with an initial size of
230 x 180 mm? (Fig. 11d) is evident. Initial tensile stiffness is sim-
ilar for all samples (Fig. 12). However, the tensile stiffness
decreases the faster the shorter the sample length. Looking at the
entire strain range, it is found that the tensile stiffness of samples
with an initial length of 20 mm or 40 mm progressively increases
at strains higher than 30% whereas longer samples show declining
tensile stiffness in the entire strain range. Altogether, long samples
are stiffer than short samples.

4.3.3. Transverse tensile behaviour of samples with definitely clamped
glass fibred at both sides

At the beginning of loading of samples with definitely clamped
glass fibres at both sides, the engineering stress increases linearly
up to a maximum stress value reached at 1.5% tensile strain
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Fig. 9. Comparison of deformation of UD-NCF samples (initial sample size = 230 x 120 mm?) due to transverse tensile loading with slipping glass fibres at either one side or

both sides (side view and front view respectively): (a) slipping glass fibres at one

side at total strain of ¢, = 30%; (b) slipping glass fibres at both sides at total strain of

&ing = 30%; (c) slipping glass fibres at one side at total strain of &y, = 60%; (d) slipping glass fibres at both sides at total strain of &;,; = 60%. (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. 10. (a) Schematic representation of the deformation of a transversally tensioned UD-NCF sample with slipping glass fibres at the lower clamping due to sample’s tensile
loading; (b) comparison of “engineering stress vs. engineering strain” curves of UD-NCF samples (initial sample size = 230 x 120 mm?) with slipping glass fibres at one side
(sample A) and at both sides (sample B) due to transverse tensile loading (averaged values respectively); (c) deformation of fibre tow buckling due to lateral contraction of the
stitching. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 13a). After this point, the engineering stress decreases succes-
sively with increasing engineering strain. Looking at the clamping
areas after testing (Fig. 13b), glass fibre rupture is observed below
both clamping notches. Glass fibres which are not ruptured at the
clamp shown in Fig. 13b are ruptured at the opposite clamp.
Samples with definitely fixed glass fibres at both sides are substan-
tially stiffer than samples with slipping glass fibres, cf. Fig. 13a.
The stiffness of samples with fixed glass fibres is 420 N/mm?
whereas the initial stiffness of samples with slipping glass
fibres is 4 N/mm? and the secant of the curve at 100% strain is
0.3 N/mm? (c.f. Fig. 10b, curve B).

4.4. Hemisphere test

Carbon fibres which run through the meridian of the hemi-
sphere are pulled farther than carbon fibres witch run across the
sides of the hemisphere (Fig. 14c). Further, shear deformation is
observed between carbon fibres which run across the hemisphere
(Fig. 14e). This is in contrast to deformation in the area rotated by
90° (Fig. 14d). In this area only glass fibres are pulled towards the
hemisphere whereas carbon fibres remain almost undeformed.
Hence, slippage between glass fibres and carbon fibres is observed.
In the area of slipping glass fibres, transverse tensile strain occurs
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Fig. 11. Comparison of deformation of UD-NCF samples with slipping glass fibres at both sample’s sides, but different initial sample sizes (230 x 20 mm? up to
230 x 180 mm?) at total strains of &ing = 60%. (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. 12. “Engineering stress vs. engineering strain” curves of UD-NCF samples with
slipping glass fibres at both sides and different initial sample sizes. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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with increasing extent from the boundaries to the crown of the
hemisphere. Consequently, gapping between carbon fibres as well
as shear deformation is observed (Fig. 14f). Furthermore out-of-
plane wrinkling is observed in the flat areas next to the hemisphere
(Fig. 14b and e), where all wrinkles are parallel to the carbon fibres.
However, out-of-plane characteristics are not the focus of this
work. All in all, the observed in-plane deformation modes of
UD-NCF are in-plane shear deformation between carbon fibres,
in-plane tensile deformation transverse to carbon fibres and
slippage between carbon fibres and glass fibres.

