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Abstract

The production of high-performance composite parts with non-crimp fabrics (NCFs) requires a profound understanding of the
material’s behavior during draping to prevent forming defects such as wrinkling and gapping. Simulation methods can be used
to model the complex material behavior of NCFs and predict their deformation during the draping process. However, NCFs
do not intrinsically deform under pure shear like most woven fabrics, but often under superimposed shear, transverse tension
and in-plane roving compaction. Therefore, non-standard characterization methods have to be applied besides typical picture
frame tests or bias-extension tests. Off-axis-tension tests (OATS) utilize a simple setup to characterize a fabric’s membrane
behavior under different ratios of superimposed shear, transverse tension and in-plane compaction. OATs at three different
bias angles (30°, 45° and 60°) are conducted to investigate a unidirectional and a bidirectional NCF. A method is presented
to measure the fiber curvatures in addition to the occurring strains. The investigations reveal a relatively symmetrical, shear-
dominated behavior with limited roving slippage for the Biax-NCF. The behavior of the UD-NCF strongly depends on the
stitching load during tests and is characterized by an asymmetric shear behavior as well as significant roving slippage. The
off-axis-tension test results can be used as the basis for the development and validation of new simulation methods to model

the complex membrane behavior of NCFs.

Keywords Fabrics/textiles - UD- and Biax-NCF - Mechanical properties - Forming

Introduction

Non-crimp fabrics (NCFs) can be used in liquid composite
molding processes to manufacture high-performance compo-
nents utilized in the automotive or aerospace sectors. Their
straight fibers provide a higher lightweight potential com-
pared to woven fabrics with undulated fibers. They are made
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of one (UD-NCF), two (Biax-NCF) or more directions of
fibers linked together with a polymer stitching. The defor-
mation behavior of NCFs is challenging and they are more
susceptible to effects like gapping, rovings sliding and fiber
waviness compared to woven fabrics [1-5]. Therefore, a
comprehensive characterization of their deformation behav-
ior is essential to model their forming behavior in draping
simulations [6-8].

The membrane behavior of fabrics has mainly been char-
acterized with the picture frame (PFT) or bias-extension test
(BET) [3,9-15]. The PFT induces a pure shear by deforming
the fabric in a square-hinged frame to a rhomboid. The BET
is a tensile test on a rectangular specimen with the fibers ori-
ented at an offset angle of 45°. This results in three distinct
deformation zones with a shear-dominated main deforma-
tion zone (MDZ) in the specimen’s center. For woven fabrics,
both setups were extensively studied and theoretical descrip-
tions of their shear deformation were developed together with
normalization methods to compare them under the assump-
tions of inextensible fibers, no slippage and pure shear [9,
13, 16-20]. Under proper initial placements of the specimens

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12289-023-01792-x&domain=pdf
http://orcid.org/0000-0002-1507-0111

68 Page2of15

International Journal of Material Forming (2023) 16:68

and prevention of fiber tension during the PFT, comparable
results for both tests were achieved even for different spec-
imen sizes [9]. The normalized results of both tests can be
directly incorporated into forming simulations based on a
pure shear assumption [11, 21-23].

However, NCFs do not intrinsically deform under pure
shear, which leads to significant differences in the results of
BETSs and PFTs in the case of Biax-NCF [12, 24, 25] as well
as UD-NCF [15, 26]. This is most notable in a comparison
of the theoretical and measured shear angle [24, 27]. NCFs
deform under a combination of relative fiber rotation (pure
shear) and slippage between fiber rovings (simple shear)
as well as the different fiber layers [28-30]. This specific
deformation behavior together with an easier setup made the
BET more commonly used for Biax- [24, 25,27, 31-35] and
UD-NCEF [15, 26, 27, 36-40] compared to the PFT [24, 25,
41-43].

Pourtier et al. [34, 44] proposed an alternative method
to investigate the deformation of NCFs in the BET under
the assumption of simple shear, which is a macroscopic
description of slippage for UD materials. For the investigated
Biax-NCF the main deformation mode was slippage (simple
shear) during the test’s beginning and changed to rotation
of the fibers (pure shear). Krogh et al. [45] combined the
pure and simple shear theories with the observations of Har-
rison et al. [18] that the relative slip can be estimated by the
specimen width at half height. For the investigated quasi-UD-
NCEF, a transition from pure to simple shear was observed and
the shear angle could be predicted based on the width. The
deformation behavior of NCF strongly depends on the mate-
rial architecture, fiber and stitching type [46, 47]. Therefore,
there is currently no universal method for the characterization
of the membrane behavior of NCFs available.

Schirmaier et al. [36] and later Ghazimoradi et al. [39]
conducted so-called off-axis-tension tests (OATS) with fiber
angles of 30° and 60° in addition to BETs to character-
ize different ratios of superimposed transverse tensile and
shear deformation of a UD-NCF. Macroscopic forming sim-
ulation models parametrized based on those OATs showed
better agreement with component forming tests, compared to
a parameterization based on PFT for pure shear deformation
and uniaxial tensile tests perpendicular to the fiber rovings
for transverse tensile deformation [36, 40]. This highlights
the complex deformation behavior under different multiax-
ial strain conditions, where an exclusive consideration of the
shear behavior is not sufficient during characterization [26,
39, 40]. Additionally, the test setup for OATs is relatively
simple and widely available compared to, for example, multi-
axial testing machines otherwise necessary to study different
ratios of superimposed strains [48].

@ Springer

In addition, existing theoretical investigations concerning
the deformation during BETs neglect mesoscopic effects like
the in-plane fiber bending. These manifest in the form of tran-
sitioning zones between different shear zones instead of sharp
changes assumed in kinematic models or theories based on
classical continuum theories [6, 32, 49]. In order to model this
effect, generalized continuum approaches are necessary [12].
Ferretti et al. [49] and Steer et al. [50] used a second-order
gradient theory to model the influence of the fiber bending
stiffness on the size of the transitioning zones and magnitude
of the resulting fiber curvature. However, the results were
not quantitatively validated since no method for the experi-
mental measurement of in-plane bending is reported in the
literature.

Since NCFs do not adhere to theoretical kinematic mod-
els, Boisse et al. [12] recommended in their review paper
to measure the deformation independent of the machine dis-
placement. Commonly the shear strain has been measured
during the BET via DIC [14, 32, 37, 45, 51] or other dis-
crete methods based on individual measurement points [52]
orlines [13, 17,20, 34, 53]. Thereby, the influence of the mea-
suring system is often neglected in literature but can have a
significant influence on the deformation as demonstrated by
Trejo et al. for UD-NCF [37].

In this study, the membrane behavior of a UD- and Biax-
NCF is investigated in off-axis tension tests (OATs) of three
different bias angles (i.e. 30°, 45° and 60°). A dot pattern
aligned with the rovings is applied to the specimens, enabling
a macroscopic strain measurement using DIC. Furthermore,
a method is presented to measure in-plane roving bending
based on the curvature in fiber direction. The influence of
the measuring method is evaluated based on the impact on
the resulting process forces and discrete measurements of
the fiber orientation and deformed sample width. Finally,
implications regarding the relevance of the individual experi-
ments for a comprehensive characterization of the membrane
behavior for forming simulations are discussed.

Material

In this study, a unidirectional (UD300) and a bidirectional
(MD600) non-crimp fabric (NCF) both without binder are
used, cf. Fig. 1. The fabrics are manufactured by Zoltek™
and produced from their PX35-50K continuous carbon (CF)
fiber heavy tows. Both fabrics are stitched together with a
76 dtex PES yarn in a Tricot pattern. The UD300 consists
of a single layer of aligned CF rovings with thin glass fibers
(GF) on the back for improved handleability. The MD600
consists of two layers in a 0°/90° orientation. Both fabrics
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Fig. 1 (a) Bidirectional (0°/90°) NCF MD600 and (b) unidirectional
NCF UD300 and
have a similar number of CFs in each layer with about 300
gm~2 in their respective main reinforcing directions.
Experimental test setup and procedure
i <
Experimental setup o
S
A Zwick-Roell Z2.5 universal testing machine with a 500 ©
N load cell is used to conduct all tests at room temperature.
All specimens were prepared from the same roll of UD- and
Biax-material on an automated cutting table by Ziind Sys-

temtechnik AG, Altstétten, Switzerland. Only samples that
did not have damaged stitching or frayed fibers at the edges
after cutting were selected. The OATs were performed on
the UD-NCEF for three different bias angles (i.e. 30°, 45° and
60°) and on the Biax-NCF for 30° as well as 45°. These bias
angles were selected to impose different ratios of in-plane
shear and tensile strains based on the results of the study by
Schirmaier et al. [36]. An aspect ratio a = ly/wy = 2 with
an initial specimen length /y of 320 mm and width wg of 160
mm was used with a velocity of v = 60 mm/min, cf. Fig. 2.
Each test was repeated five times for each configuration with
and without a dot pattern.

\ 4

¢ Wy )

I(A)] Main deformation zone (MDZ)
B1)B2B3Secondary deformation zones

(C)  Non-deformation zone
77777] Transition zone with in-plane fiber bending

Fig.2 30°,45° and 60°-Off-Axis-Tensions tests (OATs) - Undeformed
geometries, idealized deformed specimens and deformed specimens
taking into account fiber slip and bending deformation in the transition
zones
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a) Dot pattern for optical strain measurement b) Macroscopic strain measures
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Fig.3 (a) Dot pattern utilized during 2D-DIC to measure (b) macroscopic strains as well as (c) resulting curvature in fiber direction

Macroscopic strain and curvature measurement
method

The macroscopic deformation is measured via Digital Image
Correlation (DIC). A regular grid of white dots of acrylic
paint with an approximate diameter of 2 mm is applied to the
specimens using a stencil with a distance of /o = 10, mm, c.f.
Fig. 3a. Acrylic paint was used because other white mark-
ers, paint colors, or spray paints either soaked strongly into
the fabric or had too little contrast on the rovings compared
to the seams. The grid is aligned with the principle fiber
direction during the test and each dot is manually positioned
as centered as possible on the rovings. The deformation is
recorded with a Canon EOS 70 D DSLR camera at 30 frames
per second. The displacement of each dot was tracked with
an open-source MathWorks Matlab DIC tool [54], which
was enhanced to account for the regular grid [15, 36]. Sub-
sequently, four dots are combined into a 2D quadrilateral
element and the deformation gradient F rotated in the initial

Initial Pure shear

Simple shear

fiber direction is calculated based on linear shape functions
[55].