5. Discussion
5.1. Shear behaviour

Shear behaviour of UD-NCF obviously differs to the shear
behaviour of common engineering fabrics. Shear strains occur
superimposed with tensile strains transverse to carbon fibres in
bias extension tests (Fig. 8d) as well as in hemisphere forming
(cf. Fig. 14c and f). Pure shear deformation does not seem to be
an intrinsic deformation mode of UD-NCF. Hence, the results of

engineering stress ¢ [N/mm?]
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| glass fibres are definitely
clamped at both sides
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] \ Rupture of glass fibres in
4 — \ the area of clamping notch
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engineering strain & [mm/mm]

Fig. 13. (a) “Engineering stress vs. engineering strain” curves of UD-NCF samples with an initial size of 230 x 120 mm? and either definitely clamped glass fibres at both sides
or slipping glass fibres at both sides; (b) glass fibre rupture in the area of the clamping notch (shot after testing) of a sample with definitely clamped glass fibres at both sides.
(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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(@ (b)
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®

Fig. 14. Hemisphere test of UD-NCF: (a) top-view before testing; (b) side view after testing; (c) top-view after testing with removed hemisphere forming tool; (d) slippage
between glass fibres and carbon fibres due to forming; (e) shear deformation between carbon fibres due to forming; (f) gapping between carbon fibres on hemisphere due to
forming (bottom view). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

picture frame tests and uniaxial bias extension tests are not com-
parable in case of UD-NCFs (cf. Sections 4.1 and 4.2). Equations
given by [10,6,13] to calculate shear force and shear angle from
measured tensile force and tensile displacement are, thus, not valid
for UD-NCFs. These findings correspond well to observations of
[12,13]. However, the authors of [12,13] do not investigate the
multi-axial strain state in detail and state the occurrence of fibre
slip instead of superimposing transverse normal strains. This is in
contrast to the forming behaviour of woven fabrics where pure
shear deformation is the intrinsic in-plane forming mode and
therefore picture frame tests and bias extension tests provide
comparable results [1,6,10].

Furthermore “shear locking” of UD-NCF has to be treated differ-
ently to classical “shear locking” of woven fabrics and cannot be
measured by picture frame test. Fibre bundles, which get in contact
at high shear angles, draw aside by out-of-plane buckling
(Fig. 6¢ and d). The shear force increase of UD-NCFs at high shear
angles of picture frame tests (Fig. 7a) must not be mistaken as
“shear locking”. It is induced by the lateral frame hinges pushing
against the textile at high shear angles (Fig. 6a and b) and is negli-
gibly compared to the shear force increase due to shear locking of
the woven fabrics (Fig. 7a). To induce “shear locking” of UD-NCF by
picture frame test, out-of-plane buckling has to be avoided, e.g. by
testing the textile inside a defined small gap or by additionally
compressing the textile in out-of-plane direction. However, in
UD-NCF another type of “shear locking” exists and occurs for
example in uniaxial bias extension tests when the shear strain
reaches a certain limit (Fig. 8d). At this limit shear strain, the sam-
ple mainly deforms in normal strain, which occurs due to lateral
contraction of carbon fibre tows (cf. Sections 4.3.1 and 5.2).

In summary, picture frame test is not suitable to characterise
the shear deformation behaviour of UD-NCF. However, bias exten-
sion tests offer valuable results which can be used to parametrize
corresponding simulation models to describe the shear deforma-
tion behaviour of UD-NCF.

5.2. Tensile behaviour

Transverse tensile behaviour of UD-NCF is ambivalent. Total
transverse tensile stiffness, the characteristic stress—strain curves

(Figs. 10b, 12 and 13a) and the homogeneity of its strain distribution
(Figs. 9 and 11) depend on clamping conditions and sample sizes.

In case of samples with definitely clamped glass fibres on both
sides (Fig. 13), transverse load transmission generally occurs via
glass fibres. After glass fibre rupture, all glass fibres are pulled
out of the clamping and load transmission occurs via friction forces
between glass fibres, carbon fibres (plus stitching) and clamping.
Within this pull-out process, engineering stress successively
decreases down to the level of samples with slipping glass fibres,
where the measured tensile stress depends significantly on the
normal forces in clamping.