During the tests, especially for UD-NCEF, large shear
strains superimposed with transverse tensile deformation in
the stitching direction and compression perpendicular to the
carbon fiber rovings are expected on a macroscopic level [36,
40]. Therefore, in addition to the the Green-Lagrange strains
E, the shear angle y1; is calculated according to

id W il arccos( Cr2 ) (1)
Y2 =5 —VYi2=—7+— —a—— I
2 2 VC114/Ca2

and a strain perpendicular to the carbon fibers E |

E| =2 Ex» + 1sin(y2) — 1, 2)

where C is the right Cauchy-Green tensor and > is the
current angle between the principle directions, cf. Fig. 3b.
The non-orthogonal orientation of the principale directions
under large deformations (material frame) is intrinsically

Mixed shear (£, < 0)| Mixed shear (£ ,> 0)

Fig.4 Schematical representation of different deformation modes and the corresponding resulting strains
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considered by the Green-Lagrange strains, since the coor-
dinate system is initially aligned with the fiber direction, cf.
Fig. 2.

These strain measurements, combined with the regular
grid pattern of dots aligned with the rovings, allow distinction
between different deformation modes, cf. Fig. 4. In the case of
pure shear, E»; is zero and thus £ is directly coupled to y12,
cf. Eq. 2, while both strains are independent of each other for
mixed shear. The perpendicular strain measures the distance
between rovings and thus allows identifying gapping (E| >
0) as well as compression of rovings (E; < 0). Positive
transverse tensile strains E2> > 0 indicate slippage parallel
to the rovings but not necessarily gapping as is evident, for
example, for simple shear. For a quantitative evaluation of
the strain development during the tests, the strains in the
main deformation zone (MDZ) are averaged over the areas
highlighted in Fig. 3a.

To investigate fiber bending, a method to measure the
curvature k11 in fiber direction on a macroscopic scale is
proposed, cf. Fig. 3 c. All dots along an individual fiber

MD600

250 T

a) 30°-OAT

200

150

100

force f / N
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0 i R | 1 1 I
0 0.0 0.10 0.15 0.20 0.25

engineering strain & / -

no pattern —— pattern - f

pattern - b

Fig.5 Forces in the (a) 30°- and (b) 45°-OATs for medium-sized spec-
imens (320 x 160 mm) of the Biax-NCF (MD600) with and without a
dot pattern on the front (f) or the back (b)

roving are interpolated as a smoothed spline using Matlab’s
"Curve Fitting Toolbox™". For each roving 100 uniformly
distributed points are derived to increase the resolution and
compensate for placement inaccuracies of dots deviating
from the roving’s center. The curvature at each point is
calculated based on the inverse radius of a circle placed
through the point and both neighbors. Finally, the curva-
tures are linearly interpolated onto an evenly distributed
100x100 grid.

Results and discussion
Kinematic analysis of OATs

Figure 2 presents schematic illustrations of undeformed and
deformed specimens of unbalanced fabrics during OATsS.
Three distinct types of zones are identifiable independent of
the bias angle. In zone "C" the fibers are clamped along one
edge and barely deform during the test. Zone "A" does not
share a boundary with "C" and fibers passing through it are
free on both edges. Therefore, the largest deformations in the
form of fiber slippage (simple shear) and rotation (pure shear)
occur in this main deformation zone (MDZ). Depending on
the initial orientation, fibers in zones "B" pass through either
"A" or "C", thus these areas must be distinguished more pre-
cisely [34]. The fibers in zones "B2" are subjected to a force
perpendicular to their orientation due to the deformation in
"A". This causes them to rotate and remain relatively parallel
to the fibers in "A". The fibers in zone "B1" are strained along
their orientation which causes them to slide relative to each
other and remain similarly oriented to the fibers in zone C. In
fibers in zone "B3" during the 60°-OAT behave similarly to
those in "B1". Zones "B1" and "B2" are more distinct from
each other for highly unbalanced textiles such as UD-NCF
than for Biax-NCF.

Inidealized models based on classical continuum mechan-
ics, all zones are sharply defined without transition zones and
the relative fiber slip is limited resulting in straight outer con-
tours, cf. Fig. 2 [13, 53]. However, general slippage between
the fibers and stitching as well as highly localized slippage
at the boundaries from zones "A" to "B", results in a curved
outer contour. Additionally, transition zones with high in-
plane fiber curvatures form between the zones "C" to "B2" as
well as "B1" to "A". The size of the transition zones depends
on the in-plane bending stiffness of the fibers [49].

Machine forces
To investigate the influence of the dot pattern on the deforma-

tion behavior, the tests were performed both with and without
dots on the front (f) side of all specimens. Additionally, the
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tests were performed with dot patterns on the back (b) side UD300
for the Biax-NCF and the 45°-OAT for the UD-NCF. 60 T A 30-OAT '

The resulting machine forces for the Biax-NCF are shown
in Fig. 5 and for the UD-NCF in Fig. 6. Normalization of
the results was deliberately omitted in this section since the
common assumption of a symmetrical deformation in the
45°-OAT is not fulfilled for unbalanced fabrics and the meth-
ods are not directly transferable for the 30°- and 60°-OAT
[53].

The Biax-NCF curves can be divided into two sections,
a relatively linear increase at the beginning and a stronger
force increase (locking) for larger strains, cf. Fig. 5. The
onset of locking is significantly earlier at ¢ ~ 0.1 for the
30°-OAT compared to ¢ ~ 0.16 for the 45°-OAT. This results
from a higher localization of strain in a smaller MDZ and,
together with the stronger orientation in load direction, leads
to significantly higher forces in the 30°-OAT .

The application of a dot pattern on the front or back of the
specimen increases the measured forces for the Biax-NCF,
cf. Fig. 5. The acrylic paint mechanically reinforces the fab-
ric and introduces additional adhesion between the fibers and
stitching. This effect is more pronounced with a higher vari-
ation for a pattern on the front of the fabric in the 30°-OAT,
since the zigzag pattern of the tricot stitch is covered more
often by the dots compared to the straight stitch constella-
tion on the backside, cf. Fig. 1a. Besides the increased forces,
the general progressions of the curves with and without pat-
terns are similar to each other with similar transition points
between the different curve regions.

In the 45°-OAT for the UD-NCEF, the dot pattern was
applied either on the front or back. However, this caused
the glass fibers and rovings to stick together at the dots on
the back, resulting in significantly higher forces, cf. Fig. 6b.
Furthermore, the distinction between the white dots and glass
fibers was problematic for the DIC algorithm resulting in a
worse correlation for high deformations. Therefore, the dot
patterns were only applied on the front side of the UD-NCF
for the other bias angles.

The UD-NCEF curves can be divided into three sections,
a relatively linear increase at the beginning, followed by a
region with a decreased slope and locking for larger strains,
cf. Fig. 6. Similar to the Biax-NCF, these sections are small
in the 30°-OAT due to the localized deformation in a small
MDZ. However, the dot pattern results in an earlier onset of
locking and a slight drop in the forces with high variation for
& &~ 0.2 as the bond between the paint, stitching, and rovings
tears loose. The forces during the 45°- and 60°-OAT are in
the same order of magnitude despite the different bias angles.
However, the stitching in the early phase of the 60°-OAT is
under higher tension compared to more roving rotation and
sliding in the 45°-OAT, resulting in a higher initial linear
slope. The transition to the second, shear-dominated, phase
with a distinctively shaped MDZ occurs at a similar engineer-
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Fig. 6 Forces in the (a) 30°-, (b) 45°- and (c) 60°-OATs for medium-
sized specimens (320 x 160 mm) of the UD-NCF (UD300) with and
without a dot pattern on the front (f) or the back (b)

ing strain of ¢ ~ 0.075 for both tests. The secondary slope in
the 60°-OAT without a dot pattern is slightly negative before
an early onset of locking after ¢ &~ (0.12. This transition is
barely noticeable for the dot pattern applied on the front.
The acrylic paint leads to a stronger adhesion between the
rovings and stitching, making it more resistant to mutual slip-
page. This also results in a higher variation, as the stitching
tears loose for higher forces.
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Observed deformation and impact of the DIC

Due to the observed increase in the measured machine force,
cf. Section 4.2, the influence of the dot pattern required for
DIC during the OATs on the deformation behavior must
be estimated. A qualitative comparison of the video record-
ings of tests with and without the dot pattern did not show
any noticeable differences and a similar deformation was
observed, as exemplarily shown by the images at a dis-
placement of 80 mm in Fig. 8. To quantitatively confirm
this observation, for three tests of each configuration with
and without a dot pattern, image analysis was used at a dis-
placement of 20, 40, 60 and 160 mm to measure the roving
orientation ®, relative to the vertical axe at three positions
in the MDZ and the relative necking Awy, cf. Fig. 7.

The fiber orientation was chosen because only one layer
of rovings is visible on each side and significant slippage
between the rovings and stitching is observed, making a
direct estimation of the shear angle or other strains impossi-
ble from individual images. The relative necking is calculated
from the initial wo and current w; width at half specimen
height according to

wo — w1

3

Aw, =
wo

Krogh et al. [38] have shown for a quasi UD-NCF that the
necking in the 45°-OAT directly correlates with the shear
strain development and can even be used for its estimation
based on a scaled combination of pure and simple shear the-
ory. The results for the Biax-NCF and UD-NCF are shown in

a) MD600 - medium

Fig. 7, together with the theoretical values according to pure
shear and simple shear theory as derived by Krogh et al. [38]
for the 45°-OAT.

The relative necking Aw, of the Biax-NCFis similar in the
30°- and 45°-OATs, cf. Fig. 7a. In the 30°-OAT the appli-
cation of the dot pattern on the front or back of the fabric
has no significant influence on Awy,. In the 45°-OAT about
~ 4 9% more necking is measured with a dot pattern on either
side. These observations are also reflected in the roving ori-
entation. Similar to Korgh et al. [38], the development of the
relative necking in the 45°-OAT strongly correlates with the
resulting roving orientation and remains between the theoret-
ical results for pure and simple shear. Overall, the application
of the dot pattern has very little effect on the deformation
behavior of the Biax-NCF and only slightly increases shear
due to fiber rotation in the 45°-OAT.