In contrast to this, load transmission in samples with slipping
glass fibres basically occurs via the stitching (Fig. 9). Therefore
the stiffness of such samples is ca. 100 times smaller than the stiff-
ness of samples with definitely clamped glass fibres on both sides
(Fig. 13a). Furthermore, the lateral contraction of the stitching (due
to Poisson effect) and, consequently, the lateral contraction of car-
bon fibre tows due to fibre buckling (Fig. 10c) is an important phe-
nomenon in transverse tensile behaviour of UD-NCF with slipping
glass fibres. The fact that lateral contraction and fibre tow buckling
is primary located at boundaries where glass fibres can slip
(Fig. 9c), is the main reason for the correlation between increasing
sample length and increasing total stiffness (Fig. 12) and decreas-
ing homogeneity of the strain distribution within the samples
(Fig. 11), respectively.

Furthermore, lateral contraction of the stitching is enabled by
the sliding of stitching yarns on the carbon fibre tows. This slippage
as well as the slippage between glass fibres and carbon fibres (plus
stitching) is irreversible. Although all samples with different
lengths have similar initial stiffness, the initial stiffness decreases
the more rapidly the shorter a sample is, cf. Section 4.3.2
(Fig. 13). The initial stiffness, however, represents the stiffness of
the textile with intact bonding between stitching and carbon
fibres.

In summary, UD-NCF samples with definitely fixed glass fibres
provide the upper limit of tensile stiffness and tensile strength,
whereas short samples with slipping glass fibres at both sides
provide the lower limit. However, transverse tensile behaviour of
UD-NCF in a real preforming process is somewhere between these
limits, depending on the existence and location of free glass fibre



endings (free boundaries or glass fibre rupture) and depending on
the frictional resistance between carbon fibres, glass fibres and
forming tools. This is in contrast to the tensile behaviour of woven
fabrics which does not depend on different clamping conditions.
Based on results in Section 4.3.2 and based on the discussion
above, samples with slipping glass fibres at both sides seem to
be the most suitable ones to characterise transverse tensile beha-
viour of UD-NCF. However, the choice of an appropriate test setup
(including sample size and boundary conditions) depends on the
way of modelling the irreversible effects in draping simulation.

5.3. Hemisphere forming of UD-NCF

The main result of hemisphere tests on UD-NCF is the demon-
stration that both in-plane deformation modes of UD-NCF occur
in a real preforming process. Whereas shear deformation is the
only in-plane deformation mode of woven fabrics [25,26], trans-
verse normal strain (transverse to carbon fibres) is a second in-
plane deformation mode of UD-NCFs. However, regarding desired
preforming properties, shear deformation has to be evaluated con-
trarily to transverse tensile deformation. Shear deformation is
desired to form a 2D textile into a 3D double curved geometry;
whereas extensive transverse normal strains have to be restricted
to avoid gaps between carbon fibres (cf. Section 4.4, Fig. 14f). In
summary, deformation behaviour of UD-NCF in the direction of
carbon fibres is contrary to deformation behaviour transverse to
carbon fibres and the obtained shape (cf. Section 4.4, Fig. 14e) is
similar to those obtained with very unbalanced fabrics [27,28].
Deformation transverse to carbon fibres is composed by geodetic
alignment of glass fibres on hemisphere as well as by tensile defor-
mation of stitching between carbon fibres. Hence, slippage
between glass fibres and carbon fibres occurs and this slippage is
rudimentary comparable to sliding between plies within one biax-
ial NCF layer in hemisphere forming [11,14], if the UD-NCF is
treaded as a very unbalanced hybrid biaxial NCF with a 300 g/m?
carbon fibre layer and a 13 g/m? glass fibre layer. The amount of
transverse strain is obviously influenced by frictional behaviour
between glass fibres, carbon fibres and forming tools respectively.
Hence, an examination of transverse tensile behaviour of carbon
fibres plus stitching without load transmission via stiff glass fibres
(i.e. test setup with slipping glass fibres rather than with fixed glass
fibres cf. Section 5.2) seems to be necessary and has to be supple-
mented by future examination of frictional behaviour between
glass fibres, carbon fibres and forming tools.