In the case of the UD-NCEF, the relative necking and rov-
ing orientation are only minimally affected by applying the
dot pattern on the front during the 30°- and 45°-OATs, cf.
Fig. 7b. Applying the dot pattern on the back increases the rel-
ative necking noticeably, similar to the impact on the required
machine force, cf. Section 4.2. However, the roving orienta-
tion in the MDZ decreases only slightly, indicating that the
deformation in this area remains similar. Taking a closer look
at the images of the specimens in Fig. 2, gaps between the
rovings in the edge areas of zones "B1" and "B2" can be
identified in tests without a dot pattern or with a pattern on
the front. At the dots on the back, the glass fibers and the
rovings stick together, which prevents the glass fibers from
slipping and inhibits the formation of gaps in the edge areas.
In the 60°-OAT, the application of the pattern on the front

b) UD300 - medium

T T T 77 T T
/

T T 77 T
/

=60t / 1t 7 :

~ // Il

£ 50 o 1t e .

< 40 F ,,' 4L ,,’ i 30° - no pat. - f

| 30 . - . et 30° - no pat. - b

v ,/’ .- 1r ,/' f e T o

B a0k g 1L w 7= | — 30°-pat. -f

s:j /‘/‘/‘ >~ 2 N IR 30° - pat. - b

s 10 1r 1 — 45°-nopat. - f

0 1 1 1 1 1 1 1 1 1 o ° _ _

60 k T T T T T T T T T 45 no pat. b

—— 45°-pat. - f

....... 45° - pat, -b

—— 45° - simple shear

------- 45° - pure shear

—— 60° - no pat. - f
60° - pat. - f

roving orientation O, / deg

0 0.10 0.20 0
eng. strain € / -

0.10 0.20

eng. strain € / -

Fig. 7 Relative necking Awy, and roving orientation ®, in the MDZ of the OATs for the (a) Biax-NCF and (b) UD-NCEF for all tests with and
without a dot pattern (pat.) on the front (f) or back (b) of the medium-sized specimens (320 x 160 mm)
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significantly reduces Awy, compared to only slightly higher
®, in the MDZ for larger engineering strains. Analyzing
the images of the 60°-OAT, the rovings in the zone "B1"
of tests without a dot pattern, especially around half height
of the specimen, are less rotated towards the load direction
(larger ®,), indicating less shear deformation in these areas.
This shear deformation is increased in tests with a dot pat-
tern, since the additional adhesion between the rovings and
stitching probably prevents relative slippage between them,
resulting in more fiber rotation (pure shear).

In conclusion, the dot pattern required for DIC has lit-
tle influence on the deformation of the Biax-NCF in general
and should be applied to the front of the UD-NCF to reduce
its impact. However, the effect on the deformation in the
MDZ appears to be minimal for all tests, as indicated by the
similar roving orientations with often overlapping scatter.
Comparing the utilized point-based method, with the meth-
ods investigated by Trejo et al. [37], it is evident how small
the influence is due to the minimal surface area of the fabric
that is covered by paint. Trejo et al. compared three tradi-
tional areal speckle patterns from different paint types for
DIC on a very similar UD-NCEF in the 45°-OAT. Although
their method achieved a higher resolution, the measured force
already increased by ~ 50 % and the estimated shear strain

a) MD600

712/ deg
— initial 11-direction — initial 22-direction 43

30°-0OAT
front - f

30°-0OAT
back - b

45°-0OAT
front - f

45°-0OAT
back - b
b) UD300

—*initial 11-direction —*initial 22-direction

30°-OAT
front - f

45°-0AT
front - f

45°-0OAT
back - b

60°-OAT
front - f

-0;—

in the MDZ decreased by ~ 25 % even for the best of the
investigated patterns at € &~ 0.14.

Macroscopic strains measured with DIC

The resulting strains and roving curvature measured by DIC
as described in Section 3.2 are shown in Fig. 8. The measured
strains in the visible fiber direction E1; were negligible due
to the high fiber stiffness and therefore not discussed in the
following. For all tests, the different zones shown in Fig. 2
and described in Section 4.1 are distinguishable. The highest
shear angles 1> occur in the MDZ for all bias angles together
with significant perpendicular compressive strains £ .

The Biax-NCF has a relatively symmetric shear behavior
in the 45°-OAT, compared to the UD-NCF with a smaller
shear angle in zone "B2" than "B1". In the 30°-OAT, large
transverse tensile strains E> occur in the MDZ on the front
for both materials. In conjunction with large positive y;2, E |
and negative Ep strains in the adjacent zones "B2", these
indicate significant relative roving slippage. Similar, but less
pronounced, behavior is observable in the transition zones
between "A" and "B2" of the 45°-OATs. In contrast, large
transverse tensile strains E», along with positive perpendic-
ular strains £ occur in the edge regions of zones "B2" in

E, /-

i, / (1/mm)

0.0 0025 005
A

‘ - }
g |

—

—

i / (1/mm)
0.0 0.025 0.05
[ aa— ]

Fig.8 Deformed specimens without (left) and without (second-left) dots as well as resulting strain distributions at an engineering strain of ¢ = 0.25
during Off-Axis-Tension tests (OATs) for medium-sized specimens (320 x 160 mm) of (a) Biax-NCF and (b) UD-NCF
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the 45°-OAT and "B1" as well as "B2" in the 60°-OAT of the
UD-NCEF. In these areas, significant gaps develop between
the rovings due to large stitching strains.