5.4. Wrinkling of UD-NCF

UD-NCFs provide two different kinds of wrinkling modes: On
the one hand macroscopic wrinkling occurs with a predominating
direction transverse to carbon fibres (cf. Section 4.1 - Fig. 6¢ and d
and Section 4.4 - Fig. 14b and e). This is due to low bending
stiffness in transverse fibre direction compared to high bending
stiffness in fibre direction [21]. On the other hand mesoscopic
buckling within individual carbon fibre tows occurs due to lateral
contraction of the stitching (c.f. Section 4.3 - Figs. 9 and 10c).
This is in contrast to woven fabrics where macroscopic wrinkling
occurs without a distinctive wrinkling direction and mesoscopic
wrinkling does not occur due to weaving.

6. Summary and outlook

This study shows that draping behaviour of stitched unidirec-
tional non-crimp fabrics (UD-NCFs) is different to draping beha-
viour of well-known engineering fabrics (e.g. woven fabrics or
biaxial NCF). UD-NCFs exhibit two distinctively different in-plane
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deformation modes: Transverse tensile strains may appear super-
imposed to shear strains and pure shear deformation is no intrinsic
deformation mode of UD-NCFs. In particular transverse tensile
behaviour differs to tensile behaviour of woven fabrics. Transverse
tensile behaviour of UD-NCFs is ambivalent and depends signifi-
cantly on effective boundary conditions like the way of clamping
in tensile tests or the existence and location of free glass fibre ends
in a real preforming process. For the investigated UD-NCF material,
the effective transverse tensile stiffness varies between 0.3 N/mm?
and 420 N/mm? depending on the way of clamping. In addition to
this, transverse tensile behaviour of samples with slipping glass
fibres is highly nonlinear and partly irreversible. Furthermore,
UD-NCFs provide two different kinds of wrinkling modes: On the
one hand macroscopic wrinkling occurs with a predominating
direction transverse to carbon fibres; on the other hand meso-
scopic buckling within individual carbon fibre tows occurs due to
lateral contraction of the stitching. In summary, the central issue
in UD-NCF forming is the fact, that shear deformation as well as
transverse in-plane tension deformation are triggered at similar
force level, where shear strains are desired and extensive trans-
verse tensile strains should be avoided. This in-plane forming
behaviour of UD-NCF, as a combination of shear and tension, is
very sensitive to the effective boundary conditions.

To characterise the draping behaviour of UD-NCFs, standard
characterisation methods have to be re-evaluated and partly
adopted: Picture frame tests are not suitable to characterise the
shear behaviour of UD-NCF whereas uniaxial bias extension tests
offer valuable results to parametrize the shear behaviour of corre-
sponding simulation models of UD-NCFs. To characterise the ulti-
mate limit states of ambivalent transverse tensile behaviour of
UD-NCFs, the usage of a special clamping mechanism that enables
the glass fibres to slip through clamping within tensile testing is
presented and evaluated. In this context test samples with slipping
glass fibres at both sides seem to be the most suitable ones to char-
acterise transverse tensile behaviour of UD-NCF. However, the final
choice of an appropriate test setup (including sample size and
boundary conditions) presumably depends on the way of mod-
elling the irreversible effects in draping simulation.

In further works reversible and irreversible portion of deforma-
tion within transverse tensile behaviour should be examined via
hysteresis tests. In this context lateral contraction of carbon fibre
tows and stitching should also be investigated, e.g. via optical
strain analysis. To complete information about UD-NCF's trans-
verse tensile deformation behaviour, additionally glass fibre pull-
out tests with different friction partners and boundary conditions
should be performed in further works. To complete information
about draping behaviour of UD-NCF in a multi-layer forming pro-
cess ply-ply and tool-ply interaction behaviour should be investi-
gated as well as bending behaviour. To predict whether a certain
geometry is formable with UD-NCF, a model to simulate the
draping behaviour and, in particular, the interacting shear and
transverse tension behaviour of UD-NCF is required.
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