The strains in the MDZ of each test averaged over the
areas highlighted in Fig. 3 a are shown for the Biax-NCF and
UD-NCF in Fig. 9. The behavior of the Biax-NCF is mainly
shear-dominated (y12) in the MDZ, which also induces per-
pendicular compaction E . Both increase relatively linear

a) MD600 - medium  b) UD300 - medium
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W |
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-
—
R
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eng. strain € / - eng. strain € / -
— 30°-f — 45°-f 60° -f
........ 30°-b v 45° b

Fig.9 Averaged strains in the MDZ of the OATs for medium specimens
(320 x 160 mm) of the a) Biax-NCF (MD600) and b) UD-NCF (UD300)

until the textile for large E; < —0.4 starts to exhibit the
typical locking behavior, evident from the degressive curve
of both strains. Due to the stitching, the rovings on the front
and back side of the fabric are coupled resulting in similar
E | - as well as yjp-strains in the 45°-OAT. On the front of the
30°-OAT positive transverse tensile deformation E; occurs
after the onset of locking, which indicates relative slipping
of the rovings. Since the shear angle is only measured on the
visible side of the NCF as a deformation of the dot pattern,
this results in a slightly higher y», cf. Eq. 1.

For the UD-NCEF, different deformation states occur in the
MDZ depending on the bias angle due to the different loading
directions relative to the fiber orientation, cf. Fig. 9b. At the
beginning of the 30°-OAT the rovings rotate towards the load
direction, resulting in additional perpendicular compression
which is not caused by shear as can be seen from the negative
transverse tensile strains. Subsequently, large fiber slippage
can be observed, causing large transverse tensile strains Eo)
superimposed with high shear strains y, and perpendicu-
lar compression E | . As a result, the measured shear angle
is significantly larger compared to the Biax-NCF while the
maximum perpendicular compression is similar. In the 45°-
OAT mainly shear deformation occurs in the MDZ, which
is larger for the tests with the dot pattern on the back. This
observation fits the greater influence of the dots when apply-
ing to the glass fiber side, which also resulted in less slippage,
larger forces and larger necking, cf. Sections 4.2 and 4.3. In
the early phase of the 60°-OAT the stitching is under high ten-
sion with simultaneously positive E2»- and E | -strains. After
& = (.075, the MDZ starts to form in the center resulting in
a strong increase in the shear angle and perpendicular com-
pression. These flatten again for larger engineering strains
since roving slippage starts as indicated by the increasing
E>>-strain.

Based on the method described in Section 3.2, the roving
curvature 11 in the specimen can be measured, cf. Fig. 2.
In the 30°-OAT the highest curvature occurs in the transition
zones from "C" to "B2", but not necessarily between zones
"B1" and "A" due to roving slippage. In the 60°-OAT for
UD-NCEF, cf. Fig. 8b, the gapping in zone "B2" prevents the
formation of transition zones between "B3 and "C". This tran-
sition zone is observable for the 60°-oriented fibers on the
back of the 30°-OAT for Biax-NCF. In general, the result-
ing curvatures are higher for Biax-NCF than for UD-NCF
and the transition zones are larger. The second high-stiffness
fiber direction prevents slippage and gapping along the edges.
This improves the load transition resulting in higher in-plane
moments and thus higher in-plane bending in the transition
zones.

To evaluate the development of the roving curvature dur-
ing the OATS the average of the maximum curvature {7 of
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Fig. 10 Averaged curvature of the OATs for the a) Biax-NCF (MD600)
and b) UD-NCF (UD300)

all measurement points z in each roving N™ is calculated
according to

The maximum curvature of each roving was chosen as a ref-
erence because it occurs in the transition zones, although
these vary in size and location depending on the bias angle,
cf. Fig. 2. The results are shown in Fig. 10. The average cur-
vature shows slightly progressive trends for the 45°-OAT and
the rovings on the front of the 30°-OAT . The curvature of the
rovings with an initial orientation of ® = 60° in the 60°-OAT
and on the back of the 30°-OAT of the Biax-NCF develops
strongly degressive. In general, both materials show simi-
lar characteristic trends during the different OATS as already
observed from the deformation images, although the aver-
age curvature for the Biax-NCF is higher in magnitude and
increases earlier.

Comparison of 30°-, 45°- and 60°-OATs

In order to better compare the different OATs with each
other, the machine force normalized by the initial width,
fo = f/wo, is shown as a function of the measured shear
angle y12 in Fig. 11. A calculation of the normalized shear
force was deliberately omitted to allow comparison between
the bias angles. Additionally, the classical assumption of a
symmetrical shear behavior does not necessarily apply for
NCF (y12("A") /2 # y12("B1") # y12("B2")) and the most
common theories do not consider large slippage or transverse
tensile strains [53]. However, the application of, for example,
the three theories compared by Hirtel et al [53] for the 45°-
OAT would not change the relative position of the curves to
each other and thus allow the same conclusions to be drawn.

Furthermore, 45°-OAT were performed on smaller spec-
imens with a§m2‘“= 160 mm/80mm and on larger specimens
for aéarge: 480 mm/160mm to estimate an influence of the
specimen size.

Pourtier et al. [34] have shown that for Biax-NCF a suffi-
ciently large sample is required to obtain converged results,
while this has not yet been investigated for UD-NCF. Details

Nr()V
gmax 1 max k11 (n) (4) of the experiments and the deformations that occurred are
NTOV = ne{roving); given in Appendix A.
<10-1 a) MD600 102 b) UD300

= g
220t 1257 1
z z
st 124 |
a 1. s | — ==
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Fig. 11 Shear angle vs. force normalized by initial width for a) Biax-NCF (MD600) and b) UD-NCF (UD300)
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The behavior of the Biax-NCF is mainly shear-dominated
independent of bias angle or the specimen size, cf. Section 4.4
and Appendix A. This results in a reasonable agreement of all
30°- and 45°-OAT within the range of experimental scatter
for smaller y> and similar trends for larger y;7, cf. Fig. 11 a.
Only the results for the 30°-OAT with the strains measured
on the back are notably higher, especially for higher shear
angles. The results for the dot pattern on the front of the 30°-
OAT would presumably also be higher without the observed
roving slippage on the front, which increased the average
shear angle, cf. Fig. 9 a.

The behavior of UD-NCEF strongly depends on the stitch-
ing deformation, which results in a greater influence of the
specimen size in the 45°-OAT , cf. Fig. 11 b. The results for
medium and large specimens agree well within the tested
range. However, the results for small specimens are notice-
ably lower, which can be attributed to observed slippage,
gapping, and lack of roving bending, cf. Appendix A. This
indicates a likely convergence of the measured behavior only
for a sufficiently large specimen size, as also observed by
Pourtier et al. [34] for Biax-NCF. The yj;-related consid-
eration also illustrates the influence of the bias-angle in the
different OATSs. In the early phase of the 60°-OAT the stitch-
ing is strongly tensioned and the slower increasing shear
angle, cf. Fig. 9 b, leads to a higher initial slope. In contrast,
the MDZ in the early phase of the 30°-OAT deforms under
perpendicular compression, cf. Section 4.4. Thus, the stitch-
ing is not under tension and shear deformation is facilitated,
resulting in a smaller initial slope.

Summary and discussion

The membrane behavior of fabrics under different ratios of
superimposed shear, transverse tension and in-plane roving
compaction can be investigated by different bias angles in
OATs. Since NCFs do not adhere to either pure or simple
shear theories, cf. Section 4.3, and only one fiber direction is
visible from each side, a DIC measurement of the strains is
essential for an accurate analysis. The DIC method used in
this work introduces additional adhesion between the roving
and the stitching through a dot pattern. This results in higher
forces, cf. Section 4.2, but has only limited influence on the
deformation behavior of the whole specimen and especially
in the MDZ, cf. Section 4.3. However, the influence is rela-
tively small compared to other methods [37]. By aligning the
points along the rovings, the shear yj, transverse E>> and
perpendicular E | strains can be used to identify different
deformation modes and to distinguish stitching deformation,
roving slippage and gapping, cf. Fig. 4. In addition, a newly
proposed method allows the measurement of fiber curvatures
k11, which is neglected in most idealized theories, cf. Fig. 2.

The behavior of Biax-NCF is mainly shear-dominated
with a minor asymmetry and only for large deformations

limited roving slippage can be observed. The shear angle
y12 in the 30°- and 45°-OAT increases nearly linearly in the
beginning until the onset of locking for E; < —0.4, cf. Figs.
9 and 12, which is also reflected in the resulting forces, cf.
Figs. 5 and 11 a. Thus, the characterization of the shear prop-
erties is relatively independent of the specimen size and bias
angle, cf. Fig. 11. The 30°-OAT mainly provides additional
characterization opportunities regarding roving slippage and
a different configuration of transition zones with higher fiber
curvatures.

The behavior of UD-NCEF strongly depends on the stitch-
ing deformation, resulting in a behavior characterized by
superimposed shear, transverse tensile strains and perpendic-
ular compression. In the 45°-OAT, the MDZ is mainly shear-
dominated similar to the Biax-NCF, cf. Fig. 8. However, the
behavior over the whole sample is strongly asymmetric and
larger roving slippage is observable in combination with gap-
ping in the edge regions of the secondary deformation zone.
In addition, the results are distinctly dependent on the spec-
imen size and a sufficiently large specimen is required to
characterize a converged shear behavior, cf. Fig. 11 b. In
the 30°- and 60°-OAT, positive transverse tensile strains are
superimposed with shear deformation in the MDZ, indicat-
ing roving slippage that is not primarily limited to transition
zones. This effect is much more pronounced in the 30°-
OAT due to initial compression of the stitching and rovings,
compared to the 60°-OAT, where tensioning of the stitching
limits the shear deformation, cf. Fig. 9. In summary, it can
be concluded that the 45°-OAT is presumably sufficient for
a characterization of the shear behavior of UD-NCF. How-
ever, a complete characterization of the membrane behavior
requires additionally the characterization of the transverse
tensile and perpendicular compressive behavior as well as
their interaction, which can be better understood by using
different bias angles such as 30° and 60°. Furthermore, if
the fiber bending stiffness of the rovings is to be taken into
account, the different OATs also provide differently shaped
transition zones and curvature amplitudes, cf. Figs. 8 and 10.

Conclusion

In this study, the membrane behavior of a UD- and a
Biax-NCF is investigated under different multiaxial strain
conditions with varying bias angles in off-axis-tension-tests
(i.e. 30°-, 45°- and 60°-OATs). A dot pattern is applied to
the specimen to macroscopically measure the strains using
DIC and a new method is developed to measure the fiber cur-
vature as well. The OATs induce different ratios of large
superimposed shear, transverse tensile and perpendicular
compression deformation with a very simple and common
setup. The 45°-OAT is best suited to characterize the shear
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properties of both fabrics, as long as the sample size is large
enough in the case of UD-NCF. The 30°- and 60°-OAT pro-
vide a better understanding of the transverse behavior. The
Biax-NCF exhibits roving slippage and strong fiber bend-
ing at large deformations. In the UD-NCF, the membrane
behavior is governed by the stitching load, which impedes
shear deformation under tension and enhances shear as well
as roving slippage under compression.

The results of the membrane behavior can be used for
the parameterization of constitutive models and the develop-
ment of new macroscopic simulation models. For Biax-NCF,
current approaches are mainly based on the shear behavior
[33, 56], which can be sufficiently determined based on the
45°-OAT. Howeyver, the results of a 30°-OAT will be use-
ful for further developments that take into account roving
slippage and in-plane fiber bending stiffness. In the case of
UD-NCEF, a characterization solely based on the 45°-OAT is
not sufficient, since the complex interactions between fibers
and stitching are not adequately explored with a single bias
angle [36, 40]. Therefore, all three bias angles will be taken
into account simultaneously in a future study to develop a
new modeling approach. Subsequently, the development of
methods to account for the in-plane fiber bending stiffness,
based on accurate modeling of the transition zones, would
be a possibility to account for the strongly anisotropic shear
behavior parallel and transverse to the rovings in UD-NCF.

The application of the dot pattern on the back of the UD-
NCEF for DIC measurements, introduced additional adhesion
between the stitching, glass fibers and rovings, resulting in
a significant influence on the measured behavior. Thus, the
influence of pressure in thickness direction on the membrane
behavior of the UD-NCF should be investigated. In the pre-
sented tests, the glass fibers on the back side are only loosely
coupled to the rovings by the stitching and barely contribute
to the load transmission. Therefore, blankholders could have
a significant influence on the membrane behavior, which is
not accounted for in the characterization with OATs.

Appendix
A Investigation for different specimen sizes

The observed behavior in bias-extension tests (45°-OAT) can
depend on the specimen size, as has been reported for unbal-
anced fabrics [9, 32] and Biax-NCF [34]. The influence of the
specimen’s size has not yet been investigated for UD-NCF.
Therefore, additional tests with a bias angle of 45° were per-
formed on smaller specimens for aimau = 160mm/80mm
and on larger specimens for a;arge = 480mm/160mm. The
larger specimens were only tested up to e = 16.6%, due to a
limited clamping length of the tensile testing machine.
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Fig. 13 Deformed specimens and strain distributions during Off-Axis-Tensions tests (OATs) (a) for Biax-NCF and (b) UD-NCF of different

specimen sizes

The averaged strains in the MDZ and the average curvature
are shown in Fig. 12 and the resulting strain distributions in
Fig. 13. Additionally, the theoretical shear angles according
to pure shear theory proposed by Cao et al. [9] and simple
shear theory proposed by Pourtier et al. [34] are included for
the averaged strains for both investigated aspect ratios.

The larger and smaller specimens of Biax-NCF show
similar behavior to the medium specimen. The typical defor-
mation zones, described in Section 4.1 are present with the
highest deformation in the MDZ and measurable roving cur-
vatures in the transition zones, cf. Figs. 12 a and 13 a. The
behavior in the MDZ is mostly shear-dominated and the
measured shear angle for medium and large specimens corre-
sponds to the prediction according to a pure shear assumption
for lower strains ¢ < 0.1, cf. Fig. 12 a. However, the mea-
sured shear angle of the small specimen is below the simple
and pure shear prediction. The deviations are caused by slip-
page between the rovings in the transition area between zones
"A" to "B1" and "B2" to "C". The effect is stronger for a
smaller specimen size due to the relative size of a roving
compared to the area of the MDZ.

The specimen size has a more pronounced effect on the
observed behavior for UD-NCF. The larger specimens show
the typical deformation zones but have a more inhomoge-
neous strain field, cf. Fig. 13 b. Due to the relatively loose
stitching and the mesoscopic nature of the fabric, the load is
not evenly distributed in the specimen. However, compared
to the medium specimen similar averaged strains relative to
the simple shear theory of their respective aspect ratios as
well as averaged curvatures are measured, cf. Fig. 12b. In
the smaller specimen, zones "B1" and "B2" are hardly pro-
nounced and the fibers behave the same as in zones "A" and
"C", respectively. The rovings bend significantly less and the

stitching is strongly tensioned, resulting in visible gaps and
high transverse tensile strains E3p, cf. Fig. 13b. The effects
described above are also reflected in the averaged strains in
the MDZ, cf. Fig. 12b. Generally, the measured shear angle of
all sizes for small strains is close to or below the simple shear
theory, starting to exceed it for ¢ > 0.1t00.125 for medium
and large specimens. For small specimens, y1, remains below
both theories due to the large transverse tensile strains Eo;.
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